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“The scientific man does not aim at an immediate result.

He does not expect that his advanced ideas will be readily taken up.

His work is like that of a planter — for the future.

His duty is to lay the foundation of those who are to come and point the way.”

Nikola Tesla
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Abstract

The sustainability concerns, increasing cost, and insufficient availability of fish oil associated
to aquaculture growth, have led to the search of sustainable alternatives in aquafeeds.
However, fish oil replacement increases the levels of body fat deposition. An excessive fat
accumulation in digestive tissues may cause deregulations in nutrient digestion and
absorption, reduced feed efficiency and growth, as well as negatively affect the organoleptic
qualities of the fillet. Hence, it is imperative to explore complementary strategies to balance
fat accumulation when diminishing fish oil content in aquafeeds. This thesis proposes two
strategies to reduce the levels of fat accumulation in fish: the supplementation of diets with
additives with digestive and hypolipidemic properties, and the modulation of the gut
microbial communities through an intestinal microbiota transplant (IMT). To test these
strategies, gilthead seabream (Sparus aurata), the most important farmed species in the
Mediterranean, was used as a biological model.

Under this context, the effect on fat accumulation, and fish health and condition, of three
different additives was evaluated: i) a blend of bile salts containing sodium cholate, sodium
deoxycholate, and sodium taurocholate at dietary inclusion levels of 0.06% and 0.12%; ii) a
combination of capsicum, black pepper, and ginger oleoresins, and cinnamaldehyde (SPICY
additive) at 0.1% and 0.15% in the diet; and iii) a combination of turmeric, capsicum, black
pepper, and ginger oleoresins (SO additive) at 0.2% in the diet. Results revealed that the tested
blend of bile salts at 0.06% in the diet and the SPICY additive at 0.1% and 0.15% promoted
somatic growth. Additionally, the SPICY additive reduced the values of feed conversion ratio
at both inclusion levels. Furthermore, the blend of bile salts at 0.12% increased lipid apparent
digestibility, which was attributed to the higher activity of the bile salt-activate lipase and
increased secretion of bile salts into the intestine. A higher bile salt-activate lipase activity was
also observed for the SPICY and SO additives at all the inclusion levels tested. Dietary
supplementation with the tested additives demonstrated a promising reduction in the levels
of fat accumulation in the visceral cavity and digestive organs (liver and intestine) without
compromising the proximate composition of the fillet. Moreover, the three additives
modulated the local immune response in the intestine, as well as the gut bacterial composition
in gilthead seabream without affecting the diversity and structure.

Regarding the IMT, two marine carnivorous fish species that thrive in different environmental
conditions were selected, Atlantic salmon (Salmo salar) as microbiota's donor, and gilthead
seabream as recipient. This approach was designed to develop an IMT protocol and to study
the dynamics of the gut bacterial communities after the IMT and under the influence of
different dietary treatments. The purpose was further applying this protocol in the gilthead
seabreams submitted to the above-mentioned nutritional assays to test the reduction in fat
accumulation levels. However, this assay was not conducted since the microbial modulation
induced by the tested additives was not robust enough for expecting it to have a determinant
role in fat accumulation. Nonetheless, the results of the inter-specific IMT provided insight to
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the paramount role of the diet in shaping the gut microbial communities after an IMT,
modulating richness, diversity, structure, and composition over time. Unfortunately, many
experimental factors, such as the high number of individuals typically managed in
aquaculture, suggest that implementation of IMTs as a reliable strategy in the sector are yet
remote.

Results from the current thesis indicated that feed additives are a safe strategy to improve the
health and condition in farmed fish as well as modulate body fat accumulation without
affecting the nutritional quality of the fillet.
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NUTRITION AND GUT MICROBIOTA MODULATION AS TOOLS FOR
REGULATING FAT ACCUMULATION IN AQUACULTURE FISH

Intfroduction

1. Overview of the state and importance of aquaculture

In the last century, the world has witnessed its fastest population increase ever, growing from
two billion people in 1930 to eight billion people in 2022 (Taagepera and Nemcok, 2023).
Despite the slowing growth rate in the last four decades, the world population is expected to
reach 9.7 billion people by 2050, which would imply an increase in food production of at least
70% to satisfy the public demand (Galanakis, 2024). Under this framework, a new paradigm
has emerged: fulfilling the growing demand for food in a sustainable way by decreasing the
environmental footprint of food production systems. In addition, there was a need to maintain
and advance socio-economics objectives, including employment opportunities for local
communities, support of local cultures, equitable profit distribution, quality of life, attention
to animal welfare, and product quality. Under these concerns, aquaculture has become the
fastest growing food production sector (Thomas et al., 2021; FAO, 2022).

According to the last statistics from the Food and Agriculture Organization of the United
Nations (FAO), in the period of 1990-2020, total world aquaculture expanded by 609% in
annual output with an average growth rate of 6.7% per year (FAO, 2022). Nowadays,
aquaculture represents nearly half of the overall production of aquatic animals, reaching an
estimated value of 88 million tonnes out of 178 million tonnes of total production of aquatic
animals in 2020. In that year, the total first sale value of the global aquaculture production was
estimated at USD 265 billion (FAO, 2022). According to FAO and APROMAR estimates, in the
year 2021, aquaculture production increased to 1,142.5 thousand tonnes in the European Union
(EU), and Spain was the country with the highest aquaculture production from the EU,
farming 271,060 tonnes of aquatic organisms (23% of total aquaculture production)
(APROMAR, 2023).

Coupled to aquaculture growth, consumption of aquatic animals has significantly increased,
reaching an amount of 20.5 kg per capita consumption in 2019, with respect to 9.0 kg in 1961.
In 2020, 89% of total produced aquatic animals (more than 157 million tonnes) were intended
for human consumption, whereas the remaining 20 million tonnes were mainly used to
produce fish meal and fish oil (FAO, 2022). The increasing demand and consumption of
aquatic foods are in line with the well-documented benefits of fish in human nutrition and
health (Thilsted et al., 2016). In this sense, fish are a very valuable source of bioavailable animal
protein, essential fatty acids, minerals and vitamins, which are critical for multiple functions,
and necessary to prevent malnutrition and diseases (Fiorella et al., 2021). Although the pace
of aquatic food consumption is expected to slow down for the next years due to the
deceleration of population growth, rising aquatic food prices, and saturated demand in some
high-income countries, it is projected that by 2030 the amount of aquatic food intended for
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human consumption will increase by 24 million tonnes with respect to 2020, reaching 182
million tonnes (FAO, 2022). Under these premises, the development of aquaculture must be
prioritized during the following years as one of the most sustainable food-producing systems,
while facing several upcoming challenges, such as disease outbreaks, climatic change
consequences, or the search for sustainable intensive aquaculture production systems, among
others (Boyd et al., 2020; FAO, 2022).
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NUTRITION AND GUT MICROBIOTA MODULATION AS TOOLS FOR
REGULATING FAT ACCUMULATION IN AQUACULTURE FISH

2. The challenge of fish oil reduction in aquafeeds

In 2030, the total production of fish oil is expected to increase by 13% with respect to 2020
(FAO, 2022), mainly as a result of aquaculture growth and to the growing popularity of fish
oil as a nutraceutical supplement for human consumption (Shepherd and Bachis, 2014).
Consequently, the insufficient production and availability of fish oil, its subsequent increasing
costs, and the sustainability concerns related to its origin, have brought to the forefront the
search for other functional and reliable lipid sources that do not compromise the fish and
consumer requirements of omega-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFAs)
and the sustainability of this sector (Naylor et al., 2021). In this sense, n-3 LC-PUFAs, especially
eicosapentaenoic acid (EPA; C20:5 n-3) and docosahexaenoic acid (DHA; C22:6 n-3), are
necessary to ensure an optimal growth, development, health, and reproduction of fish (Ibeas
et al., 1994; Jaya-Ram et al., 2008; Peng et al., 2014) and to maintain the nutritional quality of
the fish fillet to human consumers (Tocher, 2009). In addition, EPA and DHA also have many
health benefits for the human consumer, reducing inflammatory, neural, and heart diseases
(Horrocks and Yeo, 1999; Campoy et al., 2012), as well as lipid metabolism-related disorders
(Flachs et al., 2009; Lorente-Cebrian et al., 2013).

Plant-based oils have undoubtedly been the most widely used alternative to fish oils, with
palm, soybean, canola/rapeseed, and sunflower oils being the ones most used in aquafeeds
during the last decades (Turchini et al., 2009; Gunstone, 2011; Mozanzadeh et al., 2021).
However, it is important to notice that the fatty acid profile varies to a large extent among
different plant-based oils. In this sense, palm oil is rich in saturated fatty acids (SFAs), with
concentrations of almost 50% of total fatty acids with respect to a range of 20-30% SFAs in fish
oil (Turchini et al., 2009; Mozanzadeh et al., 2021). Otherwise, canola/rapeseed oil is rich in
monounsaturated fatty acids (MUFAs), which account for 62% of total fatty acids, while the
fish oil levels of MUFAs vary depending on the species of origin, from 25% for anchovy oil
and menhaden oil to 62% for capelin oil (Turchini and Mailer, 2011; Mozanzadeh et al., 2021).
On the other hand, soybean and sunflower oils are rich in omega 6 (n-6) PUFAs, with
concentrations of 51% and 66% respectively, compared to a range of 1.3-5% in fish oils (Brown
and Hart, 2011; Mozanzadeh et al., 2021). The content of n-3 PUFAs varies between plant-
based oils (7% for soybean oil, 12% for canola/rapeseed oil, and very close to 0% for sunflower
and palm oils) but it is typically lower than the n-3 PUFA levels of fish oil (12-31%). This
coupled to the high content of n-6 PUFAs (51% for soybean oil, 20% for canola/rapeseed oil,
66% for sunflower oil, and 9% for palm oil), leads to lower values for the n-3/n-6 (n-3
PUFAs/n-6 PUFAs) ratio (0-0.6% for the mentioned plant-based oils vs. 5-24% for fish oil;
Mozanzadeh et al., 2021). The n-3/n-6 ratio serves as an indicator of health and immune status
in both fish and humans (Oliva-Teles, 2012; Carr, 2023). In addition, a pronounced decrease of
the n-3/n-6 ratio in aquafeeds has been associated to a pro-inflammatory response in the fish
(Holen et al., 2018).

Other plant-based oils, which are produced at lower levels and have higher production costs,
are richer in n-3 PUFAs, such as linseed oil. However, the problem of plant-based oils,
including linseed oil, is that their content of PUFAs is mainly composed of C18 (and some
shorter main chain) PUFAs, while the content of LC-PUFAs (including EPA and DHA) is very
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poor (Turchini et al., 2009). In the particular case of linseed oil, it contains high levels of alpha-
linolenic acid (C18:3 n-3), which is a well-known precursor of EPA and DHA in some groups
of higher vertebrates (Kartikasari et al.,, 2012; Stark et al., 2016). Nonetheless, in fish, the
transcription rate and the activity of the enzymes involved in the metabolism of alpha-
linolenic acid into EPA and DHA are apparently not sufficient to compensate for the n-3 LC-
PUFA deficiencies in the fish fatty acid profile (Turchini et al., 2009).

Despite the differences in the fatty acid profile of plant-based oils with respect to the above-
mentioned standard values for fish oil, the partial, or even total, substitution of fish oil by
plant-based oils does not generally compromise the growth and feed performance of the fish
(Ng et al., 2004; Fonseca-Madrigal et al., 2005; Mourente and Bell, 2006; Kenari et al., 2011; Reis
et al., 2014). Nonetheless, the composition of the diet is largely reflected in the fish, resulting
in imbalances in the fatty acid profile of the whole-body of the fish and edible parts
(Piedecausa et al., 2007; Fountoulaki et al., 2009; Kenari et al., 2011). In certain cases, it has also
been reported that the incorporation of plant-based oils in fish diets can entail problems in
lipid digestibility (Francis et al., 2007; Piedecausa et al., 2007). In addition, the replacement of
fish oil by plant-based oils often results in physiological disorders, such as dysregulations in
energy and lipid metabolism, inducing lipogenesis (Panserat et al., 2009; Morais et al., 2012;
Xu et al., 2022a), accumulation of fat deposits in digestive organs, like the liver (Ruyter et al.,
2006; Fountoulaki et al., 2009; Wassef et al., 2015) and the intestine (Caballero et al., 2002;
Torrecillas et al., 2017). In terms of immune competence, the incorporation of plant-based oils
into aquafeeds has also been associated with reduced antioxidant enzyme activities,
bactericidal activity, and disease resistance against infections, as well as with an induction of
the pro-inflammatory response (Montero et al., 2010; Tan et al., 2016; Tan et al., 2017). Such
inflammatory response may be partly induced by the reduction of n-3 LC-PUFAs, which have
anti-inflammatory effects through regulation of the expression of genes involved in multiple
signalling pathways, such as the family of peroxisome proliferator-activated receptors (ppar's),
sterol regulatory element-binding protein-1c (srebp-1c), farnesoid X receptor (fxr), liver X
receptor (Ixr), hepatocyte nuclear factor 4 alpha (hnf4a), and nuclear factor-xB (nfxb) (Jump,
2004; Zhao et al., 2004). In addition, EPA and DHA can be metabolized into “lipid mediators”
(or eicosanoids), with anti-inflammatory, vasodilatory, and anti-aggregative effects, while n-6
LC-PUFAs can generate eicosanoids with pro-inflammatory, vasoconstrictory, and pro-
aggregative effects (Saini and Keum, 2018). Moreover, n-3 LC-PUFAs have well-known
hypolipidemic and hypocholesterolemic effects (Flachs et al., 2009; Lorente-Cebridn et al.,
2013).

Another alternative to complement the reduction of dietary fish oil in the aquaculture industry
are animal-rendered fats, which are widely available and affordable by-products of the meat
and leather industry, that are attracting a growing interest in the context of circular
bioeconomy and a much lower carbon footprint than other ingredients specifically produced
for animal feed manufacturing (EFPRA, 2021). Beef tallow, pork lard, and poultry fat are
among the most common animal-rendered fats incorporated in the fish diets. The chemical
properties of animal fats depend on the history (i.e., diet, farming conditions), age, and species
of the animals used to obtain them (Turchini et al., 2009). Regarding fish health and quality,
there are some main advantages of using animal-rendered fats in aquafeeds. First, their
content of n-6 PUFAs is significantly lower than in plant-based oils (3% in beef tallow, 10% in

20



NUTRITION AND GUT MICROBIOTA MODULATION AS TOOLS FOR
REGULATING FAT ACCUMULATION IN AQUACULTURE FISH

pork lard, 20% in poultry fat). Second, they are overall rich in SFAs and MUFAs (48 and 41%
in beef tallow, 39 and 44% in pork lard, 29 and 43% in poultry fat, respectively; Mozanzadeh
et al, 2021). In this sense, SFAs and MUFAs are preferentially catabolized for energy
production via B-oxidation, which has been shown to spare n-3 LC-PUFAs from catabolism,
for deposition in the tissues (Henderson, 1996; Trushenski and Lochmann, 2009). Furthermore,
animal fats have reduced levels of linoleic acid (C18:2 n-6) compared to plant-based oils, which
is an advantage because C18 PUFAs and specifically linoleic acid, compete with LC-PUFAs
for tissue deposition (Rombenso et al., 2021). In addition, several studies have shown that
grow-out feeds with high levels of SFAs and lower levels of C18 PUFA yield fillets with greater
LC-PUFA content or greater amenability to LC-PUFA restoration (Trushenski et al., 2008, 2011;
Trushenski, 2009). Nonetheless, the n-3 PUFAs' content of animal-rendered fats is very scarce
(0.6-1%), resulting in low n-3/n-6 ratios (0-0.2%) (Mozanzadeh et al., 2021). As a result, the
substitution of fish oil by animal-rendered fats has negative consequences similar to those
observed when using plant-based oils as a main lipid source, including modifications in the
fatty acid profile of the fillet (Yun et al., 2013; Xue et al., 2006; Mozanzadeh et al. 2016; Monteiro
et al., 2018; Campos et al., 2019a), and fat accumulation in the fish fillet and digestive organs
(Monteiro et al., 2018; Campos et al., 2019a). However, the changes in energy and lipid
metabolism caused by animal-rendered fats are much less studied than in the case of plant-
based oils. Another problem associated to the use of animal fats is the low digestibility of
saturated fats (Trushenski et al., 2009). In this sense, when using animal-rendered fats very
rich in SFAs, such as mammalian fats, at high dietary levels, the lipid digestibility of the diet
can be compromised (Caballero et al., 2002; Monteiro et al., 2018), but moderate dietary levels
of such fats (Mozanzadeh et al. 2016; Monteiro et al., 2018) and/or the use of other animal-
rendered fats with lower levels of SFAs, such as poultry fat, do not necessarily affect lipid
digestibility (Campos et al., 2019a, 2019b).

Considering the side-effects of the above-mentioned alternatives to fish oil, the blue food
sector is now at a stage of searching for new nutritional strategies to ensure a more judicious
use of fish oil while meeting the nutritional requirements of the animal and the consumer.
Consequently, during the last years, the overall animal and fish feed industries have paid
attention to the potential development of promising alternative oils rich in n-3-LC-PUFAs
derived from microalgae (Yaakob et al., 2014), mesopelagic fish (Olsen et al., 2011),
zooplankton (Vang et al., 2013), single cell microorganisms (Orozco Colonia et al., 2020) and
genetically modified oilseed crops (Ruiz-Lopez et al., 2014), among others. However, the low
supply volumes of these oils and their high production costs, make it difficult to scale up such
alternatives without expecting prohibitive prices, even higher than those of fish oil (Rombenso
et al., 2021). Additionally, during the last decades there has existed a widespread public
rejection of genetically modified organisms, since some people consider them as potential
threats against the environment and human health (Turchini et al., 2009). A worthwhile
endeavor needs to be made to optimize the industrial development of some of these
alternatives at low expenses and to change the public opinion, but nowadays it still seems that
there is a long way to go to have these novel ingredients widely available to feed formulators.
Thus, in the meantime, complementary strategies need to be explored to mitigate the negative
impacts of more conventional fish oil alternatives (plant-based oils and animal-rendered fats)
while guaranteeing the fish health and nutritional quality (Turchini et al., 2009; Tocher, 2015).
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3. The problem of fat accumulation in fish

Teleost fish accumulate lipids, mainly as triacylglycerides, in multiple tissues and organs,
including muscle, adipose tissue, liver, pancreas, esophagus, intestine, and brain. The
preferential storage sites depend on the species, life stage, and on the nutritional and
physiological condition, but are generally the fillet, liver, and perivisceral and subcutaneous
adipose tissues (Salmerdn, 2018). In this sense, the adipose tissues and fat deposits are
reservoirs of metabolic energy that contribute to the early development, growth, swimming
activity, and reproduction of fish (Tocher, 2003). The degree of fat deposition in the tissues
depends on different mechanisms. In brief, these are mainly: the incorporation into the cells of
fatty acids which are converted to triacylglycerides (lipogenesis) and stored in the tissues; the
incorporation of non-lipid substrates that are converted into fatty acids, and then
triacylglycerides for storage (known as “de novo” lipogenesis); and the metabolization of
triacylglycerides into fatty acids and glycerol (lipolysis), which can be released into the blood
or used to obtain energy through [-oxidation (Salmeron, 2018). Such mechanisms underlying
fat accumulation in fish are regulated by intrinsic (age, genetic background, hormonal factors,
reproductive cycle) and extrinsic factors (temperature, salinity, water quality, photoperiod,
dietary composition; Weil et al., 2013).

The two main reasons of the interest of studying the regulation of fat accumulation in fish are
1) to study human disorders associated to obesity in zebrafish, as it shares key conserved
organs and regulatory pathways with humans, and 2) to learn how to control excessive fat
storage in aquaculture species in order to improve the fish health and production (Salmeroén,
2018). Regarding the second point, although fat deposits can be used for the benefit of the
animals, the problem comes up when the modulation of the mentioned mechanisms leads to
a high or an excessive lipid accumulation, which can be detrimental for the fish health and
welfare (Salmeron, 2018). Indeed, fish condition has been strongly correlated with the levels
of fat in and around the peritoneal cavity (perivisceral and peritoneal fat, respectively), and
total fat deposits' content (Grigorakis and Alexis, 2005). Some common frequent examples of
drivers of high or excessive lipid accumulation are a low level of swimming activity and
feeding with a diet which does not fulfill the fish nutritional requirements (Gisbert et al., 2008;
Salmerodn, 2018). In this sense, as mentioned in the section “2. The challenge of fish oil reduction
in aquafeeds”, a typical consequence of the replacement of fish oil by plant-based oils and
animal-rendered fats in aquafeeds is a high accumulation of fat in fish tissues (Weil et al., 2013).

The excess of fat accumulation in fish is normally reflected in the liver, since this organ plays
a major role in lipid metabolism and storage. Some of the morphological disorders attributed
to an excess of fat in the fish liver are lipid infiltration into the hepatocytes, increased degree
of vacuolization, hepatocyte swelling, displacement of nuclei and cell organelles towards the
periphery, nuclei pyknosis, and in some cases even necrosis, which are symptoms usually
associated to hepatic steatosis or lipoid liver (Gisbert et al., 2008; Fountoulaki et al., 2009;
Wassef et al., 2015; Monteiro et al., 2018; Van Vo et al., 2020; Figure 1). Such disorders can lead
to a potential impairment in the liver functions, which, considering its role in lipid, protein
and carbohydrate metabolism, immunity, digestion, detoxification, elimination of waste
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products, and vitellogenesis, can have a severe impact on the animal health (Bruslé and
Gonzalez i Anadon, 1996). In this regard, some of the reported side-effects of lipoid liver and
steatosis in fish are anaemia and immunosuppression, with increased susceptibility to
infections (Weisman and Miller, 2006; Hardy, 2012).

An excessive amount of fat storage can also be detected in the intestine by changes in the size
of enterocytes' supranuclear vacuoles (either an excessive enlargement or reduction),
accumulation of lipid droplets in supranuclear position, apical nuclear displacement,
shortening of the height of the mucosal folds, and leucocytic infiltration by an engrossment of
the lamina propria and submucosa, which are signs of fish enteritis or intestinal steatosis
(Caballero et al., 2002; Kraugerud et al., 2007; Torrecillas et al., 2017; Figure 1). These symptoms
may also have some negative consequences for the health of the animal, such as variations in
the gut microbial profile, deregulations in digestive enzyme activities, modifications of the

immune response, and induction of a pro-inflammatory response, among others (Gu et al.,
2016; Torrecillas et al., 2017; Fuentes-Quesada et al., 2018). In addition, intestinal steatosis may
result in pathological damages, producing epithelial abrasion, cellular necrosis, and also
contributing to the inflammatory responses (Gisbert et al., 2008). Besides that, intestinal
inflammation can deregulate intestinal motility and impair nutrient digestion and absorption,
resulting in reduced feed efficiency, lower growth, and other physiological disorders (Serna-
Dugque and Esteban, 2020).

Figure 1. Histological morphology with hematoxylin eosin staining of cross sections of: A) liver of
gilthead seabream (Sparus aurata), and B) intestine of rainbow trout (Oncorhynchus mykiss), both fed with
a fish oil-based diet; C) liver of gilthead seabream with high levels of fat accumulation, induced by
replacement of fish oil by poultry oil; D) intestine of rainbow trout with high levels of fat accumulation,
induced by fish oil substitution by a blend of plant-based oils. The arrows signal the enlarged
supranuclear vacuoles and lipid deposits in the supranuclear position of the enterocytes. Adapted from
Carvalho et al. (2021) and Caballero et al. (2002), respectively.
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In addition to the impact in fish health and welfare, the degree of fat accumulation also affects
the quality of the edible product by modifying its organoleptic properties, as well as its yield
and shelf-life considering the higher propensity to rancidity derived from rapid fatty acid
oxidation (Hsieh and Kinsella, 1989; Salmeron, 2018). Regarding organoleptic properties, the
peritoneal fat, which remains as part of the edible part of gutted fish, contributes to the general
taste of the fish (even though it is unknown to what extent). In this sense, lipids themselves
have a slight taste, but unsaturated fatty acids are autoxidized producing volatile compounds
which characterize the fish flavour (Grigorakis, 2007). The visual aspect is another key factor
for the consumer's perception of the product, and it has been demonstrated that an excess of
perivisceral fat can affect it negatively (Grigorakis, 2007). The colour of the fillet is also related
to the fat content, resulting in whiter fillets when the levels of lipids are high (Grigorakis et al.,
2003). Regarding odour, the perivisceral fat usually releases a characteristic, strong and
unpleasant smell (Grigorakis, 2007). Likewise, the texture of the cooked fillets in the mouth is
also highly dependent on the fat content. While fillets rich in fat tend to be more succulent
(“juicy”), less fatty fillets are usually drier and more fibrous (Grigorakis, 2007).

In summary, it is necessary to maintain the fish lipid levels within an optimal range to meet
the nutritional requirements and quality expectations of consumers, without exceeding these
limits, since they can have a negative impact on the public perception and reduce the product
demand and marketability (Salmeron, 2018).
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4. Potential strategies to minimize fat accumulation

Under the above-mentioned context, there is a wide range of different strategies aimed at
regulating fat accumulation in aquaculture fish species, ranging from selective breeding
programs (Weil et al., 2013) to feeding and dietary management practices (Kaushik, 2013; Naiel
et al., 2022). An overview of the two strategies proposed in the present thesis to modulate fat
accumulation in fish and their state-of-the-art is provided below.

4.1 Feed additives

The supplementation of fish diets with feed additives with emulsifying and digestive
stimulant properties, and/or which can promote lipid catabolism and inhibit or reduce
lipogenesis can be a good potential strategy to mobilize and reduce fat deposits, and to
improve the overall health and condition status of the fish (Hoseinifar et al., 2017).

4.1.1 Bile salts

Bile acids are amphipathic molecules (with a hydrophilic and a hydrophobic side) that are
synthesized in the liver from cholesterol in a multi-enzymatic pathway. Bile acids have a
steroid nucleus (Ci9) with side chains ending in a carboxylic acid, or a hydroxyl group, which
determines the “bile acid” type (Cz bile alcohols (nonacidic), Cz7 bile acids or Cz4 bile acids)
(Hagey et al., 2010; Romano et al., 2020; Figure 2). The Co bile acids are the most abundant in
aquaculture fish, excluding Cypriniformes which have mostly Cz; bile alcohols (Hagey et al.,
2010).

There are two main pathways of bile acid synthesis in the liver. The neutral or “classic”
pathway occurs mainly in the endoplasmic reticulum of the hepatocytes and is the preferential
pathway of bile acid synthesis. On the other hand, the acidic or “alternative” pathway is
initiated in the inner membrane of the mitochondria, where the cholesterol content is very low,
with the cholesterol transport into the mitochondria being a rate limiting step and generating
low bile acid content (Zhou and Hylemon, 2014). The bile acids synthesized in the liver are
known as primary bile acids, and these are mainly chenodeoxycholic acid (CDCA) and cholic
acid (CA). Then, bile alcohols are conjugated with esterified sulphate and bile acids are
conjugated with taurine or glycine within hepatocytes. The conjugation of bile acids with these
amino acids results in the formation of membrane-impermeable molecules, which allows them
to further concentrate in the bile and to reach high concentrations in the lumen of the biliary
tract and small intestine (Hofmann et al., 2010). Such sulphates of bile alcohols and conjugated
bile acids are commonly referred to as “bile salts”. According to the available literature, it
seems that in fish, bile acids are not well conjugated with glycine, so bile salts are normally
conjugated with taurine in fish species (Vessey et al., 1990; Kim et al., 2015; Kortner et al., 2016).
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Figure 2. Schematic representation of bile acid synthesis from cholesterol, and their molecular structure.
Adapted from Hagey et al. (2010) and Romano et al. (2020).

After conjugation, bile salts are transported and stored in the gallbladder until feed intake,
when a decrease in pH and the presence of fatty acids and / or amino acids induce the secretion
of the digestive hormone cholecystokinin (CCK), which triggers gallbladder contraction and
subsequent secretion of bile salts into the intestine (Le et al., 2019; Romano et al., 2020).
Throughout the intestinal tract, primary bile salts undergo further chemical modifications by
host bacteria to generate compounds known as secondary bile acids, which are mainly
deoxycholic acid (DCA) and lithocholic acid (LCA). This process consists of two types of
enzymatic reactions: deconjugation and dehydroxylation. Bile salt hydrolases (BSHs),
distributed across most intestinal bacterial phyla, can deconjugate taurine groups (and/or
glycine depending on the animal species) from bile salts (Joyce and Gahan, 2017). Afterwards,
deconjugated primary bile acids are metabolized (oxidized and/or epimerized) by
hydroxysteroid dehydrogenases from colonic bacteria, particularly from members of the
genera Eubacterium and Clostridium clusters XIVa and XI, forming the secondary bile acids
(Hofmann et al., 2010; Joyce and Gahan, 2017). Such transformation of primary bile salts by
the gut microbiota increases the molecule hydrophobicity, which is associated to a higher
toxicity, but simultaneously counteracts the toxicity that may be generated by accumulation
of primary bile salts in the intestinal lumen (Schubert et al., 2017). Bile acids are then
reabsorbed, mainly through the brush borders of distal enterocytes, and transported back
through the portal vein to the liver in a process known as enterohepatic circulation, to be
conjugated again and stored in the gallbladder until the next secretion (Hagey et al. 2010;
Figure 3). Only a very small portion of bile acids is not reabsorbed and is lost through fecal
excretion, which is replaced by new bile acid synthesis in the liver (Zhou and Hylemon,
2014).There is some evidence that suggest that in fish a very similar enterohepatic circulation
occurs as in mammals, such as the presence of transporters involved in bile salt absorption
and secretion (Ferreira et al., 2014; Murashita et al., 2014; Ellis et al., 2018), the decreasing bile
acid content along the intestine (Romarheim et al., 2008; Staessen et al., 2022), and the presence
of glycine-conjugated bile salts in the fish gallbladder after their dietary supplementation
(Yamamoto et al., 2007; Kortner et al., 2016), among others.
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Figure 3. Schematic representation of the synthesis and enterohepatic circulation of bile acids (BAs) in
mammals. Primary BAs (CA: cholic acid, and CA: chenodeoxycholic acid) are synthesized in the
hepatocytes mainly through the classic pathway, whose first and rate-limiting enzyme is cholesterol 7a-
hydroxylase (CYP7A1), but also to a much lesser extent through the alternative pathway, whose rate-
limiting enzyme is considered oxysterol 7a-hydroxylase (CYP7B1). Then primary BAs are conjugated
with glycine or taurine (forming the “bile salts” G-CA: glycocholic acid, G-CDCA:
glycochenodeoxycholic acid, T-CA: taurocholic acid, T-CDCA: taurochenodeoxycholic acid). The bile,
containing the bile salts, together with cholesterol, bilirubin, phospholipids, water and electrolytes, are
stored in the gallbladder, until the hormone cholecystokinin (CCK) stimulates gallbladder contraction.
Then, bile is released into the small intestine via the cystic and the common bile ducts. In the terminal
ileum and proximal part of the colon, primary bile salts are deconjugated by different bacterial phyla
containing bile salt hydrolases (BSHs). Throughout the colon, such deconjugated bile acids can be
dehydroxylated by members of the genera Eubacterium and Clostridium clusters XIVa and XI, forming
the secondary bile acids. While CA is primarily transformed to deoxycholic acid (DCA), CDCA is
mainly transformed to lithocholic acid (LCA). The majority of BAs (95%) are reabsorbed, mainly in the
terminal ileum, by active transport or passive diffusion, and return to the liver through the hepatic
portal vein, and only 5% BAs are excreted in the feces. A portion of BAs undergo systemic circulation
to peripheral organs and tissues (i.e., skeletal muscle, adipose tissue) where they can regulate lipid
metabolism. In the liver, secondary bile acids can also be conjugated into glycodeoxycholic acid (G-
DCA), glycolithocholic acid (G-LCA), taurodeoxycholic acid (T-DCA), taurolithocholic acid (T-LCA).
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The importance of bile salts lies in the fact that these molecules can enhance lipid digestion
through different mechanisms. First, the water-soluble nature of (conjugated) bile salts allows
them to bind to the interface of lipid aggregates, breaking them down into smaller droplets
(emulsification) with which they form micelles. In addition, emulsification provides a larger
surface area on which lipases can act hydrolyzing the lipid ester bonds (Romano et al., 2020).
Furthermore, the binding of bile salts to the interface of lipid droplets causes an orogenic
displacement of other compounds which may inhibit lipase activity by accumulation on the
interface (i.e., surfactants, proteins, free fatty acids released by the action of the lipase)
(Maldonado-Valderrama et al. 2011; Romano et al., 2020). Moreover, bile salts are necessary
for the activation of the bile salt-activated lipase, which is the most dominant lipase of marine
fish and exhibits a broad substrate specificity (wax esters, mono-, di- and triacylglycerides,
phospholipids, ceramides, fat-soluble vitamin esters and cholesteryl esters). Subsequently, bile
salts play an essential role in the solubilization and absorption of cholesterol, lipids, and fat-
soluble nutrients, such as vitamins A, D, E, K, carotenoids and astaxanthin (Romano et al.,
2020), as well as contributing to the elimination of excess cholesterol and to the excretion of
lipophilic waste products (i.e., bilirubin, heavy metals, and drug metabolites) (Frisch and
Alstrup, 2018).

In addition to their digestive properties, bile salts are also involved in the modulation of the
gut microbial communities through the antimicrobial properties that they have in some
microbial species (Ridlon et al., 2014). Furthermore, bile salts can be considered as nutrient
signalling hormones, by acting as ligands for many cell membrane and nuclear receptors in
the enterohepatic system, termed as “bile acid-activated receptors”, such as FXR and G
protein-coupled bile acid receptor 1 (GPBAR1/TGR5) (Zhou and Hylemon, 2014; Fiorucci et
al., 2021). Through bile acid-activated receptors, bile salts can regulate lipid, cholesterol,
lipoprotein, glucose, energy metabolism and transport, gut microbial profile, intestinal
integrity, immune and inflammatory responses, as well as their own biosynthesis, transport,
and metabolism (Schonewille et al., 2016; Frisch and Alstrup, 2018; Fiorucci et al., 2021; Li et
al., 2021a). For instance, it has been shown in mammals that the synthesis of primary bile salts
is regulated by the levels of bile salts in the liver by LXR and intestinal FXR (Romano et al.,
2020; Figure 4). In this sense, LXR is activated in response to high levels of oxysterols, which
are products of cholesterol metabolism, and acts as a heterodimer complex with retinoid X
receptor (RXR) to activate the transcription of cytochrome P450 cholesterol 7a-hydroxylase
(cyp7al) (Frisch and Alstrup, 2018). Also known as cholesterol 7a-monooxygenase, CYP7A1 is
the first and rate-limiting enzyme in the classic bile acid synthesis pathway, exclusively
expressed in the endoplasmic reticulum of hepatocytes (Chiang and Ferrel, 2020). On the other
hand, FXR is activated by high levels of bile salts, and results in the transcription of a small
heterodimer partner (shp), which interacts with the transcription factors a-fetoprotein
transcription factor (FTF) and HNF4a to inhibit the expression of cyp7al. Similarly, high levels
of bile acids in the enterocytes activate intestinal FXR, which stimulates the fibroblast growth
factor 15/19 (FGF15/19). Then, FGF15/19 reaches the liver though portal vein circulation and
binds to a specific receptor inducing signalling pathways, such as mitogen-activated protein
kinase (MAPK) signalling, which in the last term inhibit the trans-activation of cyp7al (Chiang
and Ferrel, 2020; Romano et al., 2020; Figure 4). Very conserved mechanisms of bile acid
synthesis can be expected in fish with respect to those from mammals since recent studies in
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fish have shown many similarities on the regulation and functionality of some of the
components involved in the above-mentioned pathways (Kortner et al., 2013; Kortner et al.,
2014; Wen et al., 2021).

Oxysterols

l (HNF4g X -
4 \ MAPK N ¥ ononr

GG “

(HNFaa
Gall bladder B | A l /

Hepatocyte

<4— BA ¢—— Returning BA

4——
;a\
A

l\l\l\l

BA —»

Distal intestine enterocyte

Portal vein circulation

Figure 4. Enterohepatic regulation of primary bile acid synthesis through regulation of cytochrome P450
cholesterol 7a-hydroxylase (cyp7al) trans-activation. Abbreviations: BA: bile acids; CYP7A1: cholesterol
7a-hydroxylase; FGF19: fibroblast growth factor 19 (in humans; FGF15 is the analogue in other
mammals); FTF: fetoprotein transcription factor; FXR: farnesoid X receptor; HNF4a: hepatocyte nuclear
factor 4a; LXR: liver X receptor; MAPK: mitogen-activated protein kinase; RXR: retinoid X receptor;
SHP: small heterodimer partner. Adapted from Romano et al. (2020).

In the poultry industry, the supplementation of the diet with bile acids has been used as a
reliable strategy to counteract fat digestibility problems in broiler chicks (Arshad et al., 2021).
In this sense, young birds have a very poor capacity to produce and secrete bile salts and
lipases until maturation of their gastrointestinal tract at 10-14 days of age, which usually leads
to low lipid digestion and absorption, decreased feed utilization and growth performance
(Siyal et al., 2017). The supplementation of broiler diets with bile acids enhances their growth
and feed utilization, increases lipid digestibility, up-regulates genes involved in lipolysis and
down-regulates lipogenesis, decreases the levels of triglycerides, cholesterol and free fatty
acids in serum, reduces the accumulation of hepatic and abdominal fat, and improves the
carcass quality (Alzawqari et al., 2016; Lai et al., 2018; Ge et al., 2019; Geng et al., 2022; Hu et
al., 2024). In laying hens, besides having similar effects to the above-mentioned ones, dietary
bile acid supplementation can reduce their mortality, and improve egg production and quality
(Yang et al., 2022; Sun et al., 2023). Many studies in the swine industry have also demonstrated
the potential of bile acids as feed supplements in improving the growth and feed performance,
lipid digestibility and metabolism, and antioxidant capacity in pigs (Cao et al., 2021; Song et
al., 2021; Liu et al., 2022a; Qin et al., 2023). In addition, bile acid supplementation in piglet diets
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can also modify their gut microbial profile, promoting the growth of bacteria beneficial to
health and reducing the abundance of potential pathogens, and can ameliorate the intestinal
barrier function and immune response, alleviating the symptoms of disorders such as
intrauterine growth retardation and reducing incidence of diarrhea (Song et al., 2021; Liu et
al., 2022a; Qin et al., 2023). Similarly, some works have reported that bile acid supplementation
induces a higher antioxidant capacity and lipoprotein lipase activity in dairy cows (Chen et
al., 2024), and modifies the gut microbial communities and improves the milk's yield and fatty
acid composition in dairy goats (Yin et al., 2024).

In the aquaculture sector, several growth and health performance benefits have also been
attributed to bile salt supplementation. For instance, an improved growth performance and
feed efficiency has been demonstrated in many species when supplementing bile salts in their
diets, including turbot (Scophthalmus maximus; Gu et al., 2017), rainbow trout (Oncorhynchus
mykiss; Iwashita et al., 2008), striped catfish (Pangasianodon hypophthalmus; Adam et al., 2023),
yellow catfish (Pelteobagrus fulvidraco; Yao et al., 2022), large yellow croaker (Larimichthys
crocea; Ding et al., 2020), Chinese perch (Siniperca chuatsi; Zhang et al., 2022a), among many
other species (Appendix 1). In addition, it is well-demonstrated that supplementation of bile
salts in fish promotes lipid metabolism (Zhou et al., 2018a; Jin et al., 2019; Ding et al., 2020; Xu
et al., 2022b; Gao et al., 2023) and enhances lipid digestibility (Gu et al., 2017; Jiang et al., 2018;
Wang et al.,, 2022; Xu et al., 2022b; Gao et al., 2023). Consequently, bile salts can reduce the
lipid content of the whole-body (Jiang et al., 2018; Zhou et al., 2018a) and liver (Ding et al.,
2020; Xu et al., 2022b; Zhang et al., 2022a), decreasing accumulation of lipid droplets (Yin et
al., 2021; Xu et al., 2022b; Zhang et al., 2022a), and prevent or reduce inflammation in the gut
(Iwashita et al., 2009; Kortner et al., 2016). Furthermore, bile salts can enhance the fish
antioxidant status and improve their immune response (Jin et al., 2019; Li et al., 2021b; Wang
et al.,, 2022; Zhang et al., 2022a). Some studies have also shown evidence of a microbial
modulation towards an improved health status by bile salts (Zhou et al., 2018a; Li et al., 2021b;
Zhang et al., 2022a).

4.1.2 Spices and their active principles

Spices are dried seeds, fruits, roots, barks or flowers of a plant or an herb which have been
traditionally used in the culinary sector to give a special flavour, taste, aroma, and colour to
the food. These food adjuncts have also preservative properties, being initially used to retain
the freshness of the cooked food (Sachan et al., 2018). In addition, spices have been effectively
used in the indigenous systems of medicine of India and many other countries due to their
well-recognized medicinal properties, including their tonic, carminative, stomachic, diuretic,
and antispasmodic effects. Due to their wide range of therapeutic and prophylactic
applications, nowadays spices have a worldwide application as nutraceuticals, to prevent
and/or reduce obesity, diabetes and even carcinogenesis among other uses (Platel and
Srinivasan, 2004; Srinivasan, 2005). During the past four decades, several studies have also
shown beneficial physiological effects of spices in animals, such as stimulation of lipid
metabolism, digestive, anti-diabetic, antioxidant, and anti-inflammatory potential (Srinivasan,
2005). In this sense, spices are a good source of phytogenics, also termed phytobiotics, defined
as environmentally friendly plant-derived bioactive compounds used as functional feed
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additives that show positive effects on animal growth and health (Firmino et al., 2021a). Such
bioactive compounds (or active principles) are plant secondary metabolites usually present as
mixtures, mainly containing phenolic compounds and terpenes that are chemically
characterized by their aromatic rings (Christaki et al., 2020). Hence, the growth- and health-
promoting benefits of spices on the animal depend on the variability and complexity of the
mixture of bioactive compounds, their source, level of dietary incorporation,
pharmacokinetics, and their synergistic effects (Firmino et al., 2021a).

Plant bioactive compounds can be isolated and concentrated through many plant extraction
methods, which determines the type of plant extract (i.e.,, dried powder, essential oil, or
oleoresin; Gupta et al., 2012). Regarding their mechanism of action in lipid metabolism, many
studies in mammals have suggested that the active principles of spices may activate the
Transient Receptor Potential Vanilloid 1 (TRPV1). In turn, this receptor may affect
mitochondrial functions, such as the inhibition of oxidative phosphorylation, accumulation
and retention of calcium ions, and stimulation of ATPase activity, resulting in thermogenesis,
fat oxidation, and energy expenditure (Westerterp-Plantenga et al., 2006; Nilius and
Appendino, 2013). Similarly, it has been proposed a similar activation of Transient Receptor
Potential (TRP) cation channels by bioactive phytogenic compounds in fish (Firmino et al.,
2021a). However, some of the mechanisms underlying the effects of spices in fish may be
different due to their physiological and metabolic differences with mammals (i.e., the vast
majority of fish species are ectothermic, so their energy expenditure is not regulated by
thermogenesis; Van de Pol et al., 2017) and still needs to be studied in depth in fish.

Under the wide range of spices which have to date been tested in humans and in the livestock
industry, this thesis is focused on the evaluation of the following combinations of spices and
active principles (whose importance is individually described below):

1) capsicum, black pepper, and ginger oleoresins, and cinnamaldehyde.

2) turmeric, capsicum, black pepper, and ginger oleoresins.

The term capsicum is employed to designate the fruit of Capsicum spp., also known as “chilli
pepper”, “hot red pepper”, “red chile”, “paprika”, “tabasco” or “cayenne” depending on the
species and variety of pepper. Capsicum spp. are typically annual flowering plants of the
Solanaceae family, even though in tropical and subtropical areas some species from this genus
may be grown as perennials. It was originated in Central and South America, and nowadays
is cultivated worldwide, with the mayor producers being India, China, Pakistan, South Korea,
Mexico, and Bangladesh, among many others (Thampi et al.,, 2003). Capsicum has been
extensively used for medicinal purposes due to its wide range of health benefits from the
Mayan civilization to the present day, when it is still used by the pharmaceutical industry as
a counter-irritant balm (Zachariah and Gobinath, 2008). It has been used to treat sore throat,
toothache, cough, stomach pain, rheumatism, parasitic infections, and wound healing
(Singletary, 2011). Capsaicinoids are the main active principles of capsicum (0.2-2%) and they
give to the spice its bite and pungent taste. The predominant capsaicinoids are the alkaloid
capsaicin (50-70% of total capsaicinoids; Figure 5) and dihydrocapsaicin (20-25%).
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Capsaicin, and consequently capsicum, has antioxidant, anti-inflammatory, antiplatelet, and
antimicrobial effects, as well as hypolipidemic, hypoglycemic, and hypocholesterolemic
activities (Jiang, 2019). In humans, capsaicinoid supplementation has been shown to decrease
the levels of body fat (Rogers et al., 2018). Similarly, in obese mice fed with a high-fat diet,
capsicum has been reported to inhibit adipogenesis, to reduce the size of lipid droplets, and to
attenuate hepatic steatosis by suppressing lipogenesis, fatty acid oxidation, and
gluconeogenesis (Kim et al., 2017a). On the other hand, under normal conditions,, capsicum
often promotes fatty acid oxidation in mammals (Westerterp-Plantenga et al., 2006). Regarding
the livestock industry, capsicum supplementation in pig diets enhances the growth
performance, digestive enzyme activities, antioxidant capacity, anti-inflammatory response,
and gut microbial modulation (Long et al., 2021). An improved growth performance, feed
utilization, antioxidant capacity, and immune response was also observed in rabbits when
supplementing their diets with capsicum (Elwan et al., 2020). Similarly, capsicum has also
positive effects in broilers, in terms of growth performance, antioxidant status, immune
function, and meat quality (Liu et al., 2021a). A similar enhanced growth performance and
feed efficiency has also been reported in a few fish species using dietary inclusion of capsicum,
particularly in Nile tilapia (Oreochromis niloticus; Ibrahim et al., 2024) and rainbow trout
(Yilmaz et al., 2024) (Appendix 2). The majority of fish studies testing this spice have
successfully been devoted to showcasing its potential to improve the coloration of fillets
(Yilmaz and Ergtin, 2011; Talebi et al., 2013; Yilmaz et al., 2013a; Yanar et al., 2016; Yigit et al.,
2021) and sensory characteristics, such as taste, flavour and appearance, from the consumer's
point of view (Yanar et al., 2016). Furthermore, an improved digestive capacity, antioxidant,
and immune response has been demonstrated in Nile tilapia (Ibrahim et al., 2024), and an
ameliorated immune resistance has also been suggested in rainbow trout (Talebi et al., 2013)
when supplementing their diets with capsicum.
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Figure 5. Molecular structure of capsaicin, the main bioactive compound of capsicum (Capsicum spp.).

Black pepper (Piper nigrum) is a perennial evergreen flowering vine belonging to the
Piperaceae family which is usually cultivated for its fruit, known as the peppercorn, that is
then dried and used as a spice. This plant is native to South India and to date is extensively
cultivated in tropical regions of the Asia-Pacific region, being the most popular and the most
widely used spice in the world, collectively termed as the “Black Gold” and the “King of
Spices” (Ravindran and Kallupurackal, 2012). This spice is used as a traditional medicine in
India, Sri Lanka, and other parts of South and Southeast Asia, to help mitigate the symptoms
of asthma, bronchitis, cough, flu, colds, chills, fever, rheumatism, muscular aches and
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digestive disorders (Chopra and Nayar, 1956; Ravindran and Kallupurackal, 2012). Black
pepper oleoresin has two main components: the volatile oil (0.6-2.6%), which provides its
characteristic aromatic flavour (Parthasarathy et al., 2007), and the piperine (5-9%), its major
bioactive constituent and the main pungency principle (Jiang, 2019; Figure 6). It contains also
other minor bioactive components, such as alkamides, piptigrine, wisanine, and dipiperamide.

Piperine has been demonstrated to have antioxidant, anti-inflammatory, antiallergic, and
analgesic activities in mammals (Jiang, 2019). Some works have demonstrated that black
pepper supplementation can improve animal growth, feed utilization, and meat quality in
some mammals, including swine (Sampath et al., 2020), and poultry (Al-Kassie et al., 2011;
Sugiharto et al., 2020). On the other hand, the effect of black pepper and its main active
principle in mammalian digestion is not very clear because while some studies have shown
that black pepper can enhance gastric acid and bile acid secretion in mammals, reducing their
feed transit time (Srinivasan, 2007), other works have shown no such effects when
supplementing rat diets with piperine (Platel and Srinivasan, 2004; Srinivasan, 2005).
Concerning the aquaculture sector, growth promoting effects of black pepper and piperine
have also been observed in some fish species, such as rohu (Labeo rohita; Ullah et al., 2021),
common carp (Cyprinus carpio; Giri et al., 2023), and olive flounder (Paralichthys olivaceus;
Malintha et al., 2023). Moreover, black pepper and piperine can improve the feed efficiency of
common carp (Giri et al., 2023), olive flounder (Malintha et al., 2023), and rainbow trout (Stoev
and Zhelyazkov, 2021). Some fish studies have shown improved digestive activities, including
lipase activity (Giri et al., 2023), and a reduced whole-body lipid content (El-Houseiny et al.,
2019). Many of these studies agreed that black pepper and its main active principle can
improve the fish immune status and disease resistance (El-Houseiny et al., 2019; Wojno et al.
2021; Giri et al., 2023; Malintha et al., 2023; Ullah et al., 2021).

ﬁ
Figure 6. Molecular structure of piperine, the main bioactive compound of black pepper (Piper nigrum).

Ginger (Zingiber officinale) is an herbaceous perennial deciduous flowering plant from the
Zingiberaceae family. The whole plant is refreshingly aromatic, but the consumed part of the
plant is the rhizome, which is the horizontal stem of the plant that sends out the roots. Ginger
was originated in South-East Asia, probably in India, and nowadays is extensively cultivated
in tropical areas, from Asia to Africa and the Caribbean (Mohammad and Hamed, 2012;
Vasala, 2012). The ginger rhizome (colloquially known as “ginger root” or just “ginger”) is not
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only widely used for culinary purposes as a spice, but also has had a prominent role in
Chinese, Indian, and Japanese medicine since ancient times (Grant and Lutz, 2000). It is used
to prevent and treat stomachache, nausea, vomiting, diarrhea, toothaches, rheumatism,
cholera, motion sickness, and hemorrhage (Adewale et al.,, 2021). The nutritional and
nutraceutical advantages of ginger are due to the diverse range of bioactive compounds it
contains, which can be classified into three classes: volatile oils, and the non-volatile
compounds, gingerol, and diarylheptanoids. Ginger volatile oils are mainly composed of
terpenoids, especially monoterpenes and sesquiterpene hydrocarbons, which provide its
unique aromatic smell (Shaukat et al., 2023). Gingerols (1-3%) are non-volatile molecules
containing a 3-methoxy-4-hydroxyphenyl group connected to fatty acids, and depending on
the fatty acids to which they connect, gingerols can be subsequently classified into gingerol,
shogaol, zingerone, paradol, gingerdione, and gingerdiol (Liu et al., 2019; Figure 7). These
active compounds are the responsible of the distinctive pungent odours and flavours of ginger
spice. There are other minor bioactive compounds which can also be found in ginger extracts,
known as diarylheptanoids. They contain 1,7-disubstituted phenyl groups and heptane
skeletons, they can be divided into linear and cyclic diphenyl heptane compounds and are
characterized by its antioxidant and anti-inflammatory activities (Liu et al., 2019).

Ginger and its bioactive compounds have anti-inflammatory, antioxidant, antimicrobial,
antiplatelet, antihypertensive, antiglycation, antidiabetic, hypoglycemic, hypolipidemic and
hypocholesterolemic effects in mammals (Jiang, 2019; Shaukat et al., 2023). Some of such effects
have also been found in poultry, including their antioxidant and antimicrobial activities, as
well as an enhancement in the laying rate and performance, and egg quality (Abd El-Hack et
al., 2020). Additionally, decreased meat lipid levels, and increased tenderness and pH in the
broiler meat have been observed under ginger supplementation (Abd El-Hack et al., 2020).
Similarly, in rabbits, improved meat quality, in terms of pH, colour, and decreased lipid
oxidation, have been reported when supplementing their diets with ginger (Mancini et al.,
2018). Furthermore, several studies have demonstrated the efficiency of ginger in promoting
weight loss in obese humans (Jiang, 2019). In this sense, reduced levels of adipose tissue in
Japanese quails have also been observed under supplementation of ginger (Coturnix japonica)
(Herve et al., 2019), and in rats by inclusion of the active principle zingerone (Han et al., 2008).
In several fish species, an improved growth and feed performance have been reported when
supplementing the fish diets with ginger, such as Asian sea bass (Lates calcarifer; Talpur et al.,
2013), rohu (Sukumaran et al., 2016), common carp (Fazelan et al., 2020; Mohammadi et al.,
2020), striped catfish (Ashry et al., 2023), and rainbow trout (Aqmasjed et al., 2023) (Appendix
2). In addition, as in higher vertebrates, a few works in fish have hinted hypolipidemic effects
of ginger, such as reduced levels of lipids, triglycerides, and cholesterol in Asian sea bass
(Talpur et al., 2013), increased lipase activity in striped catfish (Ashry et al., 2023), and
decreased carcass lipid content in rainbow trout (Mohammadi et al., 2020). Ginger
supplementation in fish usually results in an improved immune response, coupled to an
increased bactericidal activity (Talpur et al., 2013; Fazelan et al., 2020; Sukumaran et al., 2016;
Ashry et al., 2023). Indeed, Ashry et al. (2023) reported a reduction in the abundance of Vibrio
spp- and fecal coliforms in striped catfish intestine after ginger dietary supplementation.
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Figure 7. Molecular structure of the main bioactive compounds of ginger (Piper nigrum). Adapted from
Shaukat et al. (2023).

Turmeric (Curcuma longa), also known as “haridra” or “haldi”, is an herbaceous perennial
evergreen flowering plant belonging to the ginger family, Zingiberaceae. Turmeric spice is
known as the “Golden Spice” because of its attractive yellow pigmentation and is obtained
from the plant rhizomes. This plant is widely cultivated in Asia, mostly in India and China,
and it had its origin in South-East Asia, probably India, since first reports of turmeric usage
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dates back nearly 4,000 years to the Vedic culture in India, where it was already used as a
culinary spice and had a religious significance (Prasath et al., 2018). Since then, turmeric has
been extensively utilized in traditional medicine practices in India, Pakistan, and Bangladesh,
as a household remedy for biliary and hepatic disorders, diabetic wounds, anorexia, coryza,
cough, rheumatism, and sinusitis, among other diseases (Rathaur et al., 2012; Verma et al.,
2018). Similar to the above-mentioned spices, the main components of turmeric oleoresin are
volatile oils (up to 5%) and non-volatile compounds, including diarylheptanoids, such as
curcuminoids (2-9%). Volatile oils provide the spice’s aroma and smell, while curcuminoids
contribute to its colour (Prasath et al., 2018). There are four main groups of curcuminoids
which can be found in turmeric: curcumin, demethoxycurcumin, bisdemethoxycurcumin, and
tetrahydrocurcumin.

Curcumin is the main active principle of turmeric, responsible for the spice’s yellow colour
and of many of its therapeutic applications (Jiang, 2019; Figure 8). In this sense, since curcumin
is also a diarylheptanoid, it has antioxidative and anti-inflammatory properties, as well as
antimicrobial, hypocholesterolemic, hypoglycemic, antidiabetic, hypotensive, antithrombotic,
hepatoprotective and antimutagenic effects (Prasath et al., 2018; Jiang, 2019). Some studies in
pigs, lambs, and broiler chickens have shown that turmeric supplementation can improve
their growth performance, feed utilization (Rajput et al., 2013; Alagbe et al., 2017; Odhaib et
al., 2021; Recharla et al., 2021), and antioxidant capacity (Khan et al., 2012; Molosse et al., 2019;
Zhang et al., 2020). In broilers, it also promotes lipid metabolism, reduces abdominal fat
accumulation, enhances egg production and quality, and induces an immunomodulatory
response (Khan et al., 2012; Rajput et al., 2013). Several works have shown an improved growth
and feed performance in different fish species under turmeric or curcumin supplementation,
including gilthead seabream (Sparus aurata; Ashry et al., 2021), crucian carp (Carassius auratus;
Jiang et al., 2016), grass carp (Ctenopharyngodon Idella; Ming et al., 2020), rainbow trout (Yonar
etal., 2019), and Nile tilapia (Diab et al., 2014) (Appendix 2). Similar to broilers, hypolipidemic
effects of turmeric and curcumin have also been reported in fish (Jiang et al., 2016; Ji et al.,
2021), resulting in reduced body lipid content (El-Houseiny et al., 2019; Wojno et al., 2021;
Wang et al., 2023). Several studies have also demonstrated an improvement in the antioxidant
status, as well as immune response and disease resistance, when supplementing aquafeeds
with this spice or its active principle (Abdel-Tawwab and Abbass, 2017; Yonar et al., 2019;
Ming et al., 2020).

Figure 8. Molecular structure of curcumin, the main bioactive compound of turmeric (Curcuma longa).
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Cinnamaldehyde is the main active principle which can be obtained from the bark oil of the
cinnamon tree (Cinnamomum zeylanicum or Cinnamomum verum) (Figure 9). Cinnamon is a
bushy perennial evergreen flowering tree from the Lauraceae family native to Sri Lanka and
South India, and it is mostly cultivated in South-East Asia, China, Australia, and South
America. In this case, the most collectively valued part of the tree is the bark, which is not only
used for cooking and beverages, but also in traditional medicine for treating toothache, soothe
stomach irritation and urinary infections (Jakhetia et al., 2010; Thomas and Kuruvilla, 2012).
Cinnamaldehyde has shown antioxidant, anti-inflammatory, antibacterial, antifungal,
antiplatelet, antidiabetic, hypoglycemic and hypolipidemic properties in mammals (Jiang,
2019). In this sense, supplementation of cinnamaldehyde in mouse diets down-regulates genes
involved in lipid synthesis and reduces visceral adiposity (Neto et al., 2020). Similarly, in
finishing pigs, dietary cinnamaldehyde supplementation leads to decreased backfat thickness
and intramuscular fat levels, as well as improving their growth performance, meat quality,
antioxidant capacity, and immune status (Luo et al., 2020). In some studies in broiler chickens,
positive effects of cinnamaldehyde have also been reported on their growth and feed
utilization, lipid digestibility, cecal microbiota composition, and a lower incidence of enteritis,
coccidiosis, and mortality (Yang et al., 2020; Yang et al., 2021). Growth and feed efficiency
promoting effects have been also reported for fish, including tongue sole (Cynoglossus
semilaevis; Wang et al., 2021a), fat greenling (Hexagrammos otakii; Gu et al., 2022), grass carp
(Zhou et al., 2020), and Nile tilapia (Abd El-Hamid et al., 2021) (Appendix 2). Cinnamaldehyde
also stimulates fish lipid digestion, as indicated by the higher lipase activity (Zhou et al., 2020;
Wang et al., 2021a) reduced apparent lipid digestibility, and regulation of lipid metabolism-
related gene expression (Gu et al.,, 2021). The antioxidant capacity and immunity are also
enhanced under cinnamaldehyde dietary supplementation (Abd El-Hamid et al., 2021; Wang
et al., 2021a; Amer et al.,, 2018; Gu et al.,, 2022). Additionally, the supplementation of tongue
sole diets with cinnamaldehyde has been shown to increase the abundance of genera
containing probiotic bacteria in the fish gut (Wang et al., 2021a).

Figure 9. Molecular structure of cinnamaldehyde, the main bioactive compound of cinnamon
(Cinnamomum zeylanicum or Cinnamomum verum).

Despite the multiple range of beneficial effects of spices individually, it is well-known that
combining spices can led to a combined and/or synergetic impact with a much higher
potential on the animal health. For instance, spices with an individual mid-low effect on bile
acid secretion and bile flow rate in rats, such as capsaicin, ginger and the active principle
curcumin, have been shown to result in a strong stimulation of bile acid secretion and much
higher bile flow rate when combined together and with other spices (Platel and Srinivasan,
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2004). Similarly, in fish the combined effect of some of the above-mentioned spices has led to
better health or physiological performance results than the spices separately. As an example,
greater lipid content reduction and immunostimulatory effects have been observed in African
catfish (Clarias gariepinus) when combining black pepper and turmeric than when only
supplementing the diets with turmeric (El-Houseiny et al., 2019). Furthermore, an improved
growth performance, higher protein content, and an enhanced antioxidant and immune status
have been reported in rainbow trout when supplementing its diets with a combination of
ginger and curcumin rather than with each compound individually (Agmasjed et al., 2023).
The first of the spices' combinations evaluated in the present thesis (containing capsicum,
black pepper, and ginger oleoresins, and cinnamaldehyde) have already been tested in broiler
chickens (Herrero-Encinas et al., 2023). The results of supplementing broiler diets with such
combination of spices were an improved growth performance during the first 7 days, a higher
gross energy and dry matter digestibility, and a potential enhancement of the antioxidant
activity (Herrero-Encinas et al., 2023). This makes these spice combinations perfect candidates
to be tested on other vertebrates with the aim of improving their performance and general
health, as well as unraveling their effects on the regulation of lipid metabolism and fat storage.

4.2 Intestinal microbiota modulation: microbial transplantation

Gut microbiota plays a major role in animal health, having developed a multitude of close and
often highly mutualistic relationships with the host throughout million years of co-evolution.
Thus, both microbiota and host can be considered as a single unit known as a "holobiont"
(Postler and Ghosh, 2017). Indeed, the intestinal microbiota can contribute to multiple
functions in the host, such as feed digestion, nutrient metabolism, energy homeostasis,
mucosal integrity, intestinal barrier function, immune system modulation, neuronal
development, and endocrine system modulation, among many others (Forsythe, 2013; Mills et
al., 2019).

The key role of the microbiota on the host health is clearly reflected under conditions of
dysbiosis, which may be defined as a pronounced imbalance in the composition, diversity
and/or function of bacteria that usually compromises the host health, leading to digestive and
systemic diseases, and even promoting chronic pathologies, such as atherosclerosis and
obesity (Postler and Ghosh, 2017; Mills et al., 2019). Inversely, an induced modulation of the
intestinal microbiota can also improve the host health. For instance, many bacterial species
from the phylum Firmicutes, including members of the Lactobacillaceae, Ruminococcaceae
and Lachnospiraceae families, can metabolize complex carbohydrates which are not digestible
for the host into short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate
(Fusco et al., 2023). Apart from being an energy source, these SCFAs promote a multiple range
of health benefits in mammals, such as promotion of an anti-inflammatory response, improved
intestinal integrity and barrier functions, mineral solubilization, prevention of accumulation
of toxic metabolites, and increased nutrient digestibility and absorption (Sekirov et al., 2010;
Ikeda-Ohtsubo et al., 2018; Dawood, 2021). They also have a role on lipid, cholesterol, and
glucose metabolism, can induce fatty acid oxidation, and reduce lipid storage in liver and
muscle, as well as modulating feed intake by suppressing the appetite via the gut-brain axis
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(Canfora et al., 2015; Deleu et al., 2021). On the other hand, some studies have suggested that
acetate and propionate attenuate intracellular lipolysis in adipose tissue and increase
adipogenesis (Canfora et al., 2015), so the effect of SCFAs may depend on the tissue where
they act and on the specific fatty acid type. Considering the above, the role of Firmicutes in
animal health is undoubtedly essential, so it is not strange that the Firmicutes/Bacteroidetes
ratio is widely used as a marker of weight gain in mammals and as a marker of intestinal
dysbiosis in fish (Naya-Catala et al., 2021a). The differential significance of this ratio between
mammals and fish is normal considering the great variability in the composition and
associated functionality of the microbiota among different species (Ikeda-Ohtsubo et al., 2018;
Figure 10). More extreme is the case of the ratio Bacteroidetes/Proteobacteria, which in
humans and mice decreases upon inflammation, while in fish increases with inflammation
(Brugman et al., 2018).
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Figure 10. Overview of the variations in bacterial composition among different animal parts and species,
in swine, cattle, poultry, and fish. Adapted from Ikeda-Ohtsubo et al. (2018).
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The above-mentioned information were just a few examples of the important role of the
microbiota in animal health and of the close relationships between host and microbiota.
Consequently, many strategies to improve the animal health and condition through gut
microbial modulation have to date been tested and developed, including quorum quenching,
antimicrobial peptides, feed supplementation with exogenous enzymes, probiotics, prebiotics
or synbiotics, and fecal (FMTs) or intestinal (IMTs) microbial transplants (Cheng et al., 2014;
Figure 11).

'3

D Feed supplements:

’V ‘D % O 7' Exogenous
AT S R

\f,é 7 ?"j) AC‘%Y Probiotics

Anti-microbial = 6
peptides §/ ) )

)yi ﬁg/d tg — Prebiotics

)ﬁ\;( L <L_8 Synbiotics

g

Figure 11. Representation of the main strategies which have been tested in humans and animals from
the livestock industry to improve their health through induced modifications of the gut microbial
communities.

Among the above-mentioned strategies to modulate intestinal microbiota, FMTs (and IMTs)
have recently gained attention, since they have generally a longer-lasting effect and do not
require a continuous supply, even though it is sometimes more effective to repeat the
transplantation over time (Hasan and Yang, 2019). The concept of FMT generally refers to the
transference of the microbiota associated to fecal matter (or intestinal content, in the case of
IMTs) from a healthy donor into the gastrointestinal tract of a diseased recipient in order to
colonize the gut of the recipient or modify its microbiota to improve the recipient's health
(Gupta et al., 2016). Traditionally, FMT have been used in humans to treat Clostridium difficile
infection, and experimentally tested to treat inflammatory bowel disease, obesity and
metabolic syndrome, and functional gastrointestinal disorders (Gupta et al., 2016). In addition,
FMTs and IMTs have also been used with production purposes in the livestock industry. In
this sense, microbial transplantations have been shown to be a good strategy to improve
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growth and feed performance in ruminants, through ruminal transfaunation, which is the
transplant of the ruminal content (Pounden and Hibbs, 1949; Ribeiro et al., 2017), as well as in
swine (Hu et al., 2018) and, in poultry (Siegerstetter et al., 2018). Like in humans, microbial
transplants have also been applied to other vertebrates with therapeutic uses, in order to
alleviate and prevent disorders and infections, such as horses (Mullen et al., 2018), ruminants
(DePeters and George, 2014), pigs (Niederwerder et al., 2018), chicks (Rantala and Nurmi,
1973), dogs (Pereira et al., 2018), and cats (Furmanski and Mor, 2017), among other animals.

Although FMTs are still far away from being a routine clinical procedure to reduce body
weight in obese and metabolic diseased humans due to their lack of efficiency in recent trials
(Dalby, 2023), there are also some works which have shown promising prospects in this
application (Hu et al., 2023). Otherwise, an experimental IMT performed between obese mice
and germ-free mice resulted in increased body fat levels in the receiving individuals,
associated to a higher Firmicutes/Bacteroidetes ratio and higher capacity for energy extraction
(Turnbaugh et al., 2006). In this sense, multiple FMTs in mice have demonstrated the
deleterious effect of the gut microbiota from aged donors when transplanted into younger
mice, leading to obesity and increased fat body mass, as well as higher insulin levels, systemic
inflammation, and neurodegeneration; while the inverse health effects are observed when
transplanting the fecal microbiota from young donors into old individuals (Yan et al., 2023).
In addition, inter-species FMTs from lean humans into germ-free mice have resulted in lower
body weight and reduced fat deposition than germ-free mice transplanted with the microbiota
of obese humans (Ridaura et al., 2013; Tremaroli et al., 2015). Similar results have been
observed when performing FMT from two different breeds of pigs (“lean” and “obese”) into
germ-free mice (Yang et al., 2018). In that case, mice transplanted with the “obese” microbiota
exhibited an elevated Firmicutes/Bacteroidetes ratio, an up-regulated expression of genes
involved in the lipogenic pathway, and higher hepatic fat deposition with respect to those
transplanted with the “lean” microbiota, even though no discernible differences in adipocyte
morphology and fat deposition were found in the abdominal adipose tissue (Yang et al., 2018).
Some studies in poultry have shown no obvious effects on growth and fat accumulation
modulation (Song et al., 2023). On the other hand, other works have shown that performing
FMTs from adult chickens, with high body weight, into younger chickens, resulted in an
increased body weight and an up-regulation of the hepatic fat metabolism, including genes
involved in lipid synthesis, catabolism, and transport (Zhang et al., 2022b). These ideas suggest
that IMTs and FMTs might be good tools, yet under development, to modulate body fat levels
in vertebrates, at least in the livestock industry, for potentially improving their growth, health,
overall condition, and ultimately production.
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5. Hypothesis and object of study

5.1 Hypothesis

Based on the hypolipidemic, antioxidant, immunostimulant, and growth-promoting
properties of bile salts, and spices like capsicum, black pepper, ginger, turmeric, and
cinnamaldehyde, and considering the important role of the gut microbiota on lipid
metabolism and the demonstrated efficiency of intestinal microbiota transplants on reducing
and preventing health disorders in higher vertebrates, the hypothesis of the present thesis is
established:

It is possible to reduce fat accumulation and consequently improve the general health and
condition of aquaculture fish through the supplementation of aquafeeds with additives with
hypolipidemic properties (bile salts; a combination of capsicum, black pepper, and ginger
oleoresins, and cinnamaldehyde; and a combination of turmeric, capsicum, black pepper, and
ginger oleoresins) and by performing an intestinal microbiota transplant from fish with a lean
phenotype to fish with a fatter condition.

5.2 Object of study: gilthead seabream (Sparus aurata)

In order to evaluate the efficiency of the above-mentioned strategies in the fish performance,
reduction of fat accumulation, and general health-promoting effects, the species gilthead
seabream (Sparus aurata; Figure 12) was selected as the object of study of the present thesis.
The main reasons for selecting gilthead seabream were mainly that: 1) despite containing
moderate levels of fat accumulation under typical wild and culture conditions, the body
adiposity of this well-studied species can be largely modulated by the diet composition,
particularly by the lipid source used (Houston et al., 2017); and 2) for its importance in the
current worldwide and European aquaculture industry, explained below. In this context,
assessing the proposed strategies to reduce fat accumulation in an important aquaculture
species, represents a significant advantage over other existing fish models such as zebrafish,
from a production and economic value perspective, as it brings the strategies evaluated herein
closer to the market, facilitating and accelerating the transfer of results to the industry.

Gilthead seabream can be found in the Mediterranean Sea and along the coasts of the Eastern
Atlantic, ranging from Great Britain to Senegal, and rarely in the Black Sea. Due to its
euryhaline and eurythermal nature, this species from the Sparidae family inhabits both marine
and brackish water environments, including coastal lagoons and estuarine areas, especially
during the early stages of its life cycle. Born in the open sea between October and December,
juveniles usually migrate in early spring towards sheltered coastal waters, characterized by
their abundant trophic resources and milder temperatures. This species is highly sensitive to
low temperatures, with a lower lethal limit of 4 °C. Consequently, in late autumn, they return
to the open sea, where adult fish breed. Gilthead seabream is a benthopelagic fish and in the
open sea, it is commonly found in rocky areas and seagrass meadows, and on sandy bottoms.
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Young individuals tend to stay in relatively shallow areas (up to 30 m), but adults may be
found to 150 m depth (FAO, 2024). Regarding feeding habits, gilthead seabream is mainly
carnivorous, having a diet largely based on molluscs, crustaceans, and small fish in the wild,
even though it is accessorily herbivorous. In terms of reproductive biology, this species
exhibits protandrous hermaphroditism, reaching sexual maturity as males during the first two
years (20-30 cm) and the turning into females at the second or third year of life (33-40 cm).
Females are batch spawners capable of laying 20,000-80,000 eggs daily for a period of up to 4
months. Spawning naturally takes place from December to April, with water temperatures of
13-17 °C (Basurco et al., 2011).

Figure 12. Gilthead seabream (Sparus aurata).

Concerning aquaculture, this sparid species can be farmed in extensive and semi-intensive
systems, in coastal ponds and lagoons, or in intensive farming systems, in land installations
and sea cages. Commercially acceptable size can range from 250 g to over 1.5 kg. The duration
of the culture period varies based on location and water temperature. Generally, it takes
between 18 and 24 months to reach 400 g from hatched larvae. Farmed gilthead seabreams are
fed commercial diets that usually consist of extruded pellets containing around 45-50%
protein and 20% lipid levels. The main ingredients used in commercial diets have traditionally
been fishmeal and fish oil, but due to their limited availability and increasing costs, aquafeed
manufacturers are currently incorporating alternative and sustainable sources into marine fish
diets (Basurco et al., 2011). In terms of production, gilthead seabream is one of the most farmed
finfish species in marine and coastal aquaculture worldwide, with more than 282 thousand
tonnes produced during 2020 (FAQO, 2022). In Europe and the rest of the Mediterranean area,
it reached a production of 320,630 tonnes in 2022, with Spain being the fifth country (after
Turkey, Greece, Egypt, and Tunisia) with the highest production of gilthead seabream (8,932
tonnes in 2022) (APROMAR, 2023; Figure 13).
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VALUE (euros) VOLUME (tonnes)

Turkey 667.5 M€ N 133,500
. Greece 363.5 M€ [N 67,000
Egypt 180.0 M€ [l 36,000
Tunisia 80.0 M€ 116,000
Spain 43.7 M€ 18,932
133,500t PLEINY 50.5 M€ |1 9,600
Croatia 37.5ME€ || 7,527
° 67,000t e Cyprus 25.0 M€ I 5,000
16,000 t 23% =4 A1t
4 Malta 13.5 M€ | 2,600
. B0t [/ Israel  11.5ME |2,300
Portugal 10.0 M€ |2,000
France 10.0 M€ |1,881

Figure 13. Distribution of aquaculture production of gilthead seabream (Sparus aurata) in the
Mediterranean area in 2022 in volume (tonnes, “t”) and value (million euros). The symbol % in the map
indicates percentage of total aquaculture production of gilthead seabream. Adapted from APROMAR,

2023.
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Objectives

The general objective of the present thesis is to promote the reduction of fat
accumulation in gilthead seabream (Sparus aurata) through the supplementation of its
diets with a blend of bile salts (sodium cholate, sodium deoxycholate, and sodium
taurocholate hydrate) and two different combinations of spices (capsicum, black
pepper, and ginger oleoresins, and cinnamaldehyde; and turmeric, capsicum, black
pepper, and ginger oleoresins), as well as testing the feasibility of performing an
intestinal microbiota transplant (IMT) from Atlantic salmon (Salmo salar) to gilthead
seabream and its effect on gut microbial modulation.

The specific objectives are:

»C=> To study the effect of the tested feed additives in key performance indicators
(KPIs) associated to growth and feed performance in gilthead seabream..

D To evaluate the potential of the tested feed additives in reducing fat
accumulation in gilthead seabream, through the study of the fillet and liver proximate
composition, fatty acid profile, histomorphology of digestive tissues, and biomarkers
related to lipid metabolism.

2> To unravel the role of the tested feed additives in the regulation of the immune

status in gilthead seabream, through the study of a selected set of biomarkers linked
to epithelial integrity, barrier function, and immune response.

D To develop a methodological procedure to perform an IMT from Atlantic
salmon (Salmo salar) to gilthead seabream, as a conceptual approach for future IMTs
aimed at reducing fat accumulation through modulation of fish gut microbial
communities.

D To study the modulation of gilthead seabream gut microbial communities by
the feed additives and the IMT, by evaluating the diversity, structure, and composition
of the gut microbiota.
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ABSTRACT

Keywords:

Feed additive

Adiposity

Bile salt-activated lipase
Bile salts

Sparus aurata

The present study aimed to evaluate the effect of dietary supplementation using bile salts (BSs) on several key
performance indicators like growth and feed performance, fat accumulation and tissue condition in gilthead
seabream (Sparus aurata). A 90-day feeding trial was conducted in juveniles of gilthead seabream (initial body
weight, BW = 44.0 = 4.2 g) that were fed three isoproteic (44% crude protein), isolipidic (18% crude fat) and
isoenergetic (21.4 MJ kg ") diets rich in saturated fats to favour lipid accumulation. One diet was used as a
control and the others were supplemented with graded levels of a BS blend: 0.06 (BS¢.06%) and 0.12% (BSp.12%)-
At the end of the trial, a significant increase in BW and a decrease in the levels of perivisceral fat were observed
in fish fed the BSy ge9 diet. However, only the BSy 129, diet significantly enhanced lipid digestibility, as indicated
by the higher coefficient of apparent lipid digestibility and increased activity of the pancreatic bile salt-activated
lipase. None of the diets modified the fatty acid profile of liver or fillet. In addition, while only the BSq os5 diet
decreased fat deposits in liver, both BS-supplemented diets reduced fat accumulation in the intestine. Further-
more, dietary BS inclusion modified the bile acid profile in the gallbladder and anterior intestine, increasing the
content of taurodeoxycholic acid in both tissues and decreasing the content of taurochenodeoxycholic acid in the
gallbladder when supplementing the diet at an inclusion level of 0.12% of the BS blend. The gene expression
profile of liver was analysed by quantitative PCR, targeting biomarkers mainly related to lipid metabolism and
antioxidant defense, and few differences were found among dietary treatments. It was noteworthy that the
decrease of lipoprotein lipase expression in fish fed the BS o6 diet may be correlated with their reduced per-
ivisceral fat and lipid accumulation in the liver, while the increase of the fatty acid synthase expression might
help maintaining hepatic fatty acid levels stable. The higher gene expression of peroxiredoxin 5 was also
noticeable and might be the cause of the lower catalase activity on the liver of fish fed the BSg ggo, diet. Sum-
marizing, we recommend the 0.06% BS dose to enhance growth performance and reduce perivisceral, hepatic
and intestinal fat of gilthead seabream without comprising their health, but further studies still need to be
performed for deciphering the mechanisms by which BSs act in fish lipid metabolism.

1. Introduction

and confers to farmed fish, especially of the n-3 long-chain poly-
unsaturated fatty acids (LC-PUFAs) docosahexaenoic acid (DHA) and

In aquaculture, lipids are used as the main source of energy in the
diet, with fish oil being the most used source of lipids. In 2020, about 16
million tonnes of fish, which constituted 20% of capture fisheries in
marine waters, were destined for fish meal and fish oil production (FAO,
2022). One of the main reasons for the widespread use of fish oil in
aquaculture is the high amount of essential fatty acids that it contains

eicosapentaenoic acid (EPA), which are necessary for the optimal
growth, development, health, and reproduction of marine fish (Jaya-
Ram et al., 2008; Peng et al., 2014). The non-existent or limited ability of
many marine fish species to synthesize these types of fatty acids requires
that they be supplied in the diet (Tocher, 2015). Since fish body lipid
composition is directly affected by their consumption, the fatty acids
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from the diet are reflected in the fatty acid profile of the fillet, and
consequently the fish flesh serves as a DHA and EPA source for the
consumer (Ballester-Lozano et al., 2011; Trushenski et al., 2011). Con-
sumption of fish with high DHA and EPA levels thus provides numerous
human health benefits, such as lower risk of coronary heart disease,
amelioration of symptoms of rheumatoid arthritis, growth and devel-
opment of the brain, promotion of learning capacity, inhibition of
tumour cell proliferation, prevention of thrombosis, arrhythmias and
numerous other disorders and diseases (De Deckere et al., 2001; Hor-
rocks and Yeo, 1999).

However, the limited availability and consequent increasing cost of
fish oil, together with the sustainability problems that its use imposes
(Tocher, 2015), have brought to the forefront other nutritional strategies
during recent years. One of the most common is the partial or total
substitution of fish oil by plant-based oils and, in some cases, rendered
animal fats in the diets due to their lower price and higher availability
(Kenari et al., 2011; Simo-Mirabet et al., 2018; Trushenski and Loch-
mann, 2009). Asreviewed by Mozanzadeh et al. (2021), the replacement
of fish oil by alternative lipid sources has been a successful strategy in
terms of growth and feed performance indicators, although this strategy
has some side-effects such as the modification of the fatty acid profile of
the fillet by reducing the levels of n-3 LC-PUFA (Bell et al., 2010; Ben-
edito-Palos et al., 2010; Kenari et al., 2011; Nasopoulou and Zabetakis,
2012), and the increased deposition of body fat (Ballester-Lozano et al.,
2015; Bell et al., 2010). Furthermore, the use of other nutritional ap-
proaches consisting in decreasing the levels of dietary protein and
increasing other energy sources, like lipids or carbohydrates (protein-
sparing), have been reported to limit somatic growth, feed intake and
feed conversion ratio (FCR), and induce some physiological disorders
such as a higher susceptibility to lipid peroxidation and/or altered
synthesis and secretion of lipoproteins, increased enzymatic lipogenesis
activity and increased body fat deposition, among others (Du et al.,
2006; Kousoulaki et al., 2015; Rueda-Jasso et al., 2004). These changes
in levels of body adiposity have not only an impact on animal welfare,
but also on aquaculture production, in terms of reduction of fillet yield
and shelf-life, and changes to the organoleptic properties of the product,
reducing the consumer appreciation and, consequently, its demand and
marketability (Salmeron, 2018). Indeed, while maintenance of adipose
tissue and fatty acid levels within a normal range are required for the
edible part of the fish for achieving the expected flavour, taste, and
texture to which the consumer is accustomed, the perivisceral fat has
been noted to cause a negative visual impact on the consumer and to
release a strong and unpleasant smell (Grigorakis, 2007), possibly
because of its well-known rapid oxidation causing rancidity (Hsieh and
Kinsella, 1989).

Dietary supplementation with bile salts (BSs) has successfully been
used in poultry due to the limited capacity of young chicks to synthesize
BSs (Siyal et al., 2017), as well as due to its demonstrated potential for
increasing lipid digestion, decreasing fat deposition, improving growth
performance and FCR, and improving meat quality (Arshad et al., 2021;
Ge et al., 2019; Lai et al., 2018; Siyal et al., 2017). Regarding aquatic
species, several studies have shown that the supplementation of BSs in
compound diets for fish species led to similar results as those previously
mentioned for poultry. In particular, the use of BSs as a feed additive for
fish promoted growth performance (Ding et al., 2020; Gu et al., 2017;
Iwashita et al., 2008; Jiang et al., 2018; Li et al., 2021; Yamamoto et al.,
2007; Yu et al., 2019; Zhang et al., 2022; Zhou et al., 2018), improved
lipid digestion (Ding et al., 2020; Gu et al., 2017; Iwashita et al., 2008;
Jiang et al., 2018; Li et al., 2021; Yamamoto et al., 2007) and decreased
body fat deposits (Iwashita et al., 2009; Jin et al., 2019; Yamamoto et al.,
2007; Yin et al., 2021; Zhang et al., 2022).

Bile acids (BAs) are synthesized in the liver from cholesterol (hy-
drophobic portion) and conjugated with an amino acid, either glycine or
taurine (hydrophilic portion), forming stronger acids, that when con-
jugated are amphipathic molecules, commonly called BSs (Frisch and
Alstrup, 2018). Fish have low or no capacity to conjugate BAs with
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glycine, therefore most fish only produce BSs with conjugated taurine
(Romano et al., 2020). BSs are stored in the gallbladder until feed
ingestion and then secreted into the gut by bladder contractions stim-
ulated by the hormone cholecystokinin (Le et al., 2019). In the intestinal
lumen, they have a key role in the emulsification of fat aggregates
through the formation of micelles, thereby creating a higher action
surface for the lipase, as well as activation of the lipase/co-lipase com-
plex (Romano et al., 2020). In the intestine, a fraction of primary BSs is
deconjugated, and chenodeoxycholic acid (CDCA) and cholic acid (CA)
are metabolized into secondary BAs, lithocholic acid (LCA) and deoxy-
cholic acid (DCA) (Schubert et al., 2017). Only a small portion of BSs is
excreted in the faeces, while the majority of conjugated and deconju-
gated BSs are reabsorbed through the apical surface of the enterocytes
and return to the liver by enterohepatic circulation (Romano et al.,
2020).

The objective of the present study was to evaluate the effect of di-
etary supplementation with a blend of BSs (sodium cholate, sodium
deoxycholate and sodium taurocholate hydrate) on fish growth and feed
performance, as well as the potential effects of the use of BSs as feed
additives in order to reduce body adiposity, using the gilthead seabream
(Sparus aurata) as a model fish species.

2. Material and methods
2.1. Animals and rearing conditions

Juveniles of gilthead seabream with an initial body weight (BW;) of
44.0 + 4.2 g (mean + standard deviation) and standard length (SL) of
12.13 + 0.48 cm were purchased from Piscicultura Marina Medi-
terranea SL (Andromeda Group, Valencia, Spain), and transported to the
Institute of Agrifood Research and Technology (IRTA) in la Rapita
(Tarragona, Spain). Then, fish were randomly assigned to 12 tanks with
a capacity of 450 L (30 fish per tank; initial density of 3 kg m~2) con-
nected to a water recirculation system (IRTAmar™), where they accli-
matized for two weeks. Each tank had a sedimentation column for faeces
collection. Water temperature (22.5 + 0.5 °C), dissolved oxygen (6.3 +
0.2 mg LY (OXI330, Crison Instruments, Spain) and pH (7.6 + 0.01)
(pH meter 507, Crison Instruments) were monitored daily and ammonia
(0.22 + 0.08 mg NHi L™Y), nitrite (0.16 + 0.1 mg NO3 L) levels
(HACH DR 900 Colorimeter, Hach Company, Spain) and salinity (36%o)
(MASTER-20 T Hand-Held Refractometer, ATAGO Co. Ltd., Italy) were
weekly controlled.

2.2. Ethics statement

All animal experimental procedures were carried out following the
Spanish legislation (law 32/2007 and Royal Decree 1201/2015) and the
Guiding Principles for Biomedical Research Involving Animals
(EU2010/63) and approved by the Ethical Committee of IRTA, which
adopts “The European Code of Conduct for Research Integrity”, and by
the Generalitat of Catalunya (CEEA 219/2020).

2.3. Diets

Three isoproteic (44% crude protein), isolipidic (18% crude fat) and
isoenergetic (21.4 MJ kg_l) experimental extruded diets (3 mm) were
manufactured by Sparos Lda. (Portugal) as described in Vallejos-Vidal
et al. (2022). A basal diet (control) was formulated based on fish com-
mercial feed, but partially replacing fish oil and soybean oil with poultry
fat to increase the levels of saturated fatty acids in the diet (up to 27% of
total fatty acids), which is known to promote adiposity (Legrand and
Rioux, 2010). The formulation of the two other diets were the same as
the control but supplemented with a blend of BSs at an inclusion level of
0.06% (BSp.06%) and 0.12% (BS.12%), respectively (Table 1). The BS
blend was added in the feed prior to extrusion, and was composed of a
powder BS mixture containing equal parts of sodium cholate and sodium
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Table 1

Formulation, proximate composition and fatty acid profile of experimental diets:
a control and two basal diets supplemented with a blend of bile salts (BSs) at a
dietary inclusion level of 0.06 (BSq, oe%) and 0.12% (BSq, 129)-

Ingredients (%) Control BSo.06% BSo.129%
Fishmeal Super Prime 7.50 7.50 7.50
Fishmeal 60 5.00 5.00 5.00
Fish protein concentrate 2.00 2.00 2.00
Feathermeal hydrolysate 5.00 5.00 5.00
Porcine blood meal 3.00 3.00 3.00
Poultry meal 15.00 15.00 15.00
Aminopro NT70 - C. glutamicum 4.00 4.00 4.00
Corn gluten meal 8.00 8.00 8.00
Soybean meal 48 12.00 12.00 12.00
Sunflower meal 5.00 5.00 5.00
Wheat meal 10.31 10.31 10.31
Whole peas 5.00 5.00 5.00
Pea starch (raw) 2.40 2.40 2.10
Fish oil 3.02 3.02 3.02
Soybean oil 2.35 2.35 2.35
Poultry fat 8.04 8.04 8.04
Vitamin and mineral premix 1.00 1.00 1.00
Vitamin C35 0.05 0.05 0.05
Vitamin E50 0.02 0.02 0.02
Betaine HCI 0.20 0.20 0.20
Choline chloride 60 0.10 0.10 0.10
Antioxidant 0.20 0.20 0.20
Sodium propionate 0.10 0.10 0.10
Monoammonium phosphate 0.35 0.35 0.35
L-Tryptophan 0.15 0.15 0.15
DL-Methionine 0.20 0.20 0.20
Bile salts mix - 0.06 0.12
Yttrium oxide 0.02 0.02 0.02
Proximate composition
% 5 44.0 + 14.1 £
Crude protein, % 44.1 + 0.05 0.08 011
18.2 + 182 +
Crude fat, % 18.1 +0.04 — 0.01
-1 215+ 215+
Gross energy, MJ kg 21.4+1.11 1.20 1.37
Fatty acid profile (% of total fatty acids)
. 27.19 + 26.55 + 27.65 +
Saturated fatty acids (SFAs) 0.40 0.06 0.3
Monounsaturated fatty acids 36.61 + 36.60 + 36.19 +
(MUFASs) 0.73 0.22 0.51
n-6 Polyunsaturated fatty acids (n-6 26.65 + 27.11 + 26.32 +
PUFAs) 0.06 0.45 0.15
n-3 Polyunsaturated fatty acids (n-3 9.74 + 9.84 +
PUFAs) A550:39 0.09 0.21
36.20 + 36.86 + 36.16 +
Total PUFAs 0.45 0.36 0.36

" Fatty acid profile of experimental diets is detailed in Supplementary
Table S1. The proximate and fatty acid composition of diets was analysed in
duplicate; values are represented as mean =+ standard deviation (SD).

deoxycholate (ref. 48,305, Sigma-Aldrich, USA), and sodium taur-
ocholate hydrate (ref. 86,339, Sigma-Aldrich) in a proportion of 30/70
respectively. This composition was formulated based on the BS profile of
perciform fish (Hagey et al., 2010). Yttrium oxide (Y203, Sigma Aldrich,
Spain) was included in the diets at 0.2 g kg™! as an inert marker for
proper determination of apparent digestibility coefficients (ADCs) for
macronutrients.

2.4. Feeding trial and fish sampling

Each experimental diet was randomly assigned to four replicate
tanks. During the trial, which lasted 90 days, fish were fed by Arvo-Tec T
Drum 2000 automatic feeders (Arvo-Tec Oy, Finland) in 12 meals spread
over an hour (one each 5 min) two times per day, with a total daily rate
of 3.0% of fish tank biomass. The feeding rate was regularly adjusted
depending on the amount of uneaten feed pellets recovered from the
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bottom of the tank two hours after each meal, in order to guarantee that
feed was offered in excess (Salomon et al., 2020). To evaluate diet di-
gestibility, faeces from each tank were collected from the sedimentation
columns during three consecutive days and pooled for further
biochemical and yttrium analyses. Once a month, all fish in each tank
were anesthetized with 100 mg L' of buffered tricaine methanesulfo-
nate (MS-222, Sigma-Aldrich, Spain) and their somatic growth in terms
of BW (g) and SL (cm) were measured.

At the end of the trial fish were fasted for 48 h following the
guidelines of Naya-Catala et al. (2021), then netted and anesthetized for
measuring BW¢ and SLy, and the following growth performance param-
eters were calculated: specific growth rate (SGR, % day 1) =100 x (In
BW; — In BW;) / days; Fulton's condition factor (K) = 100 x BW¢ / SL{.
Feed intake was calculated as (FI, g fish™1) = total feed intake per tank
(g) / number of fish; and feed performance was also evaluated through
the feed conversion ratio (FCR) = feed intake (g) / biomass increase (g).
Six randomly selected animals from each tank were euthanized with an
overdose of MS-222 (300 mg L‘l), while the rest of individuals were
returned to their respective tanks. Euthanized animals (24 per treat-
ment) were eviscerated, and the perivisceral fat was carefully separated
from the digestive tract with a scalpel and weighed for assessing the
perivisceral fat index, which is defined as PVFI (%) = 100 x weight of
perivisceral fat (g) / BW (g). The liver was also extracted and weighed
for calculating the hepatosomatic index (HSI, %) defined as = 100 x
weight of the liver (g) / BW (g). Then, livers and dissected fillets of three
fish per tank (n = 12 per diet) were stored in hermetically-sealed bags at
—20 °C for proximate composition analysis. A section of the anterior
intestine (AI) (4 cm) and liver (1.5-2 cm?) were removed from three
euthanized fish and fixed in 10% buffered formalin (pH 7.2) for histo-
logical analyses. The rest of the liver was divided into parts and stored at
—80 °C (n = 3 per tube; 4 replicate tubes per treatment) for subsequent
study of oxidative stress and hepatic metabolism biomarkers. The gall-
bladders of four randomly selected fish per tank from those previously
slaughtered were dissected and ruptured with a blunt scalpel, and the
contents coming from all animals of the same tank were collected into a
tube and stored at —80 °C. Small segments (ca. 1 cm?) of the liver of two
individuals per tank (8 per treatment) were dissected and separately
immersed in 5 volumes of RNAlater® (Sigma-Aldrich, USA), incubated
overnight at 4 °C, and stored at —80 °C until RNA extraction.

The remaining fish in the tanks were fed for three days to restore
their non-fasted physiological condition. Subsequently, 2 h after the last
feeding, four fish from each tank (16 per treatment) were randomly
selected and anesthetized for blood collection via caudal vein with 1 ml
heparinized syringes (ref. 303,179, BD Plastik, Canada). Plasma of each
fish was individually isolated after blood centrifugation (1600 xg, 10
min, 4 °C). Then, these fish were euthanized with an overdose of
anaesthetic. For the analysis of intestinal BS profile, the Al was extracted
and stripped gently, making a pool of the gut luminal content of the four
fish per tank. For evaluating the effect of experimental diets on digestive
enzyme activities, the digestive tract of an additional four euthanized
animals per tank was dissected into two discrete regions (stomach with
pyloric caeca, and foregut) and frozen at —80 °C until their analyses. The
liver of two randomly selected slaughtered individuals per tank were
dissected for RNA extraction following the previously mentioned pro-
cedure, to compare the gene expression profile of selected hepatic gene
markers (Table 2) in 48 h fasted-animals and 2 h postprandial-animals.

2.5. Biochemical analyses

A pool of three livers per tank were homogenized using an Ultra
Turrax® homogenizer (IKA T25 digital ULTRA-TURRAX, IKA Works,
USA), whereas the three fillets per tank were processed separately. Ash
content was determined according to AOAC (1990), and protein, car-
bohydrates, and total fat levels were estimated using the method of
respectively, Lowry et al. (1951), Dubois et al. (1956) and Folch et al.
(1957). Fatty acid analysis was carried out as described by Skalli et al.
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Table 2
PCR-array layout for gene expression profile in the liver of gilthead seabream fed
experimental diets.

Function Gene Symbol GenBank
Fatty acids, Fatty acid synthase fasn JQ277708
cholesterol & Elongation of very long chain
phospholipid fatty acids 1 elovll JX975700
metabolism Elongation of very long chain
fatty acids 4 elovl4 JX975701
Elongation of very long chain
fatty acids 5 elovl5 AY660879
Elongation of very long chain
fatty acids 6 elovl6 JX975702
Fatty acid desaturase 2 fads2 AY055749
Stearoyl-CoA desaturase 1a scdla JQ277703
Stearoyl-CoA desaturase 1b scd1b JQ277704
Cholesterol 7-alpha-
monooxygenase cyp7al KX122017
Phospholipid transfer
protein pltp XM_030418561
Adipose triglyceride lipase atgl JX975711
Hepatic lipase hi EU254479
Lipoprotein lipase Ipl AY495672
85 kDa calcium-independent
Lipases phospholipase A2 pla2gé JX975708
Hepatocyte nuclear factor 4
alpha hnf4a FJ360721
Sterol regulatory element-
binding proteins 1 srebp1 JQ277709
Sterol regulatory element-
binding protein 2 srebp2 XM 030408996
Farnesoid X receptor Sxr XM_030426192
Liver X receptor o Ixra FJ502320
Peroxisome proliferator-
activated receptor o ppara AY590299
Peroxisome proliferator-
Transcription activated receptor p pparf} AY590301
factors & nuclear ~ Peroxisomeproliferator-
receptors activated receptor y ppary AY590304
Carnitine
palmitoyltransferase 1A cptla JQ308822
Hydroxyacyl-CoA
dehydrogenase hadh JQ308829
Fatty acid translocase/CD36 fat/cd36 XM _ 030440140
Fatty acid binding protein,
heart h-fabp JQ308834
Citrate synthase cs JX975229
NADH-ubiquinone
oxidoreductase chain 2 nd2 KC217558
NADH-ubiquinone
oxidoreductase chain 5 nd5 KC217559
Cytochrome ¢ oxidase
subunit I coxi KC217652
Proliferator-activated
receptor gamma coactivator
Oxidative 1 alpha pgela JX975264
metabolism & Sirtuinl sirt] KF018666
energy sensing Sirtuin2 sirt2 KF018667
Catalase cat JQ308823
Uncoupling protein 1 ucpl FJ710211
Glutathione peroxidase 1 x1 DQ524992
Glutathione peroxidase 4 x4 AM977818
Peroxiredoxin 3 prdx3 GQ252681
Peroxiredoxin 5 prdx5 GQ252683
cu-zn-
Superoxide dismutase sod /
[Cu—Zn] sodl JQ308832
mn-sod /
Superoxide dismutase [Mn] sod2 JQ308833
Antioxidant Glucose-regulated protein,
defense 170 kDa grp-170 JQ308821
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Table 2 (continued)

Function Gene Symbol GenBank
Glucose-regulated protein,
94 kDa gp-91 JQ308820
Glucose-regulated protein,
75 kDa gp-75 DQ524993

(2020). In brief, after transesterification of fatty acids (Christie, 2012),
gas-liquid chromatography allowed their identification and quantifica-
tion, using heneicosanoic acid (21:0) as internal standard.

Inductively coupled plasma-mass spectrometry (ICP-MS, Agilent
7700 Series, Agilent Technologies, USA) was used to determine Y;03
levels in diets and faeces (Garatun-Tjeldstp et al., 2006). Lipid and
protein proximate composition from faeces was also performed to
calculate their ADCs according to Lupatsch et al. (1997), as ADC of
nutrient (%) = 100 — [100 x (Y203 in diet / Y203 in faeces)] x [(%
nutrient in faeces / % nutrient in diet)].

2.6. Histological analysis

Fixed samples of liver and Al (ca. 0.5-1 cm2) were dehydrated in
increasing-concentration of ethanol solutions, cleared with xylene (MYR
STP 120, Especialidades Médicas Myr, Spain) and embedded in paraffin
(MYR EC-350, Especialidades Médicas Myr). Serial sections (4 pm
thickness) were obtained with a microtome (Leica RM2155, Leica
Microsystems, Germany) and stained with haematoxylin and eosin using
automatic staining equipment (MYR MYREVA SS-30, Especialidades
Médicas Myr). Sections were examined under a light microscope (Leica
DM LB, Leica Microsystems) and photographed (Olympus DP70 Digital
Camera, Olympus Europa, Germany). The software Analysis (Olympus
Soft Imaging Solutions, Germany) was used for measuring the thickness
of Al musculature, villus height, height of enterocytes and density of
goblet cells in the intestinal mucosa (Gisbert et al., 2015). Inflammation
and accumulation of fat deposits were also evaluated in both tissues
under blinded and order-randomized histological examination by two
different persons according to Meyerholz and Beck (2018). The level of
fat accumulation was semi-quantitatively classified from 1 to 5 as
described in Fig. 1A and 2A (Gisbert et al., 2008).

2.7. Hepatic oxidative stress and metabolic biomarkers

A pool of three liver pieces (ca. 60 mg per liver) per tank were ho-
mogenized (IKA T25 digital ULTRA-TURRAX, IKA Works) in 5 volumes
v/w of buffer (150 mM KCl, 1 mM EDTA, pH 7.4), centrifuged (9000 xg,
30 min, 4 °C), and the supernatant was collected for hepatic anti-
oxidative status analysis. Glutathione reductase (GR) activity was
measured at A = 340 nm using NADPH (0.09 mM) as cofactor and
disulphide glutathione (GSSG, 0.9 mM) as substrate (Carlberg and
Mannervik, 1975). Catalase (CAT) activity was measured at A = 240 nm,
with HpO2 (50 mM) as substrate (Aebi, 1974). Superoxide dismutase
(SOD) activity was determined by means of a commercial kit (ref.
19,160, Sigma-Aldrich, USA) based on the McCord and Fridovich
(1969). Thiobarbituric acid reactive substances (TBARs) were used to
estimate (A = 586 nm) lipid peroxidation (LPO) levels (Solé et al., 2004).
Total antioxidant capacity (TAC) was quantified at A = 570 nm following
the manufacturer's instructions of the Total Antioxidant Capacity Assay
Kit (ref. MAK187, Sigma-Aldrich, USA). Enzyme activities and lipid
peroxidation levels were normalized to soluble protein (Bradford, 1976)
with the exception of SOD activity that was expressed in % of enzyme
inhibition. All assays were read in triplicate at 25 °C using 96-well
microplates (ref. 467,340, Thermo Scientific, Denmark) by UV/Vis
spectrophotometer (Tecan Infinite M200 Plate Reader, Tecan,
Switzerland) and analysed with the specific software Magellan™ (v6,
Tecan).
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A
Score  Histological description
Hepatocytes are small.
There are few small vacuoles in the cytoplasm.
Central positioning of their nuclei.

Very low lipid accumulation.

Slightly enlarged hepatocytes.

Many vacuoles in the cytoplasm.

Nuclei are positioned centrally in most hepatocytes.

Low lipid accumulation.

3 All hepatocytes are enlarged.

Lots of vacuoles in the cytoplasm or one large vacuole.
Nuclei are displaced towards the periphery.

Moderate lipid accumulation.
Almost all hepatocytes are significantly enlarged.

Cytoplasm seems "empty" due to the presence of big vacuoles.

Large lipid accumulation.

Hepatocytes are significantly enlarged. "Empty" cytoplasm.

Some pyknotic nuclei. Some hepatocytes are broken.

Areas of necrosis and lymphocytes in vascular tissue.

Inflammation in the parenchyma and signs of steatosis.
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Fig. 1. (A) Semi-quantitative scoring used for evaluating the level of fat accumulation in the liver of gilthead seabream fed the experimental diets. (B) Examples of
light microscope images obtained from livers of gilthead seabream classified with a score of 2, 3 and 4. (C) Results (%) of liver scoring from gilthead seabream fed a
control and two diets supplemented with a blend of bile salts at a dietary inclusion level of 0.06 (BSp.g6%) and 0.12% (BSq.129)-

For the analysis of metabolic biomarkers, pools of three livers (ca.
100 mg each) per tank were homogenized in 9 volumes of a buffer (pH
= 7.6) composed of 1:1 v/v of a lysis solution (1.24 mM Triton X-100, 1
mM EDTA, 1 mM NaHCOs3) and a stabilizer solution (3.7 mM EDTA, 5
mM f-mercaptoethanol). Homogenates were centrifuged (5000 xg, 10
min, 4 °C) and enzymatic activities of lactate dehydrogenase (LDH),
glutamate-oxaloacetate transaminase (GOT) and glutamate-pyruvate
transaminase (GPT) were measured utilizing commercial kits (LDH-
LQ, ref. 41,222; GOT (AST)-LQ, ref. 41,272; GPT (ALT)-LQ, ref. 41,282,
respectively; Spinreact, Spain). Spinreact kits use as respective sub-
strates pyruvate, L-aspartate and L-alanine, as described by Bergmeyer
and Bernt (1974a, 1974b, 1974c). Methodological triplicates were
measured (A = 340 nm, 25 °C) with a spectrophotometer as previously
described.

2.8. Plasmatic biomarkers

Cholesterol, triacylglycerides (TAGs), albumin, total proteins, GOT,
GPT and total alkaline phosphatase in plasma (from four fish per tank)
were quantified by reflectance spectrophotometry UV/Vis (Laboratorio
Echevarne, Barcelona, Spain). Total globulin in plasma was calculated as
the difference between total protein and albumin.

2.9. Bile sample analysis

Bile samples were first diluted 1/2000 in water and 100 pL of diluted
bile were extracted with 400 pL of ACN (acetonitrile), including the
internal standard, and vortexed. Lyophilized samples of intestinal
digesta were homogenized (TissueLyzer II, QIAGEN, Germany), from
which 20 mg were extracted with 800 pL of H»O: ACN (1:1), including
internal standard. After homogenization, bile and intestinal digesta
samples were centrifuged (15,000 xg, 10 min, 4 °C) and the supernatant
was diluted in HyO: ACN (1:1). The BA profile was analysed by Ultra-
Performance Liquid Chromatography connected to a Quadrupole

61

Time-of-Flight Mass Spectrometry detector, with chenodeoxycholic
acid-d4 as internal standard, as described by Herrero-Encinas et al.
(2020).

2.10. Activity of pancreatic digestive enzymes

Samples of the stomach with pyloric caeca and foregut (pool of four
individuals) were homogenized in 5 volumes v/w of distilled water
(4 °C) using an Ultra Turrax® homogenizer (IKA T25 digital ULTRA-
TURRAX, IKA Works, USA) and centrifuged (3300 xg, 3 min at 4 °C)
for removing cell debris. The supernatant was collected, aliquoted and
frozen at —80 °C for the determination of the main pancreatic enzymes
(Gisbert et al., 2009). Samples were processed and handled following
the indications of Solovyev and Gisbert (2016) in order to prevent their
degradation during storage and handling.

Total alkaline proteases were assayed using 0.5% (w/v) azo-casein as
substrate in 50 mM Tris-HCI buffer (pH 8.0). One unit of total alkaline
proteases per mL (U) was defined as 1 pmol azocasein hydrolyzed per
min and mL of extract at A = 366 nm (Garcia-Carreno and Haard, 1993).
Regarding pancreatic carbohydrases, a-amylase was measured using
0.3% soluble starch dissolved in NapHPO, buffer (pH 7.4) as substrate
and its activity (U) was defined as the mg of starch hydrolysed per min
and mL of extract (A = 580 nm) (Métais and Bieth, 1968). Bile salt-
activated lipase activity was determined according to Iijima et al.
(1998) using p-nitrophenyl myristate as substrate in 0.25 mM Tris-HCl
(pH 7.9), 0.25 mM 2-methoxyethanol and 5 mM sodium cholate
buffer. The activity of bile salt-activated lipase (U) was defined as the
pmol of substrate hydrolysed per min and mL of extract (A = 405 nm).
Enzyme activities were expressed as total specific activity (U mg
protein_l) and soluble protein in enzyme extracts was quantified by
means of the Bradford's method, using bovine serum albumin as stan-
dard (Bradford, 1976). The activity of all enzymes was determined at
25 °C in triplicate per sample (methodological replicates) using a
spectrophotometer (Tecan Infinite M200 Plate Reader).
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Histological description

There was no observable lipid accumulation.

Barely visible supranuclear vacuoles.

Low lipid accumulation.

Some supranucelar vacuoles are visible.

Moderate lipid accumulation.

High lipid accumulation.
Several supranuclear vacuoles are significantly enlarged.
Excess lipid accumulation.

Huge enlargement of all vacuoles.

Control 22.22% 55.56%

BSo.06% 55.56% 22.22% 2222%
[ |
|
‘ :

0% 10% 20% 30% 40% 50% 60% 70% 80%

90%

Almost all supranuclear vacuoles are visible, some of them enlarged.

11.11% RN

100%
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Fig. 2. (A) Semi-quantitative scoring used for evaluating the level of fat accumulation in the anterior intestine (AI) of gilthead seabream fed the experimental diets.
(B) Examples of light microscope images obtained from Al of gilthead seabream classified with a score of 1, 2, 3 and 4. (C) Results (%) of Al scoring from gilthead
seabream fed a control and two diets supplemented with a blend of bile salts at a dietary inclusion level of 0.06 (BS¢.¢s%) and 0.12% (BSp 129,).

2.11. Gene expression profile of liver

RNA from liver was extracted using TRI Reagent (Sigma-Aldrich,
USA) according to the manufacturer's instruction. RNA quantity and
purity were measured in a Nanodrop-2000® spectrophotometer
(Thermo Fisher Scientific, USA). The RNA yield was 20-100 ng/pL, with
absorbance ratio (A260/A280) in the range of 1.9-2.1, and RNA integ-
rity was verified through agarose gel electrophoresis. For cDNA syn-
thesis, the High-Capacity cDNA Archive Kit (Applied Biosystems, USA)
was used following the manufacturer's protocol, with an initial input of
500 ng of RNA. Reactions without reverse transcriptase were also run as
a negative control.

Real-time quantitative PCR (qQPCR) was carried out with a CFX96
Connect™ Real-Time PCR Detection System (Bio-Rad, USA) as previ-
ously described by Naya-Catala et al. (2021), using a 96-well PCR array
layout designed for the simultaneous analysis of the profile of a panel of
44 genes (Table 2). Specific primer pair sequences are listed in Sup-
plementary Table S2. Gene expression was calculated using the delta-
delta Ct method (Livak and Schmittgen, 2001). The endogenous con-
trol gene f-actin was tested for gene expression stability using GeNorm
software (M score = 0.21) and used in the normalization procedure. For
multigene analysis, all values were referenced to the expression levels of
grp-170 of fish fed the control diet, with an arbitrary assigned value of 1.

2.12. Statistical analyses

Normal distribution (Shapiro-Wilk test) and homoscedasticity (Lev-
ene's test) of data were verified. According to this, to check differences
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among groups (P < 0.05), for parametric data a one-way ANOVA fol-
lowed by Tukey's test for multiple comparison between groups, was
performed; while for non-parametric data, a Kruskal-Wallis analysis was
used, with Dunn's post-hoc test. These statistical analyses were per-
formed with the software SigmaPlot version 14.5 (Systat Software Inc.,
USA). Data on gene expression was analysed by one-way ANOVA, with P
set to 0.05 for determination of significance. Normality of the data was
verified by Shapiro-Wilk test, and the Holm-Sidak post-test was used for
multiple comparisons among groups. Analysis of the interaction be-
tween the diets and nutritional status were evaluated performing a two-
way ANOVA, followed by a Holm-Sidak test. To study the separation
among dietary groups and nutritional status, a supervised partial least
squares-discriminant analysis (PLS-DA) based on statistically significant
genes (P < 0.1) was applied using EZinfo v.3.0 (Umetrics, Sweden).
Hotelling's T? statistic was calculated by the multivariate software
package EZinfo v3.0. The confidence limit for T? was established at 95%
and above points were discarded. The quality of the PLS-DA model was
evaluated by the parameters R2Y(cum) and Q2(cum), which indicate the
fit and prediction ability, respectively. A permutation test was used to
validate the model by means of the opls function from the ropls R
package.

3. Results

3.1. Key performance indicators, somatic indices and apparent
digestibility coefficients

Results on growth and feed performance, somatic indices and ADCs
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are summarized in Table 3. In brief, gilthead seabream fed the BSg o6
diet were heavier and longer, and displayed higher SGR values than
those fed the control diet (P < 0.05), whereas fish from the BS 129, diet
showed intermediate values. Regarding somatic indices, whereas no
differences were found for the Fulton's condition factor (K) and HSI
among groups (P > 0.05), PVFI was affected by BS inclusion in the diet,
significantly decreasing at a concentration of 0.06% (P < 0.05).

Regarding feed performance indicators, there were no significant
differences in FI nor FCR among groups (P > 0.05). Values of ADC of
lipids were higher in animals fed the BSy 129, diet in comparison to the
other experimental groups (P < 0.05; Table 3), while the supplemen-
tation of BSs in experimental diets had no effect on ADC of proteins (P >
0.05).

3.2. Fillet and liver proximate composition and fatty acid profiles

There were no significant differences in proximate composition of
the fillet and liver among experimental groups (Table 4; P > 0.05), nor in
the liver or fillet fatty acid profiles (Tables 5 and 6, respectively; P >
0.05).

3.3. Histological analyses of target tissues

The hepatic parenchyma of examined specimens showed a typical
organization that consisted of polyhedral hepatocytes arranged along
hepatic sinusoids and veins. In the evaluation of hepatic fat accumula-
tion, only scores ranging from 2 to 4 were observed in this study. In
particular, fish fed the BSg ey diet had reduced lipid deposits with
respect to fish fed the other diets (Fig. 1). Regarding the Al, scoring
ranged from 1 to 4. In this case, the largest observed decrease in intes-
tinal fat deposits was in animals fed the BS¢ 129, diet in comparison to the
control diet, although in fish fed the BS o0, diet a reduction in the levels
of fat deposits was also seen (Fig. 2). Otherwise, no inflammation in the
liver nor in the Al was observed under any of the dietary treatments.
Regarding morphometrical variables measured in the Al, there were no
statistically significant differences among dietary groups (Supplemen-
tary Table S3; P > 0.05) with values for musculature thickness that
ranged between 87.4 and 113.5 pm, for villus height ranging from 736.3
to 797.1 pm and the height of enterocytes between 31.4 and 35.7 pm.
Similarly, there were no differences in goblet cell density among treat-
ments with values ranging from 3.2 to 4.0 cells 100 pm’l (P > 0.05).

Table 3

Growth and feed performance indicators, somatic condition indices and
apparent digestibility coefficients of gilthead seabream fed a control and two
diets supplemented with a blend of bile salts at a dietary inclusion level of 0.06
(BSo.06%) and 0.12% (BSo.120)-

Control BSo.06% BSo.120
Key Performance Indicators
BW; (g) 44.05 + 0.04 44.03 £+ 0.07 43.98 £+ 0.05
SL; (cm) 12.04 £ 0.12 12.19'+ 0.15 12.14 + 0.06
BW¢ (8) 215.80 + 1.06* 221.21 + 3.10° 220.35 + 3,322
SL¢ (cm) 19.32 +0.21° 19.65 + 0.10° 19.69 + 0.22%
SGR (% day 1) 1.81 + 0.01* 1.83 + 0.02° 1.83 + 0.02°"
FI(g fish 1) 195.89 + 8.70 200.30 + 3.94 197.21 + 2.51
FCR 1.21 + 0.05 1.19 + 0.05 1.16 + 0.03
Somatic Indices
K 3.00 + 0.11 2.92 +0.02 2.89 + 0.08
HSI (%) 1.84 £ 0.11 1.94 £ 0.17 1.91 £ 0.05
PVFI (%) 3.01 £ 0.28" 2.58 4 0.19" 2,67 4 0.12%
Apparent Digestibility Coefficients (ADC)
Lipid ADC (%) 81.60 + 0.96* 82.51 + 2.03* 86.50 + 1.54°
Protein ADC (%) 79.41 + 3.60 78.33 + 1.70 78.82 + 5.31

Values are represented as mean = SD and differences among groups are indi-
cated by the different superscript letters (one-way ANOVA, P < 0.05).
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Table 4

Proximate composition (%) of dry mass from the liver and the fillet of gilthead
seabream fed a control and two experimental diets supplemented with a blend of
bile salts at a dietary inclusion level of 0.06 (BSg o6%) and 0.12% (BSp.120)-

Control BSo.06% BSo.129%

Liver

Protein (%) 21.72 + 1.35 21.63 + 2.72 22.58 + 1.72

Lipid (%) 42.62 + 3.12 40.04 + 2.78 38.79 + 2.81

Carbohydrates (%) 24.39 + 2.47 26.51 + 3.07 27.51 +1.37

Ash (%) 2.70 £ 0.19 2.72 £ 0.35 3.64 £ 0.76
Fillet

Protein (%) 79.81 + 0.78 80.00 + 0.43 79.84 + 1.04

Lipid (%) 12.97 +1.75 13.24 £ 0.74 12.67 + 2.26

Carbohydrates (%) 0.98 £ 0.15 0.87 £ 0.11 0.79 £ 0.08

Ash (%) 6.96 + 0.42 7.20 £ 1.25 7.58 + 0.82

Values are represented as mean + SD.

Table 5

Fatty acid composition (mg g lipid™") on liver of gilthead seabream fed the
control and two diets supplemented with a blend of bile salts at a dietary in-
clusion level of 0.06 (BSg.06%) and 0.12% (BS_129)-

Control BSo.06% BSo.129%
Myristic acid (C14:0) 8.61 + 2.87 7.35 + 2.40 7.60 + 2.55
Pentadecylic acid (C15:0) 1.47 + 0.29 1.17 + 0.09 1.40 + 0.45
£ B 125.93 = 118.23 = 122.45 +
Palmitic acid (C16:0) 201 10.89 767
. . 46.63 + 47.31 + 51.39 +
Stearic acid (C18:0) 266 4.23 8.10
. o 176.52 + 177.02 + 185.59 +
Saturated fatty acids (SFAs) 19.53 13.85 12.40
¢ s 5 26.20 + 25.56 + 25.36 +
Palmitoleic acid (C16:1 n-7) 4.93 2.56 3.32
i i 3441 + 29.07 + 30.72 +
Vaccenic acid (C18:1 n-7) 3.06 313 8.25
. . 238.38 + 239.00 £ 244.32 +
Oleic acid (C18:1 n-9) 8.95 30.10 24.79
Eicosenoic acid (C20:1 n-9) 4.08 + 0.39 4.20 + 0.81 4.03 + 0.79
Nervionic acid (C24:1 n-9) 1.76 = 0.15 1.68 + 0.26 1.77 + 0.48
Monounsaturated fatty acids 307.14 = 300.02 = 306.63 =
(MUFAs) 13.72 33.37 50.88
. ¥ g s 126.14 + 116.21 = 118.85 +
Linoleic acid (C18:2 n-6) 6.76 18.79 11.62
Gamma-linolenic acid (C18:31n-6) 6.94 £ 1.24 7.62 +1.21 6.97 £+ 1.04
Arachidonic acid (C20:4 n-6) 4.47 £ 0.73 4.64 + 0.83 4.92 + 0.82
n-6 Polyunsaturated fatty acids (n- 137.90 + 128.46 + 130.74 +
6 PUFAs) 5.82 20.20 11.49
Alpha-linolenic acid (C18:3 n-3) 8.48 + 0.35 7.92 +1.53 7.80 + 0.73
Stearidonic acid (C18:4 n-3) 1.52 £+ 0.04 1.18 + 0.81 1.70 + 0.24
Eicosatetraenoic acid (C20:4 n-3) 1.67 + 0.22 1.68 + 0.52 1.72 + 0.24
Eicosapentaenoic acid (C20:5 n- 1517 £ 14.50 + 15.92 +
3) 0.39 2.56 2.47
D:;J)cosapenlaenoxc acid (C22:5 n 7.96 + 1.10 7.40 +1.12 7.76 + 0.74
” . 15.85 + 16.30 + 18.31 +
Docosahexaenoic acid (C22:6 n-3) 291 3.90 241
n-3 Polyunsaturated fatty acids (i 49.15 + 48.98 + 53.21 &+
3 PUFAs) 4.88 8.94 5.93
189.48 + 177.44 = 183.95 =
Toral BUEAs 5.85 29.05 17.30

Non represented fatty acids were not detected in the analysis. Values are rep-
resented as mean =+ SD.

3.4. Oxidative condition, hepatic metabolism, and plasmatic biochemical
parameters

In order to assess the general fish health and physiological status,
parameters of oxidative stress, hepatic enzyme activities, and plasmatic
parameters related with the metabolism of lipids, proteins, and amino
acids were measured (Table 7). The dietary supplementation of BSs
affected CAT activity, which was reduced in gilthead seabream fed the
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Table 6

Fatty acid composition (mg g lipid ') on fillet of gilthead seabream fed the
control and two diets supplemented with a blend of bile salts at a dietary in-
clusion level of 0.06 (BSp 06%) and 0.12% (BSg 120)-

Aquaculture 566 (2023) 739203

Table 7

Oxidative condition, activity of hepatic enzymes and blood biomarkers of gilt-
head seabream fed the control diet and the two diets supplemented with bile
salts at an inclusion level of 0.06 (BSg, o6%) and 0.12% (BSo,120)-

Control BSo.060% BSo.120 Control BSo.06% BSo.12%
Myristic acid (C14:0) 8.60 + 1.35 8.50 + 1.90 8.60 + 2.03 Oxidative Stress in Liver
Pentadecyli id (C15:0 .21 +0.10 .34 + 0.30 .18 £ 0.10 GR I min~!
entadecylicactd (€15:0) HELEOL0 108501 (ouolant “mg 3.224 073 2.63 +0.24 2.95 + 0.22
Palmitic acid (C16:0) 129.29 + 131.40 + 128.70 + protein )
: 3.49 11.29 241 CAT (nmol min ' mg 96.88 + 5.62° 63.76 = 76.05 £
St earkacid (RS 3241+ 3157 + 31.82 % protein™) R 15.87° 11.55%
o R 1.39 1.52 1.69 SOD (% enzyme
Lignoceric acid (€24:0) 1.44 + 0.16 1.28 + 0.09 1.47 + 0.18 inhibition) 080,23 02:24:419:24 92:94 =970
1 +
Saturated fatty acids (SFAs) 173.63 + 174.51 + 172.46 + LPO (lll\lO]-MDA g 15.52 + 3.66 13.57 +1.34 15.25 4+ 3.91
2.79 14.92 5.70 Trolox equivalents (nmol ’ . ; e .
i ) s 1 18.50 + 1.72 20.75 + 1.26 21.20 + 3.25
Palmitoleic acid (C16:1 n-7) 9390 = v/ danid BL2)
o 2.27 5.08 1.85
5 ; 247.55 + 257.30 + 248.07 +
Oleic acid (C18:1 n-9) 10, :}; )18 82 6.98 Hepatic Metabolism
. 8 : o g
Eicosenoic acid (C20:1 n-9) 3394014 3534037  3.30 +0.52 LDH (mUmgiproteln™y o990 R00LE27.  S1L8dE13,90
Nervionic acid (C24:1 n-9) 1.43 + 0.22 1.51 + 0.26 1.62 + 0.25 GOT (mU mg promin’]) 812.56 + 919.20 + 783.62 +
Monounsaturated fatty acids 285.59 + 293.94 + 285.69 + 21?01‘;01_ 288:3222:t .31%(‘;8833&
(MUFASs) 12.55 28.38 8.44 GPT (mU mg protein 1) ‘;7 a5 1 8’ 54 ’,2' 04
T —— 143.89 + 145.69 = 143.05 + R - o
i S 7.49 11.62 3.45
Gamma-linolenic acid (C18:3 n-6) 3.26 + 0.37 4.07 + 0.64 3.26 + 0.35 Blood Biochemistry
Arachidonic acid (C20:4 n-6) 5.03 +0.43 4.90 + 0.34 4.99 + 0.22 221.88 + 220.82 + 220.68 +
i T—" Cholesterol (mg dL. ™)
n-6 Polyunsaturated fatty acids (n- 152.56 + 154.66 = 151.56 + 32.83 38.31 33.64
6 PUFAs) 8.17 12.19 4.03 055.06 - 6.65 022.63 +
o T W ane
Alpha linolenic acid (C18:3n-3)  9.82 + 0.78 - 9.73 4 0.34 ) , ; 13 302:8
1.60 Albumin (gL 1) 13.44 + 1.67 14.18 + 1.63 14.63 + 1.61
Stearidonic acid (C18:4 n-3) 1.56 £ 0.15 1.73 + 0.41 1.81 +0.13 Total globulins (g L") 21.88 + 5.02 23.71 + 4.24 26.74 + 9.40
Eicosatetraenoic acid (C20:4 n-3) 1.63 + 0.23 1.55 + 0.15 1.59 £ 0.15 Total proteins (g L.™1) 35.31 + 6.60 37.88 + 5.75 41.37 + 10.00
23.8 23.25 25.05 + ;0T 1 + ‘ 3. 3
Eicosapentaenoic acid (G20:5 n-3) 2' '7 + 2 2'a + 25, GOT (UL 58.06 + 44.73  56.00 + 54.28  53.21 + 33.17
2.38 1.22 1.68 GPT (UL Y 3.31 + 2.80 3.35 + 2,12 3.58 + 1.89
Docosapentaenoic acid (C22:5 n- 9.92 +1.22 9.35+ 035  9.28 + 0.68 Total alkaline phosphatase 178.25 + 217.59 + 198.05 +
3) wLh 64.16 106.98 48.95
. g 5 . 29.37 + 28.08 + 31.09
Docosahexaenoic acid (C22:6 n-3) 275 1.14 2.54 Values are represented as mean + SD and differences among groups are indi-
n-3 Polyunsaturated fatty acids (n- 77.88 + 74.10 + 78.54 + cated by the different superscript letters.
3 PUFAs) 9.41 3.96 4.81
Total PUFAs 230.43 + 228.76 £ 230.10 £
15.81 15.83 4.71 Table 8

Non represented fatty acids were not detected in the analysis. Values are rep-
resented as mean + SD.

BSo.06% diet (P < 0.05), while intermediate values were displayed in fish
fed the BS( 129, diet. No significant differences were found in the rest of
the measured variables (P > 0.05).

3.5. Bile salt profile

The predominant BS in the gallbladder and Al from all examined
groups was the taurocholic acid (T-CA), which displayed no significant
differences among groups in either of the examined tissues (Table 8; P >
0.05). The dietary supplementation of BSs influenced the concentration
of the taurochenodeoxycholic acid (T-CDCA) in the gallbladder, which
significantly decreased in fish fed the BSq 120, diet with respect to fish fed
the control diet (P < 0.05), whereas fish fed the BS( g9, diet displayed
intermediate values. However, no differences in the concentration of T-
CDCA were found in the Al among groups (P > 0.05). On the other hand,
the concentration of taurodeoxycholic acid (T-DCA) in both the gall-
bladder and Al increased in fish fed the BSg 129 diet, with respect to fish
fed the control diet, since T-DCA was not detected in the gallbladder nor
in the AI of fish from this group (P < 0.05), while intermediate values
were found in fish fed the BS g0, diet. No differences were found in the
concentration of total BSs in gallbladder and AI among groups (Table 8;
P > 0.05).

3.6. Activity of pancreatic enzymes

In the case of total alkaline proteases, their specific activity increased
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Bile salt profile in the gallbladder and the anterior intestine (AI) of gilthead
seabream fed the control diet and the two diets supplemented with bile salts
(BSs) at an inclusion level of 0.06 (BSg.0s%) and 0.12% (BSq.120)-

Control BSo.06% BSo.120

Gallbladder (mg mL™")

T-CA 108.23 + 9.59 101.74 + 7.34 102.72 + 2.22

T-CDCA 47.67 + 3.69° 42.17 + 4.44°° 35.71 + 1.60"

T-DCA nd? 5.78 + 0.48%" 8.38 + 0.32°

Total BSs 155.90 + 9.58 149.69 + 10.72 146.80 + 3.87
Anterior intestine (ug mg ™)

T-CA 30.00 + 15.83 31.56 + 6.91 45.16 + 8.90
T-CDCA 19.94 £ 13.72 17.45 + 4.25 18.47 £ 2.22
T-DCA nd® 1.51 + 0.54% 4.35 + 1.40°
Total BSs 49,94 + 29.41 50.51 + 11.43 67.98 +12.20

Values are represented as mean + SD and differences among groups are indi-
cated by the different superscript letters. Abbreviations: T-CA: Taurocholic acid;
T-CDCA: Taurochenodeoxycholic acid; T-DCA: Taurodeoxycholic acid; nd, not
detected.

in the Al in comparison to values recorded in the stomach and pyloric
caeca, although this increase was not dependent on the dietary group
(Table 9; P < 0.05). In contrast, no differences were found in the specific
activity of a-amylase regardless of the dietary group and region of the
gastrointestinal tract considered (Table 9; P > 0.05). Regarding the ac-
tivity of bile salt-activated lipase, there were no significant differences
among dietary groups when measured in samples from the stomach and
pyloric caeca (P > 0.05); however, the activity of this lipolytic enzyme
increased when measured in the Al in gilthead seabream fed the BS¢ 129,
diet in comparison to the control group (Table 9; P < 0.05).
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Table 9

Specific activity (mU - mg protein’l) of total alkaline proteases, x-amylase and
bile salt-activated lipase in gilthead seabream fed the control diet and the two
supplemented with bile salts at an inclusion level of 0.06 (BSg gg9) and 0.12%
(BSo.12%)-

Control

BSo.06% BSo.120

Stomach and pyloric caeca

Total alkaline proteases 78.52 + 8.01 78.06 + 18.44 78.34 + 15.17

a-amylase 398.32 + 51.08 423.64 + 67.01 419.49 + 70.67
I?lle salcactvated 21.49 + 6.26 19.85 + 6.43 18.49 + 5.81
lipase
Anterior intestine
. 133.64 = 127.90 + 134.40 +
Total alkaline proteases 13.45* 12,56+ 20.27%
402.98 +

- 93.27 + 73.55 534.39 + 67.

a-amylase 130.44 493.27 + 73.59 534.39 + 67.61

Bile salt-activated - 60.15 +
Hisise 50.00 + 9.57 17.50%

93.18 +
22,79+

Values are represented as mean + SD. Differences among groups are indicated
by the different superscript letters, whereas differences between gut regions
from the same dietary treatment are denoted by an asterisk.

3.7. Analysis of gene expression profiles in liver
All the genes included in the liver PCR-array for the analysis of the

gene expression patterns from fish fed control and BSg g, diets were
found at detectable levels (Supplementary Table S4) with major changes
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over time for 32 out of 44 analysed genes (two-way ANOVA, P < 0.05).
This was clearly exemplified by a PLS-DA model of two components with
a total explained variance [R2Y(cum)] of 90%, and a total predicted
variance [Q2(cum)] of 88% (Fig. 3A), validated by a permutation test
(Supplementary Fig. S1). The first component of the model (84.4%
explained variance) clearly separated the fish sampled 2 h after feeding
(2 h postprandial-animals) from those sampled 48 h after feeding (48 h
fasted-animals) regardless of diet, whereas the second component (5.9%
explained variance) did not contribute clearly to the clustering of any of
the experimental groups by diet or sampling time (Fig. 3B). The only
genes exhibiting a differential expression pattern between diets were
fasn, which was up-regulated, Ipl, hadh, which presented a down-
regulated response caused by the BSg osy diet (one-way ANOVA, P <
0.05), and fxr to a lower degree, with a tendency to down-regulation in
fish fed the BSg oo diet (P < 0.1). In 48 h fasted-animals, prdx5, whose
expression increased in fish fed the BSy g6 diet, was the only gene that
presented significant differences with respect to fish fed the control diet
(Supplementary Table S4).

4. Discussion

Several studies have postulated that BSs could be an efficient feed
additive for reducing lipid deposition and promoting growth in farmed
animals (Arshad et al., 2021; Ge et al., 2019; Zhang et al., 2022; Yin
et al., 2021, among others). However, contrary to higher vertebrates,
little is known about their mode of action in fish, or how their dietary
supplementation may affect their general health and condition. Thus, in

Fig. 3. (A) Graphical representation of the goodness
of fit of the PLS-DA model showing the increment in
explained variance [R2Y(cum)] and predicted vari-
ance [Q2(cum)] with the addition of each component
to the model. (B) Scores plot for two-dimensional PLS-
DA representing sample distribution between the two
components of the model on the basis of their hepatic
gene expression profiles based on statistically signifi-
cant genes (P < 0.1). Samples come from liver of 48 h
fasted- and 2 h postprandial-gilthead seabream that
had received the control and the experimental diet
supplemented with a blend of BSs at a dietary inclu-
sion level of 0.06 (BSq.06%)-

48 h fasted-control

48 h faSted-BSO.oe%
M 2 h postprandial-control
B 2 h postprandial-BS g0,

£ 0.0

Componen
i _I; o
IR=IN3)
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the current study we aimed to describe the effects of dietary BSs on
several key performance indicators related to growth, somatic condition
and feed performance in gilthead seabream, which is the main farmed
species in the Mediterranean Sea in terms of volume and economic
value.

4.1. Effects of dietary bile salt supplementation on growth and feed
performance, somatic indices, and apparent digestibility coefficients

The supplementation of a blend of BSs composed of a mixture of
equal parts of sodium cholate and sodium deoxycholate, and sodium
taurocholate hydrate in a proportion of 30/70 in a diet with high-
saturated fat content had a positive effect in several growth perfor-
mance parameters (BWy, SL¢ and SGR) without affecting the FI nor FCR
values in gilthead seabream. Among the two tested dietary levels of BSs,
the best results in terms of growth performance were found at 0.06%. In
particular, BWs was a 2.4% higher in gilthead seabream fed the BSg o6
diet with respect to the control group. As shown in the Supplementary
Table S5, these results were in concordance with previous studies in
which dietary BSs (0.03%) were tested in large yellow croaker (Lar-
imichthys crocea) fed with a high-lipid diet (Ding et al., 2020), and
largemouth bass (Micropterus salmoides) fed with a high-starch diet (Yu
etal., 2019). Furthermore, Liet al. (2021) tested two BSs inclusion levels
in the diet (0.03 and 0.09%) of a blend of BAs (70% hyodeoxycholic
acid, 19% CDCA, 8% hyocholic acid) in tongue sole (Cynoglossus semi-
laevis) and found that BSs promoted somatic growth in a dose-response
manner. Other studies testing only one dietary inclusion level have also
proven a positive effect of BSs on somatic growth in different fish spe-
cies, like turbot (Scophthalmus maximus) (Gu et al., 2017), rainbow trout
(Oncorhynchus mykiss) (Iwashita et al., 2008; Yamamoto et al., 2007),
Chinese perch (Siniperca chuats) (Zhang et al., 2022) and grass carp
(Ctenopharyngodon idella) (Zhou et al., 2018) (Supplementary Table S5).
However, BS supplementation does not always have a positive effect on
fish growth. For example, Mansour et al. (2020) reported no differences
in growth in marbled spinefoot rabbitfish (Siganus rivulatus) fed a diet
supplemented with 0.15% of BSs when compared to the control group.
Additionally, the dietary supplementation of 1.8% BSs (sodium T-CA) in
low fishmeal diets did not improve growth performance in Atlantic
salmon (Salmo salar) (Kortner et al., 2016). The absence of effect on
growth performance in these two studies may be because the tested BS
inclusion levels were not optimized, with only a single dose being tested
that was chosen based on preliminary studies carried out in different
species, like tilapia and rainbow trout, respectively. These results sug-
gest that the optimal dietary inclusion of BSs is largely dependent on the
fish species considered, the formulation of the basal diet and the
composition of the BS blend used in each trial (Gu et al., 2017; Zhang
et al., 2022).

Although in the current study the dietary inclusion of BSs increased
the ADC of lipids, these results were not translated into differences in
FCR among dietary groups. Furthermore, the improvement of lipid di-
gestibility associated to the dietary supplementation of BSs was not
dose-dependent. In particular, lipid digestibility was improved only
when BSs were included in diets at 0.12%, whereas their inclusion at
0.06% did not result in any significant change in lipid ADC. Present
results are in agreement with those of Gu et al. (2017), Iwashita et al.
(2008) and Yamamoto et al. (2007) who reported that dietary BSs
increased lipid ADCs (Supplementary Table S5). These results may be
explained by an increase in the activity of bile salt-activated lipase found
in the intestine of gilthead seabream fed the BS 120, diet, but not in the
BSo.06% group, as it has been previously described in tongue sole (Li
et al., 2021). This can be explained by the central role of BSs in pro-
moting digestion and absorption of lipids, as they have the capacity to
form micelles and emulsify fat droplets, allowing a higher action surface
for lipase (Romano et al., 2020). In addition, BSs also promote lipid
digestibility by removing some surfactants that may adhere to the sur-
face of lipids during digestion and inhibit the adsorption and action of
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this lipolytic enzyme (Romano et al., 2020).

4.2. Effect of dietary BSs supplementation on body adiposity and tissue
condition

One of the main problems derived from the replacement of fish oil by
alternative vegetal lipid sources is the modification of the fatty acid
profile of fish, which has several adverse effects related to potential
changes in the palatability and quality of the product (Bell et al., 2010;
Kousoulaki et al., 2015). In addition, this also may result in an increased
body adiposity, especially in the levels of perivisceral fat in fish like
seabream, which may reduce its shelf-life as body fat is oxidized and gets
rancid (Hsieh and Kinsella, 1989). Under the present experimental
conditions, diets supplemented with BSs resulted in a reduction in the
levels of perivisceral fat, especially in those fish fed the BSg o6, diet.
Interestingly, such changes in the PVFI were not correlated with changes
in the lipid content of the fillet nor in the fatty acid profile. These results
are of special relevance, since they indicate that the use of a blend of BSs
was able to reduce the level of perivisceral fat without affecting the lipid
and fatty acid profile of the edible fraction. A similar reduction of body
adiposity was reported by other authors in grass carp (Zhou et al., 2018),
Prussian carp (Carassius gibelio) (Lin et al., 2003), turbot (Huang et al.,
2015) and cobia (Rachycentron canadum) (Zhou et al., 2010) fed BSs-
supplemented diets. Fat deposition depends on the incorporation of
exogenous fatty acids and de novo lipogenesis. In plasma, dietary fatty
acids may be either non-esterified or incorporated as TAGs into circu-
lating lipoproteins and very low-density lipoproteins produced by the
liver. The hydrolysis of these circulating TAGs and the incorporation of
fatty acids are controlled by lipoprotein lipase (LPL), a key enzyme
involved in lipid deposition and metabolism (Salmeron, 2018). Under
the present experimental conditions, we found a down-regulation of Ipl
in the liver of fish fed the BSy ge diet, which is in accordance with the
lower fat deposits in the liver and perivisceral fat found in these animals.
On the other hand, despite changes in Ipl expression, there were no
differences in plasmatic levels of cholesterol, TAGs and albumin be-
tween experimental groups. This seems to indicate that the reduction in
PVFI in fish fed the BS o6y diet was not associated to changes in plas-
matic dietary fatty acid levels, as suggested also by the lack of changes in
the expression of fatty acid translocase/CD36 (fat/cd36) and fatty acid
binding protein (h-fabp) between groups. In this sense, the up-regulation
of the gene expression of the fatty acid synthase (fasn), could be acting as
a counterregulatory mechanism to maintain stable levels of fatty acids in
the liver despite the potentially lower incorporation of fatty acids caused
by reduced expression of Ipl. It is well established that fasn expression
might be modulated by the total level of fatty acids present in the liver,
as well as their profile - for instance, PUFAs are known to repress fasn
expression (Clarke et al., 1990; Musch et al., 1974). However, different
mechanisms can regulate fasn expression, which makes it challenging to
establish a clear mode of action of BAs. It is noteworthy that fasn is not
only regulated by several hormones and nutritional factors (Katsurada
et al., 1990), but also by transcription factors, such as sterol regulatory
element-binding proteins 1 (srebp1), liver X receptor « (Ixra), carbohy-
drate responsive element binding protein (chrebp) and farnesoid X re-
ceptor (fxr) (Joseph et al., 2002; Lehner and Quiroga, 2016; Shen et al.,
2011). Shen et al. (2011) showed that fasn and srebpl are negatively
regulated by fxr in mammalian liver, and the work of Zhang et al. (2022)
suggested that this might be extrapolated to fish. In this sense, FXR can
regulate fasn expression through different mechanisms, like the inhibi-
tion of srebpl or through the metabolism of glucose, among others
(Cariou and Staels, 2007). In the current study, there were no differences
in the expression of srebpl and Ixra between dietary treatments, but
there was a decrease in fxr expression in fish fed the BSg g9 diet, in line
with the above-mentioned studies. On the other hand, Zhou et al. (2018)
found that grass carp fed a diet supplemented with 0.06 g BSs kg'1
increased lipolysis and p-oxidation processes. In particular, dietary BAs
induced the expression of adipose triglyceride lipase (atgl) and hormone-
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sensitive lipase (hsl), stimulating lipid hydrolysis and mobilization, re-
sults that were coupled with the up-regulation of carnitine palmitoyl
transferase (cptl) that transports long chain fatty acids across the
membranes of mitochondria for f-oxidation (Weil et al., 2013). These
results are in contradiction to ours, since we found no changes in atgl and
cptla expression and a down-regulation of hydroxyacyl-CoA dehydro-
genase (hadh), which is involved in the p-oxidation of fatty acids in
mitochondria releasing NADH + H' (Schulz, 1991). Given the lower
expression of hadh, it could be expected less energy production in fish
fed the BSy, 069, diet with respect to fish fed the control diet, but there was
no change in the expression of NADH-ubiquinone oxidoreductase chain
2 (nd2), NADH-ubiquinone oxidoreductase chain 5 (nd5) nor cyto-
chrome c oxidase subunit I (coxi), genes that codify proteins involved in
the electron transport chain and are necessary for ATP generation. These
contradictory findings illustrate the complexity of lipid metabolism and
its regulation by nutritional factors, and indicate that more research is
needed for further deciphering the role of BSs on the regulation of body
adiposity in fish.

The dietary supplementation of BSs also had a positive effect on the
condition of the liver and Al, as indicated by the histological analysis of
both tissues. Regarding the liver, one of the main functions of this tissue
is to metabolize, redistribute and/or store nutrients, acting as an energy
reservoir for the body (Bruslé and Gonzalez i Anadon, 1996). Therefore,
any physiological disorder originating from unbalanced dietary condi-
tions should be accurately reflected in the liver (Gisbert et al., 2008).
Several studies have shown that BSs have the potential to mitigate
dietary-induced hepatic disorders leading to the atrophy of hepatocytes
or inflammation. In particular, dietary inclusion of BS ameliorated the
liver condition in fish fed high-fat diets (Jin et al., 2019) or diets with
partial or total fishmeal replacement (Iwashita et al., 2008; Yamamoto
et al., 2007). However, under the current experimental conditions, the
formulation of the basal diet containing lipids provided by soybean oil
and poultry fat did not result in any nutritional disorder or hepatic
damage, as indicated by the histopathological analysis and plasmatic
biomarkers. In particular, selected plasma biochemical parameters such
as levels of cholesterol, TAGs, albumin and total proteins, and levels of
GOT, GPT and total alkaline phosphatase, were within the normal range
of values reported for gilthead seabream (Busti et al., 2020; Peres et al.,
2013). Furthermore, the histological assessment of hepatic lipid accu-
mulation showed that fish fed the diets supplemented with BSs at 0.06%
displayed a lower level of fat deposits in the hepatic parenchyma when
compared with the control group, which was in agreement with previous
studies on black seabream (Acanthopagrus schlegelii) (Jin et al., 2019),
largemouth bass (Yin et al., 2021) and Chinese perch (Zhang et al.,
2022). On the other hand, in the intestine both dietary levels of BSs (0.06
and 0.12%) reduced fat deposits in a dose-dependent manner, whereas
no effects supported by statistics were found among experimental
groups at the level of morphometric characteristics of the intestinal
mucosa. Though standard deviation values were high, there was an
observable trend suggesting the BSg ey diet might have resulted in
enhanced intestinal epithelial morphometric parameters in this dietary
group (Supplementary Table S3). A possible explanation would be that
BAs may have influenced the microbiome in ways that influence the
intestinal stem cell niche (Markandey et al., 2021), but further investi-
gation is required on this aspect, which will be addressed in the future.
Similar results in terms of reduction of intestinal fat deposits were found
in studies by Iwashita et al. (2009) and Yamamoto et al. (2007), both in
rainbow trout. The fact that fat accumulation responds to dietary BSs in
a dose-dependent quadratic form in the liver and perivisceral adipose
tissue, but in a linear form in the intestine, may indicate that the
mechanisms that triggered these responses are tissue-specific and/or
under polygenic control. Considering that LPL has been characterized in
the liver and adipose tissue, but not in the intestine (Kast et al., 2001),
we could hypothesize that the presence and activity of this rate limiting
enzyme in plasma TAG hydrolysis, might be responsible for the differ-
ential response among tissues. On the other hand, the gene coding for
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apolipoprotein C-II, apoc2, which activates LPL, is under regulation by
FXR (Kast et al., 2001), so another possibility is that an important
differentiating factor in the tissue-specific mechanism by which BSs
regulate fat accumulation could be the activity of FXR, whose expression
decreases in the liver when supplementing the diet with a 0.06% blend
of BSs. Gene expression in the intestine was not assessed in this study but
it might display a different expression in this tissue, associated to
intrinsic differences in the physiological roles of both organs. Future
studies should look into this aspect.

4.3. Effect of dietary BS supplementation on the BA profiles in the
gallbladder and Al

Information on BA profiles in fish is scarce, and available studies only
offer a partial view, given that most studies are focused only on the
quantification of the taurine-conjugated BAs, as the most abundant
group of BAs (Gu et al., 2017; Iwashita et al., 2008; Iwashita et al., 2009;
Kim et al., 2015; Yamamoto et al., 2007). However, a few studies in
teleost fish offer a more general picture, encompassing conjugated and
deconjugated BAs (Kortner et al., 2016; Staessen et al., 2021). The
former authors showed that the most abundant BAs in salmonids are
those conjugated with taurine, especially T-CA and T-DCA, while the
remaining BAs appear at much lower levels and in many cases very close
to the detection limit. In the current study, assays measured both con-
jugated and deconjugated BAs, but only the taurine-conjugated BAs
were above the limit of detection. Results showed an increase in the
levels of T-DCA in fish gallbladder and Al that was directly dependent on
the level of dietary BS inclusion. This might be related to the composi-
tion of the dietary BS blend itself. Dietary BSs contained DCA, which
may be conjugated with taurine in the liver and stored in the gall-
bladder, as well as CA and T-CA, the latter being deconjugated to CA and
metabolized into DCA by the intestinal microbiota (Schubert et al.,
2017). Then, a high proportion of conjugated and deconjugated DCA
should be reabsorbed in the intestine and enter into the enterohepatic
circulation, returning to the liver, where it is conjugated with taurine
(Romano et al., 2020). On the other hand, T-CA levels did not vary
between dietary treatments in the gallbladder nor in the Al, so it may be
hypothesized that dietary T-CA and CA supplementation will also help to
maintain the physiological levels of T-CA within a stable range despite
CA being metabolized into DCA. As for the linear decrease of T-CDCA
levels in the gallbladder of fish fed the diets supplemented with BSs, it
may be speculated that there was a differential intestinal absorption rate
of BAs, inversely dependent on BS supplementation. The decrease of T-
CDCA levels in the gallbladder might also be attributed to the inhibition
of this BS synthesis when supplementing the diets with the experimental
BS blend. In this case, considering that there were no significant dif-
ferences in the gene expression of the rate-limiting enzyme of the classic
BA synthesis pathway, cholesterol 7-alpha-monooxygenase (cyp7al),
and that the levels of the primary BS T-CA remained stable, the hy-
pothesis is that CDCA synthesis could be partly inhibited by the alter-
native (acidic) pathway, where CDCA has been demonstrated to be the
unique final product in mammals (Chiang, 2002; Schubert et al., 2017).
This hypothesis is supported by the study of Pandak et al. (2002) in
which it was demonstrated that adding T-DCA and T-CA (whose
deconjugated BAs and conjugated T-CA were both incorporated in the
BS blend of the current study) to primary cultures of rat hepatocytes
inhibited the activity of the rate-limiting enzyme oxysterol 7-alpha-hy-
droxylase activity (CYP7B1), involved in the acidic pathway. Howev-
er, to our knowledge the synthesis of BAs by the alternative pathway has
not yet been elucidated in fish. In case there was an inhibition of the BS
synthesis in response to dietary BS supplementation, the absence of
differences in the levels of T-CDCA in the AI between fish fed the
different experimental diets might be the consequence of a normaliza-
tion of the BA pool through different mechanisms involved in BS
metabolism, absorption and/or excretion.
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4.4. Effect of dietary BS supplementation on hepatic gene expression
profiles

The current work also intended to evaluate the mechanisms through
which BS supplementation reduced lipid accumulation in body tissues,
as well as their effects on liver condition. For that purpose, biomarkers of
lipid metabolism and oxidative stress, mainly, were included in the PCR-
array layout. Based on results of growth performance, body condition,
fat accumulation and oxidative stress markers, the fish fed the control
and BSp.ge% diets were selected for further hepatic expression profiling.
At first sight, a differential gene expression pattern over time was
noteworthy (Fig. 3B). Indeed, while the addition of 0.06% of the BS
blend to the diet had a significant impact on the expression of four
analysed genes (fasn, Ipl, hadh, fxr) in 2 h postprandial-fish (one-way
ANOVA, P < 0.1), only one gene [peroxiredoxin 5 (prdx5)] was signif-
icantly changed after the two-day fasting period (Supplementary
Table S4). These results might indicate that changes in gene expression
were mainly modulated by the presence of the tested blend of BAs in the
intestine and/or in the postprandial circulation, rather than being
induced by long-term dietary-induced changes in fish physiology and
metabolism. However, when interpreting these results, it should be kept
in mind that although BA metabolism is well-known in mammals, only
partial knowledge exists for fish species. In higher vertebrates it is well
established that cholesterol synthesis and metabolism into primary BAs
are carried out in the liver, and BA synthesis is regulated by negative
feedback via the BA-receptor FXR, whose main agonist is CDCA (Rizzo
et al.,, 2005). Within this context, the decrease in fxr expression in the
liver of fish fed the BSg s diet was in line with the diminishment of the
gallbladder content of conjugated T-CDCA with respect to fish fed the
control diet. Activation of hepatic FXR by BAs has been reported to
promote expression of the nuclear receptor short heterodimer partner
(shp), which interacts with the transcription factor liver-related homo-
log-1 (Irh-1) and hnf4a, inhibiting the transactivation of cyp7al (Chiang
and Ferrell, 2022). In teleosts, some studies have shown that dietary BS
supplementation can be associated to a higher fxr expression, whereas
this change has not always been correlated with a lower cyp7al tran-
scription (Liao et al., 2020; Zhang et al., 2022). Conversely, other studies
showed that dietary BS supplementation did not modulate fxr expression
(Zhou et al., 2018; Yin et al., 2021) nor cyp7al (Yin et al., 2021), while
another contradictory study showed that dietary BSs (T-CA) increased
cyp7al expression (Gu et al., 2017). In the present study, the down-
regulation of fxr in the BSy g group was not associated to a change
in hnf4a nor cyp7al expression, which indicates that dietary BS sup-
plementation did not diminish the synthesis of BA with respect to the
basal diet, at least by means of the classic pathway (Chiang and Ferrell,
2022), assuming that the lack of differences in gene expression implies
non-differential BA synthesis via CYP7A1. The absence of significant
differences in the expression of the mentioned genes and ppar and
srebp1, which are modulated by fxr in mammals (Pineda Torra et al.,
2003; Watanabe et al., 2004) and apparently also in fish (Zhang et al.,
2022), may suggest that the differential expression of fxr is not enough
to promote a change in FXR activity, or that other mechanisms may also
be involved in its transcription. On the other hand, the activity of
CYP7AL1 is not only regulated by hepatic FXR, but also by intestinal FXR,
that activates a fibroblast growth factor (FGF19 in humans and FGF15 in
mouse), which binds to the tyrosine kinase FGF receptor 4 (FGFR4) in
the membrane of hepatocytes and regulates CYP7A1 production and BAs
synthesis in the liver (Frisch and Alstrup, 2018; Romano et al., 2020).
Since both intestinal and hepatic FXR ultimately can regulate CYP7A1
activity, it may be speculated that intestinal FXR was activated and,
consequently, an equilibrium in CYP7A1 activity regulation between
hepatic and intestinal FXR was achieved, without reaching a differential
expression of cyp7al between dietary treatments. Another hypothesis
that would explain the absence of differences in the expression of cyp7al
among diets is that intestinal FXR was not activated, and its regulatory
role in BA synthesis was stronger than the one of hepatic FXR. This

12

68

Aquaculture 566 (2023) 739203

would be in line with the absence of variation in the levels of the con-
jugated FXR-main agonist, T-CDCA, in the Al among diets. Indeed, an in
vivo study in mice proposed the FXR in the terminal ileum as the main
BA target, after observing a much higher activation in this intestinal
area, compared to hepatic FXR, when BSs were supplied (Houten et al.,
2007). Moreover, the studies of Kim et al. (2007) and Kong et al. (2012)
demonstrated that while activation of hepatic FXR has an impact on the
regulation of sterol 12-alpha-hydroxylase (cyp8b1), necessary for cholic
acid synthesis, the master regulator of cypZ7al would be the intestinal
FXR.

After the two-day fasting period, hepatic fxr expression was stabi-
lized with respect to the fish fed the control diet, meaning that the blend
of BSs did not cause any lasting effects on the fish's BA, lipid, protein or
carbohydrate metabolism, which are also under the regulation of FXR
(Chiang and Ferrell, 2022).

In fasted fish, the only gene which displayed a differential expression
was prdx5, being over-expressed in those fed the BS g9, diet. Peroxir-
edoxins are antioxidant enzyme isoforms distributed in different cell
organelles. Specifically, PRDX3 and PRDX5 have been found in gilthead
seabream mitochondria, and PRDX5 also in cytosol and peroxisomes
(Pérez-Sanchez et al., 2011). Mouse in vivo and human hepatocellular
carcinoma in vitro assays (Kim et al.,, 2018; Kim et al., 2020) have
recently highlighted the important role of PRDX5 in maintaining the
intracellular redox balance by scavenging the reactive oxygen species
(ROS), and reported the implication of PRDX5 in lipid deposition,
inhibiting an abnormally high fatty acid synthesis and low fatty acid
oxidation, as well as preventing obesity (I{im et al., 2018) and conferring
resistance to hepatic steatosis (I{im et al., 2020). Taking that into ac-
count, fish under fasting conditions previously fed the BS g0, diet may
benefit from the improved antioxidative status of the liver due to the
higher expression of prdx5, which may lead to a lower CAT activity. By
contrast, cat expression was not differentially regulated in response to
dietary treatments, which indicates that protein activity is not always
related to gene expression (Farnier et al., 2003). In fact, it should be an
underlying assumption when interpreting the PCR-array results, that
complex pathways that regulate BA and lipid metabolism might not be
completely reflected in the gene expression analysis, offering only an
incomplete picture.

5. Conclusions

This nutritional study showed that the supplementation of a high-
saturated fat diet with a blend of BSs composed of 30% sodium
cholate and sodium deoxycholate, and 70% sodium taurocholate hy-
drate, at an inclusion level of 0.06% in the diet, enhanced growth per-
formance and reduced the levels of perivisceral, hepatic and intestinal
fat in gilthead seabream. The reduction of perivisceral fat and lipid
deposits in liver was consistent with the observed down-regulation of
hepatic Ipl, considering that this enzyme catalyses the hydrolysis of
plasma TAGs generating fatty acids that are incorporated into tissues.
Furthermore, this can also link to the lower expression of hepatic hadh,
which participates in the mitochondrial p-oxidation of fatty acids. In this
sense, the up-regulation of fasn may be a response to the reduced
expression of Ipl in order to maintain stable levels of fatty acids in the
liver. Moreover, the changes in expression of Ipl and fasn might have
been caused by the repression of hepatic fxr in the BSgoge group.
However, the absence of variation in the expression of other measured
genes that are also under fxr regulation in mammalian vertebrates, like
srebp1, ppar and those regulating the BA synthesis, hnf4a and cyp7al,
may suggest that the differential expression of fxr is insufficient by itself
to regulate their transcription, and other mechanisms may also be
involved. On the other hand, the fact that adding 0.12% of BSs to the diet
also reduced fat deposits in intestine, but not in liver nor perivisceral
adipose tissue, may suggest a tissue-specific differential mechanism for
regulating fat accumulation, which might be mediated by hepatic and
intestinal FXR activity and/or by the enzyme LPL, which has been found
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in liver and adipose tissue but not in the intestine. The well-known role
of BSs in lipid digestion conferred by their amphipathic nature to form
micelles and their innate ability to remove surfactants during digestion,
was also reflected in the current results showing a higher lipid ADC and
increased activity of BS-activated lipase in the anterior intestine of fish
fed the BSp 129 diet. This work suggests that dietary BS supplementation
at a dose of 0.06% could be a functional strategy to improve the farming
and production efficiency of S. aurata, reducing fish adiposity and
potentially improving the overall fish condition when fed with a diet
containing high saturated fat content, and paves the way for further
studies in this field to aid the understanding of the specific mechanisms
stimulated by BSs and the varying responses in different tissues.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2022.739203.
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Given their role in lipid digestion, feed supplementation with bile salts could
be an economic and sustainable solution to alterations in adiposity and intestinal
inflammation generated by some strategies currently used in aquaculture. An
important part of the metabolism of bile salts takes place in the intestine, where
the microbiota transforms them into more toxic forms. Consequently, we aimed
to evaluate the gut immune response and microbial populations in gilthead
seabream (Sparus aurata) fed a diet supplemented with a blend of bile salts with
proven background as a regulator of lipid metabolism and fat content. After the
90-day feeding trial, a differential modulation of the microbiota between the
anterior and posterior intestine was observed. While in the anterior intestine
the relative abundance of Desulfobacterota doubled, in the posterior intestine,
the levels of Firmicutes increased and Proteobacteria, Actinobacteriota, and
Campylobacterota were reduced when supplementing the diet with bile salts.
Even so, only in the anterior intestine, there was a decrease in estimated richness
(Chaoland ACE indices) in presence of dietary bile salts. No significant differences
were displayed in alpha (Shannon and Simpson indices) nor beta-diversity,
showing that bile sales did not have a great impact on the intestinal microbiota.
Regarding the gene expression profile in 2h postprandial-fish, several changes
were observed in the analyzed biomarkers of epithelialintegrity, nutrient transport,
mucus production, interleukins, cell markers, immunoglobulin production and
pathogen recognition receptors. These results may indicate the development of
an intestinal immune-protective status to tackle future threats. This work also
suggests that this immune response is not only regulated by the presence of the
dietary bile salts in the intestine, but also by the microbial populations that are
in turn modulated by bile salts. After a fasting period of 2 days, the overall gene
expression profile was stabilized with respect to fish fed the unsupplemented diet,
indicating that the effect of bile salts was transient after short periods of fasting.
On the balance, bile salts can be used as a dietary supplement to enhance S.
aurata farming and production without compromising their intestinal health.

KEYWORDS

fish gut microbiome, immune response, aquaculture, feed additive, bile salts, Sparus
aurata, teleost, intestinal health
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1. Introduction

According to estimates made by the FAO, aquaculture production
will increase with respect to 2020 by 14% (24 million tons) in 2030,
which would imply an increase in fish oil manufacturing of 13% [Food
and Agriculture Organization of the United Nations (FAO), 2022].
The limited availability (depletion of resources and insufficient
production) and high cost of fish oil have called into question the
sustainability of the major source of omega-3 (n-3) fatty acids in
aquafeeds. Under this scenario, the increasing production of plant-
derived oils and their lower market prices in comparison to fish oil
have made these alternative oil sources an attractive ingredient for fish
feed manufacturers. Indeed, several studies have shown that the
partial or total replacement of fish oil by plant-based oils do not
significantly affect fish growth and feeding performance (Turchini
etal.,, 2003; Ng et al., 2004; Fonseca-Madrigal et al., 2005; Drew et al.,
2007). Nonetheless, most vegetable oils have deficiencies in n-3 long-
chain highly unsaturated fatty acids (LC-HUFA) with respect to fish
oil, which leads to alterations in the fatty acid profile, decreasing the
concentration of docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA; Caballero et al., 2002; Turchini et al., 2003; Ng et al., 2004;
Fonseca-Madrigal et al., 2005; Tocher et al., 2006; Drew et al., 2007).
Furthermore, some physiological disorders such as a higher
accumulation of lipid droplets on the hepatocytes and enterocytes
have been observed under substitution of fish oil by plant-based oils
(Olsen et al., 2000; Caballero et al., 2002). In the same way, although
the replacement of fish oil by other animal fats in fish diets does not
usually generate significant differences in fish performance, it may
cause alterations in the fatty acid profile of the filet (Turchini et al.,
2003; Subhadra et al., 2006; O'Neal and Kohler, 2008; Trushenski et al.,
2011), thereby altering the expected nutritional content for the
consumer. In addition, other nutritional alternatives, such as
increasing the levels of dietary lipids or carbohydrates to spare the
content of protein in the diet, may have a negative impact on growth
and feeding performance, as well as modify the filet’s fatty acid profile
and increase the accumulation of mesenteric fat (Rueda-Jasso et al.,
2004; Du et al., 2006).

The above-mentioned studies are just examples of how the
aquaculture industry is moving ever closer toward finding a cheaper
and more sustainable strategy than the use of fish oil in aquafeeds, and
the only wall that now separates the fish farmer from the use of the
proposed alternatives is the potential deregulation of the fish lipid
profile and problems in adiposity that they can entail. Following the
path of the livestock industry (Lothong et al., 2016; Siyal et al., 2017),
the increasing use of feed additives could be a functional solution to
the above-mentioned problems as long as the selected feed additives
promote lipid metabolism in a holistic manner. In this context, dietary
bile salt (BS) supplementation may be a successful nutritional strategy
due to their well-known role in the enhancement of lipid digestion
and absorption, thanks to the activation of lipase and to the formation
of micelles that allows emulsification of lipid aggregates (Romano
etal,, 2020). Furthermore, bile acids (BAs) can act as nutrient signaling
hormones, regulating several biological processes by activating
specific nuclear receptors, such as the farnesoid X receptor (FXR).
Some of the mechanisms under regulation of FEXR are metabolism of
BSs, lipids, proteins, and carbohydrates, nutrient uptake, energy
homeostasis, immunity, and, indirectly, the composition of the gut
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microbial communities, since they are shaped depending on the BS
profile (Vavassori et al., 2009; Renga et al., 2013; Lickwar et al., 2017;
Schubert et al., 2017; Chiang and Ferrell, 2022). In recent years, a
considerable number of studies have been conducted to test the effects
of dietary BS supplementation on fish performance, pointing to the
possibility of their becoming a widely extended alternative within the
aquafeed production industry. Addition of BSs to aquafeeds has not
only successful results in terms of growth and feeding performance,
but also enhances lipid catabolism and apparent lipid digestibility
(Yamamoto et al., 2007; Iwashita et al., 2008; Gu et al., 2017; Jiang
et al., 2018; Ding et al., 2020; Zhang et al., 2022; Ruiz et al., 2023).
These actions provide benefits in terms of performance and generally
translates into a reduction in lipid content of the body, reduction in
fat storage deposits in the liver and in the intestine, as well as the
strengthening of antioxidant defenses (Yamamoto et al., 2007; Twashita
et al., 2009; Jiang et al., 2018; Ding et al., 2020; Yin et al., 2021; Zhang
etal., 2022; Ruiz et al., 2023).

Despite all the mentioned benefits for the physiology of fish and
final quality of the product of dietary BS supplementation, there are
not many studies focused on the effect of these molecules at an
intestinal level. The importance of this organ lies in the fact that BS
metabolism is not only regulated by hepatic FXR, but also by intestinal
FXR, which has been suggested to be more sensitive to BAs (Houten
etal, 2007) and to be the main regulator of BS metabolism via the
classical pathway (Kong et al., 2012). Moreover, it has been proven that
these molecules modulate the structure of the gut microbial
communities, which metabolize primary BSs into secondary BSs.
Although secondary BSs are more hydrophobic and thus presumably
more toxic (Hofmann, 1999; Romano et al., 2020), the gut microbiota
prevents their toxicity through generation of BS species that are
different from those of the host (Schubert et al., 2017; Markandey
et al., 2021). In addition, some studies have suggested that the
intestinal microbiota plays a fundamental role in the proper
development and functionality of the gut immune system (Broom and
Kogut, 2018; Markandey et al., 2021). As mentioned above, BSs may
also participate in the host immune response as mediated by FXR,
which has a key role in the modulation of the intestinal immunity and
maintenance of homeostasis (Vavassori et al., 2009; Renga et al., 2013).
Due to the conservation of FXR-mediated pathways in fish, it would
not be surprising that the effect of BSs reported in higher vertebrates
dealing with the modulation of the intestinal microbiome and
immunity could be extrapolated to fish. That has already been
anticipated by the works of Yamamoto et al. (2007) and Iwashita et al.
(2008, 2009), which demonstrated the anti-inflammatory effect of
dietary BS supplementation on the intestine of rainbow trout
(Oncorhynchus mykiss). Nevertheless, it should be noticed that at
certain concentrations BSs can have an antimicrobial effect on some
gut bacterial strains regarding several factors such the BS combination
and dose, and environmental conditions like pH (Begley et al., 2005)
and may cause a cytotoxic effect on the fish intestinal mucosa
(Romano et al., 2020). The noxious effect of BSs in the intestine and
its microbial communities is not only caused by their accumulation,
but also by their contribution to the release of other substances that
can be toxic if they accumulate, like bilirubin (Romano et al., 2020)
and hydrogen sulfide (Schubert et al., 2017). This may lead to
alterations in the metabolic functionality of the intestine, and in the
production of pathogen-associated molecular patterns (PAMPs;
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Schubert et al,, 2017). Under these premises, the nutritional assays
testing BSs as feed additives performed by the aquaculture and, in
general, livestock industry should not only focus on the animal
performance but should also offer a holistic view of the health and
condition of the studied holobiont (the organism and all of its
associated microorganisms), including the organ which could
be considered as the main target of BSs: the intestine.

In a previous work, we evaluated the effect of a blend of BSs
(sodium cholate, sodium deoxycholate, and sodium taurocholate
hydrate) on fish performance and studied the pathways underlying
hepatic lipid metabolism in gilthead seabream (Sparus aurata) fed
with a diet with high-saturated fat content. According to those results,
fish displayed an enhanced growth performance and reduced levels of
perivisceral, hepatic, and intestinal fat at a dietary BS inclusion level
of 0.06% with respect to fish fed the unsupplemented diet (Ruiz et al.,
2023). In this contribution, we moved a step forward by evaluating the
microbial gut communities and intestinal immune status of S. aurata
when supplementing the mentioned basal diet with the BS blend.

2. Materials and methods

2.1. Rearing conditions, feeding trial, and
experimental diets

Juveniles of S. aurata (body weight, BW;=44.0 +4.2 g; standard
length, SL=12.13+0.48 cm) were obtained from Piscicultura Marina
Mediterranea SL (Valencia, Spain). Once at IRTA research facilities,
fish (N=240 individuals) were acclimated for 2 weeks and randomly
distributed in 8 tanks of 450 L (30 fish per tank; density of 3kgm™)
connected to a water recirculation system (IRTAmar™). Monitoring
of water temperature (22.5+0.5°C), dissolved oxygen (6.3+0.2mgL™";
OXI330, Crison Instruments, Spain), and pH (7.6 +0.01; pH meter
507, Crison Instruments) was carried out daily, and salinity (36%o;
MASTER-20 T Hand-Held Refractometer, ATAGO Co. Ltd., Italy),
nitrite (0.16 0.1 mg NO,™ L™), and ammonia (0.22+0.08 mg NH,*
L") levels (HACH DR 900 Colorimeter, Hach Company, Spain) were
measured weekly.

The trial lasted for 90 days, in which fish were fed twice a day in
12 servings of 5min each by automatic feeders (Arvo-Tec T Drum
2000, Arvo-Tec Oy, Finland). Initial feeding rate was 3% and was
regularly adjusted, as described in Salomén et al. (2020). Somatic
growth was monthly monitored by netting all fish in each tank and
their BW (g) and SL (cm) was measured. Once netted, fish were
immediately anesthetized with 100mgL™" of buffered tricaine
methanesulfonate (MS-222, Sigma-Aldrich, Spain).

Two experimental extruded diets (pellet size: 3mm) were
formulated and manufactured by Sparos Lda. (Portugal) as described
by Ruiz et al. (2023). Diets were isoproteic (44.0% crude protein),
isolipidic (18.0% crude fat), and isoenergetic (21.4MJkg™') and only
differed in their content of the BSs blend at an inclusion level of 0.06%
(BSq.06%)- The ingredients and proximate composition in dry form of
the two experimental diets are shown in Table 1. The BS blend was
composed of a 70% of sodium taurocholate hydrate (ref. 86,339,
Sigma-Aldrich, United States) and a 30% of a powder BS mixture
containing equal parts of sodium cholate and sodium deoxycholate
(ref. 48,305, Sigma-Aldrich, United States).
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TABLE 1 Formulation, proximate composition (in dry form) and fatty acid
profile of the control diet and the basal diet supplemented with a blend
of bile salts (BSs) at a dietary inclusion of 0.06% (BS;¢)-

Ingredients (%) Control BSo.06%
Fishmeal super prime 7.50 7.50
Fishmeal 60 5.00 5.00
Fish protein concentrate 2.00 2.00
Feather meal hydrolysate 5.00 5.00
Porcine blood meal 3.00 3.00
Poultry meal 15.00 15.00
AminoPro NT70—C.
glutamicum 00 00
Corn gluten meal 8.00 8.00
Soybean meal 48 12.00 12.00
Sunflower meal 5.00 5.00
Wheat meal 1031 10.31
Whole peas 5.00 5.00
Pea starch (raw) 2.40 2.40
Fish oil 3.02 3.02

‘ Soybean oil 235 235
Poultry fat 8.04 8.04
Vitamin and mineral premix 1.00 1.00
Vitamin C35 0.05 0.05
Vitamin E50 0.02 0.02
Betaine HCI 0.20 0.20
Choline chloride 60 0.10 0.10
Antioxidant 0.20 0.20
Sodium propionate 0.10 0.10
Monoammonium phosphate 0.35 0.35
L-Tryptophan 0.15 0.15
DL-Methionine 0.20 0.20
Bile salts mix 0.06
Yttrium oxide 0.02 0.02
Proximate composition
Crude protein, % 44.1+0.05 44.0£0.08
Crude fat, % 18.1+0.04 18.2+0.05
Gross energy, MJ kg™' 214111 21.5£1.20
Fatty acid profile (% of total fatty acids)*

‘ Saturated fatty acids (SFAs) 27.19+0.40 26.55+0.06
Monounsaturated fatty acids
(MUEAs) 36.61+£0.73 36.60+0.22
n-6 Polyunsaturated fatty
acids (n-6 PUFAS) 26.65+0.06 27.11+0.45
n-3 Polyunsaturated fatty
acids (-3 PUFAs) 9.55+0.39 9.74+0.09
Total PUFAs 36.20£0.45 36.86+0.36

*Fatty acid profile of experimental diets is detailed in Supplementary Table 1. The proximate
and fatty acid composition of diets were analyzed in duplicate, and values are represented as
mean £ SD.
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2.2. Ethics statement

Animal procedures were performed according to the Spanish
legislation (law 32/2007 and Royal Decree 1201/2015) and to the
Guiding Principles for Biomedical Research Involving Animals
(EU2010/63) and approved by the Ethical Committee of the Institute
for Food and Agriculture Research and Technology (IRTA), which
adopts “The European Code of Conduct for Research Integrity,” and
by the Generalitat of Catalunya (CEEA 219/2020).

2.3. Sampling

After a fasting period of 48 h at the end of the trial, five fish per
tank were randomly hand-netted, euthanized with an overdose of
anesthetic MS-222 (300mgL™") and eviscerated. Then, a small
segment (ca. 2cm’) from the anterior intestine (Al) of two fish per
tank (8 per treatment) was immersed in five volumes of RNAlater®
(Sigma-Aldrich, United States), incubated overnight at 4°C, and
stored at —80°C until RNA extraction in order to evaluate their gene
expression profile, following the procedures of Ruiz et al. (2023). This
region of the intestine was chosen because of its demonstrated
immunological specialization as described in Vallejos-Vidal et al.
(2022), and it was also made to coincide with the region sampled for
histological analysis in the previous study of Ruiz et al. (2023). With
the goal of studying the gut microbial communities, a 4cm long
section of AT just after the pyloric caeca and a section of ca. 4cm from
the posterior intestine (PI), from the anus backward, were dissected
from the other three slaughtered fish (12 per treatment). The purpose
of the fasting period was to avoid allochthonous microbiota, just
targeting the autochthonous bacterial gut communities attached to
intestinal mucus (Hao and Lee, 2004). The Al and PI segments of each
fish were aseptically opened lengthwise, and their inner walls were
separately scraped, insistently but gently with a round edge spatula,
avoiding getting host smooth muscle and epithelia, to recover only
mucosal bacteria. The scraped content of each segment (12 per dietary
treatment in order to ensure statistical robustness) was immediately
frozen at —80°C until DNA extraction. Anterior and posterior
intestines were treated separately because of the differential digestion
and absorption rate in each segment, being higher in the anterior
region (Bakke et al., 2010), and because the metabolization of primary
BSs into secondary BSs mainly takes place in the posterior part
(Hofmann, 1999), which could cause a divergence of the observed
microbiota between both regions.

To restore the non-fasting physiology of fish, the remaining
animals in the tanks were fed for 3 days, and after 2h from the last
feeding (2h postprandial-animals), two fish from each tank (8 per
treatment) were randomly selected and their Al were dissected and
stored at —80°C for RNA extraction as explained above, for assessing
the temporal effect of the diets in the intestinal gene expression profile.

2.4. Intestinal gene expression profile

Following the manufacturer’s instructions of the QIAGEN
RNeasyQ Mini Kit (ref. 74,106, QIAGEN, Germany), RNA from Al
was extracted and its concentration and purity were measured
(NanoDrop-2000® spectrophotometer, Thermo Fisher Scientific,
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United States). The range of RNA concentrations was between 20 and
100 ng/pL, with A/ Az absorbance ratios of 1.9-2.1. The integrity of
RNA was also verified through an agarose gel electrophoresis. For
cDNA synthesis, the High-Capacity cDNA Archive Kit (Applied
Biosystems, United States) was used with an initial input of 500 ng of
RNA. As a negative control, reactions without reverse transcriptase
were run.

As described by Naya-Catala et al. (2021), real-time quantitative
PCR (qPCR) was performed with a CFX96 Connect™ Real-Time
PCR Detection System (Bio-Rad, USA). Simultaneous profile of a
panel of 44 genes was carried out by means of 96-well PCR array
layouts, including biomarkers of epithelial integrity, nutrient transport,
mucus production and innate and adaptative immunity (Table 2).
Specific primer pair sequences are shown in Supplementary Table 2.
Gene expression was calculated using the delta-delta Ct method
(Livak and Schmittgen, 2001). The GeNorm software (M score=0.21)
was used for testing the gene expression stability of the gene f-actin,
which was taken as an endogenous control in the normalization
procedure. For multigene analysis, values were referenced to those of

hes1-b of fish fed the control diet.

2.5. Gut microbial analyses

Extraction of the DNA from ca. 250 mg of the scraped product of
12 AT and 12 PI from each dietary group (three per tank) was carried
out with the DNeasy PowerSoil Pro Kit (ref. 47016, QIAGEN,
Germany), following the manufacturer’s recommendations. Prior to
performing extractions, a previous step of bead-beating for sample
homogenization and cell lysis (BioSpec Mini-BeadBeater-8, BioSpec
Products, United States) was performed. DNA concentration and
purity were measured in a NanoDrop-2000® spectrophotometer
(Thermo Fisher Scientific, United States). The values of A,/Ass0
absorbance ratios were higher than 1.85, and DNA concentrations
ranged up to 500 ng pL ",

The V3-V4 region of the 16S rRNA gene was amplified using the
bacterial universal primers 341F (5-CCTACGGGNGGCWGCAG-3')
and 805R (5-GACTACHVGGGTATCTAATCC-3’; Klindworth et al.,
2013) under the following conditions: 30s at 98°C, followed by
30cycles of 10s at 98°C, 30s at 55°C and 30s at 72°C, and a final
elongation step of 2min at 72°C. Library generation was performed
according to 16S Metagenomic Sequencing Library Preparation guide
(Illumina, 2013) and pair-end 2 x 300 bp sequencing was carried out
by means of Illumina-MiSeq platform. Two samples were excluded in
the process due to low amplified product concentration. Raw
sequencing data were deposited in the Sequence Read Archive (SRA)
of NCBI under BioProject accession number PRINA915342.

Bioinformatic analyses were performed as follows: forward and
reverse primers were removed from the raw paired-ended reads by
means of the Cutadapt tool in QIIME2 Software (version 2021.11).
Then, data were exported to RStudio (version 4.1.2) and processed
using the R package dada2 (Callahan et al., 2016). Forward and
reverse read qualities were assessed individually by sample, and by
total average (Supplementary Figure 1). An individual and average
quality threshold of 28 was established, excluding the reads with a
lower Phred score, and those with higher expected error than 2. Then,
the paired-ended reads were assembled into contigs, removing the
ones with an overlap length <12 nucleotides or with more than 0
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TABLE 2 PCR-array layout for gene expression profile of the intestine of
gilthead seabream (Sparus aurata) fed experimental diets.

Function

Epithelial
integrity

Nutrient

transport

Mucus

production

Interleukins

Cell markers

Gene

Proliferating cell

nuclear antigen

Transcription factor

HES-1-B
Kriippel-like factor 4
Claudin-12
Claudin-15
Cadherin-1
Cadherin-17

Tight junction
protein ZO-1
Desmoplakin

Gap junction Cx32.2

protein

Coxsackievirus and
adenovirus receptor

homolog

Intestinal-type
alkaline phosphatase

Liver type fatty

acid-binding protein

Intestinal fatty acid-
binding protein

Ileal fatty acid-

binding protein
Mucin 2
Mucin 13

Tumor necrosis

factor-alpha
Interleukin-1 beta
Interleukin-6
Interleukin-7
Interleukin-8
Interleukin-10

Interleukin-12

subunit beta
Interleukin-15
Interleukin-34
Cluster of
differentiation 4-1
Cluster of
differentiation 8 beta
C-C chemokine
receptor type 3

C-C chemokine

receptor type 9
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Symbol

pena

hes1-b

Kifa

cldni2

cldn1s

cdhl
cdh17

tipl

dsp

cx32.2

cxadr

alpi

fabp1

fabp2

fabp6

muc2

mucl3

tnf-a

i1

il-6
il-7
il-8

il-10

il-12p

il-15

il-34

cdd-1

cds8b

cer3

ccr9

GenBank

KF857335

KF857344

KF857346
KF861992
KF861993
KF861995

KF861996

KF861994

KF861999

KF862000

KF861998

KF857309

KF857311

KF857310

KF857312

JQ277710

JQ277713

AJ413189

AJ419178
EU244588
JX976618
TX976619

JX976621

1X976624

TX976625

JX976629

AM489485

KX231275

KF857317

KF857318

(Continued)
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TABLE 2 (Continued)

C-C chemokine

receptor type 11 cerll KF857319
C-C chemokine CK8
/ C-C motif
chemokine 20 ck8/ccl20 GU181393
Macrophage colony-
stimulating factor 1
receptor 1 csflrl AMO050293
Immunoglobulin M igm JQ811851
Immunoglobulin T
membrane-bound
Ig production form igt-m KX599201
Galectin-1 lgals1 KF862003
Galectin-8 lgals8 ‘ KF862004
Toll-like receptor 2 tr2 KF857323
Toll-like receptor 5 tlr5 KF857324
Toll-like receptor 9 tir9 AY751797
CD209 antigen-like
protein D cd209d KF857327
Pathogen- CD302 antigen cd302 KF857328
associated Macrophage
microbial pattern = mannose receptor 1 mrcl KF857326
(PAMP) Fucolectin S KF857331

mismatches in the overlap region. A total of 3.3% of the sequences
were identified as chimeras and discarded from analysis. Then, SILVA
(v138.1) was used as the reference database for bacterial taxonomy
classification of contigs into amplicon sequence variants (ASVs),
establishing a bootstrapping cut-off of 80% to be considered as a
reliable assignment (Smith et al., 2020); otherwise, they were classified
as unassigned. Those ASV's with a total sum < 3 sequences (singletons
and doubletons) were removed. In brief, from 45 samples a total of
2,900,687 sequences clustering into 14,507 ASVs were generated.
According to rarefaction curves (obtained with vegan library;
Supplementary Figure 2), sample depths were rarefied to 50,000 reads
and normalized by total sum scaling (TSS) following the
recommendations of McKnight et al. (2019). After rarefaction, a total
of 2,250,000 sequences clustering into 14,500 AVSs were obtained.
Alpha-diversity was approached by Chaol and ACE indices for
estimating richness and by Shannon and Simpson indices for assessing
diversity. The ACE index takes into account rare ASVs (“rare” defined
as those with fewer than 10 reads per sample; Kim et al.,, 2017).

2.6. Statistical analyses

Data on gene expression were analyzed by Student’s t-test
(p<0.05). A Shapiro-Wilk test was used for verifying normality of the
data and the Holm-Sidak post hoc test for multiple comparisons
among groups. Analysis of the interaction between the diets and
nutritional status was evaluated with a two-way ANOVA and a Holm-
Sidak post-test. To study the separation among dietary groups and
nutritional status, supervised partial least squares-discriminant
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analysis (PLS-DA) and hierarchical clustering of statistically
significant genes (p<0.1) were sequentially applied using EZinfo
(v.3.0, Umetrics, Sweden) and the R package ggplot2, respectively.
Hotelling’s T* statistic was calculated with the multivariate software
package EZinfo and points above the 95% confidence limit for T were
considered as outliers and discarded. The quality of the PLS-DA
model was evaluated by the parameters R2Y(cum) and Q2(cum),
which indicate the fit and prediction ability, respectively. To assess
whether the supervised model was being over-fitted, a validation test
consisting of 500 random permutations was performed using the opls
function from the ropls R package.

Significant differences in alpha-diversity among groups (p <0.05)
were determined by Kruskal—Wallis one-way analysis of variance,
followed by Dunn’s post-test. Beta-diversity was calculated as Bray—
Curtis dissimilarity (Bray and Curtis, 1957) and represented in a
principal coordinate analysis (PCoA). To check significant differences
in beta-diversity, permutational multivariate analyses of variance
(PERMANOVA) were performed (p <0.05). Differential abundances
between groups in phyla and genera with relative abundances >1%
were calculated with the method Metastats, which includes adjustment
of p value by false discovery rate (FDR; White et al., 2009). All the
described microbial statistical analyses were executed with the R
package microeco (Liu et al., 2021), which was used together with
ggplot2 for generation of figures.

3. Results

Results in terms of growth performance and feed efficiency are
presented elsewhere (Ruiz et al., 2023). In brief, the supplementation
of a blend of BSs promoted somatic growth and fish fed the BS; ¢, diet
grew more (221.21+3.10g) than those fed the control diet
(215.80+1.06 g; p <0.05). However, no differences in feed conversion
ratio (FCR) values were found between both diets, with values ranging
from 1.21+0.05 in the control group to 1.19£0.05 in the BS; s, diet
(p>0.05).

3.1. Alpha and beta-diversity of gut
microbiota

Figure 1 shows the estimated richness and diversity (alpha-
diversity metrics) of gut microbial communities in the Al and PI
regions in both experimental groups (Kruskal-Wallis, followed by
Dunn’s test). Considering Chaol and ACE indices, the addition of BSs
to the diet generated a reduction in species richness in the Al in
S. aurata (Figures 1A,B; p<0.05), while no divergences in diversity
were found (Figures 1C,D; p>0.05). On the other hand, although no
differences in richness were found between the AI and the PI
(Figures 1A,B), Simpson’s diversity index experienced a significant
decrease in the PI with respect to the Al in fish fed both diets
(Figure 1D; Supplementary Table 3).

Significant differences in beta-diversity were found among the
four experimental groups (PERMANOVA, F=1.234, R*=0.083,
p=0.024). However, no variation in beta-diversity was registered
when comparing dietary condition or region of intestine by pairwise
PERMANOVA (p>0.05; see PCoA in Supplementary Figure 3). In
fact, the only significant differences observed were between Control-PI
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and BSge-Al samples (PERMANOVA, R*=0.065, p=0.037). The
tank variable was verified as an insignificant effect for beta-diversity
results (PERMANOVA, F=1.1708, R*=0.026, p=0.114).

3.2. Gut microbiota composition

After rarefaction (50,000 reads per sample), a total of 14,500 ASV's
were obtained. Among them, 5,574 ASVs (65.0% of total microbiota
composition) were found in the AI (Control-Al), and 4,191 (60.2%)
in the PI (Control-PI) of fish fed the control diet; while in fish fed the
BSo o6 diet, 3,898 ASVs (61.4%) appeared in the AI (BSygs-Al) and
3,011 (61.2%) in the PI (BS; o-PI; Figure 2). Among them, 328 ASVs
were common to the four groups (41.1%), whereas 4,668 ASVs
(12.9%) were exclusive to the Control-Al; 3,289 ASVs (8.2%) were
exclusive to the Control-PI; and 3,044 ASVs (11.8%) were exclusive to
the BS o-Al and 2,239 (8.5%) to the BS; es-PI.

The ASVs were further classified by phylum (Figure 3A) and
genus (Figure 3B). The most abundant phylum was Firmicutes
(31.2%-49.7%), followed by Proteobacteria (16.6%-31%),
Bacteroidota  (17.3%-21.2%), Actinobacteriota (3.5%-5.0%),
Desulfobacterota (1.9%-4.1%), Campylobacterota (1.3%-2.2%),
Verrucomicrobiota (1.0%-1.9%), and Chloroflexi (0.4%-1.5%). From
the most abundant genera (samples’ average abundance > 1%;
Figure 3B), seven of them belonged to the phylum Proteobacteria
(Pseudomonas, Acinetobacter, Catenococcus, Brevundimonas, Marivita,
Ralstonia, and Sphingomonas), five to Firmicutes (Streptococcus,
Fenollaria, Candidatus Arthromitus, Ezakiella, and Peptoniphilus),
three to Bacteroidota (Bacteroides, Porphyromonas, and Prevotella),
one to Desulfobacterota (Desulfovibrio), one to Campylobacterota
(Campylobacter), and one to Actinobacteriota (Corynebacterium).

When comparing the control to the BS). diet, significant
differences were found among phyla (Supplementary Table 4). In
particular, in fish fed with the BS; 4, diet, Desulfobacterota abundance
increased 2.2 times in the AI (p<0.05; BSoe-Al vs. Control-Al),
while in the PI, Firmicutes increased up to 1.4 times and Proteobacteria
showed a decrease of 1.9 times (p <0.05; BS ge5-PI vs. Control-PI). To
a lesser extent (p<0.1), a reduction in Actinobacteriota and
Campylobacterota abundances was also found in the PI of S. aurata
fed the BS; 4 diet (BSy6:-PI) with respect to those fed the control diet
(Control-PI).

At the genus level, the AT of fish fed the BS g, diet presented
higher abundances of Bacteroides, Desulfovibrio, Brevundimonas, and
Ralstonia (p <0.05), and an apparent slight decrease of Streptococcus
(p<0.1) was also registered with respect to fish fed the control diet
(Supplementary Table 5; BS;ge5-Al vs. Control-AlI). Otherwise, a
significant reduction was found in Porphyromonas, Campylobacter,
Corynebacterium, Sphingomonas, Peptoniphilus, and, to a lesser degree
(p<0.1), of Fenollaria, Acinetobacter, Ezakiella, and Prevotella in the
PI of fish fed the BS-supplemented diet with respect to the control
group (BSy osx-PI vs. Control-PI).

3.3. Gene expression profile
All genes included in the PCR-array were found at detectable

levels, as shown in Supplementary Table 6. In 2h postprandial-
animals, the relative expression of cdhl7, Igals8 (p<0.05), and,
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FIGURE 1
Box plots representing the minimum, maximum and the median of the sample values obtained from the richness estimators Chaol (A) and ACE (B),
and diversity indices Shannon (C) and Simpson (D). The asterisks represent the significant differences between dietary condition or intestinal region of
gilthead seabream (Sparus aurata; Kruskal—Wallis, Dunn'’s post-test, P<0.05). Experimental groups (n=12 fish per group): anterior (Control-Al) and
posterior intestine (Control-Pl) of S. aurata fed the control diet, and anterior (BS; 46%-Al) and posterior intestine (BS,g6x-Pl) of S. aurata fed the BSggex
diet.
igt-m, and mrcl in comparison with the control group. Summarizing,
Control-PI BSO'06%~A| » . . 3 .
— =% o — the addition of BSs to the diet in 2h postprandial-fish induced an
; altered expression of some of the measured genes related to pathogen-
associated microbial pattern (4), cell markers (4), and markers of
epithelial integrity (3), among others. On the other hand, in 48h
fasted-animals the only significant differences in gene expression were
the up-regulation of ¢ldn15 and cxadr, and the down-regulation of
cd8b  with respect to the control group (p<0.05;
Supplementary Table 6).
For evaluating differences in the expression profile of the Al, a
two-component PLS-DA model was constructed, with a R2Y (cum)
FIGURE 2

Venn diagram plotting the number and relative abundances (%) of
ASVs that are unique or common among experimental groups.
Experimental groups (n=12 fish per group): anterior (Control-Al) and
posterior intestine (Control-Pl) of gilthead seabream (Sparus aurata)
fed the control diet, and anterior (BS,s5-Al) and posterior intestine
(BSo0s%-Pl) of S. aurata fed a basal diet supplemented with a blend of
bile salts at a dietary inclusion level of 0.06% (BSq gs)-

especially, alpi (p<0.01) was down-regulated, while cd4-1, ccr9,
ck8/ccl20 and Igals1 were up-regulated (p<0.05) in S. aurata fed the
BSo 6 diet with respect to those fed the control diet. To a lesser extent
(p<0.1), there was also a decrease in gene expression of pcna, cx32.2,
mucl3, and tlr9, and an increase in expression of fabp6, il-8, ccr3,
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0f 79% and a Q2(cum) of 71% (Figure 4A). The fit of the model was
validated by a permutation test (Supplementary Figure 4). The first
component of the PLS-DA (48.0% explained variance) clustered fish
separately by their feeding condition (48h fasting vs. 2h
postprandial), whereas the second component (30.7% explained
variance) separated 2h postprandial-animals from both dietary
groups (Figure 4B). On the other hand, the PLS-DA showed that in
48 h fasted-animals, there was not a divergent distribution between
both dietary groups. Results from the PLS-DA were supported by
the expression pattern shown in the heatmap (Figure 4C), which
grouped the 2h postprandial-fish fed the control diet separately
from those fed the BS, 4 diet, while the two experimental groups
of 48 h fasted-fish clustered together.
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(BSo06%-PI) of S. aurata fed a basal diet supplemented with a blend of bile salts at a dietary inclusion level of 0.06% (BSqgsx).
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4. Discussion

4.1. Effect of dietary bile salt
supplementation on intestinal microbiota

Under
Proteobacteria, Bacteroidota, and Actinobacteriota were the most

current experimental conditions,  Firmicutes,
abundant phyla found in the gut of S. aurata. These results were in
agreement with previous nutritional studies in the same species
(Tapia-Paniagua et al., 2020; Naya-Catala et al., 2021). However, the
dietary supplementation of BSs resulted in changes in the microbial
richness of the intestine in S. aurata among dietary treatments. In this
sense, a reduction in the observed (number of ASVs) and estimated
richness (Chaol and ACE indices) of bacterial communities was
observed in the Al of fish fed the BS; o diet with respect to those fed
the control diet, even though such changes were not coupled to
variations in bacterial diversity (Shannon and Simpson indices)
among dietary groups. Previous studies conducted in fishes have
reported that dietary BSs are capable of changing gut microbiota,
although depending on the study considered, different changes in
bacterial richness and diversity have been reported. In particular, diets
supplemented with BSs resulted in differences in the bacterial
community richness (Chaol and ACE indices) in Chinese perch
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(Siniperca chuatsi; Zhang et al., 2022) and S. aurata (present results),
whereas other studies have reported that dietary BSs only affected
bacterial diversity (Shannon and Simpson indices) like in grass carp
(Ctenopharyngodon idella) and tongue sole (Cynoglossus semilaevis;
Xiong et al,, 2018; Li et al,, 2021). Such changes in bacterial richness
and diversity among studies may be attributed to different blends and
levels of tested BSs, as well as different basal diet formulations, fish
husbandry, and physiological conditions.

Most relevant changes in gut microbiota derived from dietary BS
supplementation were found in the PI, results that may be attributed
to the fact that this region of the digestive tract is where primary BSs
are metabolized by the microbiota into secondary BSs, which are more
hydrophobic and noxious to bacteria (Romano et al., 2020). In our
study, there was a significant increase in the relative abundance of
Firmicutes coupled to a decrease in Proteobacteria and
Actinobacteriota in the PI of fish fed the BS, s diet. Such increase in
Firmicutes relative abundance may be related to the higher tolerance
and capacity of metabolizing BSs by this phylum of bacteria (Islam
etal, 2011; Ridlon et al., 2014). When comparing the composition of
the microbial communities at the genus level, there were also some
remarkable variations between both dietary treatments. We found an
increase in Bacteroides as it has been described in C. idella fed
BS-supplemented diets (Xiong et al., 2018; Zhou et al.,, 2018), since
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FIGURE 4

(A) Graphical representation of the goodness of fit of the PLS-DA
model. (B) Scores plot for two-dimensional PLS-DA representing
sample distribution between the two components of the model on
the basis of their intestinal expression profiles based on statistically
significant genes (p<0.1). (C) Heatmap plotting hierarchical clustering
among statistically significant genes (p<0.1) on the basis of their
expression pattern (Color Key scale) allowing to discriminate for
sample distribution. Samples were obtained from anterior intestine
(Al) of 48h fasted- and 2h postprandial-gilthead seabream (Sparus
aurata; n=8 per dietary treatment) that were fed the control and the
experimental diet supplemented with a blend of bile salts at a dietary
inclusion level of 0.06% (BSgoex)

they may use dietary BSs as substrates for their growth. In particular,
Bacteroides is a Gram-negative group of bacteria that possess several
enzymatic activities involved in the metabolization of primary BSs
into secondary BSs (Kawamoto et al., 1989; Chattopadhyay et al.,
2022), as well as the capacity to promote BA 7a-dehydroxylase activity
in Gram-positive bacterial strains (Hirano and Masuda, 1982).
Furthermore, the production of short chain fatty acids by this genus
has been suggested to prevent obesity and promote lipolysis in some
mammals (Al-Lahham et al,, 2010; Li et al., 2013). Although this
deserves further investigation in fish, the potential role of Bacteroides
in lipolysis might explain the reduction in the perivisceral fat levels
foundin S. aurata (Ruiz et al., 2023) and in C. idella (Zhou et al., 2018)
fed BS-supplemented diets. Furthermore, the increase in the relative
abundance of the genus Desulfovibrio may be attributed to its capacity
of using BA metabolites; in particular, the members of this Gram-
negative genus are able to metabolize taurine released from
deconjugated BAs, which, similarly to Bacteroides, may promote the
growth of bacteria able to transform BAs by 7a-dehydroxylation (Hu
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et al,, 2022). Additionally, the growth of Desulfovibrio may also
be explained by the effect of cholic and deoxycholic acids on this genus
(Chattopadhyay et al., 2022). In higher vertebrates, the increase in the
relative abundance of Desulfovibrio has also been associated to
improved health (Chen etal,, 2021), findings that seemed to be in line
with our previous results in S. aurata fed the BS-supplemented diet
that showed a better condition in terms of growth and somatic indices,
as well as in the levels of fat deposits in the visceral cavity and digestive
organs (Ruiz et al., 2023).

While Bacteroides and Desulfovibrio are among the most reported
anaerobic bacteria found in the gastrointestinal tract of marine fish
(Romero et al.,, 2014), the aerobic genus Brevundimonas has not been
so well studied in fish. In the present study, the increase in the levels
of Brevundimonas in the gut of fish fed the BS;g. diet may
be attributed to its role in the metabolization of BSs through
7a-hydroxysteroid dehydrogenase (7a-HSD) activity, playing an
important role in secondary BA formation (Chattopadhyay et al,
2022). In addition,

BS-supplemented diet led to a reduction in the levels of some bacterial

current results showed that using a

genera (Acinetobacter, Corynebacterium, Peptoniphilus, Streptococcus,
Sphingomonas, Porphyromonas, and Prevotella), which are generally
considered as commensal species in the gastrointestinal tract of
S. aurata (Estruch et al., 2015; Naya-Catala et al., 2021) and other fish
species (Romero et al., 2014). However, as some species of the above-
mentioned genera may also be potential emergent fish pathogens
(Baya et al., 1992; Weinstein et al., 1997; Kozinska et al., 2014; Malick
et al, 2020), the overall effect of this dietary strategy cannot
be properly assessed unless further characterization of the microbial
community at the species level is conducted. The above-mentioned
changes in bacterial abundance may be attributed to their capacity in
deconjugation and dehydroxylation of BAs (Schubert et al., 2017) as
well as to the noxious effect of BAs, especially secondary BAs, on some
species (Hofmann, 1999; Romano et al., 2020). Moreover, the absence
of differences in beta-diversity hints that the supplementation of a
high saturated fat diet with BSs does not pose any risk for dysbiosis of
the fish gut microbiota.

4.2. Effect of dietary bile salt
supplementation on intestinal gene
expression profile

Different transcriptomic responses were observed when
comparing both 48 h of fasting vs. 2h postprandial samples. When
looking at PLS-DA results, the control vs. BS, s, comparison showed
different patterns of gene expression in fed fish (2h postprandial-
group), whereas this pattern disappeared when considering fish fasted
for 48h (Supplementary Table 6). That may indicate that the effect of
BSo 065 Was transient and reversible after short fasting periods as it was
previously postulated (Ruiz et al., 2023).

Only three genes (cldnl5, cxadr, and cd8b) were found to
be differentially expressed in fish fasted for 48h. The tight junction
protein claudin-15 (CLDN15) regulates Na' homeostasis and
epithelial permeability for cations (Tamura et al., 2011; Wada et al.,
2013). In addition, the uptake of BAs into enterocytes takes place by a
Na*-dependent transporter (Keating and Keely, 2009), which is under
control of intestinal FXR (Sinha et al., 2008). Thus, the up-regulation
of cldnl5 agrees with the up-regulation of coxsackievirus and
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adenovirus receptor homolog (cxadr), another tight junction gene
involved in the regulation of epithelial permeability and tissue
homeostasis (Raschperger et al., 2006). In addition to their regulation
by dietary BSs, the above-mentioned genes may also be differentially
regulated as a compensatory mechanism to the fasting period to
which animals were exposed before sampling (Wada et al., 2013). The
third gene differentially expressed between both dietary groups after
48h of fasting was the cd8b. The cluster of differentiation 8 (CD8) is a
co-receptor and signal transduction molecule, expressed on the
surface of CD8" T cells, playing an important regulatory role in
immune responses and has antibacterial activity (Nakanishi et al,
2015). Thus, the reduction in cd8b expression might improve gut
mucosal condition generated by the above-mentioned changes of
bacterial abundance at the genus level rather than a depressed
immune response.

When considering the effects of diets supplemented with BSs in
2h postprandial-animals, we found a completely different scenario
with 27% of the analyzed genes differentially expressed. The fish
intestine is a complex multifunctional organ, responsible for feed
digestion, nutrient absorption, water and electrolyte homeostasis,
nutrient metabolism, and immunity (Buddington et al., 1997). This
organ is also involved in BS metabolism through the gut-liver axis
since the intestinal FXR is involved in the synthesis of BA in the liver
(Romano et al,, 2020). Thus, we found a differential expression pattern
of some biomarkers involved in nutrient transport and absorption,
such as the up-regulation of the fatty acid-binding protein (fabp6) and
the down-regulation of intestinal-type alkaline phosphatase (alpi) in
fish fed the BS-supplemented diet. Particularly, FABP6 is commonly
regarded as a BA binding protein found in the distal portion of the
intestine and is involved in the efficient apical to basolateral transport
of conjugated BAs in enterocytes; thus, playing an important role in
BA homeostasis (Praslickova et al., 2012). Such change in fabp6 might
be explained by changes in the BA profile in S. aurata fed the BS 4
(Ruiz et al., 2023), as well as by FXR (Lickwar et al., 2017), as it has
recently been demonstrated in zebrafish (Brachydanio rerio; Wen
et al, 2021). On the other hand, ALPI is located in the enterocyte
brush border and participates in nutrient absorption, the maintenance
of the gut barrier function, and modulation of gut microbiota (Lalles,
2020). Significantly, ALPI promotes an anti-inflammatory immune
response through dephosphorylation of lipopolysaccharides (LPSs)
from the outer membrane of Gram-negative bacteria, and its
deficiency has been correlated with intestinal inflammation (Rader,
2017). However, under the present conditions no signs of enteric
inflammation were found in fish fed the BS, 4, diet (Ruiz et al., 2023);
thus, the down-regulation of alpi in fish fed the BS; s, diet might
be due to a reduced bacterial richness as indicated by microbial
analyses (number of ASVs and, Chaol and ACE indices).

The rest of the analyzed intestinal biomarkers that were also
differentially expressed are mainly involved in epithelial integrity and
immunity (pcna, cdh17, cx32.2, mucl3, il-8, cd4-1, ccr3, ccr9, ck8/ccl20,
igt-m, lgals1, lgals8, tIr9, and mrcl). Although there are not many
studies in this field, some recent studies are beginning to elucidate the
role of BSs in the intestine of fish (Jin et al., 2019; Peng et al., 2019; Yin
et al., 2021). As Foey and Picchietti (2014) highlighted, the mucosal
layer is the first line of defense of the fish immune system, which acts
as a physical and chemical immune barrier, and consists of the mucus
and its commensal bacteria that overlay the epithelial cells lining the
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gut with associated lymphoid tissue. In a previous nutritional trial of
dietary BSs (Ruiz et al., 2023), the concentration of BSs used in the
current work was identified as being effective at inducing an effect on
body fat content while remaining within concentrations that are not
toxic for the animal (Keating and Keely, 2009; Romano et al., 2020);
and considering the transcriptomic results for biomarkers of gut
epithelial integrity, we may state that this goal was achieved. In
particular, the down-regulation of proliferating cell nuclear antigen
(pcna) may suggest a lower epithelial turnover rate and consequently,
an ameliorated health condition of enterocytes (Gisbert et al., 2017;
Naya-Catala et al., 2021). Lower epithelial cell turnover rate may be in
line with the observed lower gene expression of the adherens- and
gap-type junction proteins, cadherin-17 (cdhl17) and gap junction
Cx32.2 protein (cx32.2), respectively. The expression of the rest of the
biomarkers related to epithelial integrity did not change among fish
fed the control and the BS, s diet. A high concentration of BSs in the
intestine can cause a loss of the tight junctions between epithelial cells,
leading to an increase in mucosal permeability and cell death (Keating
and Keely, 2009), so the absence of differences in the expression of
tight junction proteins confirmed that the gut barrier function was
maintained at the concentration of BSs tested. In addition, the
decrease in expression of mucin 13 (mucl3) in intestinal cells could
be correlated to a lower mucus turnover in response to a reduction of
certain bacterial genera (Pérez et al., 2010).

Current data also indicated that the BS; s, diet mediated an
intestinal immune response in S. aurata, as we observed an
upregulation of the cell marker cluster of differentiation 4-1 (cd4-1), a
cell-surface marker of T lymphocytes, and other immune cells. This
finding may not be directly explained by dietary BSs, but by their
effect on shaping the gut microbiota, and particularly, by the increase
in Bacteroides. As reported by Zhou and Zhi (2016), this Gram-
negative genus has an immunomodulatory role due to its ability to
induce the proliferation of regulatory CD4" T cells (T,.,) and
production of anti-inflammatory cytokines. Additionally, the
up-regulation of cd4-1, C-C chemokine receptor type 3 (ccr3), C-C
chemokine receptor type 9 (ccr9), and C-C chemokine CK8 (ck8) may
also support that fish fed the BS s had an enhanced gut immune
response. This hypothesis would be in line with the study of Su et al.
(2021), which reported an increase in the phagocytic and antibacterial
activities in plasma of Pacific white shrimp (Litopenaeus vannamei)
fed a diet supplemented with graded levels of a mixture of BSs (67.52%
hyodeoxycholic acid, 19.81% chenodeoxycholic acid, and 8.60%
hyocholic acid). Indeed, the cell marker CD4 can be found on the
surface of T cells, but also T helper cells, monocytes, macrophages,
and dendritic cells (Parija, 2012; Ashfaq et al., 2019). These same
immune cells, together with B cells, express the cell marker ccr9, which
can function to induce the migration of immune cells to the gut to
regulate inflammation (Pathak and Lal, 2020). There was also an
up-regulation of ccr3 which drives the displacement and activation of
1997), and of ck8, which elicits
chemoattraction of lymphocytes and granulocytes (Hieshima et al.,
1997) and can activate CCR6 (Baba et al., 1997), which is involved in
differentiation of T cell-lineages during gut inflammation (Kulkarni

eosinophils (Heath et al,

et al, 2018). On the other hand, there was an up-regulation of
galectin-1 (IgalsI) and a down-regulation of galectin-8 (lgals8) and
toll-like receptor 9 (#Ir9), which may suggest the induction of an anti-
inflammatory response in spite of the absence of changes in
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interleukin-10 (il-10) expression; although in the current study, the
downregulation of tIr9 and upregulation of ck8 might be linked to the
changes in bacterial abundance generated by the effect of BSs in the
gut of S. aurata (Hemmi et al., 2000; Cuesta et al., 2010). In this sense,
TLR9 recognizes bacterial unmethylated CpG motifs (Hemmi et al,
2000) and induces the production of some proinflammatory cytokines
(Kumagai et al., 2008). Moreover, LGALS1 maintains the homeostasis
of immune cells and the integrity of the mucosa and reduces
inflammation by attenuating the synthesis of proinflammatory
cytokines. It may also promote the apoptosis of T lymphocytes, the
inactivation of antigen-presenting cells or the proliferation and
differentiation of T cells (Seropian et al., 2018; Lu et al., 2019). Thus,
the upregulation of IgalsI may be in line with the reported
up-regulation of cd4-1 in fish fed the BS; ¢, diet. In contrast, we found
a down-regulation in Igals8 expression. LGALS8 favors inflammation
by stimulating secretion of proinflammatory cytokines, including
interleukin-6 (IL-6) and interleukin-8 (IL-8; Cattaneo et al., 2014).
Thus, the hypothesis of a possible decrease in the exposure to potential
pathogens due to the noxious effect of BSs might also be supported by
the down-regulation of Igals8, considering that it can act as a sensor
of membrane damage caused by infection and restricts the
proliferation of infectious pathogens (Thurston et al.,, 2012). Although
in the present study there was no variation in il-6 expression, we found
that il-8 was up-regulated in fish fed the BS, s diet, and this may
be associated to an increase in the expression of PRR macrophage
mannose receptor 1 (mrcl; Gazi and Martinez-Pomares, 2009),
providing evidence of an effective barrier against potential pathogens
when no inflammatory disorders were found in gut (Gisbert et al.,
2017). The former hypothesis may also be supported by the
up-regulated expression of the membrane-bound form of
immunoglobulin T (igt-m), widely used as a marker of mucosal
immunocompetence (Zhang et al., 2010; Piazzon et al.,, 2016). The fact
that IgM was not simultaneously up-regulated in fish fed BS, 4, diet
agrees with the recent studies that suggested differential regulatory
mechanisms for igt-m and igm in S. aurata (Piazzon et al., 2016; Naya-
Catala et al,, 2021). Considering that no inflammation was observed
along the intestine of S. aurata fed diets supplemented with BSs (Ruiz
etal., 2023), these results may indicate that dietary BS supplementation
might have induced a state of immunocompetence in the intestine of
S. aurata orchestrated by several genes related to a proinflammatory
response with additional anti-inflammatory effectors, without having
an overall apparent deleterious effect on gut physiology.

5. Conclusion

The present study showed that the supplementation of a high-
saturated fat diet with a blend of BSs differentially modulated gut
microbiota depending on the region in the intestine considered. In
particular, dietary BSs decreased bacterial richness in the AI of
S. aurata, but without remarkable changes in bacterial diversity and
composition. Regarding the PI, dietary BSs had an impact on the
relative abundance of some microbial taxa, resulting in an increase in
the relative abundance of Firmicutes and a decrease of the phyla
Proteobacteria, Actinobacteriota, and Campylobacterota, changes that
were mainly linked to the fact that this region of the intestine is where
the majority of primary BSs are metabolized into secondary BSs by
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bacterial enzymes. In addition, BSs had an antimicrobial effect on
several Gram-negative bacteria, such as those from the genus
Corynebacterium, Sphingomonas, and Prevotella. Dietary BSs
promoted gut condition by mediating an intestinal immune response
characterized by the regulation of several genes involved in innate and
cellular immunity processes. Whether these changes are due to the
immunogenic potential of BSs, by their role in shaping gut microbiota
or both be thus,
further investigation.

could not deciphered; they deserve
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This work studied the potential of a combination of pungent spices (capsicum,
black pepper, ginger, and cinnamaldehyde) to be used as a supplement in diets of
gilthead seabream (Sparus aurata; 44.1 + 4.2 g). During 90 days, fish were fed
three experimental diets with low inclusion of fish oil and containing poultry fat
as the main source of lipids, supplemented with graded levels of the tested
supplement: 0 (control), 0.1 (SPICYg;%), and 0.15% (SPICYq 15%). As a result, the
pungent spices enhanced the growth performance, the activity of the bile-salt-
activated lipase in the intestine, and decreased fat deposit levels within
enterocytes. The SPICYq ;4 diet reduced the feed conversion ratio and the
perivisceral fat index and lipid deposits in the liver. Moreover, the ratio of
docosahexaenoic acid/eicosapentaenoic acid in fillet increased in fish fed the
SPICY (1% diet, while the hepatic levels of docosahexaenoic acid and total n-3
polyunsaturated fatty acids increased in fish fed the SPICYq 155 diet. Furthermore,
there was an effect on the expression of some biomarkers related to lipid
metabolism in 2-h postprandial fish (fasn, elovi6, scd1b, cyp7al, lpl, and pparp),
and in 48 h fasted-fish fed with the SPICY ;5 diet, a regulation of the intestinal
immune response was indicated. However, no significant differences were found
in lipid apparent digestibility and proximate macronutrient composition. The
spices did not affect biomarkers of hepatic or oxidative stress. No differences in
microbial diversity were found, except for an increase in Simpson’s Index in the
posterior intestine of fish fed the SPICY 1 diet, reflected in the increased relative
abundance of the phylum Chloroflexi and lower relative abundances of the
genera Campylobacter, Corynebacterium, and Peptoniphilus. In conclusion, the
supplementation of gilthead seabream diets with pungent spices at an inclusion
of 0.1% was beneficial to enhance growth performance and feed utilization;
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reduce fat accumulation in the visceral cavity, liver, and intestine; and improve
the fish health status and condition. Results suggest that the tested supplement
can be used as part of a nutritional strategy to promote a more judicious use of
fish oil in fish diets due to its decreasing availability and rising costs.

KEYWORDS

phytogenics, spices, anti-inflammatory, DHA/EPA ratio, digestion, bile salts,
docosahexaenoic acid, microbiota

1 Introduction

It is well-established that n-3 long-chain polyunsaturated fatty
acids (n-3 LC-PUFAs), particularly eicosapentaenoic (C20:5n-3;
EPA) and docosahexaenoic (C22:6 n-3; DHA) acids, have
multiple beneficial effects in vertebrate health, such as promoting
a correct neurophysiological development and in the prevention of
cancers, cardiovascular, and inflammatory diseases (1-3). The main
source for humans of these n-3 LC-PUFAs has traditionally been
the dietary intake of fish and seafood. However, fish are also
dependent on their dietary intake, since many marine fishes have
a restricted ability to biosynthesize DHA and EPA due to their low
capacity to desaturate and elongate linoleic (C18:2 n-6) and alpha-
linolenic (C18:3 n-3) acids (4). Thus, n-3 LC-PUFAs have been
usually incorporated to aquafeeds as fish oil. Nevertheless, the
decreasing availability of fish oil to sustain the growth of
aquaculture worldwide, coupled with its rising cost, have been a
strong driver to search for functional ingredients to reduce fish oil
in aquafeeds while maintaining fish health and welfare, and n-3 LC-
PUFA levels within the recommended and expected range for
the consumer.

During recent decades, the use of plant-based oils as an
alternative source to fish oils for dietary energy has been
widespread among aquafeed manufactures, given their lower cost
and higher availability. The partial replacement of fish oil by vegetal
oils does not usually affect fish performance in terms of growth and
feed utilization (5, 6). Nonetheless, some studies have reported
important changes in the fatty acid profile of the fillet, with a
reduction in the levels of EPA and DHA and an increase in alpha-
linolenic, linoleic, and oleic (C18:1 n-9) acids (5-7). Rendered fats
from animals are another affordable and widely available resource,
with a growing interest in its improved use in the context of a circular
bioeconomy. Moreover, besides containing more n-3 LC-PUFAs and
less n-6 PUFAs than plant-based oils (8), they have a higher level of
saturated fatty acids (SFAs) and monounsaturated fatty acids
(MUFAs), which are preferential substrates for metabolic energy
production (B-oxidation), sparing LC-PUFAs from catabolism (9).
For these reasons, rendered animal fats have been advocated as a
better alternative, compared to vegetable oils, to partially replace fish
oil in fish feeds. Nonetheless, the substitution of fish oil by rendered
animal fats still leads to a reduction in the levels of DHA and EPA in
the fillet, even if less marked than with vegetable oils, although it does
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not normally compromise fish performance (10). Furthermore, n-3
LC-PUFA are important regulators of metabolic pathways, with well-
known hypolipidemic and hypocholesteremic effects in vertebrates
(11), including fish (12). Therefore, fish oil replacement by either
vegetal or land-based animal oils can cause important changes in lipid
and energy metabolism (13, 14), which may lead to physiological
disorders, such as a high accumulation of fat deposits within
enterocytes, hepatic vacuolization and steatosis, and high levels of
perivisceral fat (10, 15).

However, the reduction in fish oil levels in aquafeeds is inevitable,
and although alternative sources of n-3 LC-PUFA are emerging (e.g.,
algal oils, heterotrophic single cell organisms, genetically modified
oilseeds), available volumes and production costs are still not at a
level that they could bridge the gap in the near future. Therefore, in the
meantime, new strategies are required to mitigate some of the negative
effects associated with the reduction in fish oils in fish diets. The present
study explores the use of supplements with a lipotropic function.
Several studies have demonstrated that the incorporation of ingredients
with a lipotropic function in fish diets can regulate the fishes’ lipid
profile, reducing physiological disorders such as inflammation and
improving their performance (16, 17). Considering studies in higher
vertebrates, spices are promising candidates as feed additives, which
should be further explored in this context. Pungent vegetal substances
are valued in cooking for their intense flavor and aroma and for their
properties as food preservatives, but they also have many well-
demonstrated physiological benefits (18, 19). For instance,
mammalian studies have established that pungent spices act as
hypocholesterolemic and hypotriglyceridemic agents (similarly to n-3
LC-PUFA in fish oils) and stimulate digestion, and having antioxidant,
antimicrobial, and anti-inflammatory effects. Thanks to these
properties, spices are also commonly used as nutraceuticals in
humans, with many therapeutic and prophylactic applications, such
as prevention or reduction in obesity, diabetes, and carcinogenesis,
among others (18, 19).

The aim of this work is to offer a holistic insight of the effects of
supplementing a reduced fish oil diet containing poultry fat as the
major lipid source (high in SFAs) with a product based on a
combination of capsicum, black pepper, and ginger oleoresins,
and cinnamaldehyde, in terms of fish performance and overall
physiological status, including nutrient metabolism, immune
response, and gut microbial profile. The study was performed in
gilthead seabream (Sparus aurata), since this is one of the most
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important farmed marine fish species in the Mediterranean area.

2 Materials and methods
2.1 Ethics statement

All procedures involving fish manipulation and tissue sampling
complied with the Spanish (law 32/2007 and Royal Decree 1201/
2015) and the current European legislation (EU2010/63) and were
authorized by the Ethical Committee of the Institute of Agrifood
Research and Technology and the Generalitat of Catalunya (CEEA
219/2020).

2.2 Animals, diets, and experimental design

The 90-day feeding trial was carried out at the Institute of
Agrifood Research and Technology (IRTA) in La Rapita
(Tarragona, Spain). After an acclimation period of 2 weeks,
juveniles of gilthead seabream (initial body weight, BW; = 44.1 +

10.3389/fimmu.2023.1222173

4.2 g; mean + standard deviation, SD) obtained from a commercial
fish farm (Piscicultura Marina Mediterranea SL, Andromeda
Group, Valencia, Spain) were randomly distributed in 12 tanks of
450 L (30 fish per tank; initial density = 3 kg m % N = 360). To
guarantee water quality maintenance, tanks were connected to an
IRTAmar " water recirculation system, following the natural
photoperiod (June to August at 40.63N-0.66E). Water
temperature, dissolved oxygen, and pH were kept at 22.5 + 0.5°C,
6.3 + 0.2 mg/L (OXI330, Crison Instruments, Barcelona, Spain) and
7.6 £ 0.01 (pH meter 507, Crison Instruments), respectively.
Salinity, nitrite, and ammonia levels were 36%o0 (MASTER-20 T
Hand-Held Refractometer, ATAGO Co. Ltd,, Italy), 0.16 £ 0.1 mg
NO, /L, and 0.22 + 0.08 mg NH,"/L (HACH DR 900 Colorimeter,
Hach Company, Spain), respectively.

Three experimental diets (Table 1; 3 mm pellet size) were
designed to evaluate the potential use of an encapsulated
combination of capsicum, black pepper, and ginger oleoresins,
and cinnamaldehyde (Lucta S.A., Spain; Patent Number WO/
2022/117810) as a feed additive. The encapsulation serves to
enable the manipulation of the pungent spices during feed
preparation but has no functional effect (in the animal), as the

TABLE 1 Ingredient formulation, proximate, and fatty acid composition of experimental diets: a control and two basal diets supplemented with a
mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level of 0.1 (SPICY¢.1%) and 0.15% (SPICY¢.15%).

Experimental diets

Ingredients (%) Control SPICY .15 SPICYq 159
Fishmeal Super Prime 7.50 7.50 7.50 ‘
Fishmeal 60 5.00 5.00 5.00 ‘
Fish protein concentrate 2.00 2.00 2.00
Feathermeal hydrolysate 5.00 5.00 5.00
Porcine blood meal 3.00 3.00 3.00
Poultry meal 15.00 15.00 15.00
Aminopro NT70—C. glutamicum 4.00 4.00 4.00
Corn gluten meal 8.00 8.00 8.00
Soybean meal 48 12.00 12.00 12.00
Sunflower meal 5.00 5.00 5.00
Wheat meal 10.31 10.31 10.31
Whole peas 5.00 5.00 5.00
Pea starch (raw) 2.40 2.40 2.40
Fish oil 3.02 3.02 3.02
Soybean oil 235 235 235
Poultry fat 8.04 8.04 8.04
Vitamin and mineral premix 1.00 1.00 1.00
Vitamin C35 0.05 0.05 0.05
Vitamin E50 0.02 0.02 0.02
Betaine HCI 0.20 0.20 0.20
(Continued)
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TABLE1 Continued

Ingredients (%)

Control

10.3389/fimmu.2023.1222173

Experimental diets

SPICY .14 SPICY; .15%

Choline chloride 60 0.10 0.10 0.10

Antioxidant 0.20 0.20 0.20

Sodium propionate 0.10 0.10 I 0.10
Monoammonium phosphate 0.35 0.35 0.35

L-Tryptophan 0.15 0.15 0.15
DL-Methionine 0.20 0.20 0.20

Mixture of pungent spices (Lucta) - 0.10 0.15

Yttrium oxide 0.02 0.02 0.02

Proximate composition ‘
Crude protein, % 44.14 + 0.05 44.11 + 0.06 4426 + 0.21

Crude fat, % 18.10 + 0.04 18.09 + 0.06 18.19 + 0.09

Gross energy, MJ kg™* 2138 + 111 21.46 + 0.92 2145 + 0.83

Fatty acid profile (% of total fatty acids) * ‘
Saturated fatty acids (SFAs) 27.19 + 0.40 27.79 + 0.01 27.76 + 1.36
Monounsaturated fatty acids (MUFAs) 36.61 +0.73 35.97 + 0.59 36.18 + 0.51

n-6 polyunsaturated fatty acids (n-6 PUFAs) 26.65 + 0.06 26.69 + 0.45 26.45 + 0.52

n-3 polyunsaturated fatty acids (n-3 PUFAs) 9.55 + 0.39 9.55 +0.03 9.61 + 0.00

Total PUFAs 36.20 + 0.45 36.24 + 0.48 36.06 + 0.52

*Complete fatty acid profile of experimental diets is detailed in Supplementary Table S1. The proximate and fatty acid composition of diets were analyzed in duplicate; values are represented as

mean + standard deviation (SD).

active ingredients should be released during the extrusion process.
A basal diet was formulated, which included a high content of
poultry fat and lower levels of fish oil and soybean oil. This formula
was chosen to increase the levels of SFAs (27% of total fatty acids;
Table 1) compared to traditional fish oil replacement strategies
based on vegetable oils, and was hypothesized to result in increased
body fat deposition. The two other experimental diets had the same
ingredient formulation and proximate composition, but were
supplemented with the encapsulated product at two different
inclusion levels before extrusion: 0.1 (SPICY,,¢) and 0.15%
(SPICY 159). The choice of these inclusion levels was based on a
previous dose-response trial performed in the same species in
which the same combination of pungent spices was tested at
doses between 0.05% and 0.15% (20), obtaining the best results in
performance at 0.1% and 0.15%. In particular, at these inclusion
levels, an improvement on feeding efficiency and lipid apparent
digestibility, a reduction in hepatic lipid stores, decreased fat
accumulation in fillet, and increased levels of n-3 PUFA
(including EPA and DHA) in fillet. The three diets were
isonitrogenous (44% crude protein), isolipidic (18% crude fat),
and isoenergetic (21.4 MJ/kg), and were manufactured by Sparos
Lda. (Portugal) following the procedures described by Salomon
etal. (21). Yttrium oxide (Y,Os, Sigma Aldrich, Spain) was included
in the diets at 0.2 g/kg as an inert marker to assess apparent
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digestibility coefficients (ADCs) of macronutrients. Each
experimental diet was randomly assigned to four tanks before the
beginning of the nutritional assay. During the 90-day trial, feed was
distributed twice a day in 12 takes spread over an hour (one each
5 min) with automatic feeders (Arvo-Tec T Drum 2000, Finland).

Once a month, fish were anesthetized with buffered tricaine
methanesulfonate (MS-222, Sigma-Aldrich, Spain; 100 mg/L) for
measuring growth in body weight (BW) and standard length (SL)
in order to monitor somatic growth. In addition, the uneaten dried
pellets from each tank were collected and weighed to ensure that
sufficient amount of feed was being offered and to calculate the daily
feed intake (22). For assessing ADC:s of lipids and proteins, feces were
collected by means of a sedimentation column 10-12 h after removal
of uneaten feed during three consecutive days. Then, pooled samples
from the same tank were frozen at —20°C until biochemical analyses.

2.3 Sampling and fish
performance indicators

At the end of the trial, fish were fasted for 48 h and anesthetized
with 100 mg/L of MS-222, and their final body weight (BW¢) and
standard length (SL;) were individually measured. The following
key performance indicators were also calculated:
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Specific growth rate (SGR; %/ day)

= 100 x In [BW¢(g) — In BW;(g)] /time (days) .

Fulton’ s condition factor (K) = 100 x BW¢(g)/SL¢(g)’

Feed intake (FI, g/fish)

= total feed intake per tank (g) /number of fish per tank (g)

Feed conversion ratio (FCR)
= total feed intake per tank (g)/fish biomass increase per tank (g)

In addition, eight fish per tank (32 per dietary treatment) were
randomly selected and euthanized with an overdose of MS-222 (300
mg/L) for sampling different tissues for the analyses described
below. In particular, the perivisceral fat was gently separated from
the gastrointestinal tract in six fish per tank (four replicate tanks per
diet) with the aid of a round-ended scalpel and individually weighed
to calculate the perivisceral fat index (PVFI; %) = perivisceral fat
weight (g)/BW¢ (g). The livers of six fish per tank were also weighed
to calculate the hepatosomatic index (HSIL; %) = liver weight (g)/
BW; (g). Then, a piece of liver (1.5-2 cm®) and a piece of anterior
intestine (AL; approximately 4 cm) from three individuals per tank
(12 fish per diet) were fixed in 10% neutral buffered formalin (pH =
7.2) and stored at 4°C until histological analysis. The AI was
selected because this region of the intestine has high rates of fat
digestion and absorption (23). The rest of the liver was divided in
pieces and frozen at —80°C to further assess hepatic antioxidant
status and metabolic biomarkers (four replicate tanks per diet). The
fillet and the liver of three fish per tank were stored at —20°C until
analyses of proximate and fatty acid composition. To evaluate the
profile of bile acids (BAs), the walls of the gallbladders of four fish
per tank were broken with the edge of a scalpel, and the content of
all fish from the same tank were emptied together into one tube
(four replicate tanks per diet) and frozen at —80°C. With the
purpose of studying the effect of the diet on hepatic and intestinal
gene expression profile of 48 h fasted fish, a piece of the liver and a
piece of Al (approximately 1 and 2 cm’ respectively) of two
individuals per tank (eight per dietary treatment) were separately
immersed in 5 volumes of RNAlater® (Sigma-Aldrich, USA),
incubated at 4°C for 24 h and stored at —80°C. A section of Al
(approximately 4 cm long cut from the pyloric caeca) and posterior
intestine (PL; approximately 4 cm long cut from the anus anteriorly)
from three fish per tank (12 per treatment) were taken and opened
lengthwise under sterile conditions. The mucosal content was gently
scraped with a round-edge spatula and immediately frozen at -80°C
for further microbial analysis. Sampling was performed at 48 h after
the last feeding to ensure sample stability and avoid contamination
by allochthonous bacteria from the feces in the case of intestinal
microbiota (24).

The rest of the fish were returned to their respective tanks and
fed for 3 days. Then, 10 2-h postprandial fish per tank (40 per
treatment) were netted and euthanized with 300 mg/L of MS-222
for tissue sampling. The luminal content of the AI of four fish per
tank was stripped with tweezers into one tube (four replicates per
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diet) and frozen at —80°C for future analysis of the BA profile. The
digestive tract of four fish per tank was divided in two regions: i) the
stomach and pyloric caeca and ii) the AL Both regions were
separately stored at —80°C until analysis of pancreatic digestive
enzymes. A piece of the liver and AI from two fish per tank (eight
per treatment) were dissected and conserved as previously
described for gene expression analysis.

2.4 Proximate and fatty acid composition

For biochemical analysis, a pool of three liver pieces per tank
were homogenized together, while three fillets per tank were
individually homogenized (IKA T25 digital ULTRA-TURRAX,
IKA Works, USA). The protocols described by Lowry et al. (25),
Folch et al. (26), Dubois et al. (27), and AOAC (28) were followed to
determine the levels of total protein, lipids, carbohydrates, and ash
content in livers and fillets. Fatty acid profile was obtained as
described by Ramos-Judez et al. (29). In brief, transmethylated
fatty acids from total lipids were extracted, purified, and finally
quantified by gas-liquid chromatography on a Thermo Trace GC
(Thermo Fisher, Spain) coupled to a TRACE™ TR-FAME GC
Column (Thermo Scientific, Spain), using heneicosylic acid (21:0)
as internal standard (ref. H5,149, Sigma-Aldrich, Spain).

Protein and lipid ADCs were calculated according to Cheng and
Hardy (30) using Y,Oj; as inert marker:

ADC of nutrient (%) = 100 x [1 - (% Y,0; in diet/% Y, 05
in feces) X (% nutrient in feces/% nutrient in diet)]

The Y,0; concentration was determined using an Agilent 7700
ICP-MS (Agilent Technologies, USA).

2.5 Hepatic metabolism and
antioxidant stress

Biomarkers of hepatic metabolic and antioxidant stress were
evaluated following the methodology described by Ruiz et al. (31).
In brief, homogenized pools of three liver pieces (approximately 100
mg each) per tank resuspended in a lysis solution (1.24 mM Triton
X-100, 1 mM EDTA, and 1 mM NaHCOj3) with a stabilizer solution
(3.7 mM EDTA, 5 mM B-mercaptoethanol), 1:1 v/v, were
centrifuged (5,000xg, 10 min, 4°C), and supernatants were
collected. Lactate dehydrogenase, aspartate transaminase, and
alanine transaminase activities were quantified following the
methodology of Bergmeyer and Bernt (32-34) with commercial
kits (ref. 41,222, ref. 41,272, ref. 41,282; Spinreact, Spain). To
evaluate the antioxidant condition of the liver, homogenized
pools of three pieces (approximately 60 mg each) per tank
resuspended in 5 volumes v/w of buffer (150 mM KCl, 1 mM
EDTA, pH 7.4) were centrifuged (9,000xg, 30 min, 4°C), and the
supernatants were collected. Then, superoxide dismutase (SOD),
catalase (CAT), and glutathione reductase (GR) activities were
quantified following the protocols of McCord and Fridovich (35),
Aebi (36), and Carlberg and Mannervik (37). Lipid peroxidation
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(LPO) levels were estimated through thiobarbituric acid reactive
substances (TBARs) as described by Solé et al. (38), and total
antioxidant capacity (TAC) was measured following the
manufacturer’s instructions of the Total Antioxidant Capacity
Assay Kit (ref. MAK187, Sigma-Aldrich, USA). The above-
mentioned oxidative stress biomarkers were normalized to soluble
protein content (39), except for SOD activity, which was expressed
as percent of enzyme inhibition. All described measures were run in
triplicate at 25°C by UV/Vis spectrophotometry (Infinite M200
Plate Reader, Tecan Switzerland) and analyzed with the MagellanTM
software (v6, Tecan).

2.6 Pancreatic digestive enzymes

Pools of four samples of i) stomach and pyloric ceca and ii) Al
were separately homogenized (IKA T25 digital ULTRA-TURRAX,
IKA Works) in 5 volumes v/w of ice-cold distilled water and
centrifuged (3,300xg, 3 min, 4°C), and the supernatant was
collected for quantification of pancreatic digestive enzymes (total
alkaline proteases, o-amylase, and bile-salt-activated lipase)
following the guidelines of Ruiz et al. (31). Samples (enzymatic
crude extracts) were handled according to Solovyev and Gisbert
(40) in order to prevent their degradation during storage
and handling,

2.7 Bile acid quantification

Bile acid (BA) quantification was performed as previously
described by Herrero-Encinas et al. (41) with modifications. BA
extraction from gallbladder bile samples was performed by extraction
of 100 pL of water-diluted bile (1/2,000) with 400 pL of acetonitrile
(ACN) containing internal standard (chenodeoxycholic acid-d4,
CDCA-d4). After vortex and centrifugation, supernatants were
diluted 1/10 in HO:ACN (1:1 v/v) and directly injected in the
liquid chromatograph-mass spectrometer (LC-MS). Intestinal
digesta samples were first lyophilized and homogenized on a
TissueLyzer II (QIAGEN, Germany). Then, 20 mg of homogenate
was extracted with 800 puL of H,O:ACN (1:1 v/v) including the
internal standard for 15 min and centrifuged (15,000xg, 10 min, 4°C),
and the supernatants diluted again in H,O:ACN (1/1,000).
Quantification of BAs was performed by LC-MS using response
comparison against calibration curves generated using pure BA
standards. Chromatographic separation was performed on an
ACQUITY UPLC I-Class connected to a Xevo-G2 QTof mass
spectrometer, using QuanLynx v4.2 software for operations and
quantification (Waters Corp., USA).

2.8 Histological analyses

To evaluate the histological condition, small segments of fixed
liver and AI (approximately 0.5-1 cm?) were dehydrated in ethanol
solutions of graded concentrations, cleared with xylene, and
embedded in paraffin. Serial sections of 4 um stained with
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hematoxylin and eosin were examined under light microscopy
(Leica DM LB, Leica Microsystems) by means of a digital camera
at 600 dpi (Olympus DP70, Olympus Europa, Germany).
Inflammation and accumulation of fat deposits were semi-
quantitatively evaluated from 1 to 5 following the classification
described by Ruiz et al. (31). Semi-quantitative analyses were
performed following a random order of samples, under blinded
conditions by two different observers (42). In the images of Al, the
following parameters were also measured using the software
ANALYSIS (Olympus Soft Imaging Solutions, Germany):
thickness of musculature, height of villi, height of enterocytes,
and density of goblet cells in the intestinal mucosa (43).

2.9 Extraction of DNA and analysis
of gut microbiota

The DNeasy PowerSoil Pro Kit (ref. 47,016, QIAGEN,
Germany) was used for extracting the DNA of up to 250 mg of
the scraped product of the AT and the PI of three fish from each tank
(12 individuals per diet). The concentration of DNA ranged up to
500 ng/pL, and A,60/Asg0 absorbance ratios were higher than 1.85.

The region V3-V4 of the 16S rRNA gene was amplified
(primers 341F/805R) and sequenced (llumina-MiSeq platform; 2
x 300 bp paired-end) according to Ruiz et al. (44), and data analysis
was carried out with a workflow based on the R package dada2
(v1.16; 45). In brief, all reads with a Phred quality score <28 or with
an expected error >2 were excluded from the analysis. After
merging of paired-ended reads, the sequences with an overlap
length <12 nucleotides, more than 0 mismatches, or identified as
chimeras, were also removed. Finally, for bacterial taxonomy
classification of amplicon sequence variants (ASVs), the SILVA
database (v138.1) was used as a reference library. Those ASVs with
a bootstrapping confidence <80% were classified as unassigned (46).
According to rarefaction curves (Supplementary Figure S1), the
number of reads per sample were rarefied to the minimum sample
depth (49,337 reads) using the R package vegan (v2.6-4) and
normalized by total sum scaling (47). Raw sequencing data are
available in the Sequence Read Archive (SRA) of NCBI under the
Bioproject accession numbers PRINA915342 and PRINA971862.

2.10 Gene expression profile of the liver
and anterior intestine

The TRI Reagent (Sigma-Aldrich, USA) and QIAGEN
RNeasy® Mini Kit (ref. 74,106, QIAGEN, Germany) were,
respectively, used for extracting RNA from the liver and AL
Concentrations of RNA ranged between 20 and 100 ng/uL, with
As60/Azgo absorbance ratios of 1.9-2.1 (Nanodrop—2000®, Thermo
Fisher Scientific, USA). Integrity was verified through agarose gel
electrophoresis (48). For cDNA synthesis, the High-Capacity cDNA
Archive Kit (Applied Biosystems, USA) was used following the
manufacturer’s instructions with an initial input of 500 ng of RNA.

Real-time quantitative PCR was carried out with a CFX96
Connect'rM Real-Time PCR Detection System (Bio-Rad, USA),
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using 96-well PCR array layouts designed for simultaneously
profiling a panel of 44 genes for liver (Table 2) and intestine
(Table 3) as described by Ruiz et al. (44). To improve data
reproducibility, all the pipetting operations were performed using
an EpMotion 5070 Liquid Handling Robot (Eppendorf, Germany).
Expression values were calculated with the delta-delta Ct method
(49), taking beta-actin as a housekeeping gene, after testing its
expression stability (GeNorm software; M score = 0.21). To
compare the expression of multiple genes, all values in the liver

10.3389/fimmu.2023.1222173

and AT were referenced to the expression levels of grp-170 and hes1-
b of fish fed the control diet, respectively.

2.11 Statistical analyses

After confirmation of normal distribution and homoscedasticity
of data by Shapiro-Wilk test and Levene’s test, a one-way ANOVA
followed by Tukey’s range test for multiple comparison among

TABLE 2 PCR-array layout for gene expression profile in the liver of gilthead seabream fed experimental diets.

Function Gene Symbol GenBank
Fatty acids, cholesterol and phospholipid metabolism Fatty acid synthase Jasn JQ277708
Elongation of very long chain fatty acids 1 V elovll » JX975700
Elongation of very long chain fatty acids 4 elovi4 ' JX975701
Elongation of very long chain fatty acids 5 elovl5 . AY660879
Elongation of very long chain fatty acids 6 elovlé ' 1X975702
Fatty acid desaturase 2 fads2 AY055749
Stearoyl-CoA desaturase la scdla ' JQ277703
Stearoyl-CoA desaturase 1b scdlb » 1Q277704
Cholesterol 7-alpha-monooxygenase cyp7al KX122017
Phospholipid transfer protein pltp XM_030418561
Lipases Adipose triglyceride lipase atgl JX975711
Hepatic lipase hl ' EU254479
Lipoprotein lipase 7 Ipl ' AY495672
85kDa calcium-independent phospholipase A2 pla2g6 . JX975708
Transcription factors & nuclear receptors Hepatocyte nuclear factor 4 alpha hnf4a FJ360721
Sterol regulatory element-binding proteins 1 srebpl 1Q277709
Sterol regulatory element-binding protein 2 srebp2 ' XM_030408996
Farnesoid X receptor Jfxr XM_030426192
Liver X receptor o Ixrow FJ502320
Peroxisome proliferator-activated receptor o pparo ' AY590299
Peroxisome proliferator-activated receptor 8 pparf . AY590301
Peroxisome proliferator-activated receptor y ppary » AY590304
Oxidative metabolism & energy sensing Carnitine palmitoyltransferase 1A cptla JQ308822
Hydroxyacyl-CoA dehydrogenase hadh ' JQ308829
Fatty acid translocase/CD36 fat/cd36 XM_030440140
Fatty acid binding protein, heart V h-fabp JQ308834
Citrate synthase cs JX975229
NADH-ubiquinone oxidoreductase chain 2 nd2 » KC217558
NADH-ubiquinone oxidoreductase chain 5 nd5 . KC217559
Cytochrome c¢ oxidase subunit I coxi ' KC217652
(Continued)
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TABLE 2 Continued

Function Gene Symbol GenBank
Proliferator-activated receptor gamma coactivator 1 alpha pgela JX975264
Sirtuinl sirtl v KF018666
Sirtuin2 » sirt2 . KF018667

Antioxidant defense Catalase cat JQ308823
Uncoupling protein 1 ucpl ' FJ710211
Glutathione peroxidase 1 gpxl » DQ524992
Glutathione peroxidase 4 gpx4 | AM977818
Peroxiredoxin 3 prdx3 GQ252681
Peroxiredoxin 5 prdx5 GQ252683
Superoxide dismutase [Cu-Zn] cu-zn-sod/sod1 ‘ JQ308832
Superoxide dismutase [Mn] mn-sod/sod2 . JQ308833
Glucose-regulated protein, 170 kDa grp-170 ‘ JQ308821
Glucose-regulated protein, 94 kDa grp-94 JQ308820
Glucose-regulated protein, 75 kDa grp-75 ' DQ524993

Specific primer sequences for marker genes of liver are listed in Supplementary Table S2.

TABLE 3 PCR-array layout for gene expression profile in the intestine of gilthead seabream fed experimental diets.

Function Gene Symbol GenB
Epithelial integrity Proliferating cell nuclear antigen pena KF857335
Transcription factor HES-1-B hes1-b KF857344
‘ Kriippel-like factor 4 kif4 KF857346
. Claudin-12 cldn12 KF861992
‘ Claudin-15 | cldnl5 KF861993
| Cadherin-1 cdhl KF861995
Cadherin-17 cdhl7 KF861996
‘ Tight junction protein ZO-1 tipl KF861994
Desmoplakin dsp KF861999
| Gap junction Cx32.2 protein cx32.2 KF862000
Coxsackievirus and adenovirus receptor homolog cxadr KF861998
Nutrient transport ‘ Intestinal-type alkaline phosphatase alpi KF857309
| Liver type fatty acid-binding protein | fabpl KF857311
Intestinal fatty acid-binding protein | fabp2 KF857310
‘ Tleal fatty acid-binding protein fabp6 KF857312
Mucus production Mucin 2 muc2 1Q277710
Mucin 13 mucl3 JQ277713
Interleukins Tumor necrosis factor-alpha » tnf-or AJ413189
Interleukin-1 beta il-1B AJ419178
| Interleukin-6 il-6 EU244588
(Continued)
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TABLE 3 Continued
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Function Gene Symbol GenBank
Interleukin-7 il-7 JX976618
Interleukin-8 il-8 ‘ JX976619
Interleukin-10 il-10 ‘ JX976621
Interleukin-12 subunit beta il-12f3 . 1X976624
Interleukin-15 il-15 | JX976625
Interleukin-34 il-34 JX976629
Cell markers Cluster of differentiation 4-1 cd4-1 : AM489485
. Cluster of differentiation 8 beta cd8b ‘ KX231275 [
C-C chemokine receptor type 3 ccr3 KF857317
C-C chemokine receptor type 9 ccr9 } KF857318
C-C chemokine receptor type 11 cerll “ KF857319
C-C chemokine CK8/C-C motif chemokine 20 ck8/ccl20 ; GU181393
Macrophage colony-stimulating factor 1 receptor 1 | csflrl AMO050293
Ig production Immunoglobulin M igm JQ811851
Immunoglobulin T membrane-bound form igt-m ‘ KX599201
Pattern recognition Galectin-1 Igals1 ‘ KF862003
receptors (PRRs) Galectin-8 lgals8 ‘ KF862004
Toll-like receptor 2 tir2 ‘ KF857323
Toll-like receptor 5 tlr5 ‘ KF857324
Toll-like receptor 9 tir9 . AY751797
CD209 antigen-like protein D | cd209d : KF857327
‘ CD302 antigen cd302 | KF857328
Macrophage mannose receptor 1 mrcl “ KF857326
Fucolectin fel ‘ KF857331

Specific primer sequences for marker genes of intestine are listed in Supplementary Table S3.

groups (p < 0.05) was performed. When data was non-parametric, a
Kruskal-Wallis one-way analysis of variance by ranks and Dunn’s
post-hoc test were performed. Correlations between variables were
tested by the Pearson product-moment correlation test (p < 0.05).

For gene expression analyses, a Student’s t-test was performed.
A two-way ANOVA followed by a Holm-Sidak test was used for
evaluating interaction between the diet and feeding time (2 h
postprandial or 48 h fasted). The p-value was set to 0.05 to
determine significant differences among dietary groups, whereas p
< 0.1 was considered as a tendency for gene expression data. In the
case of gene expression values with p < 0.1, a partial least squares-
discriminant analysis (PLS-DA) was constructed with the software
EZinfo (v3.0, Umetrics, Sweden) to achieve the maximum
separation among experimental groups. Cluster separation was
assessed by calculating Hotelling’s T” statistic. Points with a T*
above 95% confidence limit were considered as outliers and
discarded. By means of the R package ropls (v1.22.0), each PLS-
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DA model was validated by a permutations test, making sure that
there was no over-fitting (Supplementary Figures S2, S3).

Regarding gut microbial communities, significant differences
among dietary groups in alpha diversity metrics (indices of Chaol,
ACE, Shannon, Simpson, and Faith’s phylogenetic diversity; 50, 51)
were determined by Wilcoxon test (p < 0.05). As a beta diversity
index, the weighted UniFrac distance was used to estimate
similarities among samples based on the phylogenetic
relationships of their ASVs (52). A permutational multivariate
analyses of variance (PERMANOVA) was performed to check
significant differences in beta diversity (p < 0.05; 53). Differential
abundances among groups in phyla and genera with a relative
abundance >1% were calculated with the method Metastats,
adjusting the p-value by False Discovery Rate (FDR) (54). All the
described statistics for gut microbiota data were executed with the R
package microeco (55), which was used together with ggplot2 for
generation of figures.
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3 Results
3.1 Fish performance

The supplementation of pungent spices into the basal diet had a
positive effect in fish somatic growth in terms of BWand SGR at
both dietary inclusion levels when compared to the control diet
(Table 4; p < 0.05). Furthermore, the administration of the
SPICY 14, diet reduced perivisceral fat levels (p < 0.05), while fish
fed the SPICY 5o, diet showed PVFI values that were intermediate
between the abovementioned and the control diet (p > 0.05). No
significant differences were found in the values of SL; Fulton’s
condition factor, and HSI among dietary groups (p > 0.05).
Regarding feed performance, whereas there were no differences in
feed intake (p > 0.05), FCR values followed a similar pattern to that
described for the PVFL; in particular, the lowest FCR values were
found in fish fed the SPICY| 4, diet (p < 0.05). On the other hand,
diet supplementation with pungent spices did not significantly affect
lipid and protein ADCs (p > 0.05).

3.2 Proximate and fatty acid composition

There were no differences in the proximate composition of the
liver nor fillets among dietary groups (Supplementary Table S4; p >

10.3389/fimmu.2023.1222173

0.05). Considering the fatty acid profile of the liver, only DHA was
found at different levels among dietary groups. In particular, the
highest levels of DHA were found in fish fed the SPICY 5, diet (p <
0.05), while fish fed the SPICY| ¢, diet displayed intermediate values
between both dietary treatments (Table 5; p > 0.05). Indeed, the
content of DHA in the liver was positively correlated to the dietary
inclusion levels of the combination of pungent spices (Pearson
correlation coefficient r = 0.72, p = 0.008). Likewise, the total levels
of n-3 polyunsaturated fatty acids (n-3 PUFAs) in the liver followed a
similar trend, increasing with higher concentrations of pungent spices
in the diets (r = 0.73, p = 0.007). The fatty acid profile of fillet was also
very conserved, although the DHA/EPA ratio significantly increased
in fish fed the SPICY, 4, diet (Table 6; p < 0.05).

3.3 Hepatic metabolism, oxidative stress
biomarkers, and activity of pancreatic
digestive enzymes

Dietary supplementation with the combination of pungent
spices did not alter the specific activity of the measured metabolic
or oxidative stress enzymes, nor were there changes in LPO and
TAC in the liver (Supplementary Table S5; p > 0.05). Regarding
pancreatic digestive enzymes, there were no significant differences
in the specific activities of total alkaline proteases, bile-salt-activated

TABLE 4 Growth and feed performance indicators, somatic condition indices, and macronutrient apparent digestibility coefficients of gilthead
seabream fed the control and two basal diets supplemented with a mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde)

at a dietary inclusion level of 0.1 (SPICYj ;4) and 0.15% (SPICYg 15%).

Control

SPICY ¢ 15%

SPICY ¢ 1%

Growth performance

BW; (g) 4405 + 0.04 4408 + 0.10 44.06 + 0.10
SL; (cm) 12.04 +0.12 1222 + 0.16 12.08 + 0.06
BW; (g) 215.80 + 1.06° 221.96 + 3.46° 223.02 + 350"
SL; (cm) 19.32 +0.21 19.66 + 0.30 19.51 + 0.09
SGR (% day™) 1.81 +0.01° 1.84 +0.02° 1.84 + 0.02°

Somatic indices ‘
K 3.00 +0.11 2.93 +0.12 3.01 +0.07
HSI (%) 1.84 + 0.11 1.92 + 0.09 1.95 + 0.14
PVEI (%) 3.01 +0.28° 2.32+ 037 2.68 +0.28%

Feed performance ‘
FI (g fish™") 195.89 + 8.70 19229 + 9.94 198.50 + 6.23
FCR 1.21 + 0.05" 1.13 £ 0.02° 1.20 + 0.04*

Apparent digestibility coefficients (ADCs) ‘
Lipid ADC (%) 81.60 + 0.96 81.14 + 1.33 79.73 + 0.89
Protein ADC (%) 79.41 + 3.60 81.09 + 2.82 76.08 + 2.18

Values are represented as mean + SD (n = 4 tanks per dietary group) and differences among groups (p < 0.05) are indicated by the different superscript letters. BW,, initial body weight; SL;, initial
standard length; BWj, final body weight; SL, final standard length; SGR, specific growth rate; K, Fulton’s condition factor; HSI, hepatosomatic index; PVFI, perivisceral fat index; FI, feed intake;
FCR, feed conversion ratio.
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TABLE 5 Fatty acid profile (mg/g lipid) of the liver in gilthead seabream fed the control and two basal diets supplemented with a mixture of pungent
spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level of 0.1 (SPICY ;%) and 0.15% (SPICYg 155%).

Control SPICYgun SPICY 455
Myristic acid (C14:0) 8.61 +2.87 6.96 + 2.62 8.66 + 1.59
Pentadecylic acid (C15:0) 147 £0.29 1.35 + 0.31 1.27:¢.025
Palmitic acid (C16:0) 12593 +2.91 117.43 £ 9.82 132.13 £ 9.26
Stearic acid (C18:0) 46.63 + 2.66 50.24 + 6.98 52.10 + 5.64

Saturated fatty acids (SFAs)

176.52 + 19.53

179.57 £ 13.97

197.27 + 12.73

Palmitoleic acid (C16:1 n-7) 26.20 + 493 24.56 + 2.82 2842 +1.74
Vaccenic acid (C18:1 n-7) 3441 + 3.06 33.67 £ 8.12 35.80 + 5.39
Oleic acid (C18:1 n-9) 238.38 + 8.25 246.14 + 35.72 261.72 + 30.28
Eicosenoic acid (C20:1 n-9) 4.08 +0.39 5.06 + 1.96 443 +0.77
Nervionic acid (C24:1 n-9) 1.76 £ 0.15 1.99 + 0.37 1.93 £ 0.33

Monounsaturated fatty acids (MUFAs)

307.14 + 13.72

311.83 + 44.12

332.29 + 36.43

Linoleic acid (C18:2 n-6) 126.14 + 6.76 124.04 + 10.12 138.17 + 9.49
Gamma-linolenic acid (C18:3 n-6) 6.94 + 1.24 7.84 +2.32 7.10 + 0.77
Arachidonic acid (C20:4 n-6; ARA) 447 +0.73 5.02 + 0.73 5.47 + 037
n-6 polyunsaturated fatty acids (n-6 PUFAs) 137.90 + 5.82 136.90 + 12.21 150.74 + 9.92
Alpha-linolenic acid (C18:3 n-3) 8.48 + 0.35 8.06 + 0.53 8.99 + 0.38
Stearidonic acid (C18:4 n-3) 1.52 £ 0.04 143 £ 0.26 1.73 £ 0.22
Eicosatetraenoic acid (C20:4 n-3) 1.67 £ 0.22 175+ 0.13 1.81 £ 0.16
Eicosapentaenoic acid (C20:5 n-3; EPA) 15.17 £ 0.39 15.48 + 1.39 16.96 + 1.80
Docosapentaenoic acid (C22:5 n-3) 7.96 + 1.10 9.02 + 1.93 8.92 + 049
Docosahexaenoic acid (C22:6 n-3; DHA) 15.85 + 2.21° 17.77 + 0.63* 20.80 + 2.58”
n-3 polyunsaturated fatty acids (n-3 PUFAs) 49.15 + 4.88" 53.65 + 2.72°° 59.21 + 4.61°
Total PUFAs 189.48 + 5.85 190.55 + 14.73 209.95 + 14.45
DHA/EPA 1.11 £ 0.09 1.15 £ 0.07 1.23 £ 0.09
EPA + DHA 32.05 + 0.81 3324 £ 195 37.76 + 4.15
né6/n3 2,67 £0.12 2.55 £ 0.12 2.55 + 0.06

Non-represented fatty acids were not detected in the analysis. Values are represented as mean + SD (n = 4 tanks per dietary group) and differences among groups (p < 0.05) are indicated by the
different superscript letters.

TABLE 6 Fatty acid profile (mg/g lipid) of the fillet in gilthead seabream fed the control and two basal diets supplemented with a mixture of pungent
spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level of 0.1 (SPICY¢.1%) and 0.15% (SPICYo.15%).

Control SP'CY0_1% SPlCYo_ls%
Myristic acid (C14:0) 8.60 + 1.35 8.34 + 1.59 8.72 + 1.88
Pentadecylic acid (C15:0) 1.21 = 0.10 1.14 £ 0.12 1.14 £ 0.11
Palmitic acid (C16:0) 129.29 + 349 125.17 £ 542 128.34 £ 9.20
Stearic acid (C18:0) 32.41 + 1.39 3220 + 1.07 32.70 + 0.64
Lignoceric acid (C24:0) 1.44 + 0.16 1.49 +0.05 1.48 +0.28
Saturated fatty acids (SFAs) 173.63 + 2.79 169.19 + 7.07 172.77 + 11.93
Palmitoleic acid (C16:1 n-7) 33.50 + 2.27 31.87 +2.63 34.05 + 5.60
(Continued)
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TABLE 6 Continued
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Control SPlCYo'l% SPlCYo_ls%
Oleic acid (C18:1 n-9) 247.55 + 10.03 239.58 + 12.32 24947 + 23.17
Eicosenoic acid (C20:1 n-9) 3.39 +0.14 3:51:+0:35 3.26 £ 0.39
Nervionic acid (C24:1 n-9) 1.43 + 0.22 1.54 +0.11 1.58 +0.14
Monounsaturated fatty acids (MUFAs) 285.59 + 12.55 276.50 + 13.65 287.93 + 28.38
Linoleic acid (C18:2 n-6) 143.89 + 749 141.64 + 5.88 143.51 + 11.97
Gamma-linolenic acid (C18:3 n-6) 3.26 + 0.37 3.44 +0.63 3.34 +0.12
Arachidonic acid (C20:4 n-6; ARA) 5.03 + 043 517 £0.34 5.06 + 0.96
n-6 polyunsaturated fatty acids (n-6 PUFAs) 152.56 + 8.17 150.26 + 6.44 151.91 + 11.40
Alpha-linolenic acid (C18:3 n-3) 9.82 +0.78 941 £ 0.75 9.92 + 0.89
Stearidonic acid (C18:4 n-3) 1.56 + 0.15 1.60 + 0.25 1.64 £ 0.24
Eicosatetraenoic acid (C20:4 n-3) 1.63 + 0.23 1.65 + 0.15 1.58 + 0.17
Eicosapentaenoic acid (C20:5 n-3; EPA) 23.87 +2.38 22.58 +0.48 23.71 + 3.64
Docosapentaenoic acid (C22:5 n-3) 992 +1.22 9.60 + 0.13 9.32 £ 0.55
Docosahexaenoic acid (C22:6 n-3; DHA) 29.37+2.75 30.83 + 1.58 30.37 + 495
n-3 polyunsaturated fatty acids (n-3 PUFAs) 77.88 + 9.41 75.68 +2.29 76.39 + 8.28
Total PUFAs 230.43 + 15.81 22594 + 828 228.30 +12.78
DHA/EPA 123 £ 003 1.37 £ 0.08" 1.28 + 0.06™
EPA + DHA 53.24 + 5.08 53.41 + 1.62 54.07 + 8.50
n6/n3 1.97 £ 0.18 1.99 + 0.06 2.01 +£0.29

Non-represented fatty acids were not detected in the analysis. Values are represented as mean + SD (n = 4 tanks per dietary group), and differences among groups (p < 0.05) are indicated by the

different superscript letters.

lipase, and c-amylase among diets in the stomach and pyloric ceca
samples (Table 7; p > 0.05). On the other hand, the activity of bile-
salt-activated lipase increased in the AI in gilthead seabream fed
both supplemented diet with respect to the control group (p < 0.05),
whereas the activities of total alkaline proteases and o-amylase
followed the same numerical trend, but differences were not
significant due to large interindividual variability (p > 0.05).

3.4 Composition of bile

Two primary BAs in their tauro-conjugated form were detected
in the bile of gilthead seabream: the taurocholic acid (T-CA) and the
taurochenodeoxycholic acid (T-CDCA), both at similar levels
among dietary groups (Table 8; p > 0.05). While the
concentration of BAs did not change among dietary treatments in

TABLE 7 Specific activity (mU/mg protein) of total alkaline proteases, a-amylase, and bile-salt-activated lipase in gilthead seabream fed the control
and two basal diets supplemented with a mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level

of 0.1 (SPICY.15%) and 0.15% (SPICY g 155).

Control SPICY0.1% SPICY¢.15%
Stomach and pyloric caeca
Total alkaline proteases 78.52 + 8.01 90.20 + 15.61 89.73 +12.03
o-amylase 398.32 + 51.08 410.19 + 25.24 418.92 + 30.81
Bile salt-activated lipase 2149 + 6.26 2348 + 1.54 2290 + 4.83

Anterior intestine

Total alkaline proteases
o-amylase

Bile salt-activated lipase

Values are represented as mean + SD (n = 4 tanks per dietary group) and differences among groups (p < 0.05) are indicated by the different superscript letters.
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TABLE 8 Bile acid profile in the gallbladder and the anterior intestine in gilthead seabream fed the control and two basal diets supplemented with a
mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level of 0.1 (SPICY 15) and 0.15% (SPICYq 15%).

Control SPICYq 1 SPICY 15%

Gallbladder (mg/mL)

T-CA 108.23 +9.59 108.89 + 1.11 100.23 + 8.14
T-CDCA 47.67 + 3.69 46.76 + 5.14 46.76 + 9.04
Total BAs 155.90 £ 9.58 155.65 + 5.62 146.98 + 15.27

Anterior intestine (ug/mag)

T-CA 30.00 +15.83 44.44 + 13.05 34.32 + 12.06
T-CDCA 19.94 + 13.72 2390 £ 6.18 17.26 + 4.26
Total BAs 49.94 + 2941 68.34 + 19.07 51.58 + 16.28

Non-represented bile acids were not detected in the analysis. Values are represented as mean + SD (n = 4 tanks per dietary group). T-CA, taurocholic acid; T-CDCA, taurochenodeoxycholic acid;
total BAs, total bile acids.

the gallbladder, the numerical values in the AI of each group and thickness of the tunica muscularis were found among
notably varied even though this trend was not statistically  treatments (Supplementary Table S6; p > 0.05).
significant due to large interindividual variability (p > 0.05). In
particular, the mean levels of T-CA and T-CDCA increased 50%
and 20%, respectively, in fish fed the SPICY 5o, diet, with respect to 3.6 Microbial diversity, structure, and
the control diet. That resulted in an increase of more than 35% of ~COMpPOSition
the mean levels of total BAs, although statistically there were no
significant differences due to the high deviation among specimens Based on the rest of the results, only the control and SPICY,
within each dietary group. diets were selected for the microbiota and gene expression analyses.
After rarefaction, a total of 2,269,502 reads clustering into
19,379 ASVs were obtained. The alpha diversity indices of ACE,
3.5 Histomorphology of the liver and Shannon, and Faith’s phylogenetic diversity (PD) were not different
anterior intestine among dietary treatments (control vs. SPICYj 4,) regardless of the
region of the intestine considered (Figures 2A, B, D; p > 0.05), while
Under the present experimental conditions, the hepatic  in the PI, the values from Simpson’s Diversity Index increased in
parenchyma showed a typical histological organization in all  fish fed the SPICY, q diet (0.99 + 0.00; mean + SEM) in
dietary groups. In particular, hepatocytes were polyhedral in  comparison to the control group (0.96 + 0.02) (Figure 2C; p <
shape, with varying degrees of vacuolization in their cytoplasm,  0.05; Supplementary Table S7). Results of beta diversity based on
and arranged in anastomosed plates separated by sinusoidal  the weighted UniFrac analysis did not show separation among
capillaries leading to central veins. No signs of inflammation nor  specimens regarding diets in the AI (Figure 2E; PERMANOVA, F =
infiltration of lymphocytes were observed in any of the diets. The ~ 0.666, R* = 0.029, p = 0.827) nor in the PI (Figure 2F;
SPICY, 1, diet had a clear effect on the accumulation of fat deposits ~ PERMANOVA, F = 0.950, R* ~ 0.045, p = 0.408).
within hepatocytes, halving the number of individuals with high In terms of microbial composition, the most abundant phyla
lipid accumulation in liver (score classification of 4) and increasing ~ were Firmicutes, Proteobacteria, and Bacteroidota, accounting for
the number of those with low and moderate lipid accumulation ~ 81% of the total microbial population (Figure 3A). There were no
(classifications 2 and 3; Figures 1A, B). significant differences in the relative abundance of any of these three
The histological organization of Al was also typical, without  phyla among dietary treatments (Supplementary Table S8; p > 0.05).
signs of enteritis. In brief, the mucosa was lined with the columnar ~ On the other hand, there was a significant increase in the phylum
epithelial layer, supported by connective tissue of the lamina  Chloroflexi in the PI in fish fed the SPICY| 4, diet with respect to
propria-submucosa and surrounded by the tunica muscularis. The  the control group (p < 0.05). The Firmicutes/Bacteroidetes (F/B)
epithelium was mainly composed of enterocytes with acidic  ratio was maintained at 1.67-1.70 in the Al and at 1.92-2.13 in the
microvilli, a basal basophilic nucleus, eosinophilic cytoplasm, and ~ PI (p > 0.05). Similarly, the relative abundances of the most
different amount and size of clear supranuclear vacuoles depending ~ dominant genera (21.0%) did not change among diets in the Al
on the dietary treatment. In particular, both diets supplemented  (Figure 3B; Supplementary Table S9; p > 0.05). Nevertheless, the
with the mixture of pungent spices were able to reduce relative abundances of the genera Campylobacter, Corynebacterium,
vacuolization with respect to the control group (Figures 1C, D).  and Peptoniphilus in the PI decreased when adding the combination
No differences in villus or enterocyte height, density of goblet cells,  of pungent spices to the diet (p < 0.05).
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3.7 Gene expression profile of the liver and
anterior intestine

The expression patterns of 33 out of 44 genes analyzed in the
liver were affected by the feeding time (2 h postprandial vs. 48 h
fasted) (Supplementary Table S10; p < 0.1). Analysis of differences
among diets for each feeding time highlighted an upregulation of
fasn, elovl6, and cyp7al (p < 0.05) and to a lower degree of scd1b (p <
0.1), while Ipl (p < 0.05) and pparf (p < 0.1) were downregulated in
2-h postprandial fish fed the SPICY, ;o diet with respect to those
fed the control diet. In 48-h fasted animals, experimental diets only

10.3389/fimmu.2023.1222173

affected srebpl and prdx5 expression patterns, which were
upregulated in fish fed the SPICY ¢, diet (p < 0.05). The PLS-
DA model of liver expression was based on three components, with
an explained variance [R2Y(cum)] of 66% and a predicted variance
[Q2(cum)] of 55% (Figure 4A). Separation among individuals
regarding the different assayed feeding times (2 h postprandial vs.
48 h fasted) was not clear, nor was there a differential distribution of
individuals based on diet (Figure 4B).

In the Al feeding time caused major changes on the expression of
29 out of the 44 analyzed genes (Supplementary Table S11; p < 0.1).
Regarding diet differences at each feeding time, the SPICY, 0, diet

A B
Score  Histological description 100%
Hepatocytes are small.
1 There are few small vacuoles in the cytoplasm. 90%
Central positioning of their nuclei.
Very low lipid accumulation. 80%
Slightly enlarged hepatocytes.
2 Many vacuoles in the cytoplasm. 70%
Nuclei are positioned centrally in most hepatocytes.
Low lipid accumulation. 60%
50%
40%
Il hep: ificantly enlarged
Cytoplasm seems "empty" due to the presence of big vacuoles 30%
Large lipid accumulation.
20%
22.22%
o DYKnOt Gt Some e 0% 1667%
of necrosis and lymphocyte:
Inflammation in the parenchyma and s %
nflammation in the parenchyma and si Coriiol SPICYg 156 SPICY 155
C Score Histological description D 100%
No observable lipid accumulation. 11.1
1 90%
Barely visible supranuclear vacuoles.
80%
Low lipid accumulation. 33.33%
70%
2 22.22%
Some supranucelar vacuoles are visible.
60%
50% 55.56%
40%
High lipid accumulatior
30%
55.56% 55.56%
supranuclear vacuoles are significantly en
20%
ipid accumulation 10% 22.22%
rgement of all vacuoles 0%
Control SPICYp 194 SPICYg 150

FIGURE 1

(A) Semi-quantitative scoring used for evaluating the levels of fat accumulation in the liver of gilthead seabream [adapted from Ruiz et al. (31)]. (B)
Results (%) of hepatic scoring from gilthead seabream (n = 12 fish per dietary group) fed the control and two basal diets supplemented with a
mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level of 0.1 (SPICY 35) and 0.15% (SPICY 15%)
(C) Semi-quantitative scoring used for evaluating the levels of fat accumulation in the anterior intestine of gilthead seabream [adapted from Ruiz

et al. (31)]. (D) Results (%) of intestinal scoring from gilthead seabream (n = 12 fish per dietary group) fed the experimental diets
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only upregulated il-1f3 and ccr9 with respect to the control 2-h
postprandial fish (Student’s t-test, p < 0.1), whereas after the 48-h
fasting period, the SPICY 14, diet caused a significant downregulation
of fabp1, fabp2, il-34, cd4-1, cd8b, and cd302 (p < 0.05) and, to a lesser
extent, cxadr and il-15, and an upregulation of pcna (p < 0.1). The
PLS-DA model of the AI expression was based on two components,
with an R2Y(cum) of 63% and a Q2(cum) of 54% (Figure 5A). There
was a clear separation among specimens regarding feeding time along
component 1, which explained 47.9% of the total variance
(Figure 5B), although there were no differences among individuals
for 2-h postprandial fish, and a certain overlap among individuals fed
the control and SPICY o, diets in 48-h fasted fish. Consequently,
clustering was able to discriminate feeding time but not diet
differences at each feeding time (Figure 5C).

4 Discussion

Present results revealed that the combination of capsicum, black
pepper, and ginger oleoresins, and cinnamaldehyde promoted
somatic growth in gilthead seabream (BW; and SGR) at both
dietary levels tested (0.1% and 0.15%). Such results are partially
in accordance with those obtained when testing the same
combination of pungent spices in broiler chickens, with
production phase differences that can be attributed to inherent
differences in species-specific physiology, production system, diet
formulation, among other factors (41). In fish species, there is still
scarce information on the pungent spices herein tested. However, a
recent study was conducted in gilthead seabream under winter
farming conditions (16 + 2°C) and fed diets with a high content of
SFAs (40%; 16% crude fat), in which the same blend of pungent

10.3389/fimmu.2023.1222173

spices was tested at different inclusion levels of 0.05%, 0.1%, and
0.15% (20). In this study, somatic growth presented a positive dose~
response trend, but effects were not significant.

To our knowledge, there are no other studies in fish species
testing the combined effect of all four spices evaluated herein.
Nonetheless, the effects of capsicum, black pepper, and ginger (or
their active principles) have been separately assessed on fish
performance, with controversial results (Supplementary Table
§12). In this sense, some studies have reported that the dietary
inclusion of capsicum did not lead to a significant improvement in
BW nor SGR in gilthead seabream, blue streak hap (Labidochromis
caeruleus), Mozambique tilapia (Oreochromis mossambicus),
rainbow trout (Oncorhynchus mykiss), and jewel cichlid
(Hemichromis guttatus) (56-60). On the other hand, Talebi et al.
(61) showed that the dietary supplementation of red bell pepper
(Capsicum annum) at an inclusion level of 44 or 55 mg/kg for 20-60
days significantly increased the BW and total length, but not the
SGR in rainbow trout (Oncorhynchus mykiss). When
supplementing fish diets with black pepper or its extracts, growth
was not enhanced in African catfish (Clarias gariepinus), rainbow
trout, and common carp (Cyprinus carpio) (62-64), but weight gain
was significantly increased in rohu fish (Labeo rohita) when adding
the extract to the diet at an inclusion level of 1% or 2% (65). Among
the four spices tested in the current study, ginger has been the most
studied regarding its growth enhancing effect in teleosts (66-70,
among others). Reviewing the literature, different results have been
reported, even in the same species, depending on the study. Such
changes in growth performance may be attributed to the specific
conditions and design of each nutritional assay, namely, feeding
period duration, basal diet formulation, supplement dosage, and
form (e.g., dried powder, essential oil, or oleoresin), and to the
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FIGURE 2

Microbial alpha diversity in the anterior (Al) and posterior intestine (Pl) in gilthead seabream (n = 12 fish per dietary group) fed the control and the
basal diet supplemented with a mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion level of 0.1%
(SPICYq.1%): (A) ACE index, (B) Shannon index, (C) Simpson's index, (D) Faith's phylogenetic diversity (PD); and PCoA analyses showing the spatial
distribution of microbiota samples from (E) the Al and (F) the Pl based on weighted UniFrac distances. Asterisks represent significant differences

between dietary treatments (p < 0.05)
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physiological condition of the fishes. In the case of cinnamaldehyde,
despite the absence of differences in the growth of Nile tilapia
(Oreochromis niloticus) when supplementing the diets with this
active principle (1 and 2 mL/kg) reported by Amer et al. (71), many
studies have demonstrated its potential in improving growth
performance in different fish species, such as Nile tilapia, grass
carp (Ctenopharyngodon idella), tongue sole (Cynoglossus
semilaevis), and fat greenling (Hexagrammos otakii) (72-75).
Regarding somatic indices, the fact that there were no
significant differences in Fulton’s condition factor among dietary
treatments suggested that the tested combination of pungent spices
did not compromise the overall body condition of gilthead
seabream juveniles (76). Furthermore, the HSI was also not
altered, in line with the absence of inflammation upon
histological evaluation and the absence of differences in the
activity of hepatic metabolic stress and oxidative stress enzymes,

10.3389/fimmu.2023.1222173

which confirmed the good health condition of the liver. On the
other hand, PVFI was significantly decreased by more than 20% in
fish fed the SPICYj 4, diet. In this regard, the diminishment of the
perivisceral fat levels usually has a positive effect on the consumer’s
perception (i.e., visual impact, more pleasant smell) and extends the
shelf-life of the edible fraction (77, 78). Despite the reduced PVFI,
the proximate macronutrient composition and fatty acid profile of
the liver and fillet in gilthead seabream fed the SPICY, ,,, diet were
very conserved.

When supplementing the diet with the combination of pungent
spices at 0.15%, the hepatic levels of DHA and n-3 PUFAs
significantly increased. These results are highly remarkable, since
n3-PUFAs, and especially DHA, are essential to ensure optimal fish
growth, development, and reproduction, and to enhance their
immune response (4). Regarding the fillet, the DHA/EPA ratio
was significantly increased in fish fed the SPICY, s diet in
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FIGURE 3

Relative abundances of gut bacterial taxa in the anterior (Al) and posterior intestine (Pl) in gilthead seabream (n = 12 fish per dietary group) fed the
control and the basal diet supplemented with a mixture of pungent spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a dietary inclusion
level of 0.1% (SPICY;1%). Data are expressed at (A) phylum and (B) genus levels (excluding unassigned genera). Taxa appearance in the figures is in order
of decreasing abundance (from bottom to top in the bar graph, and inversely in the bubble plot). Taxa with an abundance <1% are classified as others in
the bar graph and not represented in the bubble plot. Asterisks represent significant differences between dietary treatments (p < 0.05)
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comparison to the control group, reaching values closer to those
expected in gilthead seabream juveniles fed conventional diets
without fish oil replacement (79, 80). This was associated with a
slight numerical increase in DHA and decrease in EPA levels in the
fillet of fish fed the SPICY 4, diet. However, the reason why the
combination of pungent spices increased the DHA/EPA ratio is
presently unclear. In the previous study testing the same
combination of spices in gilthead seabream (20), DHA/EPA ratio
in fillet was not significantly affected, and both DHA and EPA were
numerically increased by the combination of pungent spices
(although DHA had a higher numerical increase and, hence,
DHA/EPA was slightly raised). The main effect previously
described was a significant increase in the n-3 PUFA levels in
fillet and a numerical reduction in n-6 PUFA in seabream fed a diet
supplemented with 0.15% of the spicy additive (20; Patent Number
W0O/2022/117810). Since gilthead seabream has a restricted ability
to synthesize DHA and EPA (4), it is unlikely that the observed
differences are caused by changes in LC-PUFA biosynthesis
pathways. Supporting this, the expression of the genes encoding
the enzymes that elongate PUFAs (elovl4, elovl5, and probably
elovll; 81) was not upregulated in fish fed the SPICY, o, diet,
although the higher increase in hepatic levels of DHA was observed
in fish fed the SPICY) 5o, diet, for which gene expression was not
assayed. Another possibility is that the increase in the levels of n-3
PUFAs could be caused by a higher capacity of absorption and
assimilation of n-3 PUFAs (specifically DHA) from the diet,
conferred by the combination of pungent spices, and related to
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(A) Goodness of fit of the PLS-DA model. (B) Score plot for two-
dimensional PLS-DA representing individual distribution between the
component 1 and 3 of the model based on hepatic biomarker
expression values with p < 0.1 (Student’s t-test) among diets
Samples were obtained from the liver of 48-h fasted and 2-h
postprandial gilthead seabream (n = 8 fish per dietary group) fed the
control and the basal diet supplemented with a mixture of pungent
spices (capsicum, black pepper, ginger, and cinnamaldehyde) at a
dietary inclusion level of 0.1% (SPICYg.1%)
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the increased bile-salt-activated lipase activity, as further discussed
below. However, a more likely hypothesis is that these fatty acids
were better conserved and deposited in fish tissues. There is good
evidence suggesting that animal fats can promote LC-PUFA
sparing, associated with their high SFA content, which are
preferentially used as metabolic energy sources (82, 83). On the
other hand, spices, including the ones used in the combination
tested herein, are well-known promotors of fat oxidation in
mammals (84). Hence, the combination of pungent spices could
have further potentiated the oxidation of dietary SFAs and MUFAs
for energy purposes and the sparing of LC-PUFAs, with its resulting
increased tissue deposition. Furthermore, in line with the present
results, DHA has been shown to be more efficiently retained than
EPA in Atlantic salmon tissues (85), which has been explained by
the higher complexity of DHA catabolism as compared to EPA,
since DHA oxidation requires an extra step involving the
peroxisomes (86).

Under the current experimental conditions, the supplementation
of the diet with the combination of pungent spices at 0.1% reduced
the FCR, in spite of the absence of significant differences in feed
intake and lipid and protein ADCs. A similar decrease in FCR was
reported in the study of Morais et al. (20) when supplementing
gilthead seabream diets with 0.1% and 0.15% of this additive during
winter. While none of the aforementioned studies testing the effect of
capsicum in fish diets described an amelioration of FCR (56, 58-60),
some of the works with black pepper or ginger and many of those
with cinnamaldehyde supplementation did (63, 65, 66, 68, 70, 72, 74,
75). Therefore, the decrease in FCR in fish fed the SPICY, q, diet
might be partly attributed to the active principles of ginger and black
pepper and to cinnamaldehyde or to the synergetic effect of the four
spices present in the tested product. One of the possible mechanisms
by which the combination of pungent spices decreased FCR values
may lie, at least partly, in the induction of the bile-salt-activated lipase
in the Al, as its activity was higher when supplementing the diets with
the tested combination.

When evaluating the histological organization of the liver and
Al none of the fish presented an excessive fat accumulation (score
of 5—steatosis; Figure 1), nor were there signs of inflammation or
physiological alterations, the presence of which normally indicates
disorders associated with unbalanced dietary conditions (87). The
most effective dose of the tested additive for reducing hepatic lipid
deposits was 0.1%, while in the intestine, both inclusion levels
followed a similar dynamic in terms of regulation of intracellular fat
deposits. In this sense, it is well-established in mammals that several
different spices have an effect on the regulation of body adiposity
through different mechanisms (18, 19). One of these mechanisms is
the stimulation of lipid digestion, which may occur through two
different pathways, as discussed in Platel and Srinivasan (18). The
first is by stimulating the activity of digestive pancreatic and
intestinal enzymes, whereas the second pathway is associated with
the potential of the spices to induce a higher secretion of BAs from
the liver into the bile, and subsequently to the intestine. Bile acids
allow fat emulsification and provide a higher action surface for
lipases through the formation of micelles, and being necessary for
the activation of bile-salt-activated lipase (88). In the current
experiment, we did not report statistical variation on lipid ADC
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values among experimental groups, which might be related to the
relatively high water temperature (22.5°C + 0.5°C), not imposing a
major challenge for lipid digestibility. Nevertheless, the numerical
increase in the levels of BAs (T-CA, T-CDCA, and their sum) in the
Al of fish fed the SPICY 1o, diet and the higher activity of the bile-
salt-activated lipase at both dietary inclusion levels indicated a
stimulatory effect towards hepatic production and/or secretion of
BAs by the tested combination of spices. To our knowledge, this is
currently the only study that has evaluated the fish BA profile under
dietary supplementation with any of the spices herein tested.
Drawing on the existing mammalian literature, some studies on
rats have reported an induced synthesis and secretion of BAs into
bile after dietary supplementation with capsaicin (the pungent

10.3389/fimmu.2023.1222173

active principle of capsicum) or ginger, the latter also increasing
the bile flowrate. By contrast, dietary supplementation with piperine
(the active principle of black pepper) and with cinnamon (the main
source of cinnamaldehyde) did not show a stimulatory effect on BA
synthesis and secretion (18, 19). However, when the four spices
were combined in a mixture, along with others, and supplemented
in rat diets, the secretion of BAs and bile flowrate markedly
increased, even though the higher increase was shown when the
mixture did not contain cinnamon (89). In the current study, the
apparently increased secretion of BAs may be associated with a
higher synthesis of BAs in the liver, considering the significantly
upregulated expression of cholesterol 7-alpha-monooxygenase
(cyp7al) in fish fed the SPICY(,q, diet. Indeed, CYP7A1 is the
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first rate-limiting enzyme in the classic pathway of the biosynthesis
of BAs from cholesterol.

Considering the results on growth and feeding performance,
DHA/EPA ratio of the fillet, vacuolization levels in the liver and Al,
the activity of bile-salt-activated lipase, and the BA profile, the best
dietary inclusion level of the combination of pungent spices under
the present experimental conditions was 0.1%. Hence, samples
from the control and SPICY, ,,, diets fed fish were selected for
analyzing the gene expression patterns of the liver and Al and the
gut microbial communities. Assuming a higher synthesis and
secretion of BAs in fish fed the SPICY 4, diet, these BAs might
be responsible for the 2-h postprandial hepatic downregulation of
lipoprotein lipase (Ipl) and upregulation of fatty acid synthase
(fasn). In this regard, we previously carried out an assay feeding
gilthead seabream juveniles with the same basal diet used in this
study but supplemented with a blend of BAs (31), and the
expression patterns of Ipl and fasn followed similar trends to the
ones of the current work. Regarding LPL, this enzyme hydrolyzes
the triacylglycerides from chylomicrons and very low-density
lipoproteins circulating in the plasma into glycerol and free fatty
acids (90). In this way, LPL facilitates the posterior incorporation of
these fatty acids into the tissues, which are stored as an energetic
reservoir in the form of triacylglycerides. Thus, Ipl downregulation
may be in line with the decreased PVFI and lower levels of fat
deposits in the liver. On the other hand, FASN is a key lipogenic
enzyme involved in de novo fatty acid synthesis, which catalyzes the
conversion of malonyl-CoA and acetyl-CoA into palmitic (C16:0)
acid (90). Furthermore, Dorn et al. (91) suggested a correlation
between fasn expression and hepatocellular lipid accumulation.
Thus, the upregulation of fasn could be a counter-regulatory
mechanism to maintain a balance on the hepatic fat deposits and
on the levels of fatty acids regarding their lower incorporation
caused by reduced expression of Ip/ (31). In this sense, many studies
in fish have reported an inverse regulation between the expression
patterns of Ipl and fasn in the liver (92-94, among others). It might
be worthwhile to further examine the mechanisms underlying the
transcription of these two biomarkers of lipid metabolism in fish
from a deeper molecular perspective. Interestingly, in the current
study, the supplementation of the diet with the combination of
pungent spices also led to a hepatic upregulation of the de novo
lipogenic biomarkers stearoyl-CoA desaturase 1b (scd1b) and
elongation of very long chain fatty acids 6 (elovl6). SCD1
metabolizes palmitic and stearic (C18:0) acid into palmitoleic
(C16:1 n-7) and oleic (C18:1 n-9) acid, respectively (95), while
ELOVL6 elongates SFAs and MUFAs with 12, 14, and 16 carbons
(96). Assuming that activity and gene expression matched, the
upregulation of elovl6 and scd1b may be part of the mechanism, in
which fasn is involved, to stabilize hepatic fatty acid levels in
response to their lower incorporation linked to Ip/
downregulation and/or be a strategy to prevent accumulation of
palmitic (C16:0) acid triggered by fasn upregulation. The expression
changes in the abovementioned biomarkers of lipid metabolism
were accompanied by the downregulation of peroxisome
proliferator-activated receptor 3 (pparp) in fish fed the SPICY, 4,
diet. The role of PPARP in lipid metabolism is not yet fully
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elucidated, and the change reported in this work was not very
pronounced given its low expression levels. However, PPAR[} may
stimulate the expression of genes involved in fatty acid oxidation,
and its ligands are likely fatty acids (97, 98), so a possibility is that
pparf is downregulated due to the presumed lower hepatic
accumulation of fatty acids linked to Ipl downregulation, which
would also match the lower PVFI observed in fish fed the
SPICY o, diet.

Regarding the gut microbial composition, several studies have
highlighted that the most dominant bacterial phyla of the gut
microbial communities in gilthead seabream are Firmicutes,
Proteobacteria, Bacteroidota, and Actinobacteriota (44, 99), in
line with the results obtained in the present work. Under current
conditions, the gut microbial community composition was very
conserved, with only an increase in the relative abundance of
Chloroflexi in the PI of fish fed the SPICY o, diet. This is a
widespread and metabolically diverse phylum of bacteria that has
been reported as part of fish microbiota (44, 100, 101), but whose
role remains unknown. No differences were found in the values of
the F/B ratio, which is a well-documented factor whose changes
have been used as a biomarker of intestinal dysbiosis in fishes (102).
Our F/B values remain within the results reported for farmed fish,
which vary widely depending on the rearing conditions and
experimental diets utilized (103, 104). On the other hand, the
absence of differences in beta diversity (Weighted UniFrac)
indicated that all samples were similar in terms of their
phylogenetic features, and therefore, the addition of pungent
spices to the diet did not pose a threat in terms of dysbiosis.
Regarding alpha diversity metrics, there were no differences in
estimated richness (Chaol and ACE indices) or phylogenetic
diversity (Faith index), but there was an increased value of
Simpson’s diversity index in the PI of fish fed the SPICY, o, diet
with respect to the control group. Both the Shannon and Simpson’s
indices are estimators of species richness and evenness, but while
the former puts more weight on species richness, the latter puts
more weight on species evenness (51). Therefore, the variation
reported with Simpson’s Index is more likely due to the differential
abundances of species among dietary treatments. Such changes in
abundance may be attributed to the potential antimicrobial effect on
some bacterial strains of the spices present in the additive (105-
108). Specifically, in the current study, there was a reduction in
relative abundance of the genera Campylobacter, Corynebacterium,
and Peptoniphilus in the PI using the pungent spices supplement at
a dietary inclusion level of 0.1%. On the other hand, such changes in
abundance may also be related to the presumed higher secretion of
bile stimulated by the spices and/or to the higher levels of BAs
found in the intestine of fish fed the SPICY)) 4, diet. Furthermore,
when supplementing the diets with the combination of pungent
spices in the present work, there was an increase in the relative
abundance of unassigned genera belonging to the family
Lachnospiraceae (Supplementary Table S9), some members of
whom possess bile acids-inducible genes, which encode for
enzymes involved in the metabolism of primary BAs into
secondary BAs (109). In addition, Prevotella, which is a non-bile-
acid-resistant genus, tended to be present at a lower relative
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abundance in fish fed the SPICY|, 4, diet than the control group (p =
0.051), which can be seen as another evidence of an increase in the
secretion of bile acids.

As clearly reflected by the PLS-DA representation, the overall
gene expression profile from the intestine of fed animals (2 h
postprandial) did not show any significant differences among
dietary groups (Supplementary Table S11). Only the expressions
of interleukin-1 beta (il-18) and C-C chemokine receptor type 9
(ccr9) showed a substantial increase in fish fed the SPICY,, ;4, diet (p
< 0.1). IL-1p is a pro-inflammatory cytokine produced by several
cell types in response to different processes, such as the activation of
pattern recognition receptors (PRRs) by pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular
patterns (DAMPs), among others. Additionally, IL-1f is
responsible for a cascade of effects on different members of this
cytokine family, leading to signal transduction and activation of the
nuclear factor (NF)-kB pathway (110). Furthermore, CCR9 is a cell
marker found in a wide range of immune cells (B cells, T cells,
monocytes, macrophages, and dendritic cells) that drives their
migration to the gut-associated lymphoid tissue (GALT), where
these cells may play a regulatory role in inflammation (111).
Considering the absence of signs of intestinal inflammation under
histological analysis and the absence of expression changes on other
pro-inflammatory cytokines (tnf-o, il-6, il-8, il-15, or il-34) and on
the measured PRRs, the upregulation of il-1 and ccr9 may be
attributed to a mild innate immune system priming. Since CCR9
has both pro- and anti-inflammatory functions (111), it is difficult
to know whether the upregulation of ccr9 was also associated with
the pro-inflammatory effect that IL-13 may have on the intestine, or
it was part of an anti-inflammatory response to maintain
homeostasis counteracting IL-1B-induced pro-inflammatory
response. In any case, as mentioned above, no signs of
inflammation or physiological disorders were observed with any
of the dietary treatments under current experimental conditions,
meaning that during the feeding period, the supplementation of
pungent spices did not compromise the intestinal health of the fish.

Regarding the gene expression of biomarkers of inflammation
in 48-h fasted fish, an anti-inflammatory effect of the tested additive
was indicated by the downregulation of interleukin-15 (il-15),
interleukin-34 (il-34), cluster of differentiation 4-1 (cd4-1), cluster
of differentiation 8 beta (cd8b), and CD302 antigen (cd302). While
the role of IL-15 and IL-34 in the fish immune response is yet
unclear, many studies have suggested that, as in mammals, these
cytokines may be associated with an inflammatory response (110).
In mammals, TL-15 induces the proliferation of B cells, T cells, and
natural killer (NK) cells (112), and IL-34 stimulates the
proliferation and differentiation of monocytes and macrophages
and can promote the proliferation of CD8" T regulatory cells (113).
Thus, the downregulation of both cytokines may be in line with the
lower expression of the cell markers cd4 and cd8b, which are
commonly found on the surface of different T-cell subtypes (114).
Similarly, the C-type lectin receptor CD302 is expressed in
monocytes, macrophages, granulocytes, and dendritic cells and is
involved in cell adhesion and migration and in endocytosis and
phagocytosis (115). Some in vitro assays using cells from ayu
(Plecoglossus altivelis) and Nile tilapia have also unraveled the
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phagocytic and bactericidal activity of CD302 (116, 117). In this
sense, the downregulation of il-15, il-34, cd4-1, cd8b, and cd302 may
be related to an anti-inflammatory effect of the tested combination
of pungent spices. This has been seen previously when each of the
spices was tested individually in mammals (107, 118) and is also in
line with the anti-inflammatory effect that ginger and
cinnamaldehyde apparently have in the intestine of rohu fish and
bacteria-infected zebrafish (Danio rerio), respectively (68, 119).
Although black pepper and capsicum have also been reported to
act as immunostimulants in fish, such as rainbow trout and rohu
fish, respectively (65, 120, 121), their effects on inflammation have
not yet been elucidated.

In addition to the potential anti-inflammatory response, the
dietary supplementation with the combination of pungent spices
may also have an effect on intestinal epithelial integrity. In particular,
there was an upregulation of proliferating cell nuclear antigen (pcna),
which may suggest a higher cell proliferation (122) and, in line with it,
a downregulation of the coxsackievirus and adenovirus receptor
homolog (cxadr), whose expression has been inversely correlated
with the rate of cell proliferation (123). Based on these discussed
results, a possibility is that such enhanced functionality may
modulate the potential entry of PAMPs through the enterocytes,
which could be the cause of the lower expression of the PRR ¢d302 by
the leukocytes of the GALT. Consequently, this would lead to a lower
immune response as indicated by the lower expression of cd4-1 and
cd8b cell markers and reduced secretion of the pro-inflammatory
cytokines IL-15 and IL-34. Hence, the reduced levels of expression of
pro-inflammatory biomarkers may be the consequence of a reduced
exposure to foreign molecules due to the increased permeability
induced by pcna upregulation rather than an orchestrated activation
of an anti-inflammatory response. Regardless of the cause of the
downregulation of il-15, il-34, cd4-1, cd8b, and cd302, the results
suggest that the tested additive enhanced the health status of the
intestine under short-term fasting conditions, since the SPICYj 4,
diet prevented intestinal inflammation that can affect the fish
intestinal motility and deregulate digestion and absorption of
nutrients, leading to a lower utilization of the feed and to
physiological disorders (124). In this sense, some strategies
currently used in aquaculture, such as the replacement of fish oil or
the use of high-fat diets, have been correlated with inflammation and
excessive lipid accumulation in digestive tissues and with a lower
non-specific immunity and disease resistance (16, 125, 126).
Therefore, the tested combination of pungent spices may be used
as a potential tool to aid in the prevention of intestinal inflammation,
enhance peristalsis, and optimize nutrient digestion and absorption.
However, further studies are needed to confirm the anti-
inflammatory effect in the intestine of the combination of spices
tested herein. Overall, to complete the detailed understanding of the
mechanisms underlying the above-mentioned pathways, the
invaluable help of omics sciences (i.e., RNA-seq or microarray
analyses) may be needed in order to further track the gene
expression of key biomarkers, such as some anti-inflammatory
cytokines (TGF-f3, IL-4/13A, and IL-4/13B).

Although there was no suggestion of potential anti-
inflammatory effect of the combination of pungent spices until
feeding cessation, this was probably because the transit of feed along
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the gastrointestinal tract had a greater impact on gene expression
than the differential ingredient formulation of the experimental
diets themselves. Regardless, based on our above-discussed results,
we recommend that the incorporation of the combination of
pungent spices in the diet be continuous whenever the purpose is
to promote lipid metabolism to reduce body fat content and
improve the health status of the fish, accompanied by an increase
in fish growth and feed utilization. In this sense, the regulatory effect
that the combination of spices had on the expression of hepatic
biomarkers related to lipid metabolism practically disappeared after
the 48-h fasting period (Supplementary Table S10), except for the
upregulation of sterol regulatory element-binding proteins 1
(srebpl) and peroxiredoxin 5 (prdx5). SREBPI is a membrane
transcription factor that has been related to lipid homeostasis
through the regulation of de novo lipogenesis and fatty acid
synthesis in fish liver (81), which may be activated after feed
deprivation to maintain a balance on the levels of hepatic fatty
acids. Albeit the function of PRDXS5 in fish still needs to be further
studied, recent works in mammals have elucidated its role in
preventing adipogenesis by maintaining the intracellular redox
balance and avoiding fat deposition through inhibition of fatty
acid synthesis and acceleration of their oxidation (127, 128). Thus,
the decreased fatty acid production triggered by prdx5 upregulation
in the liver of 48-h fasted fish fed the SPICY, 4, diet may be in line
with the downregulation in the intestine of the liver-type fatty acid-
binding protein (fabp1) and the intestinal fatty acid-binding protein
(fabp2) (Supplementary Table S11), both involved in fatty acid
uptake, transport, and metabolism (129).

5 Conclusions

This study showed that under the regimen of a high saturated fat
diet (with poultry fat as the major lipid source), the supplementation
of the feed with 0.1% of a product containing a combination of
capsicum, black pepper, and ginger oleoresins, and cinnamaldehyde
improved the growth performance and FCR in gilthead seabream. In
addition, the SPICY 4, diet reduced the levels of fat deposits in the
visceral cavity, liver, and intestine and increased the DHA/EPA ratio
in the fillet to a range closer to the levels commonly found in fillet of
farmed gilthead seabream fed a conventional fish-oil-based diet.
Moreover, the SPICY| ¢, diet was able to increase the activity of
the bile-salt-activated lipase and regulate the gene expression
of biomarkers of lipid metabolism. In this sense, the upregulation
of cyp7al, which is involved in the synthesis of primary BAs, which
may stimulate lipid digestion, and the downregulation of Ipl, which
hydrolyzes plasmatic triacylglycerides releasing free fatty acids that
can be incorporated into the tissues, was noteworthy. There was no
great impact in the structure and composition of the gut microbial
communities, albeit the relative abundance of the phylum Chloroflexi
increased, while the relative abundances of the genera Campylobacter,
Corynebacterium, and Peptoniphilus decreased. In addition, when
supplementing the basal diet with the combination of pungent spices
at 0.1%, there was a downregulation of the PRR ¢d302, the immune
cell markers cd4-1 and cd8b, and the pro-inflammatory cytokines il-
15 and il-34 in 48-h fasted fish. On the other hand, the
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supplementation of the diet with the pungent spices at an inclusion
level of 0.15% also had a positive effect on growth performance, in the
reduction in lipid vacuolization within the enterocytes, and in
the activity of the bile-salt-activated lipase in the intestine.
Moreover, the SPICY, sy diet showed higher levels of DHA and
total n-3 PUFAs in the liver than the control group. Therefore, the
supplementation of fish feeds containing reduced levels of fish oil,
especially when fish oil is substituted by oils containing high levels of
SFAs, with the combination of pungent spices, may provide a
functional solution to optimize the usage of fish oil as a strategic
ingredient in the aquafeed industry, even though the optimal
inclusion level might need to be optimized depending on the
species and diet composition.
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ARTICLE INFO ABSTRACT

Keywords: Reductions in fish oil content in aquafeeds can generate physiological and immunological disorders in farmed
Omega 3 fish, associated to low dietary levels of n-3 long chain polyunsaturated fatty acids (n-3 LC-PUFAs) and increased
Phytogenic

levels of n-6 PUFAs. Based on mammalian literature, spices could potentially counteract some of these negative
effects. To explore this hypothesis, this work intended to offer a holistic insight on the effect of supplementing a
diet (44% crude protein, 18% crude fat, 21.4 MJ kg™! gross energy) containing low (3%) fish oil and poultry fat
as the main oil source (43% of added oils) with 0.2% of an encapsulated combination of spice oleoresins (SO)
including turmeric, capsicum, black pepper, and ginger in gilthead seabream (Sparus aurata, 44.1 + 4.1 g). At the
end of the trial (90 days), fish fed with the SO diet displayed lower levels of perivisceral and hepatic fat, as well
as reduced accumulation of lipid deposits, assessed histologically, in liver and intestine. These findings were

Rendered fat
Lipid catabolism
Anti-inflammatory

consistent with an increased activity of bile salt-activated lipase in the anterior intestine and the regulation of
gene expression (qQPCR) of several biomarkers related to lipid metabolism, including several key metabolic
sensors and nuclear factors (hnf4a and srebp2 at 2 h after feeding and Ixra, fxr, ppary, pparp, sirtl in 48 h-fasted
fish) that coordinate the expression of a network of genes (many of them significantly affected herein) regulating
lipid, cholesterol and bile acid homeostasis. Moreover, the combination of SO had an immunomodulatory effect
in the intestine which reached its climax in 48 h fasted-fish with the down-regulation of the pro-inflammatory
cytokines tnf-a, il-12f, il-15, il-34 and cell markers cd4-1, cd8b, and ccrll, suggesting a potential anti-
inflammatory response. No major effects were noted on fish growth and feed performance, on the oxidative
status of the fish (although there were some subtle indications of reduced hepatic ROS levels). When assessing
the gut microbial communities of gilthead seabream (16S rRNA gene sequencing on Illumina MiSeq) there were
no differences in alpha and beta diversity between both experimental diets in the anterior and posterior in-
testines, except for an increase in the relative abundance of Bacteroides, Desulfovibrio, Candidatus Arthromitus,
and Ralstonia. In conclusion, supplementation of diets with the tested combination of SO may be an effective
strategy to prevent lipid accumulation and inflammation in fish fed diets containing reduced fish oil levels.

1. Introduction aquaculture the largest consumer sector of this ingredient (ca. 73% of FO
production) (FAO, 2022). Topping the second position is direct human
The incorporation of fish oil (FO) into aquafeeds has made consumption of FO (16%) due to its increasing use for nutraceutical
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applications (Shepherd and Bachis, 2014). The importance of FO in the
aquafeed industry lies in the fact that it is the main source of omega 3
long-chain polyunsaturated fatty acids (n-3 LC-PUFAs). Indeed, incor-
poration of n-3 PUFAs into feeds does not only improve the health of
farmed fish, but also its quality and the health benefits for the consumer
(Tocher, 2015). There are different mechanisms of action of LC-PUFAs,
derived from the production of eicosanoids which are involved in
extracellular actions at the level of tissue, to their direct action as
intracellular ligands of transcription factors which regulate the expres-
sion of a multitude of gene pathways (Tocher, 2015). Among others, the
expression of farnesoid X receptor (fxr), liver X receptor o (Ixra), sterol
regulatory element-binding protein-lc (srebp-1c), and the family of
peroxisome proliferator-activated receptors (ppar’s) have been shown to
be activated by LC-PUFAs (Sampath and Ntambi, 2005; Zhao et al.,
2004). Fish studies have demonstrated that n-3 LC-PUFAs are able to
activate p-oxidation, modulate fat digestion and mobilization, and
inhibit lipogenesis and de novo fatty acid synthesis (Turchini et al.,
2009). Furthermore, LC-PUFAs can also act as an energy reservoir and
have key structural roles as constituents of phospholipids in cellular
membranes (Tocher, 2015).

On the other hand, the limited availability and insufficient produc-
tion of FO have driven up the economic value of this ingredient in recent
decades (Naylor et al., 2021). Thus, the rapid globalization and inten-
sification of the aquaculture sector urgently require a reduction in FO
usage, which have forced the aquafeed sector to look for other
economically viable and environmentally sustainable ingredients. Some
of the most tested conventional ingredients have been plant-based oils.
However, many of them, such as soybean, corn, safflower, cottonseed,
and sunflower oils, have much lower levels of n-3 PUFAs and higher
levels of n-6 PUFAs than fish oil, unbalancing the n-6/n-3 ratio (Brown
and Hart, 2010). Terrestrial animal rendered oils contain less n-6 LC-
PUFAs than plant-based oils, causing a lower n-6/n-3 ratio imbalance
(Moretti and Corino, 2008). Moreover, terrestrial animal fats, and some
plant-based oils (i.e., palm oil, palm kernel oil), have a higher content of
saturated fatty acids (SFAs) and/or monounsaturated fatty acids
(MUFAs) (Turchini et al., 2009). In this regard, the preferential
B-oxidation of SFAs, followed by MUFAs for energy production, has been
shown to spare n-3 LC-PUFAs in fish, which is a promising strategy to
partly compensate for the reduced levels of n-3 LC-PUFAs of the
mentioned ingredients (Rombenso et al., 2022), helping to better
conserve the DHA and EPA supplied by the reduced FO levels in fish
diets. Consequently, despite generally not having detrimental effects on
growth performance, FO reduction has been reported to induce lipid
deposition and a pro-inflammatory status in the fish digestive organs
(Tan et al., 2016; Torstensen and Tocher, 2010), which can impair in-
testinal motility and deregulate digestion and absorption of nutrients
(Serna-Duque and Esteban, 2020); as well as decreasing non-specific
immunity and disease resistance (Tan et al., 2016). Likewise, the
decrease in the levels of n-3 LC-PUFAs caused by FO replacement in
seafood also compromises consumers’ health (Rosenlund et al., 2010).
Thus, the blue food sector is at a stage of searching for new nutritional
strategies aimed at the judicious use of FO while meeting the nutritional
needs of the animal and the consumer.

Spices are vegetal compounds which are traditionally utilized for
culinary purposes but, thanks to their wide range of functionalities, can
also be used for many therapeutic and prophylactic applications (e.g.,
prevention and/or reduction of carcinogenesis, diabetes, and obesity)
and are considered powerful nutraceuticals (Platel and Srinivasan,
2004; Srinivasan, 2005; Westerterp-Plantenga et al., 2006). In mam-
malians, many studies have verified the digestive, hypocholesterolemic,
and hypolipidemic effects of many spices, accelerating metabolic rate
and fat oxidation, as well as their antioxidant, antimicrobial and anti-
inflammatory properties (Platel and Srinivasan, 2004; Srinivasan,
2005; Westerterp-Plantenga et al., 2006). One of the mechanisms of the
regulation of lipid metabolism and body adiposity involves the stimu-
lation of hepatic production of bile acids (BAs) and their secretion into
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the bile, promoting a better lipid digestion (Platel and Srinivasan, 2004).
A major function of BAs is to allow fat emulsification and the formation
of micelles that provide a higher action surface for lipases, as well as
being necessary for the functioning of the bile salt-activated lipase
(Romano et al., 2020). The secretion of BAs depends not only on the rate
of BA synthesis, but also on the reabsorption and/or flow rate of BAs,
which in mammalian vertebrates have been noted to increase after the
ingestion of several spices (Platel and Srinivasan, 2004). Therefore,
microencapsulated spices are promising phytogenics to help prevent the
above-mentioned physiological and metabolic disorders and to enhance
the general health status of farmed fish (Huyben et al., 2021; Pelusio
et al., 2020). The present study aims to assess the effects of supple-
menting a reduced FO diet with a product based on an encapsulated
combination of turmeric, capsicum, black pepper, and ginger oleoresins
in fish performance, nutrient digestibility, body adiposity, metabolism,
antioxidant capacity, and intestinal health in terms of immunity and gut
microbial communities. Gilthead seabream (Sparus aurata) was chosen
as a model fish for this study due to its importance in the Mediterranean
fish farming.

2. Material and methods
2.1. Animal ethics

All procedures involving fish manipulation and tissue sampling
complied with the Spanish (law 32/2007 and Royal Decree 1201/2015)
and ongoing European legislation (EU2010/63), and were authorized by
the Ethical Committee of the Institute of Agrifood Research and Tech-
nology (Spain) and the Generalitat of Catalunya (CEEA 219/2020).

2.2. Animals and husbandry conditions

Juveniles of gilthead seabream (initial body weight, BW = 44.1 +
4.1 g; mean + standard deviation, SD) were purchased from a com-
mercial fish farm (Piscicultura Marina Mediterranea SL, Andromeda
Group, Valencia, Spain) and transported to the facilities of the Institute
of Agrifood Research and Technology (IRTA) in La Rapita (Tarragona,
Spain). After an acclimation period of two weeks, fish were randomly
distributed in eight tanks of 450 L (30 fish per tank; initial density = 3
kg m~?) connected to an IRTAmar® water recirculation system. This
assay took place under natural photoperiod, with constant temperature
(22.5 £ 0.5 °Q), dissolved oxygen (6.3 £+ 0.2 mg L_l) and pH (7.6 +
0.01), which were measured daily. Salinity (36%o), nitrite (0.16 + 0.1
mg NO3 L’l) and ammonia (0.22 + 0.08 mg NHj L’l) levels were
monitored every week.

2.3. Diets and feeding trial

Two experimental diets (Table 1; 3 mm pellet size) were manufac-
tured by Sparos Lda. (Portugal) to be isonitrogenous (44% crude pro-
tein), isolipidic (18% crude fat) and isoenergetic (21.4 MJ kg’l) as
follows. All powder ingredients, including the encapsulated combina-
tion of spice oleoresins when added, were mixed in a double-helix mixer
(TGC Extrusion model 500 L, France) and ground (<400 mm) in a
micropulverizer hammer mill (Hosokawa-Alpine model SH1, Germany).
Diets were manufactured with a twin-screw extruder (Clextral model
BC45, France) with a screw diameter of 55.5 mm. Extrusion conditions
were: feeder rate (80-85 kg/h), screw speed (247-266 rpm), water
addition in barrel 1 (345 mL/min), temperature in barrel 1 (32-34 °C),
temperature in barrel 2 (59-62 °C) and temperature in barrel 3
(111-114 °C). Extruded pellets were dried in a vibrating fluid bed dryer
(TGC Extrusion model DR100, France). After cooling, oils were added by
vacuum coating (Dinnissen model PG-10VCLAB, Netherlands). Coating
conditions were: pressure (700 mbar), spraying time under vacuum
(approximately 90 s), and return to atmospheric pressure (120 s). The
first diet was used as the control diet and was based on a standard
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Table 1

Ingredient formulation, proximate and fatty acid composition of the experi-
mental diets: a control and a basal diet supplemented with a combination of
spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO).

Ingredients (%) Control SO

Fishmeal Super Prime 7.50 7.50

Fishmeal 60 (62% CP) 5.00 5.00

Fish protein concentrate 2.00 2.00

Feathermeal hydrolysate 5.00 5.00

Porcine blood meal 3.00 3.00

Poultry meal 15.00 15.00

Aminopro NT70 - C. glutamicum 4.00 4.00

Corn gluten meal 8.00 8.00

Soybean meal 48 (47% CP) 12.00 12.00

Sunflower meal 5.00 5.00

Wheat meal 10.31 10.31

Whole peas 5.00 5.00

Pea starch (raw) 2.40 2.40

Fish oil 3.02 3.02

Soybean oil 2.35 2.35

Poultry fat 8.04 8.04

Vitamin and mineral premix* 1.00 1.00

Vitamin C35 0.05 0.05

Vitamin E50 0.02 0.02

Betaine HCI 0.20 0.20

Choline chloride 60 0.10 0.10

Antioxidant 0.20 0.20

Sodium propionate 0.10 0.10

Monoammonium phosphate 0.35 0.35

L-Tryptophan 0.15 0.15

DL-Methionine 0.20 0.20

Encapsulated spice oleoresins (Lucta) = 0.20

Yttrium oxide 0.02 0.02

Proximate composition
Moisture, % 7.25 + 0.09 7.18 + 0.05
Ash, % 6.90 £ 0.13 6.91 £ 0.05
Crude protein, % 44.14 + 0.05 44.20 + 0.07
Crude fat, % 18.10 + 0.04 18.12 + 0.03
Carbohydrates, % 23.60 + 0.23 23.58 + 0.14
Gross energy, MJ kg ! 21.38 £ 1.11 21.45 + 1.00

Fatty acid profile (% of total fatty acids)
Saturated fatty acids (SFAs) 27.19 + 0.40 27.53 + 0.40
Monounsaturated fatty acids (MUFAs) 36.61 + 0.73 36.08 + 0.56
n-6 Polyunsaturated fatty acids (n-6 PUFAs) 26.65 + 0.06 26.71 + 0.30
n-3 Polyunsaturated fatty acids (n-3 PUFAs) 9,55 + 0.39 9.68 + 0.19
Total PUFAs 36.20 + 0.45 36.38 + 0.49

*PREMIX Lda, Portugal. Vitamins (IU or mg * kg diet ™!): DL-alpha tocopherol
acetate, 100 mg; sodium menadione bisulphate, 25 mg; retinyl acetate, 20,000
1U; DL-cholecalciferol, 2000 IU; thiamin, 30 mg; riboflavin, 30 mg; pyridoxine,
20 mg; cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg;
ascorbic acid, 1000 mg; inositol, 500 mg; biotin, 3 mg; calcium panthotenate,
100 mg; choline chloride, 1000 mg, betaine, 500 mg. Minerals (g or mg * kg
diet™1): 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;
zine sulphate, 7.5 mg; sodium chloride, 400 mg; calcium carbonate, 1.86 g;
excipient wheat middlings.

The complete fatty acid profile of the experimental diets is detailed in Supple-
mentary Table S1. The proximate and fatty acid composition of diets were
analysed in duplicate; values are represented as mean + standard deviation
(SD).

commercial seabream feed formulation, but included a higher content of
poultry fat while lowering the levels of FO and soybean oil. This
ingredient formulation was chosen to maintain relatively high dietary
levels of SFAs (27% of total fatty acids; Table 1; Supplementary
Table S1) and to control the rise in n-6 PUFA. The experimental diet had
the same basal formulation but was supplemented with 0.2% of an
encapsulated combination of spice oleoresins (SO), including turmeric,
capsicum, black pepper, and ginger (Lucta S. A., Spain; Patent Number
WO0/2022/117810). The purpose of the encapsulation is to allow the
manipulation of the spices during feed preparation, as the pungent
substances can be irritable when handled in high concentration but,
once included in the feed, the active ingredients are released from the
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encapsulating fat matrix during the extrusion process. Yttrium oxide
(Y503, Sigma Aldrich, Spain) was added to the diets (0.2 g kg™!) as an
inert marker to determine the apparent digestibility coefficients (ADCs)
of macronutrients.

At the beginning of the trial, four tanks were randomly assigned to
each dietary treatment. Diets were distributed twice a day in 12 meals
spread over an hour (one every five minutes) with automatic feeders
(Arvo-Tec T Drum 2000, Finland) for 90 days. Once a month, fish were
anesthetized with buffered tricaine methanesulfonate (MS-222, Sigma-
Aldrich, Spain; 100 mg L) for monitoring growth in terms of BW
and standard length (SL). Each day, uneaten pellets were recovered from
the bottom of the tank, dried (100 °C) and weighed to guarantee that
feed was offered in excess and to calculate the daily feed intake. For
assessing ADCs of lipids and proteins, faeces were collected by means of
a sedimentation column 10-12 h after removal of uneaten feed during
three consecutive days.

2.4. Fish performance parameters

After the 90 days-feeding trial, fish were fasted for 48 h, anesthetized
(100 mg L' MS-222) and their final body weight (BWy) and standard
length (SL¢) were individually measured. The following growth and feed
performance indicators were calculated:

Specific growth rate (SGR:%day_') =100x In [BWr (g)
— In BW; (g)]/lime (days).

Thermal growth coefficient (TGC) =1000 x (BWf (2)' —BW; (g)“"‘)

/(Temperature (°C) x day ).
Fulton's condition factor (K) = 100 x BW; (g)/SLf ().

Feed intake (FI.g ﬁsh") =total feed intake per tank (g)
/number of fish per tank (g).

Feed conversion ratio (FCR) =total feed intake per tank (g)

/fish biomass increase per tank (g).

Then, six fish per tank (24 per dietary treatment) were netted and
euthanized with an overdose of MS-222 (300 mg LY and the liver and
perivisceral fat were gently extracted and individually weighed for
calculating the following somatic indices:

Perivisceral fat index (PVFIL; %) = perivisceral fat weight (g)/BWf (g).

Hepatosomatic index (HSI; %) = liver weight (g) /BW; (g).

2.5. Tissue sampling

At the end of the trial, eight fish from each tank (32 per treatment)
were euthanized (including those sacrificed for calculating the PVFI and
the HSI). Then, the fillet and the liver of three fish per tank were
dissected and frozen at —20 °C for proximate and fatty acid composition
analyses. A piece of the liver (ca. 1.5-2 cm?) and a piece of anterior
intestine (AL; 4 cm) from three individuals per tank (12 fish per diet)
were fixed in 10% neutral buffered formalin (pH = 7.2) and stored at
4 °C until further histological analysis. The Al was selected because the
digestion and absorption rate of fat is higher in this region (Bakke et al.,
2010). The rest of the liver was divided in pieces and stored at —80 °C for
assessing hepatic antioxidant stress and metabolic biomarkers (4 repli-
cates per diet). For studying the bile acid (BA) profile, the walls of the
gallbladders of four fish per tank were ruptured with a blunt scalpel, and
the content of all fish from the same tank were pooled together (4 rep-
licates per diet) and stored at —80 °C. A piece of the liver and a piece of
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Al (ca. 1 and 2 cm? respectively) of two specimens per tank (8 per di-
etary treatment) were separately immersed in 5 volumes of RNAlater
(Sigma-Aldrich, USA), incubated at 4 °C overnight and frozen at —80 °C
for further transcriptomic analysis. A section of Al (ca. 4 cm long-cut
from the pyloric caeca) and posterior intestine (PI; ca. 4 cm long-cut
from the anus backwards) from three fish per tank (12 per treatment)
were dissected and opened lengthwise. The mucosal content was gently

Index of thrombogenicity (IT) = (C14: 0+ C16 : 0+ C18
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the following indices described in Chen and Liu (2020):

Indexof atherogenicity (IA)=[(C12:0+(4xC14:0)+C16
:0)]/(EMUFAs+Zn—6PUFAs-+Zn—3PUFAs).

:0)/[(0.5 x £MUFAs) + (0.5 x £n — 6 PUFASs) + (3 x Zn — 3 PUFAs) + (En — 3 PUFAs/Zn — 6 PUFAs) .

scraped with a round edge spatula and immediately frozen at —80 °C for
further microbial analysis. The described tissues were collected from fish
that had been fasted for 48 h (Naya-Catala et al., 2021), in order to
ensure sample stability and avoid contamination by allochthonous
bacteria.

To restore the non-fasting physiology of fish, the remaining fish were
fed for three days, and then, two hours after the last feeding, ten fish per
tank (40 per treatment) were randomly selected and euthanized (300
mg L7}, MS-222). The digestive tract of four fish per tank was divided in
two regions: i) the stomach and pyloric caeca, and ii) the Al, and stored
at —80 °C for measuring the activity of pancreatic digestive enzymes. To
assay the BA profile of the AI in 2 h postprandial-fish, the luminal
content of four fish per tank was stripped with tweezers into one tube (4
replicates per diet) and immediately frozen at —80 °C. A piece of the
liver and of Al from two fish per tank (8 per dietary treatment) were
dissected and conserved as previously described for studying the tem-
poral effect of the diet on hepatic and intestinal gene expression. Before
euthanasia, four fish from each tank (16 fish per diet) were anesthetized
with MS-222 (100 mg L 1) and ca. 1 mL of blood was extracted from the
caudal vein with heparinized syringes and centrifugated (1600 xg, 10
min, 4 °C) for collection of plasma, which was frozen at —80 °C.

2.6. Proximate composition, fatty acid profile, and macronutrient ADCs

A pool of three liver pieces per tank were homogenized together (IKA
T25 digital ULTRA-TURRAX, IKA Works, USA) and processed, whereas
the three fillets per tank were individually processed. The total content
of protein, lipids, carbohydrates and ash, and the fatty acid profile of
livers and fillets were determined as described in the work of Ruiz et al.
(2023a). In brief, crude fat was quantified gravimetrically after extrac-
tion in chloroform/methanol (2:1) and evaporation of the solvent under
a stream of nitrogen followed by vacuum desiccation overnight (Folch
et al.,, 1957). Then, transmethylated fatty acids from total lipids were
extracted, purified, and finally quantified by gas-liquid chromatography
on a Thermo Trace GC (Thermo Fisher, Spain) coupled to a TRACE™ TR-
FAME GC Column (Thermo Scientific, Spain), using heneicosylic acid
(21:0) as internal standard (ref. H5,149, Sigma-Aldrich, Spain) (Skalli
et al., 2020). Crude protein and carbohydrate contents were determined
following the methodology described by Dumas (1826) and DuBois et al.
(1956), respectively. Ash contents were determined by keeping the
sample at 500 to 600 °C for 24 h in a muffle furnace (Association of
Official Analytical Chemists (AOAC), 1990) and water content was
estimated by sample drying at 120 °C for 24 h. All chemical analyses
were performed in triplicate.

The nutritional quality of the lipid fraction from fillets, based on the
percentages of saturated fatty acids (SFAs; lauric C12:0, myristic C14:0,
palmitic C16:0, and stearic C18:0 acids), monounsaturated fatty acids
(MUFAS; oleic C18:1 n-9 acid), and polyunsaturated fatty acids (PUFAs;
gamma-linolenic C18:3 n-6, alpha-linolenic C18:3 n-3, eicosapentaenoic
C20:5 n-3, and docosahexaenoic C22:6 n-3 acids), was estimated with

Hypocholesterolemic/hypercholesterolemic fatty acids ratio (h/H) = (C18
:In—-9+C18:3n—-6+C18:3n—3+C20:5n—3+C22
:6n—3)/(C12: 0+ C14: 0+ C16: 0).

The concentration of Y203 in the diets and faeces was determined
with an Agilent 7700 ICP-MS (Agilent Technologies, USA) in order to
assess protein and lipid ADCs (Cheng and Hardy, 2002):

ADC of nutrient (%) =100 x [I—(%Y,0; in diet/%Y,0; in faeces)

x (%nutrient in facces/%nutrient in diet) |.

2.7. Histological analyses

Small segments of the fixed liver and Al (ca. 0.5-1 cm?) were
dehydrated in ethanol solutions of graded concentrations, cleared with
xylene, and embedded in paraffin. Samples were sectioned (4 pm) by
means of a microtome (Leica RM2155, Leica Microsystems, Germany),
stained with hematoxylin and eosin, and dried sections were examined
under light microscopy (Leica DM LB, Leica Microsystems). Inflamma-
tion and accumulation of fat deposits in both tissues were semi-
quantitatively evaluated from 1 to 5 following the classification
described by Ruiz et al. (2023a) under blinded conditions by two
different observers (Meyerholz and Beck, 2018).

2.8. Oxidative stress and hepatic metabolism biomarkers

Homogenates of three liver pieces (ca. 60 mg each) per tank were
resuspended in 5 volumes v/w of buffer (150 mM KCl, 1 mM EDTA, pH
7.4) and after centrifugation (9000 x g, 30 min, 4 °C), supernatants were
collected. The enzymatic activities of catalase (CAT), glutathione
reductase (GR), and superoxide dismutase (SOD) were measured ac-
cording to Aebi (1974), Carlberg and Mannervik (1975), and McCord
and Fridovich (1969). A commercial kit (ref. 19,160, Sigma-Aldrich,
USA) was used to determine SOD activity, at . = 240 nm, with HyOy
(50 mM) as substrate. Thiobarbituric acid-reactive substances (TBARs)
were used as an indicator of lipid peroxidation (LPO) levels (Fernandez-
Alacid et al., 2021). Total antioxidant capacity (TAC) was measured
following the manufacturer’s instructions of a commercial kit (ref.
MAK187, Sigma-Aldrich, USA). All oxidative stress biomarkers were
normalized to soluble protein content (Bradford, 1976), except for SOD
activity, which was expressed as % of enzyme inhibition.

To evaluate hepatic metabolism, pools of three pieces of liver of 100
mg per tank were homogenized in 9 volumes of a buffer (pH = 7.6)
composed of 1:1 v/v of a lysis solution (1.24 mM Triton X-100, 1 mM
EDTA, 1 mM NaHCO3) and a stabilizer solution (3.7 mM EDTA, 5 mM
-mercaptoethanol). Then, homogenates were centrifuged (5000 xg, 10
min, 4 °C) and supernatants collected. Lactate dehydrogenase (LDH),
aspartate transaminase (AST) and alanine transaminase (ALT) activities
were quantified with commercial kits (ref. 41,222, ref. 41,222, ref.
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41,272; Spinreact, Spain) based on the methodology of Bergmeyer and
Bernt (1974a, 1974b, 1974c).

All described measurements were run in triplicate at 25 °C by UV/Vis
spectrophotometry (Infinite M200 Plate Reader, Tecan Switzerland) and
analysed with the Magellan™ software (v6, Tecan).

2.9. Plasmatic biochemical parameters

Cholesterol, triacylglycerides (TAGs), albumin, total proteins, AST,
ALT, and alkaline phosphatase (ALP) in plasma were measured using an
UV/Vis spectrophotometer (Laboratorio Echevarne, Barcelona, Spain).
Total globulin in plasma was calculated as the subtraction between total
protein and albumin.

2.10. Pancreatic digestive enzymes

Four samples of stomach and pyloric caeca, and of Al were separately
homogenized in 5 volumes v/w of ice-cold distilled water, centrifuged
(3300 xg, 3 min, 4 °C), and supernatants were collected, aliquoted and
frozen at —80 °C (Gisbert et al., 2009). The activities of the main
pancreatic digestive enzymes (a-amylase, total alkaline proteases, and
bile salt-activated lipase) were assayed as described by Solovyev and
Gisbert (2016) and samples were handled as described by the former
authors to prevent their degradation. The activity of all enzymes was
determined at 25 °C in triplicate per sample using a spectrophotometer
(Infinite M200 Plate Reader, Tecan Switzerland).

2.11. Bile acid profile

Bile acid quantification was performed following the procedures
described by Herrero-Encinas et al. (2020) with modifications. Gall-
bladder bile samples were first diluted 1/2000 in water and 100 pL of
the water-diluted bile extracted with 400 pL of acetonitrile (ACN) con-
taining internal standard (chenodeoxycholic acid-d4, CDCA-d4). After
vortexing, centrifugated supernatants were diluted 1/10 in HpO:ACN
(1:1 v/v) and directly injected in the liquid chromatograph-mass spec-
trometer (LC-MS). Intestinal digesta samples were firstly lyophilized and
homogenized on a TissueLyzer II (QIAGEN, Germany). Then, 20 mg of
homogenate were extracted with 800 pL of HyO:ACN (1:1 v/v) including
the internal standard for 15 min, centrifuged (15,000 xg, 10 min, 4 °C)
and the supernatants diluted again in HyO:ACN (1/1000). Ultra-
performance liquid chromatography-mass spectrometry (ACQUITY
UPLC I-Class connected to Xevo-G2 QTof MS, Waters Corp.) was carried
out, using response comparison against calibration curves generated
with BA standards for BA quantification, with the aid of the QuanLynx
v4.2 software for operations and quantification (Waters Corp.; USA).

2.12. Extraction of DNA and raw sequence processing

Intestinal DNA was extracted from ca. 250 mg of the scraped intes-
tinal samples with the DNeasy PowerSoil Pro Kit (ref. 47,016, QIAGEN,
Germany). The protocol followed for this kit contains a step for sample
homogenization and chemical and mechanical cell lysis through bead-
beating. Amplification for library generation of the region V3-V4 of
the 16S rRNA gene was carried out according to the 16S Metagenomic
Sequencing Library Preparation guide (Illumina, 2013). An initial
amplification step was performed using the specific 341F/805R primers
(5’-CCTACGGGNGGCWGCAG-3, 5-GACTACHVGGGTATCTAATCC-3')
and overhang adapters attached, with 12.5 ng DNA as initial input. The
PCR programme consisted of an initial step of DNA denaturation (95 °C,
30 min), followed by 25 cycles of 30 s at 95 °C, 30s at 55 °C and 30 s at
72 °C, and finally 5 more minutes at 72 °C to complete elongation. Then,
a second PCR with the same programme but only 8 cycles was used to
add Illumina sequencing adapters and dual-index barcodes. After each
PCR, templates were clean-up with Ampure XP beads (Beckman Coulter,
USA) and to verify the size of the final library product, 1 pL of a 1:50
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dilution was run on a Bioanalyzer DNA 1000 Chip (Agilent Technolo-
gies, USA). Then, amplified DNA from all samples was pooled at equi-
molar concentrations and sequenced on a llumina MiSeq platform
(MiSeq System, Illumina, USA) with 2 x 300 bp paired-end runs. Two
“mock” samples with a known bacterial composition were amplified and
sequenced as positive controls, while no-template PCRs were also
included and sequenced as negative controls.

Data analysis was carried out with a workflow based on the R
package dada2 (v1.16; Callahan et al., 2016). In brief, all reads with a
Phred quality score < 28 or with an expected error > 2 were excluded
from the analysis. After merging of paired-end reads, the sequences with
an overlap length < 12 nucleotides, with more than 0 mismatches, or
identified as chimeras, were also removed. Finally, the SILVA database
(v138.1) was used as a reference library for bacterial taxonomy classi-
fication of amplicon sequence variants (ASVs), and those ASVs with a
bootstrapping confidence <80% were classified as unassigned (Smith
et al., 2020). The ASVs which were classified as mitochondria, chloro-
plasts, or classified within a kingdom different than Bacteria were also
discarded from the analysis. According to rarefaction curves (Supple-
mentary Fig. S1), the number of reads per sample were rarefied to the
minimum sample depth (53,085 reads) using the R package vegan
(v2.6-4); and normalized by total sum scaling (McKnight et al., 2019).
Raw sequencing data is available in the Sequence Read Archive (SRA) of
NCBI under Bioproject accession number PRJNA915342 and
PRJNA985270.

2.13. Analyses of gene expression biomarkers from the liver and anterior
intestine

The TRI Reagent (Sigma-Aldrich, USA) and QIAGEN RNeasy Mini Kit
(ref. 74,106, QIAGEN, Germany) were respectively used for extracting
RNA from the liver and Al (n = 8 per experimental condition). An initial
input of 500 ng of RNA were used for cDNA synthesis by means of the
High-Capacity ¢cDNA Archive Kit (Applied Biosystems, USA) using
random decamers and 500 ng of total RNA in a final volume of 100 pl.
Reverse transcription (RT) reactions were incubated for 10 min at 25 °C
and for 2 h at 37 °C. Negative control reactions were run without the
enzyme.

A panel of 44 genes for the liver (Table 2) and Al (Table 3) were
simultaneously amplified by real-time quantitative PCR using specific
primer sequences (Supplementary Table S2 and Supplementary
Table S3) with a CFX96 Connect Real-Time PCR Detection System (Bio-
Rad, USA) as described by Ruiz et al. (2023a). Briefly, diluted RT re-
actions (x 6) were used for qPCR assays in a 25-pl volume, in combi-
nation with SYBR Green Master Mix (Bio-Rad, Hercules, CA, United
States) and specific primers at a final concentration of 0.9 pM. The PCR
amplification program consisted of an initial step of DNA polymerase
activation and cDNA denaturation at 95 °C for 3 min, followed by 40
cycles of denaturation at 15 s at 95 °C, and an annealing/extension step
of 60 s at 60 °C. To improve data reproducibility, all the pipetting op-
erations were performed using an EpMotion 5070 Liquid Handling
Robot (Eppendorf, Germany). The efficiency of PCRs (>92%) was
checked, and the specificity of reactions was verified by analyzing the
melting curves (ramping rates of 0.5 °C/10 s over a temperature range of
55-95 °C) and linearity of serial dilutions of RT reactions % > 0.98).
Fluorescence data acquired during the extension phase were normalized
with the delta-delta Ct method (Livak and Schmittgen, 2001), following
standard calculation and normalization procedures (Benedito-Palos
et al., 2014; Bermejo-Nogales et al., 2014; Pérez-Cordon et al., 2014). In
brief, beta-actin was used as a housekeeping gene, after testing its
expression stability (GeNorm software; M score = 0.21), and all values
in the liver and AI were referenced to the expression levels of grp-170
and hes1-b of fish fed the control diet respectively.
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Table 2

PCR-array layout for gene expression profile of the liver in gilthead seabream
(Sparus aurata) fed experimental diets.

Table 3
PCR-array layout for gene expression profile of the intestine in gilthead seab-
ream (Sparus aurata) fed experimental diets.

Function Gene Symbol GenBank Function Gene Symbol GenBank
Fatty acids, liatty ac.ld synthase fasn JQ277708 Epithelial integrity Pro.llferatmg cell nuclear — KF857335
cholesterol & Elongation of very long antigen
phospholipid chain fatty acids 1 elovll JX975700 Transcription factor HES-1-B hes1-b KF857344
metabolism Elongation of very long Kriippel-like factor 4 kif4 KF857346
chain fatty acids 4 elovl4 JX975701 Claudin-12 cldn12 KF861992
Elongation of very long Claudin-15 cldn15 KF861993
chain fatty acids 5 elovl5 AY660879 Cadherin-1 cdhi KF861995
Elongation of very long Cadherin-17 cdh17 KF861996
chain fatty acids 6 elovle JX975702 Tight junction protein ZO-1 tip1 KF861994
Fatty acid desaturase 2 fads2 AY055749 Desmoplakin dsp KF861999
Stearoyl-CoA desaturase 1a  scdla JQ277703 Gap junction Cx32.2 protein cx32.2 KF862000
Stearoyl-CoA desaturase 1b  scd1b JQ277704 Coxsackievirus and adenovirus sl KES61998
Cholesterol 7-alpha- receptor homolog
monooxygenase yp7al KX122017 . Intestinal-type alkaline .
Phosph):l/ipi d transfer 9P Nutrient transport phospham?;p alpi KF857309
protein pltp XM 030418561 Liver type fatty acid-binding
Adipose triglyceride lipase atgl JX975711 protein Jabp1 Ki8a7311
Hepatic lipase hl EU254479 Intestinal fatty acid-binding
Lipoprotein lipase Ipl AY495672 protein fabp2 KES57210
85 kDa calcium- 1leal fatty acid-binding protein  fabp6 KF857312
independent phospholipase Mucus production Mucin 2 muc2 JQ277710
Lipases A2 pla2g6 JX975708 Mucin 13 mucl3 JQ277713
Hepatocyte nuclear factor 4 Interleukins Tumor necrosis factor-alpha tnf-a AJ413189
alpha hnf4a FJ360721 Interleukin-1 beta il-1p AJ419178
Sterol regulatory element- Interleukin-6 il-6 EU244588
binding proteins 1 srebp1 JQ277709 Interleukin-7 il-7 JX976618
Sterol regulatory element- Interleukin-8 il-8 JX976619
binding protein 2 srebp2 XM_030408996 Interleukin-10 il-10 JX976621
Farnesoid X receptor fxr XM 030426192 Interleukin-12 subunit beta il-12p JX976624
Liver X receptor o Ixra FJ502320 Interleukin-15 il-15 JX976625
Peroxisome proliferator- Interleukin-34 il-34 JX976629
activated receptor a ppara AY590299 Cell markers Cluster of differentiation 4-1 cd4-1 AM489485
Peroxisome proliferator- Cluster of differentiation 8 beta  cd8b KX231275
Transcription factors  activated receptor p pparf} AY590301 C-C chemokine receptor type 3 ccr3 KF857317
& nuclear Peroxisome proliferator C-C chemokine receptor type 9 ccr9 KF857318
receptors activated receptor y ppary AY590304 C-C chemokine receptor type
Carnitine 11 cerll KF857319
palmitoyltransferase 1A cptla JQ308822 C-C chemokine CK8 / C-Cmotif ~ ck8/
Hydroxyacyl-CoA chemokine 20 ccl20 GU181393
dehydrogenase hadh JQ308829 Macrophage colony
Fatty acid translocase/ stimulating factor 1 receptor 1 csflrl AMO050293
CD.’?;) fat/ed36 XM_030440140 Ig production Immunoglﬁbulin M b igrfn JQ811851
Fatty acid binding protein, Immunoglobulin T membrane-
heart h-fabp JQ308834 bound form igt-m KX599201
Citrate synthase cs JX975229 Pattern recognition Galectin-1 Igals1 KF862003
NADH-ubiquinone receptors (PRRs) Galectin-8 Igals8 KF862004
oxidoreductase chain 2 nd2 KC217558 Toll-like receptor 2 tr2 KF857323
NADH-ubiquinone Toll-like receptor 5 tir5 KF857324
oxidoreductase chain 5 nd5 KC217559 Toll like receptor 9 tr9 AY751797
Cytochrome ¢ oxidase CD209 antigen-like protein D cd209d KF857327
subunit [ coxi KC217652 CD302 antigen cd302 KF857328
Proliferator-activated Macrophage mannose receptor
receptor gamma 1 mrcl KF857326
Oxidative coactivator 1 alpha pgcla JX975264 Fucolectin fc KF857331
metabolism & Sirtuinl sirtl KF018666
energy sensing Sirtuin2 sirt2 KF018667
Catalase cat JQ308823 2.14. Statistical analyses
Uncoupling protein 1 ucpl FJ710211
; : : 54003
glt::::;zﬂ: g:g::::: : Z;ﬁ ADﬁ;;;;;i After verifying normal distribution (Shapiro-Wilk test) and homo-
Peroxiredoxin 3 prdx3 GQ252681 scedasticity (Levene’s test) of data, a Student’s t-test was performed for
Peroxiredoxin 5 prdx5 GQ252683 testing significant differences between dietary groups (P < 0.05). When
. _— cuz- data was non-parametric, a Wilcoxon rank-sum test was performed.
;lr:?eroxlde dismutase: [Cu- isgl/ 0306632 Regarding gene expression biomarkers, a two-way ANOVA was used for
’ msod/ evaluating interaction between diet and feeding time (2 h postprandial
Superoxide dismutase [Mn]  sod2 JQ308833 or 48 h fasted). The P value was set to 0.05 to determine significant
Glucose-regulated protein, differences between dietary groups, whereas P < 0.1 was considered as a
170.kDa gI-I700  JQ308821 tendency for biomarker expressions (Ganesh and Cave, 2018). No mul-
Glucose-regulated protein, s z " 5 B
04 kDa ap-94 Q308820 tiple Cf)l'rECthI'l adjustment was 1.15ed. Using the ger?e e.xp!‘essmn valu?s
Glucose-regulated protein, that displayed a P < 0.1, a partial least squares-discriminant analysis
Antioxidant defense 75 kDa ap75 DQ524993 (PLS-DA) was constructed with the software EZifno (v3.0, Umetrics,

Sweden). Cluster separation was assessed by calculating Hotelling’s T?
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statistic. Points with a T2 above 95% confidence limit were considered as
outliers and discarded. A good quality of the model was ensured through
fitness [R2Y(cum)] and prediction ability [QY(cum)]. Each PLS-DA
model was validated with a permutations-test in the R package ropls
(v1.22.0), to guarantee that there was no over-fitting (Supplementary
Fig. S2 and Supplementary Fig. S3).

Concerning gut microbiota, significant differences between dietary
groups in alpha diversity metrics (indices of Chaol, ACE, Shannon,
Simpson, and Faith’s phylogenetic diversity) were determined by Wil-
coxon test (P < 0.05). As a beta diversity index, the unweighted and
weighted UniFrac distances were used to estimate similarities among
samples considering the phylogenetic relationships of their ASVs (Loz-
upone et al.,, 2011). A permutational multivariate analysis of variance
(PERMANOVA) was performed to check significant differences in beta
diversity (P < 0.05). Differential abundances between groups in phyla
and genera with a relative abundance >1.0% were calculated with the
method Metastats, adjusting the P value by FDR (White et al., 2009). All
the described statistics for gut microbiota data were executed with the R
package microeco (Liu et al., 2021). For statistical analyses of gene
expression and gut microbiota, the RStudio version 4.1.2 was used.

3. Results
3.1. Fish performance

At the end of the trial, somatic growth in terms of BW, SL, SGR and
TGC, was not affected by the supplementation of SO into the basal diet
(Table 4; P > 0.05). There were no differences in the values of Fulton’s
condition factor or HSI between dietary groups (P > 0.05). On the other
hand, the perivisceral fat levels were reduced by 17% in fish fed the SO
diet with respect to the control group (P = 0.017). Regarding feeding

Table 4

Growth and feed performance indicators, somatic condition indices and
apparent digestibility coefficients of macronutrients in gilthead seabream
(Sparus aurata) fed the control and a basal diet supplemented with a combination
of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO).

Control SO t-value P-value

Survival (%) 100.00 = 0.00 100.0 £ 0.00 0.00 1.000
Growth performance

BW; (8) 44.05 + 0.04 44.06 + 0.04 —0.35 0.736

SL; (cm) 12.04 £+ 0.12 12.17 + 0.08 -1.80 0.121

BW; (g) 215.80 = 1.06 213.84 + 1.64 2.01 0.092

SL¢ (cm) 19.32 £+ 0.21 19.42 £+ 0.23 —0.64 0.545

SGR (% day‘l) 1.81 +0.01 1.80 + 0.01 1.76 0.129

TGC 1.22 + 0.01 1.21 +£ 0.01 1.58 0.164
Somatic indexes

K 3.00 £ 0.11 2.93 +0.14 0.79 0.462

HSI (%) 1.84 = 0.11 1.83 + 0.15 0.11 0.918

PVFI (%) 3.01 + 0.28" 2.50 + 0.14* 3.26 0.017
Feeding performance

Fl(g fish™1) 195.89 + 8.70 197.90 + 4.33 -0.41 0.693

FCR 1.21 + 0.05 1.24 4+ 0.04 —-0.94 0.385
Apparent digestibility coefficients (ADCs)

Lipid ADC (%) 81.60 + 0.96 78.77 + 2.84 1.89 0.108

Protein ADC (%) 79.41 + 3.60 77.35 + 3.88 0.78 0.466

Values are represented as mean =+ SD (n = 4 tanks per dietary group, considering
a tank as the experimental unit) and differences between dietary groups (P <
0.05) are indicated by different superscript letters. Abbreviations: BW;: initial
body weight; SL;: initial standard length; BWg final body weight; SLg final
standard length; SGR: specific growth rate; TGC: thermal growth coefficient; K:
Fulton’s condition factor; HSI: hepatosomatic index; PVFI: perivisceral fat index;
FI: feed intake; FCR: feed conversion ratio.
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performance and apparent macronutrient digestibility, the supplemen-
tation of the diet did not alter the FI, FCR and ADCs of lipids and proteins
(P > 0.05).

3.2. Proximate composition and fatty acid profile

When supplementing the basal diet with the combination of SO,
there was a significant reduction in the levels of total crude lipids in the
liver (Table 5; P = 0.024). No differences between experimental diets
were found for crude protein, carbohydrate, or ash contents in the liver
nor fillets (P > 0.05). The fatty acid profile of the liver (Table 6) and
fillets (Table 7) of gilthead seabream was very conserved under both
dietary treatments, even though there was a significant increase in the
levels of stearic acid (C18:0) in the liver of fish fed the SO diet (P =
0.027). No differences were found for the content of EPA + DHA, DHA/
EPA and n-6/n-3 ratios, nor for the values of IA, IT, and h/H among both
dietary groups (P > 0.05).

3.3. Histomorphological analyses of the liver and anterior intestine

The organisation of the hepatic parenchyma was similar under both
dietary treatments. In brief, hepatocytes were polyhedral, with varying
degrees of vacuolization in their cytoplasm, and they were arranged in
anastomosing plates separated by sinusoidal capillaries leading to cen-
tral veins. No signs of inflammation nor infiltration of lymphocytes were
observed between dietary groups. The number of individuals with high
hepatic lipid accumulation (score 4) was lower in fish fed the SO diet
compared to the control group (Fig. 1A and B).

The histological organisation of the mucosal layers from the Al was
similar under both dietary treatments, with no signs of enteritis or
inflammation. The regulatory effect of the SO diet in the accumulation of
intestinal fat deposits was very apparent, as the number of individuals
with no observable lipid accumulation (score 1) tripled that of the
control group (Fig. 1C and D).

3.4. Hepatic metabolism, oxidative stress, and plasmatic biomarkers

Under the current experimental conditions, hepatic biomarkers of
metabolism (LDH, AST, ALT) and oxidative stress (SOD, CAT, GR, LPO,
TAC) were not altered by the SO diet (Table 8; P > 0.05). Similarly, there
were no significant differences in plasmatic biomarkers related to
metabolism of lipids, proteins, and amino acids between dietary groups
(Table 8; P > 0.05).

3.5. Activity of pancreatic digestive enzymes

As shown in Table 9, there were no significant differences in the
specific activities of total alkaline proteases, x-amylase, and bile salt-
activated lipase between diets in the stomach and pyloric caeca sam-
ples (P > 0.05). On the other hand, the activity of bile salt-activated
lipase in the Al increased in gilthead seabream fed the SO diet with
respect to the control group (P = 0.023), while the activities of total
alkaline proteases and a-amylase did not change (P > 0.05).

3.6. Composition of bile

The BA profiles of the gallbladder (48 h fasted-fish) and the AI (2 h
postprandial-fish) are shown in Table 10. In both organs, two primary
BAs in their tauro-conjugated form were detected: the taurocholic acid
(T-CA) and the taurochenodeoxycholic acid (T-CDCA). In the gall-
bladder, similar levels of these BAs were found between dietary groups
(P > 0.05). In the Al no significant differences (P > 0.05) were displayed
between treatments due to the large interindividual variability. How-
ever, the mean numerical values of T-CA and T-CDCA concentrations
increased by 66.2 and 35.9% respectively, resulting in a total increase of
54.1% in the sum of BAs in the Al in fish fed the SO diet.
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Table 5
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Proximate composition (%) in dry mass of the liver and fillet of gilthead seabream (Sparus aurata) fed the control and a basal diet supplemented with a combination of

spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO).

Liver Fillet

Control SO t-value P-value Control SO t-value P-value
Protein 21.72 + 1.35 24.38 + 3.79 -1.32 0.234 79.81 + 0.78 80.45 + 0.92 -1.06 0.329
Lipid 42,62 + 3.12" 36.79 + 2.25% 3.03 0.024 1297 £ 1.75 11.08 = 0.98 1.89 0.108
Carbohydrates 24.39 + 2.47 25.36 + 2.86 —0.51 0.626 0.98 + 0.15 0.96 + 0.16 0.18 0.861
Ash 2.70 +£0.19 3.09 + 0.90 —-0.39 0.429 6.96 + 0.42 7.29 £ 0.25 -1.35 0.226

Values are represented as mean + SD (n = 4 tanks per dietary group, considering a tank as the experimental unit) and differences between dietary groups (P < 0.05) are

indicated by different superscript letters.

Table 6

Fatty acid profile (mg x g lipid~ 1) of the liver in gilthead seabream (Sparus aurata) fed the control and a basal diet supplemented with a combination of spice oleoresins

from turmeric, capsicum, black pepper, and ginger (SO).

Control SO t-value P-value
Myristic acid (C14:0) 8.61 + 2.87 7.22 + 217 0.77 0.469
Pentadecylic acid (C15:0) 1.47 + 0.29 1.39 +0.35 0.35 0.737
Palmitic acid (C16:0) 125.93 £ 2.91 125.48 £ 5.24 0.15 0.886
Stearic acid (C18:0) 46.63 + 2.66" 55.76 + 5.65° —-2.92 0.027
Saturated fatty acids (SFAs) 176.52 + 19.53 192.24 + 8.36 —1.48 0.189
Palmitoleic acid (C16:1 n-7) 26.20 + 4.93 26.30 + 1.60 —0.04 0.970
Vaccenic acid (C18:1 n-7) 34.41 + 3.06 37.23 £5.17 —0.94 0.384
Oleic acid (C18:1 n-9) 238.38 + 8.25 276.45 + 34.54 —-2.14 0.076
Eicosenoic acid (C20:1 n-9) 4.08 + 0.39 4.62 +1.07 -1.83 0.127
Nervionic acid (C24:1 n-9) 1.76 + 0.15 2.04 + 0.45 -1.02 0.357
Monounsaturated fatty acids (MUFAs) 307.14 + 13.72 346.91 + 39.29 -1.91 0.105
Linoleic acid (C18:2 n-6) 126.14 £ 6.76 129.07 £10.81 -0.41 0.700
Gamma-linolenic acid (C18:3 n-6) 6.94 £ 1.24 9.47 + 1.60 2.26 0.073
Arachidonic acid (C20:4 n-6) 4.47 + 0.73 5.88 + 1.22 —1.98 0.095
n-6 Polyunsaturated fatty acids (n-6 PUFAs) 137.90 + 5.82 144.42 + 13.06 -0.91 0.397
Alpha-linolenic acid (C18:3 n-3) 8.48 + 0.35 8.20 £ 0.91 0.57 0.587
Stearidonic acid (C18:4 n-3) 1.52 = 0.04 1.15 = 0.41 1.80 0.123
Eicosatetraenoic acid (C20:4 n-3) 1.67 + 0.22 2.05 + 0.33 —-1.92 0.104
Eicosapentaenoic acid (C20:5 n-3) 15.17 + 0.39 16.19 + 1.83 -1.09 0.317
Docosapentaenoic acid (C22:5 n-3) 7.96 +1.10 8.66 + 1.16 —-0.88 0.415
Docosahexaenoic acid (C22:6 n-3) 15.85 + 2.21 21.03 + 4.38 -2.11 0.079
n-3 Polyunsaturated fatty acids (n-3 PUFAs) 49.15 + 4.88 57.29 + 8.30 -1.70 0.142
Total PUFAs 189.48 + 5.85 201.71 + 21.01 -1.12 0.305
DHA/EPA 1.11 £ 0.09 1.29 £ 0.15 —-2.06 0.085
EPA + DHA 32.05 + 0.81 37.22 £ 6.14 -1.67 0.146
n-6/n-3 2,67 £0.12 2.54 £ 0.19 1.16 0.291

Non represented fatty acids were not detected in the analysis. Values are represented as mean + SD (n = 4 tanks per dietary group, considering a tank as the
experimental unit) and differences between dietary groups (P < 0.05) are indicated by different superscript letters.

3.7. Gene expression profile of liver and anterior intestine

A total of 35 out of 44 hepatic markers were shown to be differen-
tially regulated by feeding time (2 h postprandial vs. 48 h fasted) and/or
diet (control vs SO) (Supplementary Table S4; two-way ANOVA, P <
0.05). In 2 h postprandial-fish, fasn, elovl6, cs (Student’s t-test; P < 0.05)
and, to a lower degree, scdlb, hnf4a and srebp2 were up-regulated,
whereas Ipl and prdx5 were down-regulated (P < 0.1) in fish fed with
the SO diet. After 48 h of fasting, there was an up-regulation of elovl4,
pltp, pla2g6, fxr, Ixra, pparp, ppary, cptla, cs, nd2, nd5, sirtl and prdx5 in
the SO group (P < 0.05). On the other hand, there was a down-
regulation of pgcla (P = 0.046), elovll and h-fabp (P < 0.1) in fish fed
the SO diet. The PLS-DA model of liver gene expression data was based
on three components, which explained [R2Y(cum)] 89% and predicted
[Q2(cum)] 85% of total variance (Supplementary Fig. S4A). Feeding
time was the most discriminant factor along component 1 (48% of total
variance), and for 48 h fasted-animals a clear differential clustering
between dietary groups was evidenced along component 2 (36% of total
variance) of the PLS-DA (Fig. 2A) as well as in the heatmap expression
pattern (Fig. 2B). Gene expression differences by diet were much less
marked in 2 h postprandial-fish, so there was not a clear separation on
the PLS-DA model nor on the heatmap.

Feeding time and/or diet was the cause of significant changes on the

expression of 32 out of 44 target genes in the AI (Supplementary
Table S5; two-way ANOVA, P < 0.05). In 2 h postprandial groups, fish
fed the SO diet showed an up-regulation of il-8, ccr3, lgals1, mrc1 (P <
0.05) and il-1§ (P = 0.052), and a down-regulation of tIr9 (P = 0.036),
fabp6 and fcl (P < 0.1). In 48 h fasted-fish, the supplementation of the
diet with the combination of SO caused a down-regulation of tnf-a, il-6,
il-34, cd4-1, cd8b (P < 0.05), and to a lower degree, il-10, il-12f, il-15,
ccr9, ccrll and tir2 (P < 0.1). The PLS-DA model on Al expression data
was based in two components, with R2Y(cum) of 77% and Q2(cum) of
68% (Supplementary Fig. S4B), and clearly separated feeding time along
component 1, which explained 48% of total variance (Fig. 3A). Clus-
tering was able to discriminate dietary groups in 2 h postprandial-fish
but not in 48 h fasted-individuals (Fig. 3A and B).

3.8. Microbial diversity, structure, and composition

After rarefaction (53,085 reads per sample), a total of 2,388,825
reads that clustered into 19,900 ASVs were obtained. In terms of mi-
crobial community diversity and structure, there were no differences in
the alpha diversity indices (ACE, Shannon, Simpson and Faith’s phylo-
genetic diversity; Fig. 4 and Supplementary Table S6; P > 0.05) nor in
beta diversity (see PcoA and PERMANOVA on Fig. 5; P > 0.05) between
dietary treatments, regardless of the region of the intestine considered.
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Table 7
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Fatty acid profile (mg x g lipid ") of the fillet, and nutritional quality of the lipid fraction of the fillet in gilthead seabream (Sparus aurata) fed the control and a basal
diet supplemented with a combination of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO).

Control SO t-value P-value
Myristic acid (C14:0) 8.60 +1.35 8.68 +1.35 —0.08 0.936
Pentadecylic acid (C15:0) 1.21 + 0.10 1.19 + 0.15 0.22 0.832
Palmitic acid (C16:0) 129.29 + 3.49 126.88 + 4.85 0.81 0.451
Stearic acid (C18:0) 32.41 +1.39 32,53 + 1.21 -0.13 0.901
Lignoceric acid (C24:0) 1.44 £ 0.16 1.41 +£0.17 0.26 0.806
Saturated fatty acids (SFAs) 173.63 £+ 2.79 171.28 = 7.35 0.60 0.572
Palmitoleic acid (C16:1 n-7) 33.50 + 2.27 33.04 + 3.67 0.21 0.838
Oleic acid (C18:1 n-9) 247.55 + 10.03 250.86 + 17.06 -0.34 0.749
Eicosenoic acid (C20:1 n-9) 3.39 £ 0.14 3.59 + 0.43 -0.89 0.410
Nervionic acid (C24:1 n-9) 1.43 £0.22 1.62 £ 0.26 -1.12 0.307
Monounsaturated fatty acids (MUFAs) 285.59 + 12.55 289.11 + 21.10 —0.29 0.784
Linoleic acid (C18:2 n-6) 143.89 + 7.49 141.58 + 6.52 0.47 0.658
Gamma-linolenic acid (C18:3 n-6) 3.26 + 0.37 3.77 + 0.89 —-1.06 0.331
Arachidonic acid (C20:4 n-6) 5.03 +0.43 4.94 + 0.52 0.27 0.799
n-6 Polyunsaturated fatty acids (n-6 PUFAs) 152.56 + 8.17 150.29 + 7.02 0.42 0.688
Alpha-linolenic acid (C18:3 n-3) 9.82 + 0.78 9.93 + 1.09 -0.16 0.875
Stearidonic acid (C18:4 n-3) 1.56 + 0.15 1.75 + 0.32 -1.08 0.324
Eicosatetraenoic acid (C20:4 n-3) 1.63 £ 0.23 1.46 £+ 0.15 1.24 0.262
Eicosapentaenoic acid (C20:5 n-3) 23.87 + 2.38 23.70 + 1.95 0.11 0.916
Docosapentaenoic acid (C22:5 n-3) 9.92 +1.22 9.34 + 0.28 0.93 0.390
Docosahexaenoic acid (C22:6 n-3) 29.37 + 2.75 30.40 + 2.73 -0.53 0.614
n-3 Polyunsaturated fatty acids (n-3 PUFAs) 77.88 + 9.41 76.59 + 3.32 0.26 0.805
Total PUFAs 230.43 +15.81 226.87 + 7.50 0.41 0.698
DHA/EPA 1.23 + 0.03 1.28 + 0.05 -1.72 0.137
EPA + DHA 53.24 + 5.08 54.10 + 4.55 -0.25 0.809
n-6/n-3 1.97 £ 0.18 1.97 + 0.14 0.07 0.943
Index of atherogenicity (IA) 0.32 £ 0.02 0.31 £ 0.01 0.47 0.656
Index of thrombogenicity (IT) 0.38 + 0.03 0.37 + 0.01 0.26 0.803
Hypocholesterolemic/hypercholesterolemic ratio (h/H) 2.28 + 0.07 2.35 + 0.03 -1.58 0.166

Non represented fatty acids were not detected in the analysis. Values are represented as mean + SD (n = 4 tanks per dietary group, considering a tank as the
experimental unit) and differences between dietary groups (P < 0.05) are indicated by different superscript letters.

The four most dominant phyla were Firmicutes, Proteobacteria,
Bacteroidota and Actinobacteriota, which represented 86% of the total
microbial population in both AI and PI (Fig. 6). There were no signifi-
cant differences in the relative abundance of any phyla between both
dietary groups (Supplementary Table S7), neither on the Firmicutes/
Bacteroidetes (F/B) ratio, that was maintained at 1.60-1.66 in the AI,
and at 2.12-2.20 in the PI (P > 0.05). At the level of genus, the relative
abundance of Bacteroides, Desulfovibrio, Candidatus Arthromitus and
Ralstonia increased in the AI when supplementing the control diet with
the combination of SO (Supplementary Table S8; P < 0.05), while no
differences were reported in the PI (P > 0.05).

4. Discussion
4.1. Fish performance and adiposity

Present results showed that the supplementation of turmeric,
capsicum, black pepper, and ginger oleoresins at the tested dietary in-
clusion level did not compromise the somatic growth and the overall
body condition in gilthead seabream. The HSI was not altered, which
suggests a good condition of the liver and absence of potential hepatic
disorders (Van der Oost et al., 2003), as also confirmed by histological
analyses. On the other hand, a marked reduction of the PVFI was
observed in fish fed the SO diet. This could be an advantage in terms of
the final product acceptance, taking into account that the perivisceral fat
diminishes the shelf-life of the edible fraction and has a negative effect
on the consumer’s perception due to its visual impact and potential
changes in organoleptic quality (Grigorakis, 2007). However, despite
the reduced PVFI, there were no changes in the proximate composition
nor in the fatty acid profile of the fillets. Similarly, the nutritional quality
of the fillet lipid fraction (IA, IT and h/H ratio) did not change when
supplementing the diet with SO, which remained within the range of
values reported for other fish species (Chen and Liu, 2020). Regarding

feeding efficiency, the absence of variation in FCR values was consistent
with the non-differential lipid and protein ADC values between dietary
groups. Additionally, the supplementation of the diet with the combi-
nation of SO did not affect feed intake, meaning that the additive did not
compromise the palatability and acceptability of the feed to the fish.
These results are in agreement with existing studies testing the effect of
various spices or plant extracts in different fish species, which despite
sometimes not affecting growth and feeding efficiency, or some somatic
indices such as K and HSI, can have other physiological benefits in the
fish (Firmino et al., 2020; Firmino et al., 2021; Huyben et al., 2021;
Salomoén et al., 2021).

4.2. Liver condition and lipid metabolism

Under the current experimental conditions, dietary supplementation
with the combination of SO led to reduced levels of lipids in the liver
without markedly affecting its fatty acid profile, except for stearic acid
(18:0), which increased in fish fed the SO diet. Regarding histological
analyses, no signs of inflammation nor other physiological alterations
were observed in the liver and or the intestine, reflecting the lack of
disorders usually associated to unbalanced dietary conditions (Gisbert
et al., 2008). These results, together with the absence of differences in
the HSI and in the measured biomarkers of hepatic function and
oxidative stress, indicated a healthy hepatic condition in both groups.
Furthermore, none of the observed fish presented an excessive accu-
mulation of fat deposits within the hepatic parenchyma (score 5).
Nonetheless, dietary supplementation with SO led to a reduction in the
number of specimens with large hepatic lipid accumulation (score 4),
which was consistent with the significantly decreased content of crude
fat in liver measured in this treatment.

Many studies have shown that dietary supplementation with curcu-
min, capsaicin, and ginger, individually or together and in combination
with black pepper and other spices, can induce BA secretion in mammals
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Fig. 1. (A) Semi-quantitative scoring used for evaluating the levels of fat accumulation in the liver of gilthead seabream (Sparus aurata). (B) Results (%) of hepatic
scoring from gilthead seabream fed the control and a basal diet supplemented with a combination of spice oleoresins from turmeric, capsicum, black pepper, and
ginger (SO). (C) Semi-quantitative scoring used for evaluating the levels of fat accumulation in the anterior intestine of gilthead seabream. (D) Results (%) of in-

testinal scoring from gilthead seabream fed the experimental diets.
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Table 8

Oxidative stress condition of the liver, activity of antioxidative stress and hepatic
enzymes, and plasma parameters in gilthead seabream (Sparus aurata) fed the
control and a basal diet supplemented with a combination of spice oleoresins
from turmeric, capsicum, black pepper, and ginger (SO).

Aquaculture 581 (2024) 740378

Table 10

Bile acid profile in the gallbladder and the anterior intestine in gilthead seab-
ream (Sparus aurata) fed the control and a basal diet supplemented with a
combination of spice oleoresins from turmeric, capsicum, black pepper, and
ginger (SO).

Control SO t P-
value value
Hepatic oxidative stress

GROuboL T g 5054 g7a 376+ 048  —1.24  0.263

protein)

CAT (nmol min~* x mg " e 90.90 + "

- 96.88 £ 562 e 0.89 0.409

SOD (% enzyme

SOD. (ienzyme 5658+ 923 66294426 —191  0.105

inhibition)

LPO (nmol MDA g 1) 1552+ 3.66  13.56 +2.87  0.84 0.432

TrGlaxiequivalents 1850 £ 1.72  19.74+£298 072  0.498

(nmol pL. ")
Hepatic metabolism

LDH (mU x mg

75.49 + 19.98 65.40 + 6.47 0.96 0.374

protein ')
AST (mU x mg 812.56 + 712.55 £
protein ') 180.70 166.45 081 0.447
ALT (mU x mg 251.12 + 285.80 +
-1.26 0.254
protein~!) 37.33 40.36 1 =
Blood biochemistry
Cholesterol (mg dL 223.08 + 9.09 527:;34 * 1.02 0.348
. 1072.76 + 908.42 +
A 1 ¢ P
TAGs (mg dL.™1) Spasn TE14% 1.29 0.244
Albumin (g L 13.35 + 0.94 14.25 +£1.97 —0.83 0.441
Total globulins (g L 21.73 + 3.08 22.69 + 4.45 —0.36 0.735
Total proteins (g L 1) 35.08 + 3.99 36.94 + 6.41 -0.49 0.640
62.58 +
1 = -
AST(UL ) 45.43 + 9.39 21.50 1.46 0.194
ALT (UL™Y 4.71 + 0.84 4.94 + 0.83 -0.39 0.710
182.12 + 158.25 +
> -1 .
ALP (UL™Y) 20.71 16.69 1.40 0.211

Values are represented as mean + SD (n = 4 tanks per dietary group, considering
a tank as the experimental unit). Abbreviations: GR: glutathione reductase; CAT:
catalase; SOD: superoxide dismutase; LPO: lipid peroxidation; LDH: lactate de-
hydrogenase; AST: aspartate transaminase; ALT: alanine transaminase; TAGs:
triacylglycerides; ALP: alkaline phosphatase.

Table 9

Specific activity (mU x mg protein ') of total alkaline proteases, a-amylase and
bile salt-activated lipase in gilthead seabream (Sparus aurata) fed the control and
a basal diet supplemented with a combination of spice oleoresins from turmeric,
capsicum, black pepper, and ginger (SO).

Control SO t- P-
value value
Stomach and pyloric
caeca
Total alkaline 78.52 + 8.01 101.61 + _1.67 0.147
proteases 26.53
398.32 + 375.97 +
Alpha-amylase 51.08 18.96 0.82 0.443
l?lle salt-activated 21.49 + 6.26 19.52 + 2,57 0.58 0.582
lipase
Anterior intestine
Total alkaline 133.64 + 115.64 +
proteases 13.45 21.15 144 0.201
402.98 + 375.02 + -
Alpha-amylase 130.44 100.13 0.34 0.745
Bile salt-activated .
He saltactivate 50.00 £ 957 6718 £615°  -3.02  0.023

lipase

Values are represented as mean + SD (n = 4 tanks per dietary group, considering
a tank as the experimental unit) and differences between groups (P < 0.05) are
indicated by different superscript letters.

(Platel et al., 2002; Platel and Srinivasan, 2004; Srinivasan, 2005). In
this study, despite the lack of statistical differences in lipid ADC between
dietary groups, the trend to increased levels of BAs, and the significantly

11

Control SO t-value P-value

Gallbladder (mg mL™")

T-CA 108.23 + 9.59 113.02 + 5.77 -0.86 0.425

T-CDCA 47.67 + 3.69 49.93 + 6.34 -0.62 0.560

Total BAs 155.90 + 9.58 162.95 + 8.83 —-1.08 0.321
Anterior intestine (ug mg™")

T-CA 30.00 + 15.83 49.85 + 18.85 -1.61 0.158

T-CDCA 19.94 + 13.72 27.09 +£7.12 -0.93 0.391

Total BAs 49.94 + 29.41 76.95 + 24.84 -1.40 0.210

Non represented bile acids were not detected in the analysis. Values are repre-
sented as mean + SD (n = 4 tanks per dietary group, considering a tank as the
experimental unit). Abbreviations: T-CA: taurocholic acid; T-CDCA: taur-
ochenodeoxycholic acid; BAs: bile acids.

higher activity of bile-salt activated lipase in the AI of fish fed the SO
diet, suggests that the combination of SO promotes lipid metabolism
through a higher synthesis and/or secretion of BAs in fish, having similar
effects to mammals. The increased proportion of fish with very low
levels of intestinal fat accumulation (score 1) and the reduction of the
PVFI in fish fed the SO diet additionally support this hypothesis.

The hepatic gene expression results at 2 h after feeding offer addi-
tional support to the hypothesis that spices regulate lipid metabolism, as
well as influence BA synthesis and/or reabsorption in fish, in a similar
manner as mammals. For instance, fish fed the SO diet showed a post-
prandial up-regulation of the hepatocyte nuclear factor 4 alpha
(hnf4a), which plays a central role in the synthesis and conjugation of
BAs (Chiang, 2009). In mammals, HNF4a promotes BA production
through the transactivation of cholesterol 7-alpha-monooxygenase
(cyp7al), the first and rate-limiting enzyme in BA synthesis from
cholesterol (Romano et al., 2020). Nonetheless, this was not reflected in
changes in cyp7al expression in either of the times sampled. However,
the up-regulation of hnf4a could be related to other functions rather than
BA synthesis, as this gene is also involved in the metabolic regulation of
other nutrients, cell proliferation and/or differentiation (Chiang, 2009).

Similar to our previous work where we tested diet supplementation
(same formulation as the control diet) with a blend of BAs in gilthead
seabream juveniles (Ruiz et al., 2023a), a post-prandial down-regulation
of lipoprotein lipase (Ipl) and up-regulation of fatty acid synthase (fasn)
were found. Since LPL hydrolyses TAGs from plasmatic chylomicrons
and very low-density lipoproteins (VLDLs), releasing free fatty acids
which are then incorporated into the tissues (Salmeron, 2018), its down-
regulation is in line with the lower levels of fat deposits found in the
liver, intestine and visceral cavity (PVFI). The up-regulation of fasn may
be a counterregulatory mechanism to maintain a balance on the levels of
hepatic fatty acids through de novo fatty acid synthesis (Salmeron,
2018), in response to their lower incorporation and/or higher hepatic
oxidation. The SO diet also triggered the postprandial up-regulation of
other de novo lipogenic biomarkers, such as the elongation of very long
chain fatty acids 6 (elovl6) and stearoyl-CoA desaturase 1b (scd1b). One
of the reactions catalysed by ELOVL6 is the conversion of palmitic acid
(C16:0), the end product of FASN, into stearic acid (C18:0) (Sampath
and Ntambi, 2005). On the other hand, the up-regulation of scd1b, which
metabolises palmitic and stearic acids into palmitoleic (C16:1 n-7) and
oleic (C18:1 n-9) acids, was apparently not enough to counteract the
increase of stearic acid levels in the liver. The supplementation of the
diet with the combination of SO also induced an up-regulation of the
sterol regulatory element-binding protein 2 (srebp2). This transcription
factor is known in fish (and mammals) for its important role in choles-
terol homeostasis (Leaver et al., 2008; Zhu et al., 2020). Thus, although
its role in lipid metabolism in fish needs to be further studied, the up-
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Fig. 2. (A) Scores plot for two-dimensional PLS-DA representing individual distribution between the two components of the model based on hepatic expression
values (qPCR) of genes with P < 0.1 (Student’s t-test). (B) Heatmap plotting hierarchical clustering of the same hepatic markers expression values. Samples were
obtained from the liver of 48 h fasted- and 2 h postprandial- gilthead seabream (Sparus aurata; n = 8 fish per dietary group) fed the control and the basal diet
supplemented with a combination of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO). Expression values of genes are available at Sup-

plementary Table S4.

regulation of srebp2 may balance the levels of cholesterol (which, among
other roles, is the precursor of BAs). Finally, fish fed the SO diet also
showed a postprandial up-regulation of citrate synthase (cs), which ca-
talyses the conversion of acetyl-CoA and oxalacetate into citrate in the
citric acid cycle (Akram, 2014). This is likely associated with a higher
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lipid oxidation rate, as this is one of the commonly described effects of
spices’ supplementation in mammalian diets (Westerterp-Plantenga
et al., 2006). In this sense, a higher energy production coming from
NADH + H' and FADH, released from the citric acid cycle would be
expected. However, the expression of the electron transport chain
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Fig. 3. (A) Scores plot for two-dimensional PLS-DA representing individual distribution between the two components of the model based on intestinal expression
values (qPCR) of genes with P < 0.1 (Student’s t-test). (B) Heatmap plotting hierarchical clustering of the same intestinal markers expression values. Samples were
obtained from the anterior intestine of 48 h fasted- and 2 h postprandial- gilthead seabream (Sparus aurata; n = 8 fish per dietary group) fed the control and the basal

diet supplemented with a combination of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO). Expression values of genes are available at
Supplementary Table S5.

enzymes NADH-ubiquinone oxidoreductase chain 2 (nd2), NADH- indicating that these differences were not driven by the postprandial

ubiquinone oxidoreductase chain 5 (nd5), and cytochrome c oxidase nutrient metabolization and storage carried out by this organ, rather

subunit I (coxi) were not affected in this sampling point. than by the catabolism of nutrients (especially lipids) to produce energy

The PLS-DA model stated that differences among dietary groups in in a fasting state. Having said that, the differential pattern of gene

the hepatic expression profiles were more marked in 48 h fasted fish, expression further supports that spices can significantly influence lipid,
13
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Fig. 4. Microbial alpha diversity of the anterior (AI) and posterior intestine (PI) in gilthead seabream (Sparus aurata; n = 12 fish per dietary group) fed the control
and a basal diet supplemented with a combination of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO): (A) ACE index, (B) Shannon index, (C)
Simpson’s index, and (D) Faith’s phylogenetic diversity (PD). There were no significant differences among dietary groups.

cholesterol, and BA metabolism in fish, although it is still challenging to
pinpoint the exact mechanisms of action. After 48 h fasting, fish fed the
SO diet showed a down-regulation of elongation of very long chain fatty
acids 1 (elovil), and an up-regulation of elongation of very long chain
fatty acids 4 (elovl4) and phospholipid transfer protein (pltp) with
respect to those fed the control diet. Both elovi] and elovi4 are involved
in de novo fatty acid synthesis (Xie et al., 2021), while PLTP is involved
in lipoprotein metabolism and reverse cholesterol transport, and its
activity has been positively correlated with the content of cholesterol
and TAGs in plasma (Albers et al., 2012). Therefore, their regulation
could be a mechanism to attempt to restore the lipid content in the liver,
further induced by the fasting condition of fish. There was also an up-
regulation of fxr in the liver of fasting fish from the SO treatment. In
mammals, FXR is stimulated by elevated levels of BAs returning to the
hepatocytes and transactivates a small heterodimer partner (shp), which
represses cyp7al transcription by interacting with a-fetoprotein tran-
scription factor and HNF4a (Romano et al., 2020). In addition, Ixra was
up-regulated in fish fed the SO diet. In mammals, LXR is stimulated by
high levels of oxysterols (derivatives of cholesterol) and functions as a
heterodimer with the retinoid X receptor (RXR), forming an important
transcriptional regulator of lipid and cholesterol metabolism, as well as

14

inflammation (Romano et al., 2020). In zebrafish, LXR has similarly
been shown to be involved in the regulation of cholesterol and lipid
homeostasis (Archer et al., 2008). Some of the genes that are tran-
scriptionally regulated by LXR include fasn, scdl and Ipl, which were
significantly regulated in the liver of SO-fed fish, and hence this could be
a key regulatory element through which SO exert lipotropic effects. The
up-regulation of Ixra is probably associated to the up-regulation of the
peroxisome proliferator-activated receptor y (ppary), since PPARy can
induce the expression of Ixra. Indeed, in line with the present findings,
several studies in mammals -most of them in vitro- have reported that
curcumin activates a PPARy-LXRa—ABCA1 pathway (Panahi et al.,
2018). The ATP binding cassette transporter A1 (ABCA1) is a trans-
membrane protein that mediates the transport of cholesterol and phos-
pholipids to lipid-poor apolipoproteins (apo-Al and apo-E), so it is
critical for the synthesis of high-density lipoproteins (HDLs) and regu-
lation of cholesterol efflux. PPARY is also involved in differentiation of
adipocytes, as well as regulating glucose homeostasis and having an
anti-inflammatory role in mammals (Walczak and Tontonoz, 2002).
Another member of the PPAR family whose function has been less
elucidated, the peroxisome proliferator-activated receptor § (PPARf),
was also up-regulated in 48 h fasted-fish from the SO treatment. Among
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Fig. 5. Gut microbial structure in gilthead seabream (Sparus aurata; n = 12 fish per dietary group) fed the control and a basal diet supplemented with a combination
of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO); represented by principle coordinate analysis (PCoA) diagrams based on the unweighted
UniFrac distances in the (A) anterior (AI) and (B) posterior intestine (PI); and based on the weighted UniFrac distances in the (C) Al and (D) PI, and statistically
compared by means of a PERMANOVA. The significant effect of the variables diet and intestinal region and their interaction can be found in Supplementary Fig. S5.

other roles, as in mammals, in fish PPARJ is believed to stimulate the
expression of genes involved in fatty acid oxidation (Leaver et al., 2008),
which is consistent with the observed up-regulation of carnitine pal-
mitoyltransferase 1 A (cptla). CPT1A is the rate-limiting enzyme in fatty
acid p-oxidation, as it catalyses the transport of long chain fatty acids
across the outer membrane of the mitochondria, where p-oxidation takes
place (Weil et al., 2013). The up-regulation of cs, nd2 and nd5 may also
be in line with an increased oxidation of fatty acids, as FADH,, NADH +
H", and acetyl-CoA released from p-oxidation enter the citric acid cycle
(Akram, 2014), and subsequently FADH, and NADH + H' pass to the
electron transport chain in the inner mitochondrial membrane to
generate energy (Nolfi-Donegan et al., 2020). On the other hand, the
heart-type fatty acid binding protein (h-fabp), which facilitates the
transport of fatty acids from the cell membrane into the mitochondrial
membrane (Glatz and van der Vusse, 1989), and proliferator-activated
receptor gamma coactivator 1 alpha (pgcla), which regulates oxida-
tive metabolism by stimulating mitochondrial biogenesis (Jamwal et al.,
2021), were down-regulated in 48 h fasted-fish fed the SO diet. Such
results seem to be in contradiction with the expression of the above-
mentioned biomarkers related to fatty acid catabolism, especially
considering that pgc1a can be activated by PPARy and sirtuin 1 (SIRT1)

(Jamwal et al., 2021), which were up-regulated in fish fed the SO diet.
SIRT1 is an important regulatory effector that deacetylates a broad
range of transcription factors and coregulators, among them PGCla,
LXR, FXR and SREBPs (Schug and Li, 2011). It functions as a metabolic
sensor, providing a molecular link between cellular metabolic status and
adaptive transcriptional responses, and has been associated with many
beneficial roles, several of them in line with the observed results in this
study (ie., reduction of hepatic lipogenesis, oxidative stress and
inflammation, stimulation of fatty acid f-oxidation, and maintenance of
cholesterol and BA levels) (Schug and Li, 2011; Singh et al., 2018). In
fish, SIRT1 activation was also implicated in the hepatic alleviation from
lipid deposition (through the regulation of lipogenesis and lipolysis) and
oxidative stress (Huang et al., 2021).

An interesting observation was the differential regulation of the
expression of peroxiredoxin 5 (prdx5) in relation to feeding time, being
down-regulated during feeding (2 h postprandially) and up-regulated
during fasting in fish that were fed the SO diet. Its increased expres-
sion in 48 h fasted-fish could be related to the role of PRDX5 in
repressing lipogenesis and lipid accumulation (Kim et al., 2018, 2020).
However, considering that the most widely recognized role of PRDXS5 is
to scavenge reactive oxygen species (ROS) (Kim et al., 2018), another
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Fig. 6. Relative abundances of gut bacterial taxa in the anterior (AI) and posterior intestine (PI) in gilthead seabream (Sparus aurata; n = 12 fish per dietary group)
fed the control and a basal diet supplemented with a combination of spice oleoresins from turmeric, capsicum, black pepper, and ginger (SO). Data are expressed at
the level of (A) phylum and (B) genus (excluding unassigned genera). Taxa appearance in the figures is in the order of decreasing abundance (from bottom to top in
the bar graph, and inversely in the bubble plot). Taxa with an abundance <1% are classified as others in the bar graph and are not represented in the bubble plot.
Asterisks represent significant differences between dietary treatments (P < 0.05).

possibility is that its up-regulation was associated to the higher activity
of the electron transport chain, which not only generates ATP but also
ROS (Nolfi-Donegan et al., 2020). On the other hand, the down-
regulation of prdx5 in 3 h postprandial-fish fed the SO diet may indi-
cate lower ROS levels, possibly due to the antioxidant properties of the
spices herein tested, especially curcumin and capsaicin (Srinivasan,
2005). In addition, there was also an up-regulation of 85 kDa calcium-
independent phospholipase A2 (pla2g6) in SO-fed fish after 48 h fast-
ing, which could be beneficial for repairing the cellular membranes and
protecting them against ROS-induced lipid peroxidation (Kinsey et al.,
2007).

4.3. Intestinal health status: immunological status and microbial
communities

Temporal dynamics of liver and intestine gene expression profiles
were different. While in the liver the differences among dietary groups
were less marked in the postprandial state than during the fasting
period, in the intestine the clustering in two different dietary groups was
more evident in 2 h postprandial-fish. This was probably due to the fact
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that differences in the intestine were derived from the immediate and
continuous effect that each diet had in the intestine during the feed
transit associated to nutrient absorption and digestion on the regulation
of the intestinal gene markers (especially on those related to intestinal
immunity).

The tested combination of SO induced a postprandial pattern of
regulation in many intestinal biomarkers (il-8, ccr3, lgals1, tIr9, mrc1; P
< 0.05) similar to that observed in our previous work feeding gilthead
seabream with the same basal diet but supplemented with BAs (Ruiz
et al., 2023b). In this case, the up-regulation of interleukin-8 (il-8) may
hint a higher production of IL-8 triggered by the up-regulation of the
pattern recognition receptor (PRR) macrophage mannose receptor 1
(mrcl), inducing a proinflammatory response (Gazi and Martinez-
Pomares, 2009). Such an inflammatory response is in line with the up-
regulation of C-C chemokine receptor type 3 (ccr3), which elicits the
migration and activation of eosinophils (Heath et al., 1997). Under the
current experimental conditions, there was also a tendency towards the
up-regulation of interleukin-1 beta (il-1f), which is a well-studied pro-
inflammatory cytokine that in fish induces a cascade of effects on
different members of this cytokine family, causing signal transduction

134



A. Ruiz et al.

and activation of the nuclear factor (NF)-kB pathway (Zou and
Secombes, 2016). The gene expression regulation of other effector
molecules such as galectin-1 (Igals1) and toll-like receptor 9 (ir9),
respectively up-regulated and down-regulated in the SO treatment,
enable balancing the inflammatory response to avoid collateral damage
from excessive inflammatory activity. In this sense, LGALS1 can reduce
the production of pro-inflammatory cytokines (Seropian et al., 2018),
while TLR9 induces the synthesis of pro-inflammatory cytokines
(Kumagai et al., 2008). In addition, LGALS1 maintains the homeostasis
of immune cells and the integrity of the intestinal epithelium (Muglia
et al., 2011), while TLR9 recognizes unmethylated bacterial CpG motifs
(Kumagai et al., 2008), so lgals1 up-regulation and tIr9 down-regulation
could also be a response to reduced exposure to pathogen associated
molecular patterns (PAMPs), related to changes in gut microbiota as will
be further described below. This is supported by the trend for down-
regulation of the PRR fucolectin (fcl), which is a fucose-binding lectin
that induces a rapid immune response against pathogen infections (Shao
et al., 2018). On the other hand, the down-regulation of the ileal fatty
acid-binding protein (fabp6) could be linked to a plausible higher BA
transport rate, as FABP6 transports BAs from the apical to the baso-
lateral domain of the enterocytes and then returns to the apical side to
repeat the cycle (Durnik et al., 2022).

The effect of the SO supplement on the fish intestinal immunity was
more pronounced after a 48 h fasting-period, leading to a down-
regulation of 11 immune-related biomarkers (nf-a, il-6, il-34, cd4-1,
¢d8b; P < 0.05; and il-10, il-124, il-15, ccr9, ccr11 and tir2; P < 0.1) in fish
fed the SO diet with respect to the control group. In this sense, some
studies in fishes have demonstrated that the immune response can be
enhanced under short-term starvation periods (Sakyi et al., 2021;
Yengkokpam et al., 2013). This result was in line with the down-
regulation of interleukin-10 (il-10), which is known to suppress im-
mune responses in fish and mammals (Zou and Secombes, 2016).
Paradoxically, while IL-10 is an anti-inflammatory cytokine, several pro-
inflammatory cytokines, such as tumor necrosis factor-alpha (tnf-a),
interleukin-12 subunit beta (il-12f4), interleukin-15 (il-15) and
interleukin-34 (il-34), were also down-regulated under the influence of
the SO diet. The pleiotropic cytokine IL-12 is involved in innate and
adaptive immune defense against pathogens and has been shown to
induce the expression of tnf-a in grouper (Epinephelus coioides) and olive
flounder (Paralichthys olivaceus) (Wang et al., 2023; Zou and Secombes,
2016). In grouper the subunit beta of IL-12 (IL-12p) alone was also able
to induce tnf-a up-regulation to a lesser extent (Zou and Secombes,
2016), which is consistent with tnf-a and il-12 being similarly regulated
in this study. In mammals, IL-12 also up-regulates other inflammatory
cytokines, including interleukin-6 (il-6) and il-15 (Liu et al., 2005), and
therefore il-12f expression could also be driving the down-regulation of
these two genes in the present study. TNF-« is also a pleiotropic cytokine
expressed in wide range of immune cells (mainly activated monocytes
and macrophages, as well as B cells, T cells, dendritic cells, gran-
ulocytes), fibroblasts and epithelial cells, which is involved in the
regulation of several biological pathways, including cell proliferation
and differentiation, apoptosis, inflammation, and immune responses
after stimulation by PAMPs (Sakai et al., 2021; Sharif et al., 2020). In
fish, the role of IL-6 has been mainly correlated with macrophage
growth and proliferation and stimulation of immunoglobulin production
in B cells, like immunoglobulin M (IgM; whose expression did not
change under current conditions) (Chen et al., 2012; Wei et al., 2018).
Additionally, several studies in teleosts have reported an up-regulation
of il-6 after stimulation with different PAMPs or infection with fish
pathogens (Chen et al., 2012; Wei et al., 2018, among others). Although
the role of IL-15 in fish immune response has not yet been thoroughly
elucidated, this pro-inflammatory cytokine in mammals stimulates
proliferation of B cells, T cells and NK cells, as well as activation of
neutrophils and T cells, immunoglobulin production and inhibition of
apoptosis (Van Heel, 2006). There was also a down-regulation of il-34,
which in mammals is known to induce proliferation and differentiation
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of monocytes and macrophages, and stimulates proliferation of CD8™ T
regulatory cells (Baghdadi et al., 2018). Thus, the down-regulation of
the cell marker cluster of differentiation 4-1 (cd4), cluster of differen-
tiation 8 beta (cd8b), and C-C chemokine receptor type 9 (ccr9) may be
linked to the down-regulation of tnf-a, il-6, il-15 and il-34. In fish, CD4
and CD8 are generally found on the surface of different T cell subtypes
(Beck and Peatman, 2015). In mammals, the C-C chemokine receptor
CCR9 is found in B cells, T cells, monocytes, macrophages and dendritic
cells, and drives cell migration to the gut-associated lymphoid tissue
(GALT), where these immune cells play a regulatory role in inflamma-
tion (Pathak and Lal, 2020). Since IL-6 and CCR9 can have both pro- and
anti-inflammatory functions (Zou and Secombes, 2016; Pathak and Lal,
2020), it is difficult to hypothesize whether their down-regulation was
also associated to an anti-inflammatory effect or, conversely, was part of
an inflammatory response to counteract the effect of pro-inflammatory
cytokines, together with il-10 down-regulation. On the other hand,
there was also a down-regulation of the C-C chemokine receptor type 11
(cer11), which is a G protein-coupled receptor whose expression and
functions remain unknown in fish (Zou et al., 2015). In mammals,
CCR11 scavenges different chemokines belonging to the CXC (C-X-C
motif chemokine ligand) and CC (C-C motif chemokine ligand) super-
families, including CXCL13, CCL19, CCL21 and CCL25 (Mollica Poeta
et al., 2019; Zou et al., 2015). Interestingly, CCL25 is the exclusive
cognate ligand of CCR9 in mammals (Pathak and Lal, 2020). As this
ligand/receptor system seems to be conserved in fish and to maintain a
similar functional activity to higher vertebrates (Galindo-Villegas et al.,
2013), in this study the down-regulation of ccr9 and ccrl11 may respond
to a lower secretion of CCL25 by gut epithelial cells (Pathak and Lal,
2020). Taking these results together, the down-regulation of tnf-a, il-6,
il-10, il-12p, il-15, il-34, cd4-1, cd8b, ccr9 and ccrll point towards a
lower cytokine production and proliferation of immune cells in 48 h
fasted-fish fed the SO diet, which may be related to a lower recognition
of PAMPs as indicated by the down-regulation of the PRR toll-like re-
ceptor 2 (tlr2). Ligands binding to TLR2 induce an innate immune
response through a MYD88-dependent pathway, which leads to pro-
duction of ROS and pro-inflammatory cytokines (Sepehri et al., 2016).
Therefore, it seems plausible that under the current experimental con-
ditions the tested additive enhanced the health status of the intestine
under short-term fasting conditions.

The gut microbial diversity (alpha), structure (beta diversity), and
composition (at the level of phylum) were maintained in fish fed the SO
diet, and there was no variation in the F/B ratio between dietary
treatments, a ratio that is generally used as a biomarker of intestinal
dysbiosis in fishes (Mougin and Joyce, 2022). This was also observed in
previous studies testing the supplementation of fish diets with micro-
encapsulated essential oils (Huyben et al., 2021). Regarding the gut
microbial composition at the level of phylum, Firmicutes, Proteobac-
teria and Bacteroidota represent up to 90% of fish intestinal microbiota
in different species (Ghanbari et al., 2015). Although in gilthead seab-
ream their relative proportion can vary with age and the nutritional or
genetic background of the fish (Piazzon et al., 2017; Piazzon et al., 2019;
Piazzon et al., 2020), several studies have highlighted that the most
dominant bacterial phyla of the gut microbial communities in gilthead
seabream are Firmicutes, Proteobacteria, Bacteroidota and Actino-
bacteriota (Tapia-Paniagua et al., 2020; Naya-Catala et al., 2021; Ruiz
et al., 2023b), in line with the results obtained in the present work. The
composition of the gut microbial communities at the level of genus was
also very conserved, with only an increase in the relative abundance of
Bacteroides, Desulfovibrio, Candidatus Arthromitus, and Ralstonia in the
Al under SO dietary supplementation. Interestingly, members of the
genus Bacteroides have many enzymes involved in the transformation of
primary BAs into secondary BAs, while Desulfovibrio is able to metabo-
lise the taurine released from deconjugated BAs (Chattopadhyay et al.,
2022; Hu et al., 2022). Furthermore, both of these Gram-negative genera
can promote the growth of bacteria with 7ua-dehydroxylase activity,
which are necessary for BA metabolism (Hirano and Masuda, 1982; Hu
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et al., 2022). Importantly, besides facilitating its reabsorption, the
metabolization of BAs into secondary BAs can avoid accumulation of
high concentrations of primary BAs and prevent their toxicity (Schubert
et al., 2017). Moreover, previous studies in fishes have suggested that
the production of short chain fatty acids by Bacteroides may induce
lipolysis leading to reduced levels of perivisceral fat (Zhou et al., 2018;
Ruiz et al., 2023b), which is in agreement with results of the current
study. Albeit little is known about the role of Candidatus Arthromitus in
fish, some studies have shown that this genus has immunostimulatory
properties in the intestine (Hedblom et al., 2018). The role of Ralstonia
in the fish gut also remains unknown, although an increase in its
abundance was reported in the study of Dam et al. (2020) in which
yellowtail kingfish (Seriola lalandi) were fed low digestibility diets.
However, in our previous study an increased relative abundance of
Ralstonia was observed in the Al of gilthead seabream fed a BA supple-
mented diet, which showed increased lipid digestibility (Ruiz et al.,
2023b) as well as, similarly to the present study, a lower accumulation of
fat deposits in the visceral cavity and digestive organs, reduced levels of
lipids in liver and effects on the expression of biomarkers of lipid
metabolism (Ruiz et al., 2023a).

5. Conclusions

Overall, the results presented herein indicate comparable effects of
spices in fish as in mammals, with similar beneficial impacts in energy
expenditure and fat homeostasis, reduction of body adiposity and
improvement in the gut immunological state, through multiple mecha-
nisms. These results suggest that diet supplementation with a combi-
nation of spices can be a functional nutritional strategy to help mitigate
some of the commonly reported negative effects associated to reductions
of fish oil in fish feeds.
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Inter-species microbial transplantations offer the possibility of transferring species-specific microbes
and their associated functionality. As a conceptual approach, an intestinal microbiota transplant
(IMT) between two marine carnivorous fish species that thrive in different environmental conditions
was conducted: from donor Atlantic salmon (Salmo salar) to recipient gilthead seabream (Sparus
aurata), after obliterating its basal microbiota with an antibiotic treatment. To confirm that the gut
microbiota was able to recover after antibiotics without the influence of the diet, a group of gilthead
seabream not submitted to the IMT was kept fasted as an internal control. To assess the effect of the
diet after the IMT, two groups of gilthead seabream were respectively fed with their typical diet and
with Atlantic salmon diet. At 36 days post-IMT, the gut of the individuals fed with their typical diet
was dominated by the feed-associated bacteria, while those fed with the salmon diet had developed
a unique microbiota from the convergence of the diet, donor, and recipient microbiota. These results
suggested that an intestinal microbiota transplantation may be effective if the basal microbiota from
the gut s first cleared and a targeted dietary modification is provided to maintain and enrich the novel
bacteria species over time.

The gastrointestinal tract is one of the most densely populated ecosystems on our planet where the microbial
populations inhabiting it have developed tight relationships with the host over millions of years of co-evolution',
constituting what is known by many as a holobiont. In this sense, the intestinal microbiota has a major impact
on the host health through a wide range of functions, such as feed digestion, nutrient metabolism, energy
homeostasis, immune system modulation, barrier function and mucosal integrity, among others*. Moreover, an
impairment in microbial composition or in the host-microbe interactions (dysbiosis) can lead to digestive and
systemic imbalances and diseases®*. These host-microbiota interactions are reciprocal. For instance, the bacterial
community can stimulate the immune system by their pathogen-associated molecular patterns (PAMPs) that
are recognized through pattern recognition receptors (PRRs) which subsequently activate immune signaling
pathways; and in turn the host shapes the microbial composition, regulating the abundance of some bacterial
communities considered as potential pathogens®. Basic to this, it may be thought that the microbiota of any
animal is well-tuned to the host species, but this is not an inviolably established fact. Recent studies differenti-
ate between the core microbiota, which is the one comprising stable, permanent, and usually highly abundant
members, which persist regardless time and changing factors, and the non-core microbiota, which is transient
and modulable®. Thus, understanding the intricate relationships between the gut microbiota and the host and
their modulation may provide opportunities to promote and ensure a healthy microbiota as well as evaluate its
beneficial effects to the host.

Apart from specific and non-specific host factors, several elements can influence the gut microbiota in humans
and animals, such as the environmental conditions (i.e., pH, oxygen, temperatures), the age, the diet, the host’s
habits, such as physical activity, the presence of diseases and the treatments of those diseases®*. In animal produc-
tion, as a result of the necessity to reduce antibiotic use, several alternatives to improve animal health through
gut microbial modulation have been tested and/or consolidated, such as the application of quorum quenching,
anti-microbial peptides, feed additives, among other supplements, including exogenous enzymes, probiotics, and
prebiotics, alone or in combination (i.e., synbiotics)°. In addition to the above-mentioned strategies, fecal micro-
biota transplants (FMT) have recently gained attention, as it has the advantage of being a persistent strategy that
does not require repeated supply or application®, and the advent of metagenomic analyses has given to the field
more rigor. Numerous applications in humans and animals involving this strategy have been developed over the
last decades'. The more common and historical use of FMT is for the establishment of a healthy microbiota into
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a diseased individual to improve the host health. For instance, human FMT is a well-proven effective treatment
against Clostridium difficile infections' and clinical trials have also shown promising advances in the treatment
of inflammatory bowel diseases, metabolic and neurological disorders, as well as autoimmune diseases''. Apart
from its therapeutic use in humans, FMT has also been extensively tested with production purposes in the live-
stock industry. For instance, ruminal transfaunation (transplant of the rumen microbial content) is commonly
used to restore digestive and metabolic disorders, and to improve milk production in ruminants'?. Likewise,
inter-species transfaunation of the rumen from bison to cattle have shown to enhance protein digestibility*.
On the other hand, such successful results have not always been obtained for the swine and poultry industry’.
In this sense, the fact that the target of the FMT are the stool-associated microorganisms, which are mainly the
large-intestinal microbes, rather than the whole-intestinal microbiota, may raise the question “to what extent
is FMT effective?”'*. Fortunately, the ease of handling smaller animals, such as fish, allows the collection of all
the microbiota found in the intestine rather than just that from the feces, and as such may be more accurately
termed as “Intestinal Microbiota Transplant (IMT)”.

To date, some progress has been made regarding gut microbial transplants in teleosts. In particular, recent
assays in African turquoise killifish (Nothobranchius furzeri), zebrafish (Danio rerio), and large yellow croaker
(Larimichthys crocea), have shown promising results in IMT and FMT as successful strategies to improve host’s
longevity, growth and reproductive performance, digestive capacities, intestinal health, endocrine resilience
against exposure to environmental pollutants, and gut microbial diversity, among others'*-"7. Similarly, the work
of Legrand et al." in yellowtail kingfish (Seriola lalandi) has shed light on the short-term modulation of the gut
microbiota by EMT after an antibiotic treatment. Furthermore, zebrafish has been proposed as a model organ-
ism to be colonized by bacteria from human feces to study the interactions between the human and zebrafish
microbiota'>?, even though few taxa were established in the recipient gut. Analogously, when transplanting
mouse microbiota into germ-free zebrafish, although the observed phyla resembled those from the donor, their
relative abundances were more similar to those of the recipient individuals before transplantation®'. The former
authors stated that these differences in microbial composition were partly imposed by the differential pressures
inherent to host-specific gut habitats?!. This hypothesis was associated to the fact that the above-mentioned ver-
tebrate species have a divergent evolutionary development among others. However, to date there are no works
studying the effect from performing an IMT between two different fish species that naturally thrive in different
environmental conditions on the gut bacterial communities.

As a conceptual approach, the present study aimed to provide insight into the influence of host and donor
gut bacterial communities by carrying out an inter-species IMT using as models two important aquaculture
marine fish species*” that are carnivorous, but they grow at different temperatures: the Atlantic salmon (Salmo
salar) and the gilthead seabream (Sparus aurata). Furthermore, this study also aimed to elucidate the impact of
diet in the phylogenetic flux and dynamics of the microbiota over time in terms of bacterial diversity, structure,
and composition.

Methods

Fish husbandry and diets

Under current experimental conditions, Atlantic salmon were used as donors of intestinal microbiota, whereas
gilthead seabream were chosen as recipients. In particular, Atlantic salmon with an initial body weight (BW;)
of 55.0+0.1 g (mean + SD) were purchased from SARL SALMO (Gonneville-Le Theil, France), while gilthead
seabream with BW,;=100.2 + 0.9 g were obtained from Niordseas S.L. (Villajoyosa, Spain), and both were trans-
ported by road to the facilities of IRTA, La Rapita (Tarragona, Spain). Atlantic salmon parrs were smoltified as
described in Salomén et al.”*. Then, salmon smolts were placed in 2000 L-tanks connected to a water recircula-
tion system (IRTAmar™, Spain) and maintained at a water temperature, pH (pH meter 507, Crison Instruments,
Barcelona, Spain) and dissolved oxygen (OXI330, Crison Instruments) of 12.1+0.2 °C, 7.4+0.3, and 9.5+ 0.2
mg/L respectively, under natural photoperiod (8 h light: 16 h darkness) until the beginning of the experiment.
Gilthead seabreams were placed in 2000 L-tanks connected to an IRTAmar™ system and water quality parameters
were kept at 19.9+2.3 °C, 7.6 £0.4, and 6.3+ 0.6 mg/L. During this period, fish were fed ad libitum with two
different feeds; in particular, Atlantic salmon were fed with an experimental diet containing 40% crude protein,
22% crude fat, and 21.6 MJ/kg digestible energy (2-3 mm pellet size; salmon diet)*, whereas gilthead seabream
were fed with an experimental compound feed (3-5 mm pellet size) containing 44% crude protein, 20% lipids,
and 18 MJ/kg digestible energy (GSB diet).

Antimicrobial treatment and establishment of baseline criteria

A mixture of antimicrobials (AMs) containing Vancomycin (0.02 g/L), Metronidazole (1.0 g/L), Neomycin (1.0
g/L) and Ampicillin (1.0 g/L) was prepared according to Smith et al.'’, although the concentration for each anti-
biotic was doubled to compensate for the larger sized fish used herein. The aim of supplying this antimicrobial
cocktail to the recipient gilthead seabream prior to the IMT was for eliminating/reducing the host-resident
bacterial communities.

To decide the time after the AM treatment at which the intestinal microbiota from the donor salmon should
be transplanted into the recipient gilthead seabream the recovery time of the gut-bacterial communities from
gilthead seabream after the AMs was evaluated by their growth in TSA (Trypticase Soy Agar) +0.6% NaCl cul-
ture media. Furthermore, this brief assay confirmed the effectiveness of the AM cocktail for elimination of the
resident microbiota of the donor fish. For that purpose, three gilthead seabream that had been fasted overnight
were hand-netted and anesthetized with buffered tricaine methanesulfonate (MS-222, Sigma-Aldrich, Spain;
100 mg/L). Then, an aliquot of 1 mL of the mixture of AMs was administered by both anal and oral gavage using
a 5 mL syringe connected to a cannula (o= 1.7 mm; ref. 340-6402, Izasa, Spain) (Fig. 1). Orally, the cannula
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Figure 1. Schematic representation of the composition and administration of the antimicrobial mixture to
recipient gilthead seabream (Sparus aurata). Created with BioRender.com.

was inserted until the stomach, while anal insertion was ca. 2-3 cm towards anterior direction, reaching the
mid-posterior intestinal region. After 24 h, the three fish were euthanized in a bucket of water containing an
overdose of buffered tricaine methanesulfonate (MS-222, Sigma-Aldrich, Spain; 300 mg/L) and their intestines
were extracted, from just after the pyloric caeca to the anus, under sterile conditions. The three intestines were
gently stripped with autoclaved tweezers, and the chyme collected from each one was pooled into a 50 mL tube
with 10 mL of sterile PBS held on ice. After stripping, the intestines were opened lengthwise and the content
from the mucosal layers were insistently but gently scraped with a round edge spatula and pooled into the same
50 mL tubes with the chyme. The remaining intestinal tissue was cut into small pieces of ca. 1 cm, placed into
5 mL of sterile PBS in a separate tube, shaken vigorously for 2 min; then the tissue pieces were removed, and
the liquid was added to the tube containing the chyme and mucosa collected previously. To homogenize the
samples, the content of the tube was transferred to a sterile stomacher bag and triturated at maximum speed for
3 min (Stomacher Lab-Blender 400, Seward, United Kingdom) (Fig. 2). An aliquot of 100 uL was spread onto
TSA +0.6% NaCl, which was used as a general medium for the growth of bacteria and fungi, and incubated at
22 °C. Bacterial growth was checked at 24 h. The same protocol was followed with three gilthead seabream that
did not receive the mixture of AMs as a control to compare normal bacterial growth in culture media to the AM-
treated samples. The process was repeated at 48 h post AM-treatment and growth evaluated after 24 h at 22 °C.

Additionally, to ensure the absence of effects from potential antimicrobial residues in the blood of gilthead
seabream, 24 h after the AM gavage three individuals were randomly netted and anesthetized for blood collection
via caudal vein with 1 mL heparinized syringes (ref. 303,179, BD Plastik, Canada) and the plasma was separated
from the blood by centrifugation (1600xg, 10 min, 4 °C). A volume of 100 pL from different plasma dilutions
(1:2, 1:10, and 1:20) were placed in equidistant 5 mm diameter-wells made on the surface of Mueller-Hinton
media in which a lawn of E. coli had previously been spread and the plates were incubated at 22 °C.

A separate group of gilthead seabream (n=15) were kept fasted during 17 days after the AM administration
for testing the effect of the AM treatment on the gut bacterial communities and to record the establishment
of the microbiota over time, regardless of the influence of the diet. For this purpose, intestinal samples from
gilthead seabream pre-AMs and at 24 h, 8 days and 17 days post-AMs that were continuously fasted during all
the period, were collected as described above (chyme + mucosal content +liquid after tissue shaking; Fig. 2) and
frozen at — 80 °C until DNA extraction (n =3 for gilthead seabream pre- and 24 h post-AMs; n=6 for 8 and 17
days post-AMs since fasting produced very little microbial content).
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Intestinal microbiota transplant

For the preparation of the IMT, 30 Altantic salmon (BW =240.2+19.3 g) were euthanized with an overdose of
MS-222 (> 150 mg/L MS-222) and their intestinal content was extracted following the above-described procedure
(Fig. 2), but in this case each sample was resuspended in 10 mL of 0.9% PBS and 10% glycerol, rather than only in
PBS, following the recommendations of Quaranta et al.** for handling practices for microbial transplants. Three
randomly chosen samples were stored at — 80 °C for DNA extraction, and the rest of the samples were pooled in
groups of five and homogenized together in a stomacher (Lab-Blender 400), then mixed all together in a sterile
1 L-bottle by constant shaking at 4 °C. This suspension was filtered through sterile gauze into another bottle for
reducing the amount of residual partially digested food that might clog the cannula during administration to
the recipient fish. The filtered homogenate was immediately frozen at — 80 °C until IMT.

A total of 50 gilthead seabream (BW =570.5 + 58.3 g) were anesthetized with 100 mg/L MS-222 and the mix-
ture of AMs was orally and anally administered as described in Fig. 1. Then, fish were randomly separated into
two different 2000-L tanks (n=25), as each tank would be assigned to a diet (salmon and GSB diets). After 24 h,
all the specimens from each tank were netted, anesthetized and the thawed bacterial suspension collected from
salmon was brought to ambient temperature and administered via oral and anal gavages (1 mL each route) using
a cannula as described above. After the IMT, all gilthead sea breams were returned to their respective tanks. No
mortality derived from fish handling and IMT was observed.

Figure 2. Schematic representation of the steps followed for intestinal sampling of bacteria: 1, stripping for
chyme collection; 2, scraping for collection of mucosal content; 3, gathering of bacteria still associated to the
tissue by shaking; and 4, pooling and homogenization in a Stomacher. Created with BioRender.com.
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Assessment of the diet impact in the establishment of the bacterial communities after the
intestinal microbiota transplant

To assess the effect of the diet in the establishment and/or maintenance of bacterial communities after the IMT,
gilthead seabream from the first tank continued being fed with the GSB diet, while those from the second tank
received the salmon experimental diet. Fish in both tanks were fed by hand three times per day at a feed ratio
of 1.5% of the stocked biomass for 36 days. Samples from intestinal content were obtained at different times
to study the progression of development over time of the diversity, structure, and composition of the bacterial
communities. Sample collection was performed at 2, 7, 16 and 36 days post-IMT (n=6 per dietary treatment
at each time, n=7 at final time; Fig. 3). At each sampling point after the 2 days, fish BW was measured. Three
samples of each diet (salmon and GSB) were also analyzed to compare the microbiota present in them with that
from the gut samples.

DNA extraction and 16S rRNA gene amplification for sequencing

Extractions of DNA were performed following the manufacturer instructions with the DNeasy PowerSoil Pro Kit
(ref. 47,016, QIAGEN, Germany). The concentrations and purity of extracted DNA were evaluated by means of
a Nanodrop-2000° spectrophotometer (Thermo Fisher Scientific, USA). The DNA concentrations were higher
than 20 ng/pL and the A,¢)/A,5, absorbance ratios were higher than 1.80.

The V3-V4 region of the 16S rRNA gene was amplified with the primers 341F (5-CCTACGGGNGGCWGC
AG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3') according to the 16S Metagenomic Sequencing
Library Preparation guide®. First PCR was performed with Q5° High-Fidelity DNA Polymerase (ref. M0491L,
New England BioLabs, USA) using the following programme: a step of 30 s at 98 °C for initial denaturation and
polymerase activation, followed by 30 cycles of 10 s at 98 °C, 30 s at 55 °C, 30 s at 72 °C, and 2 min at 72 °C of
final extension. After that, a second amplification of 8 cycles was run in order to add the specific barcodes to the
templates. The amplified region was then sequenced on an Illumina MiSeq Platform (2 x 300 bp paired-end).

Data analyses and statistics

Forward and reverse primers were removed from the fastq files by means of the Cutadapt tool in the open-source
software QIIME2 (v2022.2)*°. A workflow based on the R package DADA2 (v1.24.0), which is applied to model
and correct Illumina-sequenced amplicon errors?’, was carried out. In brief, reads were subjected to quality
filtering, excluding those with a Phred quality score <28; then, paired-end reads were merged and the sequences
with an overlap length < 12 nucleotides, more than 0 mismatches, or identified as chimeras were also removed.
During this process, six samples were discarded from the analysis (one from the group gilthead seabream 8 days

Sampling points for DNA extraction
and 16S rRNA gene sequencing

¥ B0 Tdpostavs
24h
GSB post-AMs
2d 7d 16d 36 d post-IMT

diet

Figure 3. Schematic representation of the intestinal microbiota transplant (IMT) from Atlantic salmon (Salmo
salar) to gilthead seabream (Sparus aurata) and subsequent nutritional assay carried out for assessing the effect
of the diet in the gut bacterial communities. After the antimicrobial (AM) treatment, one group of gilthead
seabream (n=15) was fasted for 17 days in order to assess the effect of AMs in the absence of dietary influences.
The rest of the gilthead seabream (n=>50) were submitted to the IMT 24 h post-AMs, and in order to assess

the effect of the diet, gilthead seabream given the IMT were divided in two tanks (n=25 per tank): one which
continued with the GSB diet, and the other fed with the salmon diet. Created with BioRender.com.
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post-AMs, two from the group 17 days post-AMs, one from the group fed the GSB diet 2 days post-IMT, and
two from the group fed the salmon diet 2 days post-IMT). DADA2 resolves differences at the single-nucleotide
level and the end products are amplicon sequence variant (ASVs).

Bacterial taxonomy was assigned using the SILVA database (v138.1) as a reference library. A bootstrapping
confidence of 80% was established as a cut-off to be considered as a reliable assignment?®; otherwise, ASVs were
classified as unassigned. Template rarefaction curves were obtained using the R package vegan (v2.6-4). Then,
all samples were rarefied to the lowest sample depth by subsampling 15,993 reads per sample, which was a repre-
sentative sample size of the different ASV's occurring in the samples (Supplementary Fig. S1), and normalized by
total sum scaling® to calculate the alpha diversity indices of ACE, Shannon, and Faith’s phylogenetic diversity***'.
Significant differences in these indices among groups were calculated using the Kruskal-Wallis test followed by
the Wilcoxon post-hoc test (P<0.05). With the values of alpha diversity obtained from gilthead seabream fed
their initial diet and the salmon diet, a linear mixed model was first performed taking the variables diet and time
as fixed factors and the sampling order as a random factor, for testing the significant effect of these variables
and their interaction, by means of the Ime4 package™. The association between alpha diversity values and time
was analysed with Spearman’s correlation coefficient (r; P<0.05). For beta diversity and relative abundance,
data was normalized by cumulative sum scaling (CSS) which scales counts by dividing the sum of each sample’s
counts up to and including a percentile quantile in order to avoid the bias that may be introduced by preferential
amplification or sequencing of specific sequences®. In this study, we scaled the counts by the 50 percentile of
the number of ASVs in each sample for normalization by means of the package metagenomeSeq (v1.38.0)*".
Beta diversity was approached with the quantitative metrics of Bray—Curtis distance®® and weighted UniFrac
distance, which was used to estimate similarities among samples based on the phylogenetic relationships of their
ASVs?. The phylogenetic distances among ASVs used to calculate the indices of Faith's phylogenetic diversity
and weighted UniFrac were also obtained with QIIME2%. Results of beta diversity were represented by means of
a Principal Coordinate Analysis (PCoA), and a permutational multivariate analyses of variance (PERMANOVA)
was used to check significant differences in beta diversity, performing pairwise PERMANOVAs among groups
as a post-hoc test (P<0.05). The significant effect of the variables diet and time, and their interaction were also
tested using a PERMANOVA including both fixed variables. Data on relative abundance among ASVs was
analysed by Kruskal-Wallis followed by Wilcoxon test, with P set to 0.1 for determination of significance due
to the low number of methodological replicates of the diets and of the baseline samples of Atlantic salmon and
gilthead seabream. The above-mentioned statistics were partly obtained with the R package microeco (v0.12.0),
which was used to generate figures together with ggplot2 (v3.4.1). Significant differences in fish BW among
experimental groups post-IMT were checked by means of a one-way ANOVA with Tukey’s range post-hoc test
for multiple comparison among groups (P<0.05), after data verification of normal distribution (Shapiro-Wilk
test) and homoscedasticity (Levene’s test).

Ethics declaration

All procedures involving animal care, manipulation and sampling were carried out by trained competent per-
sonnel, complied with the Spanish (law 32/2007 and Royal Decree 1201/2015) and the European legislation
(EU2010/63). The experimental protocol was authorized by the Ethical Committee of the Institute of Agrifood
Research and Technology and the Generalitat of Catalunya (CEEA 11264/2021).

ARRIVE guidelines
The study was conducted in compliance with the ARRIVE guidelines and all methods were conducted in accord-
ance with relevant guidelines and regulations.

Results

Culture-bacterial growth after antimicrobial treatment for establishment of baseline criteria
The preliminary trial to evaluate the efficacy of the AM cocktail and the timing of recovery of the basal microbial
community indicated that gut microbiota recovery was rapidly advancing after 48 h, which indicated that the
actual IMT trial might be initiated 24 h post-AM treatment. After 24 h of incubation in TSA +0.6% NaCl media,
only 6 CFUs were growing from the intestinal microbiota obtained from the AM-treated fish at 24 h, and the
number of CFUs increased to 10> CFUs at 48 h after AM gavage, while the bacterial growth from control animals
remained at 10° CFUs in both times. In addition, the absence of clearance zones of growth in the Mueller-Hinton
media after 24 h- and 48 h-incubations of the blood of gilthead seabream 24 h post-AM gavage, indicated that
there was no risk of retention of antimicrobial residues after 24 h.

Fish body weight

As expected, fasted gilthead seabream showed lower BW values when compared to the fed groups at all sampling
times (Table 1), displaying significant differences with respect to GSB fed the salmon diet at 7 days post-IMT,
and with respect to gilthead seabream fed both diets (GSB diet and salmon diet) at 16 days post-IMT (P < 0.05).
There were no differences seen regarding the administered diet after the IMT (P> 0.05).

Effect of the antimicrobial treatment on the diversity, structure, and composition of the gut
bacterial communities

Regarding microbial diversity, no differences in the ACE index were observed after the AM treatment in fasted
gilthead seabream (Kruskal-Wallis, P=0.067; Fig. 4A). However, when performing the Wilcoxon test between
the experimental groups, gilthead seabream at 24 h post-AMs showed a tendency towards increasing estimated
richness values with respect to gilthead seabream from the pre-AM treatment (P=0.1), whereas at 8 and 17 days
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Time after intestinal microbiota transplant

7 days 16 days 36 days
Fasted GSB* 524.2+41.7° 536.8+49.0° -
GSB fed GSB diet 608.7 +106.8% 668.7+59.9 752.4+72.8
GSB fed salmon diet 688.0+73.9° 740.3+84.6" 769.4+120.8

Table 1. Body weight (BW, g) of gilthead seabream (Sparus aurata) (GSB) under the different experimental
conditions. The days in the table header indicate the number of days after the intestinal microbiota transplant
(IMT) from donor Atlantic salmon. Values are represented as mean +SD (n=6 fish individuals per group; n=7
at 36 days). Significant differences among the three experimental groups at days 7 and 16 are indicated in the
same row by the different superscript letters (one-way ANOVA, with Tukey’s range post-hoc test; P<0.05).
There were no differences regarding diet after the IMT (GSB fed GSB diet vs. GSB fed salmon diet; Student’s
t-test; P> 0.05). *Fasted GSB were not subjected to the IMT and were used as a control to assess the effect of
AMs over time and to observe what microbiota profile was recovered in the absence of the influence of feed:
in that case, the times 7 and 16 days (post-IMT) correspond to 8 and 17 days post-AMs respectively. The two
other groups of fish were submitted to the IMT after which they were fed either the GSB diet or the salmon
diet.

post-AMs there was a downward tendency with respect to specimens from the 24 h post-AMs sampling point
(P=0.036; P=0.057, respectively). When using both the Shannon and Faith’s phylogenetic diversity (PD) indices,
a significant decrease was observed at 8 days post-AMs with respect to 24 h post-AMs (P=0.036 in both cases;
Fig. 4B,C). Likewise, there was a tendency to an increase in diversity at 24 h post-AMs with respect to gilthead
seabream pre-AMs (P=0.1), while at 17 days post-AMs tended to decrease with respect to the 24 h post-AMs
sampling point (P=0.057 in both cases). Further, the values for the Shannon index were negatively correlated to
the number of days that had passed after AM treatment (Spearman’s correlation coefficient r,=—-0.77, P=0.003).

In terms of beta diversity, when using the Bray—Curtis metric (Fig. 4D), the PCoA distribution of the sam-
ples clearly showed that the structure of the bacterial communities was very different among gilthead seabream
from the pre- AMs group, and those collected at 24 h post-AMs, and with respect to the other groups post-AMs
(P<0.05). In contrast, the distribution of gilthead seabream at 8 days post-AMs and at 17 days post-AMs was
very similar (P=0.281). When also considering the phylogenetic relationships among ASVs within samples
(Weighted UniFrac; Fig. 4E), the structures of the bacterial communities in gilthead seabream at 17 days post-
AMs and from the pre-AMs group resemble each other (P=0.060) more than the groups at 8 days post-AMs
and at 17 days post-AMs (P=0.031). In that latter case, except between gilthead seabream from the pre-AMs
group and at 17 days post-AMs, the remaining were different among them (P<0.05).

Regarding composition of gut bacterial communities, the relative abundance of the phylum Proteobacteria
was reduced by 50% at 24 h after the AM treatment (P<0.1; Fig. 4F; Supplementary Table S1). On the other
hand, the relative abundance of the rest of phyla>0.5% increased (P<0.1), except for Spirochaetota (P>0.1).
At eight days post-AMs, the relative abundances of Proteobacteria, Planctomycetota, Verrucomicrobiota, Bac-
teroidota and Dependientae were already re-established with respect to gilthead seabream from the pre-AMs
group (P>0.1) and they were maintained in the same range at 17 days post-AMs. The relative abundance of the
other phyla (Firmicutes and Actinobacteriota) did not reach values similar to the initial ones until 17 days post-
AMs, except for Cyanobacteria, that showed a gradual decrease after the AM treatment that was maintained at
17 days (P<0.1). At the level of genus, the AM treatment induced a change in the relative abundance of 70% of
the represented genera (those with a relative abundance > 0.5% excluding those classified as unassigned) at 24 h
post-AMs; in particular, a decrease in Vibrio, while an increase in Synechococcus CC9902, Escherichia-Shigella,
Cyanobium PCC-6307, Staphylococcus, Acinetobacter, Coxiella, DS001, and Streptococcus was observed (P<0.1;
Fig. 4G; Supplementary Table S2). Photobacterium, Catenococcus and Brevinema were the only genera to remain
unchanged at 24 h post-AMs. At 8 days post-AMs, the relative abundances of 54% of the genera that were origi-
nally represented in the baseline samples were already restored, including Cyanobium PCC-6307, Staphylococcus,
Coxiella, DS001, and Streptococcus. The appearance of Aliivibrio at this sampling time was remarkable, as this
was not present in gilthead seabream at 24 h post-AMs and pre-AMs (P<0.1). At 17 days post-AMs, the relative
abundance of Synechococcus CC9902 and Acinetobacter was also re-established with respect to gilthead seabream
from the pre-AM:s group, so that 85% of the genera contained a relative abundance similar to the baseline micro-
biota, and only that of Vibrio and Escherichia-Shigella was different at the final sampling point of day 17 (P<0.1).

Effect of the intestinal microbiota transplant and species-specific diets on the diversity, struc-
ture and composition of the gut bacterial communities
There was no significant effect of the time (F=0.83, P=0.516) and the diet (F=0.15, P=0.704) on the ACE
index, but there was for their interaction (F=11.48, P<0.001). When using the Shannon and Faith’s phylogenetic
diversity (PD) indices, there was significance on both variables; time (Shannon: F=4.40, P=0.005; PD: F=9.85,
P<0.001) and diet (Shannon: F=5.46, P=0.025; PD: F=18.17, P<0.001), as well as on their interaction (Shan-
non: F=3.21, P=0.023; PD: F=7.36, P<0.001). Thus, the significant differences among experimental groups
regarding these two variables were individually evaluated.

For the ACE index, gilthead seabream fed the GSB diet after the IMT and until day 16 post-IMT (included)
displayed a similar diversity than that from the pre-IMT samples from Atlantic salmon and gilthead seabream
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Figure 4. Gut bacterial communities in fasted gilthead seabream (Sparus aurata) from the pre- antimicrobial
treatment (GSB pre-AMs) during the first 17 days: Alpha diversity measured by (A) ACE index, (B) Shannon
index, and (C) Faith’s phylogenetic diversity index (PD). The letters show significant differences among
experimental groups (Kruskal-Wallis with Wilcoxon post-hoc test; P<0.05). Microbial structure analyzed with
(D) Bray—Curtis and (E) weighted UniFrac distances. Significant differences among experimental groups are
shown in black captions (PERMANOVA; P<0.05). Microbial composition at the level of (F) phylum and (G)
genus. Taxa with an abundance <0.5% are classified as “Others”. Mean + SD values and significant differences
among experimental groups (Kruskal-Wallis with Wilcoxon post-hoc test; P<0.1) at the level of phylum and
genus can be found at Supplementary Tables S1 and S2, respectively.
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(Fig. 5A). However, at 36 days post-IMT, gilthead seabream fed the GSB diet showed a microbial diversity differ-
ent to the one of Atlantic salmon (P <0.05), although still similar to the pre-IMT group (P> 0.05). Completely the
opposite was seen for gilthead seabream fed the salmon diet, which did not display significant differences over
time with respect to the Atlantic salmon microbiota (P> 0.05); however, at 36 days post-IMT, microbial diversity
was lower than in gilthead seabream from the pre-IMT (P<0.05). Values of the ACE index in gilthead seabream
fed the GSB diet were positively correlated with the time of post-IMT from 7 days onwards (Spearman’s correla-
tion coeflicient r,=0.85, P<0.001). Differences regarding the species-specific diet were observed at 16 and 36
days post-IMT (P<0.05). Similarly, no differences in the Shannon index for gilthead seabream fed the GSB diet
were found at any time post-IMT with respect to the pre-IMT group (P>0.05); while at 7 days there was a sig-
nificant decrease in comparison to the Atlantic salmon microbial diversity (P <0.05), but afterwards it increased
again reaching similar values to those seen for Atlantic salmon (Fig. 5B). Indeed, these values of Shannon’s alpha
diversity found in gilthead seabream fed the GSB diet were also positively correlated with the time of post-IMT
from 7 days onwards (r,=0.69, P<0.001). On the other hand, fish fed with the salmon diet after the IMT did not
show differences among sampling times nor with the baseline microbial diversities from gilthead seabream or
donor Atlantic salmon specimens (P>0.05). In this case, significant differences regarding each species-specific
diet were only observed at 7 days post-IMT (P<0.05). Faith’s phylogenetic diversity in gilthead seabream fed
the GSB diet did not vary among times and with respect to the values from the baseline fishes (Atlantic salmon
microbiota and gilthead seabream from the pre-IMT group) (Fig. 5C). In contrast, gilthead seabream fed the
salmon diet showed higher PD values at 7 and 16 days post-IMT than the Atlantic salmon microbiota and gilt-
head seabream from the pre-IMT group (P < 0.05). In fact, there was a positive correlation between the samples
from days post-IMT and PD from 2 days post-IMT to 16 days post-IMT groups (r,=0.79, P<0.001); whereas at
36 days the alpha diversity values were restored with respect to the initial ones of Atlantic salmon and gilthead
seabream from pre-IMT groups (P> 0.05). Furthermore, there were significant differences in PD values between
gilthead seabream fed the GSB diet and those fed the salmon diet from 7 days onwards (P<0.05).

In terms of beta diversity, after the IMT the gut microbial structure of gilthead seabream was significantly
affected by both factors: the diet (Bray—Curtis: F=4.71, R*=0.07, P<0.001; weighted UniFrac: F=17.82, R?=0.17,
P<0.001) and the time after the IMT (Bray-Curtis: F=4.81, R*=0.22, P<0.001; weighted UniFrac: F=10.33,
R?=0.29, P<0.001); as well as by their interaction (Bray—Curtis: F=2.39, R*=0.11, P<0.001; weighted UniFrac:
F=6.28, R*=0.18, P<0.001). Therefore, in order to find out the individual effect of the diet on the structure of
the gut bacterial communities post-IMT, the different distribution in the PCoA and significant differences among
gilthead seabream fed both types of diets, as well as among the diets themselves, were separately analysed at the
different sampling points.

Pairwise differences were observed among the four experimental groups at 2 days post-IMT when using the
Bray-Curtis metric (P<0.05) except for the salmon diet and the GSB diet, with P=0.1 in all times, which may be
attributed to the low number of replicates (n =3 for both diets). While the diets appeared separately in the PCoA
between them and with respect to gilthead seabream irrespective of the administered diet, fish fed each diet were
grouped close to each other (Fig. 6; despite F=1.75, R?=0.20, P=0.035). Pairwise significant differences among
all groups were maintained at the different sampling times (P<0.05), whereas the groups fed with the salmon diet
and the GSB diet were found further apart as the days passed away. After 36 days from the IMT, the microbial
structure of gilthead seabream fed the GSB diet was closer to the GSB diet (F=3.08, R?=0.28, P=0.014) than
to their congeners fed the salmon diet (F=3.76, R?=0.24, P=0.003). When approaching the beta diversity with
the weighted UniFrac metric, all fish displayed a similar microbial structure regardless of the diet administered
after the IMT (F=0.69, R?=0.09, P=0.572; Fig. 6). During the rest of times, all the groups remained separate
(P<0.05), with the exception of the salmon diet and gilthead seabream fed the salmon diet at 36 days post-IMT,
which clustered together (F=2.33, R?=0.23, P=0.083). Although the distances of weighted UniFrac in the GSB
diet and in gilthead seabream fed the GSB diet 36 days post-IMT were significantly different (F=9.43, R?=0.54,
P=0.012), they showed a very close distribution in the PCoA.

Regarding microbial composition, we first compared the different relative abundances of phyla and genera
in gilthead seabream from the post-IMT groups, which were fed throughout the trial with the GSB diet, to the
gilthead seabream from the pre-IMT group, the Atlantic salmon microbiota, and the administered diet (GSB
diet). Thus, at two days post-IMT, all the phyla>0.5% had a relative abundance like that of Atlantic salmon
microbiota and gilthead seabream from the pre-IMT group (P> 0.1; Fig. 7A; Supplementary Table S3 and Sup-
plementary Fig. S2). However, the diet did show differences with respect to the fish in the relative abundance
of the following phyla: for Proteobacteria it was higher in gilthead seabream 2 days post-IMT than in the GSB
diet, while for Firmicutes and Fusobacteriota it was lower (P<0.1), the latter remaining at 0% from this time
onwards. These differences were maintained at days 7 and 16, with an increase in Spirochaetota also appearing
with respect to the GSB diet and Atlantic salmon microbiota. At 7 days post-IMT, a decrease in the relative
abundance of Proteobacteria with respect to the baseline fishes (Atlantic salmon microbiota and gilthead sea-
bream from the pre-IMT group) was also observed (P<0.1). At the final sampling point (36 days post-IMT),
the relative abundance for Proteobacteria was similar to that of the GSB diet, for Spirochaetota it was similar to
the GSB diet and to the microbiota of Atlantic salmon (0%), and for Fusobacteriota it resembled that of Atlantic
salmon microbiota and gilthead seabream from the pre-IMT groups (0%). In contrast, the relative abundance for
Bacteroidota and Cyanobacteria was similar with respect to the baseline samples from fishes (Atlantic salmon
microbiota and gilthead seabream from the pre-IMT group) and GSB diet (very close to 0%; P> 0.1). The relative
abundance of Firmicutes at the final sampling point was very close to that of the GSB diet (gilthead seabream 36
days post-IMT: 77.2 + 4.6%; GSB diet: 68.3 +6.9%) despite P<0.1 (P=0.063).

At the level of genus, the relative abundance of Acinetobacter, Synechococcus CC9902, Corynebacterium,
Peptostreptococcus, and Acidibacter in gilthead seabream fed the GSB diet from 2 days until 16 days post-IMT
(included) were in the same range as for the GSB diet, Atlantic salmon microbiota and gilthead seabream from
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Figure 5. Microbial alpha diversity of the gut bacterial communities in Atlantic salmon (Salmo salar), in
gilthead seabream (Sparus aurata) previous to the intestinal microbiota transplant from donor Atlantic salmon
specimens (GSB pre-IMT and after AM treatment) and in gilthead seabream fed either their typical diet (GSB
fed GSB diet) or the Atlantic salmon diet (GSB fed salmon diet) at 2, 7, 16 and 36 days post-IMT: (A) ACE
index, (B) Shannon index, and (C) Faith’s phylogenetic diversity index (PD). The top table represents the index
values per group as mean + SD. Box plots represents the minimum, maximum and the median of the sample
values obtained from the diversity indices, and the letters show significant differences among experimental
groups (Kruskal-Wallis with Wilcoxon post-hoc test; P<0.05).
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Figure 6. Microbial structure of the gut bacterial communities in gilthead seabream (Sparus aurata) fed

either their typical diet (GSB fed GSB diet) or the Atlantic salmon diet (GSB fed salmon diet) at 2, 7, 16 and 36
days after the intestinal microbiota transplant from donor Atlantic salmon (post-IMT), as well as of GSB and
salmon diets. Beta diversity was analyzed with the metrics of Bray—Curtis and weighted UniFrac distances,
and represented by individual distributions in the principal coordinate analyses. Significant differences among
experimental groups are shown (PERMANOVA; P<0.05).
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Figure 7. Contrasting control treatments with gilthead seabream (Sparus aurata) fed an experimental gilthead
seabream diet (GSB diet): Mean relative abundances of the gut bacterial communities in GSB diet, Atlantic
salmon (microbiota donor), gilthead seabream previous to the intestinal microbiota transplant (GSB pre-IMT
and after AM treatment) and in gilthead seabream fed the GSB diet at 2, 7, 16 and 36 days post-IMT (A) at

the level of phylum, and (B) at the level of genus. Taxa with an abundance <0.5% are classified as “Others”.

Mean + SD values for phyla and genera are compiled in Supplementary Tables S3 and S4, respectively. Significant
differences among experimental groups (Kruskal-Wallis with Wilcoxon post-hoc test; P<0.1) at the level of
phylum and genus can be found in Supplementary Figs. S2 and S3, respectively.

the pre-IMT group (P>0.1; Fig. 7B; Supplementary Table S4 and Supplementary Fig. S3). Noteworthy was the
increase in relative abundance of Brevinema at 7 days post-IMT, a genus common to gilthead seabream from
the pre-IMT group, though this was reduced again at 16 days post-IMT (P<0.1). Additionally, Catenococcus,
a genus exclusive from gilthead seabream from the pre-IMT group (which was not present in Atlantic salmon
microbiota nor in GSB diet), was maintained at a similar relative abundance to the gilthead seabream from the
pre-IMT group during 2, 7 and 16 days post-IMT, but it was not observed at 36 days (0%). The dynamics of
Aliivibrio and Mycoplasma were also remarkable, because neither were found in the gilthead seabream from
the pre-IMT group nor in the GSB diet, but they were present in the Atlantic salmon microbiota. In particular,
Aliivibrio appeared at 2 days-post IMT in gilthead seabream, but its presence was not sustained over time, and
Mycoplasma was not found at any time. On the other hand, Cetobacterium appeared in the GSB diet, while its
relative abundance was 0% in the rest of the post-IMT fish, as in the baseline fishes (Atlantic salmon microbiota
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and gilthead seabream from the pre-IMT group). At the final sampling time, only 31% of the represented genera
had a similar relative abundance to that from the gilthead seabream from the pre-IMT group, and 31% of the
genera also displayed similar relative abundances to those of the Atlantic salmon microbiota. Thus, the effect of
the donor and host microbial profiles lost significance over time, considering that at 2 days post-IMT 69% of the
genera contained a similar relative abundance to that from the gilthead seabream from the pre-IMT group and
50% of the genera showed similar relative abundances to those of the Atlantic salmon microbiota. On the other
hand, the administered diet gained significance at 36 days post-IMT, showing more than 56% of genera with a
relative abundance similar to the GSB diet group with respect to an initial similarity of 44% at 2 days post-IMT
in gilthead seabream fed the GSB diet. It was worth noting the increase in relative abundance of Lactobacillus
and Ligilactobacillus with respect to the previous sampling point (16 days post-IMT), which were common to
the GSB diet and they did not appear in the Atlantic salmon microbiota or gilthead seabream from the pre-IMT
group (P<0.1).

There were distinctly different results when we compared the microbial composition in gilthead seabream
from the post-IMT group, which were fed during all the trial with the salmon diet, to the gilthead seabream from
the pre-IMT group, the Atlantic salmon microbiota and the administered diet (salmon diet). At 2 days post-
IMT, all the phyla displayed a similar relative abundance to that of the donors (P>0.1; Fig. 8A; Supplementary
Table S5 and Supplementary Fig. S4). In the same way, the only phylum which showed a differential relative
abundance with respect to gilthead seabream from the pre-IMT group was Bacteroidota, which did not appear
in any sample of gilthead seabream from the pre-IMT group (P<0.1). The abundance of this phylum ranged
between 1.4 and 8.9% over time, not showing significant differences with respect to the salmon diet at any time
(with a mean relative abundance of 7.9 + 1.5%; P>0.1). Only the phylum Firmicutes showed significant differ-
ences at all sampling points after the IMT with respect to the salmon diet (20.1 +3.0%; these values were always
lower in GSB post-IMT: 5.1-12.9%; P<0.1). The relative abundance of this phylum over time was maintained
in the same range as for gilthead seabream from the pre-IMT group (5.1+1.1%) and the microbiota of the
donors (5.9+2.2%) (P>0.1). On the other side, the relative abundance of Proteobacteria prominently decreased
from 7 days post-IMT onwards with respect to donors’ microbiota and gilthead seabream from the pre-IMT
group, while that of Actinobacteriota and Bacteroidota increased (P<0.1). Although the relative abundance of
Cyanobacteria and Spirochaetota was also higher in gilthead seabream at 7 and 16 days post-IMT with respect
to both reference microbiota (Atlantic salmon and gilthead seabream before the AM treatment) (P<0.1), these
significant differences were not sustained at 36 days post-IMT (P> 0.1). The relative abundance of Spirochaetota
at 7 and 16 days post-IMT also displayed significant differences with respect to that of the salmon diet, which
was 0f 0.2+0.3% (P<0.1).

At the level of genus, no significant differences were observed in the relative abundance of Corynebacte-
rium, Staphylococcus, Pseudomonas, Alloiococcus, Cutibacterium, Asinibacterium, Sphingomonas, Heliimonas,
Bradyrhizobium, Cyanobium PCC-6307 and Turicella in gilthead seabream fed the salmon diet at any of the
times post-IMT with respect to the microbiota of donors, gilthead seabream from the pre-IMT group nor the
salmon diet (P> 0.1; Fig. 8B; Supplementary Table S6 and Supplementary Fig. S5). Although immediately after
the microbiota transplant (2 days post-IMT), the relative abundances of Acinetobacter, Synechococcus CC9902,
Brevinema, Vibrionimonas, and Bacillus were also within the same range (very close to 0%) as in the two base-
line groups (gilthead seabream from the pre-IMT group, and Atlantic salmon microbiota) and in the salmon
diet, their abundances tended to increase and changed over time (P<0.1). Conversely, the relative abundance
of Escherichia-Shigella was significantly higher in all the times post-IMT than in Atlantic salmon microbiota, in
gilthead seabream from the pre-IMT group and in the salmon diet, especially at 36 days post-IMT (19.1+10.6%;
P<0.1). Additionally, the relative abundances of Aliivibrio and Mycoplasma tended to decrease after the IMT
in comparison to the microbiota of donors (P<0.1). Regarding differences in composition maintained over
time with respect to the gilthead seabream from the pre-IMT group, the relative abundance of Vibrio decreased
around 50% after the IMT (P<0.1). In comparison to the salmon diet, Halomonas, Chromohalobacter, Idioma-
rina, and Pseudoalteromonas showed a lower relative abundance in all sampled times post-IMT. At the end of the
study (36 days post-IMT), 77% of the represented genera (>0.5% and excluding those classified as unassigned)
showed a relative abundance similar to that for the Atlantic salmon microbiota, the same percentage as when
compared to gilthead seabream from the pre-IMT group. In terms of the salmon diet, the relative abundances
of 65% represented genera matched with those of gilthead seabream fed the salmon diet at 36 days post-IMT.

Comparison of the microbial communities at 7 and 16 days post-IMT with respect to the base-
line group not submitted to the intestinal microbiota transplant
Beta diversity values were statistically compared among gilthead seabream fed the GSB and the salmon diets and
the baseline group not submitted to the IMT (fish fasted after the AM treatment). Significant differences were
found among the three groups at both 7 and 16 days post-IMT when Bray-Curtis distances were used (P <0.05;
Fig. 9A,B). Considering phylogenetic relations (weighted UniFrac distances), there were also significant differ-
ences among the three groups at 7 days (P <0.05; Fig. 9C). However, at 16 days post-IMT, gilthead seabream fed
the GSB diet, and the fasted fish not submitted to the IMT were similar (F=1.20, R?=0.13, P=0.30; Fig. 9D),
while gilthead seabream fed the salmon diet showed significant differences when compared to both groups
(P<0.05).

When representing the Venn diagram with the ASV's found in the three groups, a total of 14 and 21 ASV's
where shared among the three groups at 7 and 16 days post-IMT, which constituted a total of 18.4% and 26.9%
relative abundance, respectively (Fig. 9E,F).
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Figure 8. Contrasting control treatments with gilthead seabream (Sparus aurata) fed an experimental salmon
diet: mean relative abundances of the gut bacterial communities in gilthead seabream fed the salmon diet,
Atlantic salmon (microbiota donor), gilthead seabream previous to the intestinal microbiota transplant (GSB
pre-IMT and after AM treatment) and in gilthead seabream fed the salmon diet at 2, 7, 16 and 36 days post-IMT
(A) at the level of phylum, and (B) at the level of genus. Taxa with an abundance <0.5% are classified as “Others”.
Mean + SD values for phyla and genera are compiled at Supplementary Tables S5 and S6, respectively. Significant
differences among experimental groups (Kruskal-Wallis with Wilcoxon post-hoc test; P<0.1) at the level of
phylum and genus can be found in Supplementary Figs. S4 and S5, respectively.

Discussion

In this study, we have undertaken an experiment to investigate the progression of development of the micro-
biota when the intestinal microbiota is transplanted into a new host that is then fed with two different diets: the
homologous diet given the new host (recipient) and the heterologous diet previously given to the donor Atlantic
salmon. To understand what is meant by autochthonous microbiota, we additionally followed the progression of
recovery of the native microbiota during 17 days under fasting conditions, after “erasing” most of the microbiota
with a cocktail of multiple broad-spectrum antibiotics.

Antimicrobial treatment effects

Under current experimental conditions, the gut bacterial communities of the baseline gilthead seabream (pre-
AMs) were dominated by the phylum Proteobacteria, with Vibrio and Photobacterium as the most dominant gen-
era, results that were in agreement with previous studies in gilthead seabream®®*”. In this study, the preliminary
trial using a limited number of fish to establish the proper timing of IMT administration after the AM treatment
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Figure 9. Microbial structure of the gut bacterial communities in gilthead seabream (Sparus aurata) from the
group which was fasted after the antimicrobial treatment (post-AMs) and the groups which were submitted

to the intestinal microbiota transplant and then fed either their typical diet (GSB fed GSB diet) or the Atlantic
salmon diet (GSB fed salmon diet). Beta diversity was analyzed using (A,B) Bray Curtis, and (C,D) weighted
UniFrac distances, at 7 and 16 days post-IMT (8 and 17 days post-AMs), respectively. Venn diagram plotting the
number of unique and shared ASVs (and relative abundance %) of the three groups (E) at 7 days post-IMT, and
(F) at 16 days post-IMT.

showed that the relative abundance of the phyla Proteobacteria dramatically decreased at 24 h post-AMs, in
line with the significant decrease of the genus Vibrio and, to a lesser extent, of Photobacterium and Catenococ-
cus, which also belong to this phylum. However, based on existing trials in humans and other animal species,
when administering the AM combination described herein, there could have been expected an increase in the
abundance of Proteobacteria’’-**. Under current experimental conditions, the decrease of Proteobacteria may be
caused by the lower concentration of Vancomycin (0.02 g/L) in comparison to the former studies (0.25-0.5 g/L),
which usually leads to a relative boost in the abundance of this phylum when supplied individually**, likely due
to elimination of other competing species, or the possibility of the antibiotic serving as a carbon/energy source
for resistant strains/species*. The other antibiotics present in the AM cocktail used in this study (Metronidazole,
Neomycin, Ampicillin) have been reported to have a more significant effect on the increase of the abundance of
other phyla such as Bacteroidota or Actinobacteriota depending on the host species and on the different experi-
mental conditions of each assay**~*’. On the other hand, and in agreement with the above-mentioned studies,
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despite the impact of the AM cocktail on the relative abundance of Vibrio, Photobacterium and Catenococcus,
other genera belonging to Proteobacteria did show a significant increase, such as Coxiella, Escherichia-Shigella,
and Acinetobacter. The changes in abundance of Proteobacteria members were coupled to an increase in the
relative abundance of strains belonging to Firmicutes (i.e., bacteria from the genera Staphylococcus and Strepto-
coccus), and the appearance of new ones that were not present before the AM treatment, such as Cyanobacteria
(Synechococcus CC9902, Cyanobium PCC-6307) and Actinobacteriota (DS001), among others. The increase in
the relative abundance of Firmicutes may be caused by the reduced competition for colonizing space and avail-
able resources in the intestine because of Proteobacteria death or growth inhibition by the AMs, or just be a
bias inherent to the complexity of analyzing microbiota datasets, as they are compositional (that is, each sample
consists of proportions of various organisms with a sum constrained to a constant). In this sense, when approach-
ing a 16S rRNA gene experiment with relative abundances, if a taxon goes up while another goes down, it is not
possible to know if that occurred just because one taxon has increased, or because the other has decreased, or
both*. On the other hand, the emergence of taxa which were not present before the AM treatment (members
of Actinobacteriota, Cyanobacteria, Planctomycetota, Verrucomicrobiota, Bacteroidota and Dependientae) was
reflected in the tendency towards increased richness (ACE), diversity (Shannon) and phylogenetic diversity (PD)
values. However, the culture-dependent bacterial growth test showed that most of the gut content lacked viable
bacteria after the first 24 h, using TSA + 0.6% NaCl media, which suggested that most of the bacteria sequenced
from this sampling time were not viable on the chosen media, while the surviving taxa from the microbiota
seemed to readily re-colonize the gut within 48 h after the AM treatment, as evinced by growth on culture media.
Nonetheless, it is also important to consider that a large portion of the microbiota is not culturable, or they need
more selective media to grow*’, meaning that the above-mentioned approach was only a proxy of the proportion
of viable bacteria culturable on TSA +0.6% NaCl medium, but we could not determine the total viability of the
microbiota. Consequently, we decided to select the time 24 h post-AMs as the best time to perform the IMT
from donor Atlantic salmon. Furthermore, among the fasted group, sequencing results showed a gradual trend
at 8- and 17-days post-AMs towards re-establishing the microbiota profile that existed before the AM-treatment.
At 17 days post-AMs, the only represented genera showing significant differences with respect to the baseline
gilthead seabream were Vibrio and Escherichia-Shigella. The reestablishment of the initial gut microbiota might
be facilitated by many biotic and abiotic factors, such as the environmental pressures during the trial, includ-
ing water temperature and salinity***°, the environmental microbiota composition®, the fish origin®!, species,
sex, age”, and host’s genetic background®®. Meanwhile, the few changes observed with respect to the gilthead
seabream pre-AM treatment (baseline state) may be caused by possible residual effects of the antibiotics and/
or by the effect of the fasting conditions. Regarding the fasting state, for instance, many Vibrio species acting
as symbionts produce hydrolytic enzymes (i.e., amylase, lipase, cellulase, and chitinase), which contribute to
the breakdown of dietary components®, so the pronounced decrease in Vibrio relative abundance may be a
response to the absence of feed in the digestive tract of fish. Whatever the reason, the restoration of the intestinal
microbiota composition was in line with the recovery of initial values of alpha diversity over time, which was
particularly evident for the Shannon diversity index, which showed a negative correlation with the number of
days post-AMs until reaching values like those of the baseline samples of gilthead seabream pre-AMs after 17
days (r,=— 0.77, P=0.003). When comparing inter-individual variation (beta diversity), both of the metrics used
(Bray-Curtis and weighted UniFrac) clearly reflected the different structure among gilthead seabream from the
pre-AMs group and at 24 h post-AMs; while samples from 8 days post-AMs clustered in a different group than
the previous ones. In addition, when using Bray—Curtis dissimilarity, which considers the abundance of each
species in the community, the gut bacterial communities from gilthead seabream at 8 days post-AMs resembled
those of 17 days post-AMs, which were still different to those of fish from the pre-AMs group. Inversely, when
also considering the inter-individual phylogenetic relationships among species by the weighted UniFrac distance,
the structure of the gut communities from gilthead seabream at 8- and 17-days post-AMs remained different,
while the latter was similar to that of the pre-AMs. Thus, the above-mentioned results seemed to indicate that
after 17 days the gut microbial diversity, structure and composition was recovered from the AM treatment and
were fairly stable. Considering these results, we are confident that by measuring the microbial dynamics during
36 days after the IMT, at the final sampling point we were assessing only the effect of the transplantation in the
gut microbiota rather than the long-term effect of the AMs applied to the recipient fish before the transplant.

Alpha and beta diversity for IMT

The fact that at 36 days post-IMT, gilthead seabream groups fed with the GSB and the salmon diets displayed ACE
values that were only similar to those of gilthead seabream from the pre-IMT group and to the Atlantic salmon
microbiota, respectively, suggested that the diet was the main driver of the gut bacterial richness. These results are
in agreement with previous studies assessing the influence of the diet in humans and fish***®. The impact of the
diet was also supported by our beta diversity results. Indeed, at the end of the trial, the gut microbial structure of
gilthead seabream was similar to the diet which each group was fed, as shown in weighted UniFrac comparison.
On the other hand, Shannon diversity results suggested that the microbial diversity of the fish fed the GSB diet
tended to a differentiation from the donor in the medium-term after the transplantation (at 7 days post-IMT)*.
However, the diversity reached an intermediate state between the donor and recipient diversity in a longer-term,
in terms of evenness, already at 16 days post-IMT, and phylogeny, at 36 days post-IMT, as demonstrated by both
Shannon and Faith’s phylogenetic diversity indices. In addition, similar to our results, when performing a FMT
in yellowtail kingfish (both via gavage or through the water), Legrand et al.'® found a modulation at 8-15 days
post-EMT towards a reestablishment in the diversity from 0 days post-FMT and from that of their congeners
that were not submitted to a FMT. Altogether, our results suggested that the microbiota of gilthead seabream
after 36 days from the IMT is the sum of the synergy between the host, the donor, and the administered diet.
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Bacterial community composition of gilthead seabream fed with their homologous (GSB) diet
post-IMT

When comparing the bacterial composition of the animals that received the transplanted microbiota and fed
with their homologous diet to their initial microbiota from pre-IMT and at 2 days post-IMT, it was notable the
emergence of the genera Lactobacillus and Ligilactobacillus, which showed a very pronounced increase in their
relative abundance at the end of the trial with respect to the pre-IMT group. Many species of these lactic acid
bacteria (LAB) have been proposed as promising probiotics for humans and in animal production, that can
serve as efficient alternatives to antibiotics for improving animal performance and preventing diseases®”*%. As
mentioned above, these genera were not present in the bacterial populations of gilthead seabream from the pre-
IMT group nor in the Atlantic salmon microbiota, so it was clear that their origin in the intestine was through
their abundant presence in the experimental GSB diet. It is difficult to categorically conclude whether these
bacteria colonized the intestinal mucosa of gilthead seabream or were present just in the transient microbiota
that circulates through the intestinal tract, or both, since we collected both the autochthonous and allochthonous
microbiota in a single analytical sample from each fish. However, their increasing abundance over time seemed
to indicate that these probiotic species introduced through the diet were colonizing the gut as an adaptation
to a healthy gut condition once the effects of the AM treatment had subsided following the introduction of the
IMT. Two other remarkable genera showing significant differences at 2 days post-IMT with respect to gilthead
seabream from the pre-IMT group were Vibrio, which decreased over time, and Escherichia-Shigella, which
increased over time. In this case, it was difficult to determine to what extent these differences could be attributed
to the influence of the microbial profile from donor Atlantic salmon, to the GSB diet, as it also showed differences
for the abundance of these genera with respect to the fish post-IMT at all the times, or to the effect of the AMs,
which generated a similar trend in both genera: decrease of Vibrio and increase of Escherichia-Shigella. These
potential pleiotropic differences may also be due to many other factors, such as the thermal impact from the
use of Atlantic salmon donors grown at 12 °C rather than the 20 °C at which the seabream were kept, or due to
the interaction among gut bacterial communities. As an example of such potential interactions among different
bacterial species, LAB and in particular, Lactobacillus, are well-known to produce antimicrobial substances that
have activity towards many Vibrio species®, which has been applied to the commercial farming of aquatic species
to prevent and control vibriosis®¢!. Therefore, the reduction of Vibrio over time under current conditions, may
be partly attributed to the mentioned exponential increase in the abundance of Lactobacillus and Ligilactobacil-
lus. In the case of Aliivibrio, it was clear that its emergence in gilthead seabream (2 days) after the IMT was due
to its presence in the donor Atlantic salmon microbiota, as it was not found in the recipient animals before the
transplant and in the diet. Some species belonging to this genus are found seasonally in the hindgut of Atlantic
salmon®2. Under current conditions, Aliivibrio was not maintained over time, showing relative abundances equal
or very close to 0% from 7 days post-IMT onwards, probably due to the water temperature differences between
both hosts’ rearing conditions (12 °C in the Atlantic salmon and 20 °C in gilthead seabream). This hypothesis is
supported by the fact that many Aliivibrio species have an optimal growth rate within the range of 12-18 °C and
lose growth capacity at temperatures of approximately 20 °C®-%>. On the other hand, Legrand et al.'® showed a
maintenance of various ASVs belonging to the genus Aliivibrio when performing a FMT among individuals of
yellowtail kingfish reared at 12.7-14 °C at 2 days post-FMT, but these were lost at 8 days post-FMT. This may
indicate that this genus, not only to thermal changes, but is also very sensitive to shifts in the environmental con-
ditions. In addition, it is not uncommon to observe that part of the donor bacterial taxa which initially colonized
the recipient gut after a FMT are not maintained over time'®. In this sense, a higher efficiency in the persistence
of the bacterial composition may be achieved by repeating IMT/FMT over time, as already shown in mice®, and
considering the higher efficiency of multiple dose-FMTs in humans for therapeutic applications with respect
to single dose-FMTs¥-. It is also important to note that the current trial was a first conceptual approach in an
attempt to understand the microbial dynamics when performing an IMT between two fish spices reared under
quite opposite conditions, being in this case the temperature the determining factor, but for greater efficiency in
interspecific IMT/FMT, two species cultured at similar conditions must be sought.

At 36 days post-IMT, the results from gilthead seabream fed the GSB diet showed the importance of the
homologous diet for defining the fish microbiota in the long-term after an IMT, with 56% of the genera showing
a relative abundance similar to the diet. This is consistent with the already demonstrated high proficiency of the
diet for determining the bacterial composition of the fish gut during non-starvation periods®*”°. The microbiota
from the Atlantic salmon and baseline gilthead seabream from the pre-IMT group also played an important,
but slighter, role in shaping the gut bacterial communities (31% of the genera had a relative abundance similar
to gilthead seabream from the pre-IMT group and Atlantic salmon microbiota). These results were partly in
agreement with the previous studies of microbial transplants that have been performed in fish. In particular,
while Smith et al."® and Zhang et al.'” showed successful results for African turquoise killifish and large yellow
croaker respectively, their microbial composition in terms of phyla and genera and their abundances varied with
respect to both the donor and recipient animals. On the other hand, in the work of Legrand et al.!® in yellowtail
kingfish microbiota, the FMT only worked in some individuals, and in any case, the transplanted animals dis-
played a composition profile much more similar to the recipient fish than to the donors. Regarding microbial
transplants among different species, when Rawls et al.?! transplanted the gut microbiota of mouse into germ-
free zebrafish, the vast majority of phyla from the donor mice were maintained, adapting their abundances to
the recipient animals. However, few genera from the donors were maintained after the transference, similar to
what was observed in the study of Valenzuela et al.?” after performing a FMT from human to zebrafish. In line
with this, Toh et al."” performed an inoculation of bacteria isolated from cultures derived from the human gas-
trointestinal tract into zebrafish, but only two out of 22 species were established in the zebrafish gut microbiota.
Nonetheless, our study is the first attempt to perform an IMT between two different fish species and none of the
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above-mentioned studies considered to evaluate the impact of the diet on the microbiota of the transplanted
fish. In this sense, in the present work, at the final sampling point the effect of the bacterial composition from
the diet was clear for the relative abundances of Peptostreptococcus and Limosilactobacillus, as these genera found
in the GSB diet were not present in the Atlantic salmon microbiota nor in the gilthead seabream from the pre-
IMT group. Another genus which was probably influenced by the diet over time was Photobacterium, since the
presence of Lactobacillus, either present in the diet as a probiotic or in the fish intestine, has been suggested to
negatively regulate the abundance of Photobacterium in shrimp” and fish species such as gilthead seabream’,
in the same manner as described above for Vibrio. Related to this, some species belonging to the Vibrionaceae
family (Photobacterium and Vibrio genera) may act as potential pathogens®*, so it may be hypothesized that the
microbial transplant executed within the present assay, and the homologous experimental diet provided to the
recipient fish thereafter, may have a beneficial effect on the host’s health by the exclusion of potential pathogenic
bacteria. However, the genera Photobacterium and Vibrio also contain many species that are typical symbionts
in fish intestines that can produce hydrolytic enzymes that help with digestion®****, so for demonstrating their
effect on the host intestinal health further studies focused on characterizing these species and their metabolic
potentials would be needed.

Apart from the impact of the diet during the trial, these results showed that the initial gilthead seabream
microbiota (pre-AMs and pre-IMT) also had an important influence in the short-term establishment of the
microbiota after the IMT. This was reflected in the presence of Catenococcus and Brevinema up to 16 days post-
IMT, as both genera were found only in gilthead seabream from the pre-IMT group, but not in the Atlantic
salmon microbiota, nor in the GSB diet. Therefore, their presence after the IMT may be associated to either
environmental factors or to factors intrinsic to the fish species such as their physiology, or genetic background,
as both bacterial genera have been previously reported as part of the autochthonous fish microbiota”7*. Neither
of these genera were maintained in the long-term (36 days post-IMT), though it may be due to the higher impact
of the GSB diet, as the abundance of Brevinema in the fish gut mucosa has been shown to be easily modulated
by the ingredient composition of the diet’>”®, or due to competition with other bacteria after the IMT. Indeed,
the competition among bacterial populations and their subsequent decrease in abundance of some may free
up gut niches and resources needed for the emergence and growth of novel bacterial species, such as those
belonging to the genera Acinetobacter and Corynebacterium, which were not present in the gut microbiota of
Atlantic salmon or gilthead seabream from the pre-IMT group, nor in the GSB diet. Curiously, a previous assay
in Atlantic salmon has shown a correlation between the increase of rearing water temperatures up to 21 °C and
the disappearance of Acinetobacter and LAB, and increase of Vibrio”. Thus, under current experimental condi-
tions the above-mentioned differences in the abundance of these genera before and after the IMT may also be
related to microbial communities coming from fish normally restricted to lower water temperatures (12 °C)
being introduced into an environment with higher temperatures (20 °C). However, interestingly, in the present
study, the observed dynamics were opposite to those that would be expected based on the work of the former
authors, which indicated that some bacteria have the capacity to adapt to new conditions, which supports the
relevance and viability of performing interspecific IMTs*'7%. In this sense, it is well-known that the fish micro-
biota is a constantly changing element, which has the capacity to coevolve with the host and create very unique
adaptations that are not found in other vertebrate groups’®®. There are many ways the holobiont may be influ-
enced, and the microbial communities within can adapt, thereby altering the holobiont. Such complexity of the
holobiont is clearly reflected in the difficulty to elucidate what are the primary drivers altering the composition
of the microbiota, whether by the composition of the donors, recipients, or by the diet, as exemplified in the
current study. In addition, there are few assays performing inter-species microbiota transfers in fish!*-2! and
none of them had considered the diet as a key factor, until now. More studies of this type will be needed to gain
better knowledge about the modulation of the fish gut microbiota through host-, donor-, and diet-microbiota
interactions within the holobiont.

Bacterial community composition of gilthead seabream fed with their heterologous (salmon)
diet post-IMT

Similar to the gilthead seabream subjected to the IMT and then fed with their homologous diet, at 2 days post-
IMT in the fish fed the heterologous diet (for salmon) the abundances of all represented phyla were similar to
those observed in the Atlantic salmon microbiota. On the other hand, although most phyla also presented a
relative abundance like that of gilthead seabream from the pre-IMT group, Bacteroidota increased significantly
after the IMT, possibly due to the effect of AMs that boosted their abundance, or due to their significant abun-
dance in the salmon diet, as compared to the lower value in the GSB diet. At the genus level, at 2 days post-IMT
the decreased abundance in Vibrio and increase in Escherichia-Shigella, with respect to gilthead seabream from
the pre-IMT group, evinced that the effects of the AMs were mainly responsible for such changes in abundance
in the above mentioned genera, as these same dynamics were also observed in the other two groups (gilthead
seabream fed with the GSB diet and for those that were fasted) shortly after the AM treatment. These results were
partly expected since some Vibrio strains have been shown to be sensitive to both ampicillin and neomycin (both
included in the AM cocktail)®'-*. In addition, Escherichia-Shigella also showed an increase in the gut of mice
treated with an antibiotic cocktail containing the same antibiotics that we used*!. Furthermore, the decrease in
Vibrio and increase in Escherichia-Shigella were maintained in all sampling times post-IMT, with the latter show-
ing an increasing colonization of gilthead seabream gut over time. Escherichia-Shigella is habitually found in the
intestine of farmed gilthead seabream’**, and have been reported as part of the core gut microbiota in some fish
species®*~%; thus, its constant increasing abundance may be attributed to its survival and persistent growth over
time as part of the gilthead seabream core microbiota. The persistency of the core microbiota may be consistent
with the high abundance of the ASV's which were shared among gilthead seabream fed the GSB and the salmon
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diets and the group not submitted to the IMT (post-AMs) at both 7 and 16 days post-IMT, as shown in the
Venn diagram (Fig. 9E,F). In addition, the fact that there were no significant differences in beta diversity among
fasted gilthead seabream at 17 days post-AMs and the group fed the GSB diet at 16 days post-IMT suggested a
progression towards a common status in both groups once the microbial communities are recovered from the
AM treatment and adapted to the changes caused by the transplant. However, this was not observed in the group
fed the salmon diet, which showed significant differences with respect to fasted gilthead seabream at 17 days
post-AMs, underlining again the essential role of the diet in the definition of the microbiota, as discussed above.

On the other hand, the up-regulation of Photobacterium at 2 days after the IMT seemed to be mainly a direct
consequence of the abundant presence of this genus in the gut microbiota of donor fish, which may be also
increased by its presence in the gut of the recipient gilthead seabream. At this point, the effect of the salmon diet
in the modulation of the abundance of Photobacterium was probably irrelevant as only 2 days had passed since
the IMT and its presence in the diet was very low. However, over a longer-term scope, the initial high density of
this genus in donor and recipient fishes apparently moved to the background, and it might be plausible that other
factors such as the diet took priority. In this sense, as happened with fish fed the GSB diet, the decrease of Vibrio
and Photobacterium over time might have been a response to the presence of LAB in the feed, albeit at a lower
percentage compared to the GSB diet. However, for fish fed the salmon diet, the LAB did not ultimately colonize
the intestinal mucosa (absence of both genera at 36 days post), but these bacteria were included in the diet being
fed, and bacterial colonization is well-known to not be necessary to induce host microbiota modification®-*°.
On the other hand, the increased abundance of Aliivibrio at 2 days after the IMT was clearly a consequence of
its abundance in the Atlantic salmon microbiota, as it was present neither in the recipient fish microbiota nor
in the salmon diet, and again its disappearance over time may be related to the change of environmental tem-
peratures. A remarkable appearance of Mycoplasma at 7 days post-IMT was noted, which was only present in
the Atlantic salmon microbiota and is commonly found in the intestinal mucosa of salmonids®!, thus indicating
that the Mycoplasma likely originated from the donor microbiota. Interestingly, when the relative abundance
of Mycoplasma increased at 7 days post-IMT, that of Aliivibrio decreased to 0%, in accordance with the model
proposed by Scheuring et al.??, which suggested resource competition between these two genera and toxicity of
some Aliivibrio strains towards Mycoplasma. However, Aliivibrio did not remain over time, as its abundance was
very low and probably there were not optimal growing conditions for species of this genus, or the competition
with other bacteria prevented their growth.

The influence of the three tested factors (feed, donor microbiota and recipient microbiota) on the establish-
ment of the gut bacterial communities after an IMT was much higher in the case of fish fed the salmon diet than
in their congeners fed the GSB diet. In particular, 77% of the genera were similar to gilthead seabream from the
pre-IMT group and Atlantic salmon microbiota, while 65% of genera presented a relative abundance similar to
the microbial profile of the salmon diet. Apart from Photobacterium, Vibrio and Escherichia-Shigella, the only
genera that showed significant differences at the final sampling point, with respect to gilthead seabream from the
pre-IMT group, were: Acinetobacter, Catenococcus and Vibrionimonas. Regarding Acinetobacter, probably as hap-
pened with Pseudomonas, there was a colonization of the gut mucosa by these genera from dietary origin. Both
genera from the order Pseudomonadales tend to inhabit the intestinal mucosa of fish® and have been reported
to possess enzymatic activities that favour a higher nutrient digestion®*. The Pseudomonadales are also noted for
their ability to metabolize a wide variety of substrates, including various antibiotics**, which may explain their
higher plasticity to grow out in fish gut after the AM treatment. This metabolic activity in the current context,
would give those bacterial species an added benefit towards survival during the initial stages of this trial, as seen
in the fasted gilthead seabream with the increased relative abundance of Acinetobacter and Pseudomonas at 24
h post-AMs. In gilthead seabream fed the salmon diet after the IMT, some genera which were present at lower
abundances in the salmon diet (<0.5%), and were not present in the donor’s microbiota, nor in gilthead seabream
from the pre-IMT group showed a similar trend to that shown for the Pseudomonodales. However, such genera
showed greater abundances at the final sampling time: Vibrionimonas, Corynebacterium, Sphingomonas, and
Cutibacterium. As Acinetobacter and Corynebacterium also appeared at 36 days post-IMT (though at lower %)
in fish fed the GSB diet (which were not part of the core microbiota of the recipient fish), the abundances of the
mentioned genera in the fish gut may not only be attributed to their dietary origin. However, other hypotheses
may not be excluded such as the emergence of some strains, possibly induced by specific compounds provided
in the diet or by other factors, like the competition among bacteria for resources after the IMT. Finally, unlike
fish fed the GSB diet, the feeding of the salmon diet led to the incorporation of Catenococcus through the diet
and this genus was maintained until 36 days post-IMT, reaffirming that the microbial composition of the diet is
a fundamental element in defining the microbiota after a dysbiosis caused by such an invasive strategy as both
anal and oral antibiotic gavage followed by an IMT.

Conclusions

The methodological approach for performing an intestinal microbiota transplant between fish as outlined in
the current study sheds light on the mechanisms underlying the modulation of the host microbiota after a gut
microbial transplant between different fish species, with the added value that it not only considers the microbiota
and the different environmental conditions of the donor and the recipient fishes, but also the bacteria present
in the diets of donor and recipient. Among our findings, the effect of the diet type was notable for defining the
gut estimated richness (ACE index) in the long-term and the bacterial diversity (Shannon) and phylogenetic
diversity (Faith index) in the short-term, that reached an equilibrium inherent to the host environment or to the
animal over the longer term. The diet displayed a high level of influence in defining the gut microbial structure,
as reflected by the weighted UniFrac values. Regarding composition, it was difficult to assess to what extent the
similarities or differences in abundances found over time after the IMT were due to the donor and recipient fish

Scientific Reports |

(2024) 14:4007 | https://doi.org/10.1038/s41598-024-54519-6 nature portfolio

159



www.nature.com/scientificreports/

microbiota, to the bacteria present in the feed, or to the summation of all of them, since there are many factors
which indirectly may affect bacterial abundance, such as the change of environmental conditions (i.e., inhibition
of growth at certain environmental conditions for Aliivibrio), competition among bacteria (i.e., inhibition of
Photobacterium and Vibrio by LAB, or competition between Aliivibrio and Mycoplasma), release of metabolites
to the gut environment (i.e., toxins by Aliivibrio), etc. What can undoubtedly be drawn from this study is that: (i)
the “core” microbiota of the animal is capable of being reestablished over time in the absence of outside influence
such as diet, despite subjecting the host to different dysbiosis causing strategies such as a treatment of AM or an
IMT; (ii) the diet plays a very important role in defining the gut microbiota of the host animal, as seen in those
gilthead seabream fed the GSB diet, where the bacterial composition more closely resembled that of the feed; and
(iii) in fish fed the salmon diet, while there was a large part of the bacterial taxa composition from the Atlantic
salmon gut microbiota that was also maintained or reestablished by the end of the assay, the overall microbiota
was more unique arising from a combination of extrinsic and intrinsic drivers. From a future perspective, there
exists some potential for application of IMT for improvement of digestive capabilities and enhancement of fish
health that is worthy of future exploration. In this sense, microbial transplants have been shown to be a good
strategy to improve growth and feed performance, not only in ruminants!*, but also in swine’® and, slightly,
in poultry”. Overall, the application of IMT in fish seems to be a promising strategy with multitude of potential
applications to be developed, but for that, in parallel with this, it is important to continue evaluating the impact
of the different factors affecting the gut microbial composition and functionality when applying this strategy.
However, it is also important to consider that a limiting factor of IMTs in fish is the number of individuals that
are managed in aquaculture, which makes their massive application on an industrial scale difficult.

Data availability

Raw sequencing data and metadata for all samples included in this study have been uploaded to the Sequence
Read Archive (SRA) database of NCBI (https://www.ncbi.nlm.nih.gov/sra ) and can be accessed with the Bio-
project accession number PRJNA1029014, while the processed data outcomes have been included within the
manuscript or additional files.
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NUTRITION AND GUT MICROBIOTA MODULATION AS TOOLS FOR
REGULATING FAT ACCUMULATION IN AQUACULTURE FISH

Discussion

The present doctoral thesis aims to propose different strategies to reduce fat accumulation in
fish and subsequently improve the animal health and condition, using gilthead seabream
(Sparus aurata) as a biological model. Two different kinds of strategies were proposed: i) the
supplementation of the fish diets with feed additives that possess digestive and hypolipidemic
properties; and ii) the regulation of the gut microbial communities through an intestinal
microbiota transplant. Under this context, the efficiency of a blend of bile salts on improving
fish performance, lipid digestion, promoting lipid catabolism, and reducing the levels of fat
accumulation was evaluated (Chapter I; Ruiz et al., 2023a), as well as its modulatory effects on
the gut microbial communities and the host's immune response (Chapter II; Ruiz et al., 2023b).
Furthermore, the efficiency of a combination of capsicum, black pepper, and ginger oleoresins,
and cinnamaldehyde (denoted as “SPICY feed additive”; Chapter III; Ruiz et al., 2023c) and of
a combination of turmeric, capsicum, black pepper, and ginger oleoresins (denoted as “SO
feed additive”; Chapter IV; Ruiz et al., 2024a) was also assessed in gilthead seabream
considering the above-mentioned parameters. To test the above-mentioned additives, a basal
diet was manufactured with low levels of fish oil (3% in the diet) and poultry fat as the main
lipid source (8% in the diet) in order to promote body adiposity. Regarding the intestinal
microbiota transplant, although its efficiency in reducing fat accumulation was not tested in
this thesis since the use of different feed additives did not allow us to identify a particular
bacterial profile associated to lower body adiposity, we proposed a first methodological
approach and studied its applicability in terms of success in the intended microbial
modulation, as well as the role that the diet plays in shaping the gut microbial communities
after the transplant (Chapter V; Ruiz et al., 2024b). In this section, the main results of these five
studies will be evaluated together and comparing them to relevant works of fish nutrition
literature to facilitate an overview of the importance of the advances made in this thesis.
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1. Effect of the blend of bile salts and combinations of spices on fish

performance

Animal growth is generally associated with a good health status and indicates a proper
fulfilment of nutritional requirements (Lupatsch et al., 1998; Breck, 2014). In addition, animal
growth is a key indicator of productivity and economic viability to be considered when
evaluating feed formulations in the blue food sector (Tsikliras and Polymeros, 2014). In the
present thesis, three different types of dose-response effects in gilthead seabream growth were
observed regarding the specific additives tested.

In the case of the blend of bile salts (equal parts of sodium cholate and sodium deoxycholate,
and sodium taurocholate hydrate in a proportion of 30/70), we observed a dose-dependent
quadratic response, with the highest final body weight (BW;) values observed when
supplementing the diet with a dose of 0.06% of total dietary levels (BSo.06%), and intermediate
values with a dose of 0.12% (BSo.12%). The same dose-dependent response was observed for the
final standard length (SLf) and specific growth rate (SGR) (Chapter I; Ruiz et al., 2023a). In
consistency with our results, previous studies have also shown a similar quadratic dose-
response effect when supplementing bile salts in fish diets, with the highest growth rate
observed at the intermediate inclusion levels tested (Appendix 1). For instance, Ding et al.
(2020) reported an increased growth of large yellow croaker (Larimichthys crocea) when
supplementing its diets with bovine bile salts at an inclusion level of 0.03%, but not at 0.015
nor 0.045%. Similarly, Yu et al. (2019) reported an increased fish growth when including a
blend of bile acids at 0.03% in largemouth bass (Micropterus salmoides), but not at lower (0.008,
0.016, 0.024%) nor higher (0.06%) inclusion levels. In hybrid grouper (Epinephelus fuscoguttatus
@ x E. lanceolatus 3), no effects in growth performance were observed when using a dietary
supplement of sodium taurocholic acid at 0.03, 0.06, 0.12, and 0.15%, but this bile salt had a
positive growth effect at 0.09% (Xu et al., 2022b). In leopard coral grouper (Plectropomus
leopardus), a similar significant increase in growth, in terms of BW;, SGR, and weight gain rate
(WGR), was observed when supplementing its diet with a blend of porcine bile acids at 0.3%
(Gao etal., 2023). However, the former authors reported that only at an inclusion level of 0.45%
was a significant increase in SGR observed, though without an effect on BWf and WGR with
respect to the control diet, while at 0.15 and 0.6% the porcine bile acid blend did not have any
positive effect on fish growth (Gao et al., 2023). Several of these studies concluded that the
optimal inclusion levels of bile salts in fish diets depends on the fish species and on the type
of bile acids (Yu et al., 2019; Xu et al. 2022b). A deficiency or an overdose of bile acids with
respect to the species-specific optimum range can even compromise the growth of the fish
(Jiang et al., 2018; Adam et al., 2023; Gao et al., 2023). In this sense, Jiang et al. (2018) reported
that the dietary supplementation of genetically improved farmed tilapia (GIFT; Oreochromis
niloticus) diets with bile acids at an inclusion level of 0.005 and 0.015% improved the fish
growth. On the other hand, the former authors observed that at higher supplementation levels,
the bile acid blend did not promote (at 0.045%), and even decreased (at 0.135%) the fish growth
in terms of WGR (Jiang et al., 2018).
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Apart from the above mentioned studies in which a dose-dependent quadratic response is
observed, the positive effects of bile salts and bile acids on fish growth performance have been
well-demonstrated in a wide range of fish species. Some of such species are rainbow trout
(Oncorhynchus mykiss; Yamamoto et al.,, 2007; Iwashita et al., 2008), turbot (Scophthalmus
maximus; Gu et al., 2017), tongue sole (Cynoglossus semiliaevis; Li et al., 2021b; Wang et al., 2022),
grass carp (Ctenopharyngodon idella; Zhou et al., 2018a), Chinese perch (Siniperca chuatsi; Zhang
et al., 2022a), yellow catfish (Pelteobagrus fulvidraco; Yao et al., 2022), and striped catfish
(Pangasianodon hypophthalmus; Adam et al., 2023). However, controversial results on the effects
of bile salt supplementation on fish growth have been found. For instance, some works have
shown an absence of improvement when dietary bile acids/salts have been supplemented in
the diets of rainbow trout (Iwashita et al., 2009), largemouth bass (Yin et al., 2021), large yellow
croaker (Li et al., 2023), and black seabream (Acanthopagrus schlegelii; Jin et al., 2019).

Apart from the composition of the blend of bile salts, and dietary inclusion levels, many factors
may influence the effect of bile salts on fish performance, including the feeding period, and
the diet composition (Gu et al., 2017; Zhang et al., 2022a). Among these factors, the diet
composition and bile salt inclusion levels seem to be main drivers, as demonstrated by Bhusare
et al. (2023). In brief, the former authors reported that in fish fed a diet containing 38% crude
protein and 8% crude lipids, cholic acid improved growth at inclusion levels of 0.05 and 0.1%,
while when feeding the fish with a diet with 35% crude protein and 11% crude lipids, only the
inclusion level of 0.05% showed a positive effect on growth. On the other hand, the former
authors also observed that neither of the tested inclusion levels (0.05 nor 0.1%) had any effect
on tilapia growth when feeding with 32% crude protein and 14% crude lipids. In addition,
Kortner et al. (2016) observed a growth dependency with respect to the dietary protein source
and to the type of bile salts used in Atlantic salmon (Salmo salar). In this study, when a diet
with partial fishmeal replacement by soy and pea protein concentrates (41% crude protein and
30% crude lipids) was supplemented with sodium taurocholate at 1.8% inclusion, no effects
on growth were observed, while when supplementing the same diet with bovine bile salts (not
specified) at 1.8% a decrease in growth was observed. On the other hand, when feeding
Atlantic salmon with a diet with the same proximate composition but with higher fishmeal
levels and partial fishmeal replacement by soy protein, the inclusion of bovine bile salts at
1.8% had no effects on the fish growth (Kortner et al., 2016).

Overall, many reasons have been suggested for the improvement in fish growth observed
upon dietary supplementation with bile salts, such as an increased feed intake and feed
utilization efficiency, an optimized lipid digestion, and an enhancement in fish lipid
metabolism and antioxidant status (Yu et al., 2019; Ding et al., 2020; Gao et al., 2023). Similarly,
deficiencies in bile acid content have been associated to low lipid digestion and a consequent
decrease in growth performance (Gao et al., 2023). On the other hand, considering that bile
acids are absorbed in the intestine and metabolized in the liver and intestinal tract (Romano et
al., 2020), their high levels may be toxic for the hepatocytes, leading to impaired liver function,
formation of gallstones, and depressed growth (Adam et al., 2023; Jiang et al., 2018), as well as
for the enterocytes, damaging the intestinal tissue, impairing its function (Yao et al., 2022).

Concerning the first combination of spices tested in this thesis, known as SPICY, which
contained a mixture of capsicum, black pepper, ginger, and cinnamaldehyde, a dose-
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dependent plateau response was observed in terms of growth performance indicators. In
particular, at an inclusion level of 0.1% (SPICYo1%) an improvement in BW; and SGR was
observed, which was maintained at 0.15% (SPICYo.15%; Chapter III; Ruiz et al., 2023c). To date,
this combination of spices has already been tested in 1-day-old male chicks at a dietary
inclusion level of 0.025%, showing an improved growth performance in terms of BW at 7 days
of age (Herrero-Encinas et al., 2023). However, no differences in growth performance were
observed from 14 days of age on with respect to chicks fed the basal diet without the SPICY
supplementation (Herrero-Encinas et al., 2023). In a recent study, we have tested the same
combination of spices at inclusion levels of 0.05, 0.1 and 0.15%, in gilthead seabream fed with
a diet that included partial fish oil replacement by mammalian-rendered fat (45% substitution;
Ruiz et al., 2024c¢). In that study, we observed no changes in growth with respect to the group
of fish fed the basal diet over time (from 29 to 112 days). This indicates that the effect of spices
on fish growth may depend on the dietary lipid source and/or on the age of the fish, since in
that study gilthead seabreams had a BW; of 85 + 4 g (Chapter IV; Ruiz et al., 2024a), and in the
trial included in the present thesis (Chapter III; Ruiz et al., 2023c) their BW;was of 44 £ 4 g. On
the other hand, the second tested combination of spices, denoted as the SO additive, which
contains turmeric, capsicum, black pepper, and ginger and was only tested at a dietary
inclusion level of 0.2%, caused no changes in any of the growth performance indicators
measured (Chapter IV; Ruiz et al., 2024a).

Apart from the above-mentioned study supplementing the SPICY feed additive in a gilthead
seabream diet with partial fish oil replacement by mammalian-rendered fat (Ruiz et al., 2024c),
there are no other studies evaluating the combined effects of the spices evaluated herein in
fish. However, the effects of capsicum, black pepper, ginger, turmeric (or their active
principles), and cinnamaldehyde on growth performance, have been individually evaluated
(Appendix 2). Regarding the three spices common to both tested combinations (capsicum,
black pepper, and ginger), different results have been found since several factors, such as the
fish species, feeding period, additive composition (the spices or their active principles), and
the dietary inclusion level of the additive have not been applied universally to enable
comparison (Appendix 2).

For capsicum, many studies have shown no effects on growth in perciform fish, including blue
streak hap (Labidochromis caeruleus; Yilmaz and Ergiin, 2011), jewel cichlid (Hemichromis
guttatus; Yigit et al., 2021), gilthead seabream (Wassef et al., 2010), and Mozambique tilapia
(Oreochromis mossambicus; Yilmaz et al., 2013a). Nonetheless, Ibrahim et al. (2024) reported an
improved growth in Nile tilapia (Oreochromis niloticus) when diets were supplemented with
capsicum at inclusion levels of 0.04, 0.08, and 0.16%. It is important to note that the above-
mentioned studies in perciform fish diets used much higher dietary inclusion levels (0.3-15%;
Wassef et al., 2010; Yilmaz and Ergiin, 2011; Yilmaz et al., 2013a; Yigit et al., 2021) than Ibrahim
et al. (2024), which may be the cause of the absence of effects on fish growth. Similar to
perciform fish, capsicum dietary dosage also seems to be a paramount factor influencing the
growth of salmoniform fish, as demonstrated by Yilmaz et al. (2024). These authors observed
that the BW;, WGR and SGR of rainbow trout increased when including a capsicum oleoresin
at 0.7 and 1.4% in the diet, but not at 2.1 and 2.8% inclusion levels. In addition, Yanar et al.
(2016) showed no improvement on rainbow trout growth over time (20, 40, 60, and 80 days) at
inclusion levels of 0.5, 2, and 4.4 %. On the other hand, Talebi et al. (2013) found an amelioration
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in rainbow trout BW and total length (TL) when capsicum was incorporated to the diet at
lower inclusion levels (0.003, 0.004, and 0.006%), which was maintained in all the tested
feeding times (20, 40, and 60 days). The former authors suggested that the absence of effect
reported in some studies at high capsicum doses, may be due to the high levels of cellulose in
some extracts (21-24% in Yanar et al., 2016), which is non digestible by the host and can
negatively affect fish growth (Talebi et al., 2013). On the other hand, Yilmaz and Ergiin (2011)
stated that the absence of effect of capsicum at high doses in fish may be likely due to the
higher concentrations of antinutritional factors, such as excessive pungency, tannin, and
saponin contents.

Similar to capsicum, the effect of black pepper on the growth of many fish species depends on
its dietary inclusion levels, having an optimum range which varies among species. Indeed,
according to the existing literature, the optimum range of black pepper is of 1-2% in rohu
(Labeo rohita; Ullah et al., 2021), while for piperine (the main active principle of black pepper)
the optimum range is of 0.1-0.4% in common carp (Cyprinus carpio; Giri et al., 2023), and 0.05-
0.075% in olive flounder (Paralichthys olivaceus; Malintha et al., 2023). No effects on growth in
such fish species were observed at higher nor lower inclusion levels (Wojno et al., 2021; Giri et
al., 2023; Malintha et al., 2023; Ullah et al., 2021), even compromising weight gain (WG) in
common carp when black pepper was supplemented at 0.02% (Wojno et al., 2021). On the other
hand, El-Houseiny et al. (2019) and Stoev and Zhelyazkov (2021) did not find differences in
growth performance when using a dietary supplement of black pepper at 0.1% in African
catfish (Clarias gariepinus) and rainbow trout, respectively.

Regarding ginger, most studies have shown positive results on the growth of different fish
species, such as Asian sea bass (Lates calcarifer; Talpur et al., 2013), rohu (Sukumaran et al.,
2016), common carp (Fazelan et al., 2020; Mohammadi et al., 2020), striped catfish (Ashry et
al., 2023), and rainbow trout (Aqmasjed et al., 2023). For instance, the study of Sukumaran et
al. (2016) demonstrated that the effect of ginger on fish growth may be influenced by the
duration of feeding and dietary inclusion levels. Indeed, while no amelioration on rohu
growth was reported when supplementing ginger at 0.6% for 30 days, an improved WG, WGR
and SGR were observed at 60 days. In addition, the former authors reported that while at
higher inclusion levels (0.8 and 1%) the positive effect of ginger on growth was maintained,
no effects were observed at lower inclusion levels (0.2 and 0.4%) (Sukumaran et al., 2016).
Conversely, no beneficial effects in growth were observed under supplementation of Nile
tilapia diets with ginger at 0.5 and 1%, while a diminishment in growth was observed at an
inclusion of 1.5% (Brum et al., 2017).

The fourth component of the SPICY feed additive, cinnamaldehyde, is the main active
principle of cinnamon, and has shown growth-promoting effects on many fish species,
including tongue sole (Wang et al., 2021a), fat greenling (Hexagrammos otakii; Gu et al., 2022),
grass carp (Zhou et al., 2020), and Nile tilapia (Abd El-Hamid et al., 2021). On the other hand,
Amer et al. (2018) found no differences in Nile tilapia growth when supplementing its diets
with cinnamaldehyde. The differential effect reported in the works of Amer et al. (2018) and
Abd El-Hamid et al. (2021) may be due to the distinct feeding period (75 days vs. 12 weeks,
respectively), additive format (essential oil vs. nanoemulsion, respectively), and/or dietary
inclusion level (0.105, 0.210% vs. 0.01, 0.02, 0.03%, respectively).
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Growth promoting effects of turmeric and curcumin (the main active principle of turmeric)
have also been observed in different fish species, such as common carp (Abdel-Tawwab and
Abbass, 2017), grass carp (Ming et al., 2020), rainbow trout (Yonar et al., 2019), and Nile tilapia
(Diab et al., 2014). On the other hand, Wojno et al. (2021) observed no effect on the fish growth
when supplementing the diets of common carp with 0.02% turmeric. The different effect with
respect to the work of Abdel-Tawwab and Abbass (2017) may be attributed to the different
feeding period (10 weeks in Abdel-Tawwab and Abbass, 2017 vs. 40 days in Wojno et al., 2021),
diet composition (9% crude protein + 4% crude lipids vs. 53% crude protein + 7% crude lipids),
turmeric origin and format (powder, from a local market in Egypt vs. unknow format, from
the company Verdure Sciences in Indiana, U.S.A.), and inclusion levels (0.1-0.5% vs. 0.02%,
respectively). The results of many fish studies suggest that, as with many spices, one of the
determinants of the efficiency of turmeric on growth performance is the dosage used. For
instance, for gilthead seabream, curcumin was shown to be effective at a dietary inclusion
higher than 2% (2-3%; Ashry et al., 2021); for largemouth bass, at 1%, but not at 0.5% (Wang et
al., 2023); and for crucian carp, at 0.5%, but not at 0.1% (Jiang et al., 2016). In large yellow
croaker, turmeric improved the growth at a dietary inclusion level of 0.04%, but not at lower
(0.02%) and higher (0.06%) inclusion levels (Ji et al., 2021).

Overall, many studies have attributed the growth-promoting effects of capsicum, black
pepper, ginger, turmeric, and cinnamaldehyde to an enhanced feed utilization, increased
nutrient digestion and absorption, and a positive modulation of the gut microbiota that leads
to an improved health status (El-Houseiny et al., 2019; Zhou et al., 2020; Ashry et al., 2021;
Agmasjed et al., 2023; Ashry et al., 2023; Ibrahim et al., 2024; Malintha et al., 2023), which is in
line with the results observed in the present thesis. In addition, the growth-supporting effect
of turmeric may be associated to the enhancement of the immune and antioxidant systems,
and anti-stress properties of curcumin (Ming et al., 2020; Aqmasjed et al., 2023). Considering
that the SPICY feed additive was able to improve the growth in gilthead seabream (Chapter
III; Ruiz et al., 2023c), the reasons why the SO feed additive did not have an effect on growth
performance (Chapter IV; Ruiz et al., 2024a) might be associated to the absence of
cinnamaldehyde. Furthermore, although turmeric, capsicum, black pepper, and ginger have
growth promoting effects when administered individually, their combined impact is
unpredictable. Chowdhury et al. (2021) reported that the supplementation of turmeric, ginger,
and garlic in rohu worsened the metabolic enzyme activities, feed utilization, and growth
performance of rohu; meanwhile, the pairwise combinations of turmeric and ginger, turmeric
and garlic, and ginger and garlic had a positive effect in lipase and metabolic activities, and
feed and growth performance. In this sense, the combination of certain spices can lead to a
reduced growth performance due to the antagonistic effect of their active principles
(Parasuraman et al., 2014). In the case of the SO feed additive, it did not produce an adverse
effect on the growth of gilthead seabream, but a null effect, which may be associated to the
absence of changes in feed utilization, while the SO additive positively affected the fish lipid
metabolism, fat deposition, immune status, and composition of the gut microbiota (Chapter
IV; Ruiz et al., 2024a). In summary, the bioactive compounds present in phytogenic additives,
their proportions, interactions, origin and type of processing influence the effect of the feed
additive on fish growth and health (Chowdhury et al., 2021; Firmino et al., 2021a).
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Concerning feed performance, none of the tested additives influenced the feed intake of
gilthead seabream, even though an increased feed consumption could have been expected
based on the attractant properties of the additives used. In this sense, bile salts have a high
olfactory sensitivity in fish (Buchinger et al., 2014), and can act as a taste stimulus in some
species, such as channel catfish (Ictalurus punctatus; Rolen and Caprio, 2008) and Mexican
cavefish (Astyanax fasciatus; Kasumyan and Vinogradskaya, 2019). However, in other fish
species, like Nile tilapia, silver dollar (Metynnis argenteus), green swordtail (Xiphophorus
helleri), and roach (Rutilus rutilus), bile salts have neutral or aversive effect on fish taste
response (Kasumyan and Vinogradskaya, 2019). Moreover, ginger contains gingerol, which
increases the feed palatability for the fish (Ashry et al., 2023). Some studies have also suggested
that curcumin and cinnamaldehyde may also be used as feed attractants in fish to increase
their feed intake due to their attractive flavours (Alagawany et al., 2021; Gu et al., 2022).
Furthermore, it has been demonstrated that capsicum is a very good feed attractant for
whiteleg shrimp (Litopenaeus vannamei; Kawamura et al., 2019), but this feature has not been
reported for fishes so far. Thus, the absence of effect of the tested additives on the feed intake
may be due to their low dietary inclusion levels, or the presence of other ingredients in diets
(i.e., protein hydrolysates) that had a more prevalent effect on diet palatability (Hattori et al.,
2021).

Regarding feed utilization, it has been demonstrated that bile salts, at certain dietary
concentrations, are able to reduce feed conversion rate (FCR) values in different fish species
like the hybrid grouper (at 0.09%; Xu et al., 2022b), Chinese perch (at 0.09%; Zhang et al.,
2022a), striped catfish (0.025-0.150%; Adam et al., 2023), and yellow catfish (at 0.06%; Yao et
al., 2022), and/ or to increase feed efficiency ratio (FER) values, as in turbot (at 0.5%; Gu et al.,
2017), and rainbow trout (1.0-1.5%; Yamamoto et al., 2007; Iwashita et al., 2008) (Appendix 1).
However, when the dietary inclusion levels of bile salts exceed or do not reach an optimum
range, they may have null or even negative effects on feed utilization parameters, as
exemplified by Jiang et al. (2018). The former authors reported that while feed efficiency (FE)
values were improved at a 0.015% inclusion of a blend of bile salts in GIFT tilapia diets, FE
values did not change at relatively lower (0.005%) or higher levels (0.045%) with respect to the
basal feed. Meanwhile, at much higher levels (0.135%), FE was compromised. In addition, the
proximate composition of the diet also influences the potential effect of bile salts on feed
utilization. This was shown in the study by Bhusare et al. (2023), where it was reported that in
GIFT tilapia diets supplemented with 0.05 and 0.1% cholic acid, there was an improved FCR
when decreasing the dietary crude protein to 32% and increasing crude lipids to 14%.
Furthermore, in some studies with the same species, controversial results have been found. In
this sense, while Ding et al. (2020) reported lower FCR values in large yellow croaker when
diets were supplemented with bile salts at 0.015, 0.03, and 0.045%, Li et al. (2023) found no
changes at 0.03 nor at 0.12% dietary inclusion levels, and improved FCR values were only
observed at 0.06% inclusion. This may suggest that the optimum inclusion range of bile salts
for a species may vary regarding the differential diet composition (45% crude protein + 18%
crude lipids vs. 42% crude protein + 12% crude lipids) and/or the different composition and
origin of bile salts due to the wide range of bile salts used in different studies (unknow
composition, bovine bile salts vs. hyodeoxycholic acid, hyocholic acid, chenodeoxycholic acid,
unknow origin, respectively).
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The above-mentioned factors (diet composition, bile salt composition, origin, and inclusion
levels) may be the reasons for the absence of effect of bile salts reported in some works in
leopard coral grouper (Gao et al., 2023), black seabream (Jin et al., 2019), largemouth bass (Yu
et al.,, 2019; Yin et al., 2021), and grass carp (Zhou et al., 2018a). In line with these studies, in
our case, we also did not observe significant changes in the fish FCR values, even though there
was a numerical trend towards a decrease with the increasing inclusion levels of bile salts (0%
bile salts: 1.21 + 0.05, 0.6%: 1.19 + 0.05; 0.12%: 1.16 + 0.03; Chapter I; Ruiz et al., 2023a).
However, this downward trend in FCR was probably not the cause of the growth-promoting
effect of bile salts observed in our study, rather than the effect of bile salts on fish lipid
metabolism and health status (Chapter I; Ruiz et al., 2023a; Chapter II; Ruiz et al., 2023b).

From the two tested combinations of spices, only the SPICY feed additive was able to improve
FCR in gilthead seabream at an inclusion level of 0.1%, while intermediate FCR values were
observed at 0.15% inclusion (Chapter III; Ruiz et al., 2023c; Chapter IV; Ruiz et al., 2024a). The
success of the SPICY feed additive on reducing FCR values was probably mainly due to its
content of ginger and cinnamaldehyde. In this sense, positive results on FE have been observed
in several fish species under dietary supplementation with ginger, including Asian sea bass
(Talpur et al., 2013), rohu (Sukumaran et al., 2016), common carp (Fazelan et al., 2020;
Mohammadi et al., 2020), striped catfish (Ashry et al., 2023), and rainbow trout (Aqmasjed et
al., 2023) (Appendix 2). Similarly, cinnamaldehyde has shown positive effects on FE on most
of the fish species in which it has been tested, such as tongue sole (Wang et al., 2021a), fat
greenling (Gu et al., 2022), grass carp (Zhou et al., 2020), and Nile tilapia (Abd El-Hamid et al.,
2021). On the other hand, the effect of capsicum on most fish species was rather neutral, as was
the case in blue streak hap (Yilmaz and Ergtin, 2011), jewel cichlid (Yigit et al., 2021), gilthead
seabream (Wassef et al., 2010), Mozambique tilapia (Yilmaz et al., 2013a), and rainbow trout
(Talebi et al., 2013; Yanar et al., 2016). Positive effects of capsicum on FE have only been
reported in a few studies like those of Ibrahim et al. (2024) in Nile tilapia, and Yilmaz et al.
(2024) in rainbow trout. Controversial results among studies have been found for black
pepper, showing potential to ameliorate FCR values in common carp (Giri et al., 2023), and
rainbow trout (Stoev and Zhelyazkov, 2021). However, other studies have shown that dietary
supplementation of black pepper or piperine did not always result in FCR changes (Malintha
et al., 2023), and could even compromise FE values under certain experimental conditions.
That was the case of Ullah et al. (2021), which observed an increase in FCR values when
supplementing rohu diets with high concentrations (1, 2, and 3%) of black pepper, and of
Wojno et al. (2021), who also reported higher FCR values when supplementing common carp
diets with 0.02% piperine compared to the basal diet, while no changes were observed when
the diet was supplemented with the same concentration of black pepper.

The absence of effects on feed utilization of the SO feed additive in gilthead seabream (Chapter
IV; Ruiz et al., 2024a) was probably a combined consequence of: 1) the presence of capsicum
and black pepper as the main components of the SO feed additive, which had little or no effects
on fish FE, as discussed above; 2) the possible antagonistic effect of different bioactive
compounds from the spices included in the additive (Parasuraman et al., 2014); and 3) the
relatively low inclusion levels of turmeric in the feed in comparison to the inclusion levels
indicated in available literature. Regarding this last point, Ashry et al. (2023) observed that the
optimum inclusion range of curcumin to improve FCR in gilthead seabream was between 2.5
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and 3.0%; while at lower inclusion levels, FCR values did not vary (2%) or even increase (1.5%).
Although in other fish species lower levels of inclusion of turmeric have been shown to
enhance feed utilization, as was the case with crucian carp (0.1-0.5%; Jiang et al., 2016) and
grass carp (0.02-0.08%; Ming et al., 2020), positive results have also been reported at relatively
high inclusion levels in rainbow trout (1-4%; Yonar et al., 2019), and Nile tilapia (1-2%;
Agmasjed et al., 2023). Otherwise, some works have found no differences in feed utilization
regardless the difference in inclusion levels tested of turmeric or curcumin, as reported for
largemouth bass (Wang et al., 2023) and common carp (Abdel-Tawwab and Abbass, 2017;
Woijno et al., 2021). Overall, this indicates that if higher inclusion levels of turmeric had been
tested, we might have observed an improved feed performance in gilthead seabream.
However, the composition of the SO feed additive and inclusion level tested within this thesis
were selected based on the close composition and inclusion levels used for the SPICY feed
additive in our previous trial (Chapter III; Ruiz et al., 2023c), and probably, a higher turmeric
inclusion would have influenced the beneficial effects of the SO additive observed for lipid
metabolism, immune status, and gut microbial modulation, which will be discussed in the
next sections of this thesis.
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2. Dietary modulation of the blend of bile salts and combinations of

spices on lipid digestion, metabolism, and accumulation

As reviewed in the Introduction section, the replacement of fish oil by alternative ingredients
often results in disorders related to lipid metabolism, increasing fat accumulation in digestive
organs, including the liver (Fountoulaki et al., 2009; Wassef et al., 2015; Monteiro et al., 2018)
and the intestine (Caballero et al., 2002; Torrecillas et al., 2017), which subsequently can result
in physiological disorders. For instance, fat accumulation in digestive organs can deregulate
nutrient metabolism, digestion, and absorption (Serna-Duque and Esteban, 2020), and
compromise the immune status of the fish (Weisman and Miller, 2006). In addition,
accumulation of perivisceral fat can negatively affect the flesh quality, by going rancid and
producing an unpleasant smell, causing consumer rejection (Hsieh and Kinsella, 1989;
Grigorakis, 2007). Thus, many efforts have been made in the aquaculture industry to keep fish
lipid levels within an ideal range to fulfill consumer nutritional needs and quality standards
(Salmeron, 2018). One of the main objectives of the present thesis was to reduce fat
accumulation through the supplementation of the tested additives on gilthead seabream diets.

In view of the histomorphological results from the liver and intestine, the three tested
additives were able to reduce the levels of fat deposits in the liver and intestine, as well as the
perivisceral fat index (PVFI) values (Chapter I; Ruiz et al., 2023a; Chapter III; Ruiz et al., 2023c;
Chapter IV; Ruiz et al., 2024a). One of the most striking observations in the present thesis was
the differential dose-response found among distinct tissues regarding fat accumulation. In this
sense, in the liver, the effect of the blend of bile salts and of the SPICY feed additive on reducing
hepatic fat accumulation was much more marked at the lowest concentration tested (0.06%
and 0.1%, respectively); while at higher concentrations (0.12% and 0.15%, respectively), the
number of individuals with large hepatic lipid accumulation were only slightly decreased with
respect to the control group. Similarly, the values of the PVFI were significantly reduced under
supplementation of gilthead seabream diets with the blend of bile salts and the SPICY additive
at inclusion levels of 0.06 and 0.1% respectively, while at higher inclusion levels, PVFI values
were intermediate. On the other hand, in the intestine, such additives were highly effective in
reducing fat deposit accumulation at both inclusion levels tested, but especially at the highest
levels (0.12% and 0.15%, respectively). The distinct dose-response observed in the distinct
tissues may be attributed to the variations in the enzymatic activities involved in lipid
digestion and metabolism among tissues, as well as to the molecular mechanisms underlying
lipid metabolism inherent to each tissue. In this sense, the activity of the bile salt-activated
lipase was much higher in the anterior intestine than in the pyloric caeca (Chapter I; Ruiz et
al., 2023a; Chapter III; Ruiz et al., 2023c; Chapter IV; Ruiz et al., 2024a). In addition, previous
studies have reported that the enzyme lipoprotein lipase (LPL) has a high activity in the liver
and mesenteric adipose tissue of gilthead seabream (Saera-Vila et al., 2005), while LPL activity
is almost non-existent in the fish intestine (Feng et al., 2014). Further, while a higher effect of
bile acids could be expected in the enterocytes due to the well-known role of the fish intestine
in bile acid absorption (Romano et al., 2020), the gene expression results of fish liver suggested
some counter-regulatory mechanism regarding bile salt and lipid metabolism to balance their
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levels, as will be further discussed below. The SO feed additive, which was only assessed at
an inclusion level of 0.2%, usefully reduced the levels of perivisceral fat and the accumulation
of fat deposits in the liver and intestine as well, being especially effective in the intestine. In
addition, only the supplementation of gilthead seabream diet with the SO feed additive was
able to reduce the levels of lipids in the liver with respect to the fish fed the control diet
(Chapter IV; Ruiz et al., 2024a).

In agreement with the results of the present thesis, supplementation of bile salts in aquafeeds
usually leads to a decrease in hepatic lipid accumulation, which is evinced by the reduction in
the number and size of hepatic vacuoles and lipid droplets in the liver, as demonstrated in
black seabream (Jin et al., 2019), largemouth bass (Yin et al., 2021), hybrid grouper (Xu et al.,
2022b), yellow catfish (Yao et al., 2022), and Chinese perch (Zhang et al., 2022a). On the other
hand, similar to what was observed for key performance indicators associated with growth
and feed performance in some fish species, at high inclusion levels bile salts may not be as
effective (or even harmful) in reducing hepatic fat accumulation. This was the case of Jiang et
al. (2018), which found an increase in hepatic vacuolization and hepatocyte nuclear migration
under dietary supplementation of a blend of bile salts at an inclusion level of 0.14% in GIFT
tilapia. Regarding the intestine, some fish studies have also shown reduced levels of fat
accumulation in the enterocytes under dietary supplementation of bile salts, marked by a
reduced vacuolization, central nuclear position, enlargement of the mucosal folds, and
decreased leukocyte infiltration. This was the case of rainbow trout (Yamamoto et al., 2007;
Iwashita et al., 2008; Iwashita et al., 2009) and largemouth bass (Yin et al., 2021).

Despite the diminishment in fat deposits in the liver and intestine of gilthead seabream when
diets were supplemented with bile salts, no significant differences in the proximate
composition of the liver and fillet were found in our study (Chapter I; Ruiz et al., 2023a). On
the other hand in some fish diets, supplementation with bile salts at different concentrations
reduced levels of lipids in the liver of GIFT tilapia (Jiang et al., 2018), grass carp (Zhou et al.,
2018a), largemouth bass (Yu et al., 2019), large yellow croaker (Ding et al., 2020), hybrid
grouper (Xu et al., 2022b), and Chinese perch (Zhang et al., 2022a), and in the muscle of GIFT
tilapia (Jiang et al., 2018), large yellow croaker (Ding et al., 2020), and hybrid grouper (Xu et
al., 2022b). Reduced lipid contents in whole-body proximate composition have also been
found under bile salt supplementation in GIFT tilapia (Jiang et al., 2018; Bhusare et al., 2023)
and leopard coral grouper (Gao et al., 2023), while the whole-body lipids levels have been
shown to increase in turbot (Gu et al., 2017) and largemouth bass (Yu et al., 2019). Nonetheless,
in the present thesis we did not evaluate the fish whole-body proximate composition.

As explained above, in the fish nutrition literature regarding the inclusion of spices in
aquafeeds, the majority of studies have been devoted to evaluating the effect of spices on the
fish growth and feed performance. Only a few studies have focused on the modulation of the
levels of fat accumulation, though in these controversial results were obtained. For instance,
in gilthead seabream, capsicum dietary supplementation did not influence the muscle lipid
content (Wassef et al., 2010). Conversely, dietary inclusion of capsicum increased the whole-
body content of lipids in Mozambique tilapia (Yilmaz et al., 2013a), and the levels of hepatic
fat accumulation in jewel cichlid (Yigit et al., 2021). However, it is important to remember the
high dietary inclusion levels of capsicum in these assays (3-15% in Yigit et al., 2021; 0.7-2.8%
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in Yilmaz et al., 2013a), which can be detrimental, but at lower concentrations may have health-
promoting effects (Guldiken et al., 2018). Contradictory results among species have also been
obtained for black pepper supplementation, which has been shown to decrease the whole-
body content of lipids in African catfish (El-Houseiny et al., 2019), while no differences were
found in common carp (Wojno et al., 2021). On the other hand, the former authors reported
that dietary supplementation of piperine rather than black pepper, increased common carp
whole-body content of lipids (Wojno et al., 2021). In rohu, an increase in the levels of fat in the
fillet was also reported under black pepper dietary supplementation (Ullah et al., 2021).
Concerning ginger dietary supplementation, Mohammadi et al. (2020) reported decreased
whole-body lipid levels in common carp, while in rainbow trout no differences with respect
to fish fed the basal diet were found (Aqmasjed et al., 2023). On the other hand, Ashry et al.
(2023) found a higher carcass lipid content in striped catfish when diets were supplemented
with 1.5% ginger, but not at 0.5 and 1% (Fazelan et al., 2020).

Regarding turmeric and curcumin, some studies have reported a reduction in the lipid content
in the liver, as shown in large yellow croaker (Ji et al., 2021), or in the whole-body in common
carp (Wojno et al., 2021). Other studies have reported no effect from turmeric nor curcumin
supplementation on the lipid content in carcass in gilthead seabream (Ashry et al., 2023), nor
in the whole-body in crucian carp (Jiang et al., 2016), common carp (Abdel-Tawwab and
Abbass, 2017), rainbow trout (Aqmasjed et al., 2023), and largemouth bass (Wang et al., 2023).
Cinnamaldehyde dietary supplementation usually does not influence the fish lipid content in
muscle and whole-body, as demonstrated in fat greenling (Gu et al., 2022), and Nile tilapia
(Amer et al., 2018), respectively.

The combination of spices may enhance their potential to reduce lipid accumulation in the fish
body, as happened in rohu when diets were supplemented with ginger and turmeric
(Chowdhury et al., 2021). Similar findings were reported in African catfish under dietary
supplementation of black pepper and turmeric (El-Houseiny et al., 2019). Nonetheless, other
studies have shown no changes in lipid levels when combining some of such spices, as it was
the case for ginger and curcumin in rainbow trout (Aqmasjed et al., 2023). In line with the
results observed in the present thesis, when in our previous assay we supplemented the SPICY
feed additive at 0.1 and 0.15% in a diet with partial fish oil replacement by mammalian-
rendered fat, we observed a decrease in fat deposit accumulation in the liver, in addition to a
reduction in fillet lipid levels (Ruiz et al., 2024c).

None of the additives tested in this thesis altered the proximate macronutrient composition
nor the fatty acid profile of the fish fillets. However, there was a significant increase in the
docosahexaenoic acid (C22:6 n-3; DHA) / eicosapentaenoic acid (C20:5 n-3; EPA) ratio when
the diet was supplemented with the SPICY additive at an inclusion level of 0.1%, which was
linked to a numerical non-significant increase in DHA and decrease in EPA levels in gilthead
seabream fillet (Table 1). This was in line with the increase in DHA, and consequently n-3 LC-
PUFA, contents observed in the liver under the dietary SPICY supplementation, even though
such an increase in fatty acids was only significant at an inclusion level of 0.15%. In this sense,
animal fats (such as poultry fat in this case) are high in SFAs and MUFAS, which are
preferentially oxidized to produce energy in fish, sparing LC-PUFA from catabolism and
increasing their availability and tissue deposition (Henderson, 1996; Fonseca-Madrigal et al.,
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2005; Trushenski and Lochmann, 2009). Regarding the well-demonstrated stimulatory role of
spices on fatty acid oxidation in mammals (Westerterp-Plantenga et al., 2006), which may also
be extrapolated to fish as discussed below, the SPICY additive may have potentiated the
preferential oxidation of SFAs and MUFAs over LC-PUFAs. Among LC-PUFAs, many studies
have pointed to a preferential deposition of DHA over EPA and most n-3 LC-PUFAs, which
may be the reason of the increase in DHA levels in the liver, and DHA /EPA ratio in fillets. In
addition, part of the content of EPA and other n-3 PUFAs may be metabolized into DHA to
help meet the fish requirements (Coccia et al., 2014; Emery et al., 2016; Morais et al., 2020). The
DHA/EPA ratio values of the fillets of fish fed the SPICYo.1% diet (1.37 + 0.08) were closer to
the values of farmed gilthead seabream juveniles fed a fish oil-based diet (1.45-2.04) reported
in previous works (Lenas et al., 2011; Ruiz et al., 2024c) than in fish fed the control diet (1.23 +
0.03) that was rich in SFAs and MUFAs. However, other studies have reported much lower
DHA /EPA ratios for the same fish species fed with fish oil-based diets (i.e., 0.56-081; Izquierdo
et al., 2005; Fountoulaki et al., 2009; Benedito-Palos et al., 2010).

Considering the wide range of DHA /EPA values reported in different studies, it is difficult to
interpret the results of DHA /EPA ratio in terms of improvement in nutritional quality. In any
case, apart from the increase in the DHA/EPA values observed in fish fed the SPICY.1y diet,
no other differences were observed in the fatty acid profile of the fillet, nor in the n-6/n-3 ratio.
In addition, there were no differences in the indices of atherogenicity (IA), thrombogenicity
(IT), and hypocholesterolemic/ hypercholesterolemic fatty acids' ratio (h/H) in the fillets
among different dietary treatments (Table 1). These indices evaluate the nutritional quality of
the lipid fraction from the edible flesh for the consumer (Chen and Liu, 2020). The IA indicates
the relationship between the sum of the main SFAs, which are considered pro-atherogenic,
which favour the adhesion of lipids to cells of the circulatory system, and the sum of
unsaturated fatty acids, which are considered anti-atherogenic. The IT is denoted as the
relationship between the pro-thrombogenic and anti-thrombogenic fatty acids, and this index
indicates the amenability to clot formation in blood vessels. The h/H characterizes the
relationship between hypocholesterolemic and hypercholesterolemic fatty acids (Chen and
Liu, 2020). However, one critical point of the IA and IT indices is the consideration of n-6
PUFAs as anti-atherogenic and anti-thrombogenic agents, since recent studies have
demonstrated that n-6 PUFAs produce eicosanoids with pro-inflammatory, vasoconstrictory,
and pro-aggregatory properties (Saini and Keum, 2018). Nonetheless, the values obtained for
the IA and IT, which were similar among all dietary treatments, were far below the limits
considered harmful for the consumer’s health (1.0; Marques et al., 2022), and within the value
range considered as beneficial for human health (below 0.5; Bazarsadueva et al., 2021).
Regarding the h/H ratio, the values of all gilthead seabream dietary groups were maintained
within the ordinary value range of fish, ranging from 1.54 to 4.83 (Chen and Liu, 2020;
Bazarsadueva et al., 2021). Overall, these results suggest that the tested additives were able to
reduce the fat accumulation in digestive organs (liver and intestine) and in the visceral cavity
without compromising the proximate composition nor the nutritional quality indices of the
fish fillets, which is an advantage considering that their organoleptic properties, including
general taste and flavour, are largely attributed to the content of fat in the edible part
(Grigorakis et al., 2003).
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Table 1. Nutritional quality markers of the fillet fatty acid profile in gilthead seabream (Sparus aurata)
fed the control diet and the diets supplemented with bile salts at an inclusion level of 0.06% (BSo.05%)
and 0.12% (BSo12%), a combination of capsicum, black pepper, and ginger oleoresins, and
cinnamaldehyde at 0.1% (SPICYo1%) and 0.15% (SPICYo.15%), and a combination of turmeric, capsicum,

black pepper, and ginger oleoresins at 0.2% (SO).

Control BSo.06% BSo.120 SPICYo1% | SPICYo1s% SO
DHA/EPA | 1.23+0.032 | 1.21+0.042 | 1.24+0.042 | 1.37 £ 0.08> | 1.28 +0.062P | 1.28 + 0.052P
EPA + DHA | 5324+5.08 | 51.33+£225 | 56.14 +4.13 | 53.41+1.62 | 54.07 £8.50 | 54.10 + 4.55
n-6/n-3 1974018 |2.09+£0.08 |[1.94+014 |199+0.06 |201+029 |197+0.14
IA 0324002 |032+0.01 |[032+0.01 |032+0.02 |032+001 |0.31+0.01
IT 0.38+0.03 |038+0.01 |[037+0.01 |038+0.01 |038+0.03 |0.37+0.01
h/H 2284007 |231+0.06 |231+0.06 |229+012 |231+0.07 |235+0.03

Values are represented as mean + SD (n = 4 tanks per dietary group) and differences among groups
(one-way ANOVA; P < 0.05) are indicated by the different superscript letters. Abbreviations: DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; n6/n3: omega 6 to omega 3 polyunsaturated fatty
acids' ratio; IA: index of atherogenicity; IT: index of thrombogenicity; h/H: hypocholesterolemic/
hypercholesterolemic fatty acids' ratio.

The mechanisms underlying the reduction of fat accumulation in gilthead seabream observed
in this thesis, and in previous studies, may vary depending on the nutritional strategy and
type of additive tested. Regarding bile salts, when they are secreted from the gallbladder into
the proximal part of the intestine, they can bind to the interface of lipid aggregates through
their hydrophobic regions (steroid rings and angular methyl groups), emulsifying them into
small lipid droplets (Maldonado-Valderrama et al., 2011). Lipid emulsification also allows for
the formation of mixed micelles, which are structures composed of bile salts, cholesterol,
phospholipids, and lipid digestion products, such as fatty acids and monoglycerides,
facilitating their transport in the aqueous medium of the digestive tract, and the posterior
absorption of lipids and cholesterol through the intestinal epithelium (Carey and Small, 1970).
Additionally, the binding of bile salts to the interface of lipid aggregates allows a higher
activity of lipases produced by the exocrine pancreas, particularly bile salt-activated lipases,
since it causes an orogenic displacement of other compounds adhered to the interface (i.e.,
surfactants, proteins, free fatty acids). Additionally, the emulsification of lipid aggregates into
smaller lipid droplets increases the surface area on which lipases can act (Romano et al., 2020).
Bile salts also contribute to the activation of the bile salt-activated lipase, which is the most
dominant lipase of marine fish and can hydrolyze a wide range of substrates (wax esters,
mono-, di- and triacylglycerides, phospholipids, ceramides, fat-soluble vitamin esters and
cholesteryl esters) (Tocher, 2003; Romano et al., 2020).

Taking into account the above-mentioned ideas, the inclusion of bile salts in aquafeeds may
have hypolipidemic effects through an increased concentration of bile salts in the intestine,
which promote higher lipid digestion and absorption rates, and through an increased activity
of the bile salt-activated lipase. In this sense, many studies in fish have shown that dietary bile
salt supplementation leads to an increase bile acid content in the fish intestine and/or
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gallbladder, suggesting an efficient absorption of supplemented bile salts into the
enterohepatic circulation, as demonstrated in rainbow trout (Yamamoto et al., 2007; Iwashita
et al., 2008; Iwashita et al., 2009), Atlantic salmon (Kortner et al., 2016), and turbot (Gu et al.,
2017). On the other hand, Yao et al. (2022) found a decreased content of whole-body bile acids
in yellow catfish. However, in the former assay, the diet was supplemented with glycocholic
acid (G-CA), which is not a typical endogenous bile salt in fish, since bile salts are normally
conjugated with taurine in fish (Kim et al., 2015; Kortner et al., 2016). Thus, Yao et al. (2022)
suggested that, even though G-CA was able to enter the enterohepatic circulation as indicated
by the bile salt profile changes, such bile salt promoted a higher excretion of bile acids.

In our results, we did not observe significant alterations in the concentration of total bile salts
following their supplementation in gilthead seabream diet due to the high dispersion among
samples, but the numerical mean value of total bile salts in the anterior intestine showed a
tendency to increase with increasing doses of supplemented bile salts in the diet (Chapter I;
Ruiz et al., 2023a). Nonetheless, we reported a dose-dependent modulation of the bile salt
profile, with a significant increase in the levels of taurodeoxycholic acid (T-DCA) in the
anterior intestine and gallbladder in fish fed the BSo 124 diet, with respect to the control group.
The tested blend of bile salts was composed of a mixture of equal parts of sodium cholate (CA)
and sodium deoxycholate (DCA), and sodium taurocholate (T-CA) hydrate in a proportion of
30/70. Thus, the increase in T-DCA may be attributed to the metabolization of CA
(dehydroxylation) and T-CA (deconjugation and dehydroxylation) into DCA by the intestinal
microbiota, and to the conjugation of reabsorbed and supplemented CA with taurine in the
liver (Schubert et al., 2017; Romano et al., 2020). On the other hand, while the two primary bile
salts T-CA and taurochenodeoxycholic acid (T-CDCA) were maintained at basal levels in the
anterior intestine, we observed a linear decrease of T-CDCA levels in the gallbladder. Such
decrease may be a response to a differential absorption rate of bile acids caused by the higher
content of T-DCA in the intestine, and/or to a lower synthesis of T-CDCA in the liver. In this
sense, Pandak et al. (2002) showed in an in vitro study that addition of T-DCA and T-CA into
rat hepatocytes inhibited the activity of oxysterol 7a-hydroxylase (CYP7B1), which is the rate-
limiting enzyme of the alternative pathway of bile acid synthesis. In addition, taurine is the
amino acid with which bile acids are typically conjugated in fish, so its reduced availability
can lead to a limited synthesis of conjugated bile salts (Kim et al., 2015). Supporting these
hypotheses, and in line with the results of the present thesis, many works have shown a
decrease in the content of T-CDCA in the gallbladder when supplementing T-CA in fish diets,
as demonstrated in rainbow trout (Iwashita et al., 2008; Iwashita et al., 2009) and Atlantic
salmon (Kortner et al., 2016). Similar results have also been found with a mixture of bile salts
of bovine origin, as shown in rainbow trout (Yamamoto et al., 2007; Iwashita et al., 2008) and
Atlantic salmon (Kortner et al., 2016).

In terms of digestibility, supplementation of bile salts in fish diets usually improves the activity
of lipolytic digestive enzymes. In particular, improved lipoprotein lipase, hepatic lipase, and
total lipase activities were observed in the livers of GIFT tilapia (Jiang et al., 2018) and large
yellow croaker (Ding et al., 2020) fed diets supplemented with bile salts. Similarly, a higher
lipase activity has been observed in the livers of tongue sole (Wang et al., 2022) and hybrid
grouper (Xu et al., 2022b) under dietary bile salt supplementation. The induction of a higher
lipase activity by dietary bile salt supplementation is also evident in the fish intestine, as was
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the case in turbot (Gu et al., 2017), GIFT tilapia (Jiang et al., 2018; Bhusare et al., 2023), tongue
sole (Li et al., 2021b), and leopard coral grouper (Gao et al., 2023). A higher lipoprotein lipase
activity was also measured in the intestine of GIFT tilapia fed with a diet supplemented with
bile salts (Jiang et al., 2018). In addition, dietary bile salt supplementation has also been
reported to stimulate the activity of other digestive enzymes, such as amylase and protease in
tongue sole (Li et al., 2021b; Wang et al., 2022), and trypsin in Atlantic salmon (Kortner et al.,
2016) and leopard coral grouper (Gao et al., 2023).

In our study, we did not observe a significant improvement of total alkaline protease and a-
amylase activities by the addition of bile salts, at least in the pyloric caeca, nor in the anterior
intestine of gilthead seabream (Chapter I; Ruiz et al., 2023a). However, the activity of the bile
salt-activated lipase in the anterior intestine increased with escalating doses of supplemented
bile salts, being significantly higher at 0.12% inclusion. In this sense, since the anterior intestine
is the main site of lipid digestion and absorption, as in higher vertebrates, in fish the highest
lipase activity along the gastrointestinal tract is found in the proximal part (Gonzalez-Félix et
al., 2018; Chapter I; Ruiz et al., 2023a), so the enzymatic activity might be more susceptible to
be stimulated in this region. Kurtovic et al. (2010) observed that when testing the effect of
different types of bile acids (DCA, CA, T-CA) on the lipase activity in Chinook salmon
(Macruronus novaezelandiae), the highest activity was induced by T-CA, which is the main
component (70%) of the blend of bile salts that we tested in gilthead seabream. These results
were partly in line with those of Iijima et al. (1998), which evaluated the effect of the same
types of bile acids on the activity of purified bile salt-activated lipase from red seabream
(Pagrus major) using different substrates (p-nitrophenyl myristate and triolein). Iijima et al.
(1998) reported the highest lipase activity in response to T-CA when the substrate was p-
nitrophenyl myristate, which is the most commonly used substrate to measure lipase activity
(Nolasco-Soria et a., 2023) and the one used in our assay. On the other hand, these authors
observed a higher lipase activity for CA with triolein as a substrate, which was also present in
our blend of bile salts, but it is less commonly used as a substrate (Nolasco-Soria et al., 2023).

Considering the above-mentioned results, the 50% numerical increase in T-CA content
(although not statistically significant) in the anterior intestine of gilthead seabream fed the
BSo.124 diet, with respect to the control group, may be the cause of the higher activity reported
for bile salt-activated lipase. The extent to which the increase in T-DCA levels also contributed
to the increased activity of bile salt-activated lipase cannot be determined, since the presence
of this type of bile salt was not tested in the mentioned studies. The increased lipase activity
was in line with the improved values of apparent digestibility coefficient (ADC) of lipids
observed in gilthead seabream fed the BSo.124 diet, in concordance with the enhancement in
lipid ADC values also observed in previous studies with rainbow trout (Yamamoto et al., 2007;
Iwashita et al., 2008) and turbot (Gu et al., 2017) when supplementing their diets with T-CA or
bovine bile salts.

Concerning the use of spices, their effect on modulation of body adiposity in mammals has
been mainly attributed to an improved lipid digestion, induced by an increased bile acid
synthesis and stimulation of digestive enzymatic activity (Platel and Srinivasan, 2004;
Srinivasan, 2005). Spices not only increase bile acid synthesis, but they are also able to increase
the rate of their secretion, gastrointestinal flow, and intestinal reabsorption (Platel and
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Srinivasan, 2004). To our knowledge, apart from the studies included in this thesis (Chapter
III; Ruiz et al., 2023c; Chapter IV; Ruiz et al., 2024a), the fish bile salt profile has not been
previously evaluated in extant studies of fish diets supplemented with spices. Nonetheless,
Yilmaz et al., (2013b) reported an increase in bile somatic index values when European sea
bass (Dicentrarchus labrax) diets were supplemented with the spice thyme (Thymus vulgaris) or
the herbs rosemary (Rosmarinus officinalis) and fenugreek (Trigonella foenum graecum),
indicating an increased bile flow rate and bile acid quantity. On the other hand, the
combinations of spices tested in this thesis did not produce any significant change in the bile
salt profile of the gallbladder and the anterior intestine in gilthead seabream (Chapter III; Ruiz
etal., 2023¢c; Chapter IV; Ruiz et al., 2024a). However, this was partly due to the high deviation
found among samples and to the low number of samples (n = 4), since sample pools from each
fish tank were made to provide assurance that enough content was obtained to perform the
bile acid profile analyses. In any case, a non-significant numerical increase in the mean values
of total bile acids of 37% and 54% was observed in the anterior intestine of gilthead seabream
fed the SPICYo.1% and SO diets, respectively, with respect to their congeners fed the control
diet. A noteworthy finding was that in fish fed the diets supplemented with the two
combinations of spices, as well as in the control group, the only bile salts detected were T-CA
and T-CDCA. Therefore, considering that CA and CDCA are the predominant and often the
only bile acids found in the bile salt profile of Perciform fish (Hagey et al., 2010), the observed
numerical increase in the gallbladder and anterior intestine suggests that the synthesis and
conjugation of these two primary bile acids were increased under the SPICY and SO dietary
supplementation.

Supporting the hypothesis that in fish, as in mammals, fat accumulation can be reduced
through a higher digestive ability, some studies have demonstrated an improved enzymatic
activity in fish fed with diets supplemented with the spices tested in this thesis. Indeed, higher
activities of protease and amylase have been reported in the anterior intestine of Nile tilapia
under dietary capsicum supplementation (Ibrahim et al., 2024). Regarding black pepper,
higher activities of intestinal lipase, protease, and amylase have been found when
supplementing piperine in the diet of common carp (Giri et al., 2023). In relation to this, even
though Malintha et al. (2023) did not measure digestive enzyme activities, they reported
higher dry matter and protein ADC values when including piperine at low inclusion levels
(up t0 0.075% and up to 0.05%, respectively) in olive flounder. Ginger dietary supplementation
has also been proven to increase lipase, protease, and amylase activities in the intestine of
striped catfish (Ashry et al., 2023). Additionally, curcumin has been shown to be capable of
modulating the fish digestive enzyme activities. Jiang et al. (2016) reported an increase in the
activities of lipase and trypsin in the hepatopancreas and intestine, as well as in amylase
activity in the hepatopancreas of crucian carp. Undoubtedly, among the spices and active
principles tested, cinnamaldehyde is the one that has most often been shown to individually
be able to improve the digestive capacity of fish. In this sense, increased lipase and pepsin
activities were reported in the digestive tract of fat greenling when diets were supplemented
with cinnamaldehyde, even though no differences in amylase activity were found (Gu et al.,
2022). The former authors also found higher values of lipid, protein, and dry matter ADCs. In
grass carp under dietary supplementation of cinnamaldehyde, an enhancement of the
activities of lipase, amylase, chymotrypsin, and trypsin was observed in the hepatopancreas
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and intestine (Zhou et al.,, 2020). Similarly, Abd El-Hamid et al. (2021) showed that
supplementing Nile tilapia diets with a cinnamaldehyde nanoemulsion increased the activities
of lipase, protease, and amylase in the intestine. On the other hand, Wang et al. (2021a) studied
the effect of cinnamaldehyde on the activities of digestive enzymes along different intestinal
regions of tongue sole. The latter authors observed a higher protease activity only in the
anterior intestine, while a higher amylase activity was found in both anterior and mid
intestine. On the other hand, a higher lipase activity was observed along the entire intestine of
tongue sole when the diet was supplemented with cinnamaldehyde. Some of such spices or
their active principles may have synergistic and complementary effects, which may enhance
the overall effectiveness of spices in combination (Parasuraman et al., 2014). For instance,
higher activities of lipase, protease, and amylase have been observed in the intestine of rohu
under dietary supplementation with ginger and turmeric (Chowdhury et al., 2021).

Similarly, despite not registering changes in lipid ADC values, we observed a significantly
higher activity of bile salt-activated lipase in the anterior intestine when supplementing
gilthead seabream diets with the SPICY and SO feed additives (Chapter III; Ruiz et al., 2023c;
Chapter IV; Ruiz et al., 2024a). These results suggest that the hypolipidemic effect of spices in
gilthead seabream may be largely caused by the stimulation of bile salt-activated lipase by the
active principles of the spices and/or by potentially increased secretion of bile salts. However,
modulation of fat levels in fish tissues is a complex mechanism (Salmerén, 2018), and thus, the
reduction in fat accumulation cannot solely be attributed to an enhanced intestinal digestion,
but also to the mechanisms underlying the regulation of lipid metabolism. Therefore, this
thesis also aimed to investigate gene expression in the liver, which is the primary organ
involved in lipid metabolism (Bruslé and Gonzalez i Anadon, 1996), focusing on genes
associated with lipid metabolism and oxidative status.

As explained in the Introduction section, there are three main mechanisms underlying the
modulation of fat accumulation in fish tissues, which are the conversion of fatty acids into
triacylglycerides (lipogenesis) and cell storage; the metabolization of non-lipid substrates into
fatty acids and then triacylglycerides for storage (known as de novo lipogenesis); and the
catabolism of triacylglycerides into fatty acids and glycerol (lipolysis), which are then oxidized
to generate energy or released into the blood stream (Salmerén, 2018). Attending to our results
of hepatic gene expression in gilthead seabream (Chapter I; Ruiz et al., 2023a; Chapter III; Ruiz
et al., 2023c; Chapter IV; Ruiz et al., 2024a), only two out of the 44 genes included in the PCR-
array were similarly regulated by the three tested additives. Such genes were Ipl, which was
down-regulated, and fatty acid synthase (fasn), which was wup-regulated under
supplementation of the three additives with respect to the control group.

In context, fatty acids can be incorporated into the cells as free fatty acids, which are
transported by albumin, or can be obtained by the enzymatic hydrolysis of triacylglycerides
from chylomicrons, very low-density lipoproteins, and to a lesser extent, low-density
lipoproteins circulating in the plasma (Proenca et al., 2014). The hydrolysis of triacylglycerides
from such lipoproteins is carried out by LPL, releasing glycerol and free fatty acids, which are
incorporated into the cells, where they are reconverted to triacylglycerides and stored as an
energy reservoir (Salmeron, 2018). Thus, the down-regulation of Ipl may favour a reduced fat
deposition in digestive organs, and may be the cause of the reduced PVFI values in gilthead
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seabream when the diet was supplemented with the three tested additives. On the other hand,
FASN metabolizes acetyl-CoA and malonyl-CoA into palmitic acid (C16:0). The up-regulation
of fasn may be a counter-regulatory mechanism to maintain stable levels of fatty acids in the
liver through de novo fatty acid synthesis, in the context of the presumably lower incorporation
of fatty acid synthesis associated to the [pl down-regulation. In this sense, inverse dynamics in
the expressions of Ipl and fasn have already been observed in previous studies like those
conducted in Nile tilapia (Tian et al., 2013), silver pomfret (Pampus argenteus; Peng et al., 2017),
and spotted seabass (Lateolabrax maculatus; Huang et al., 2018).

No other differentially regulated genes were shared among fish fed the blend of bile salts and
any of the tested combination of spices. Indeed, aside from these two genes, hydroxyacyl-CoA
dehydrogenase (hadh) and farnesoid X receptor (fxr) were the only differentially regulated
genes in the liver of gilthead seabream under dietary supplementation of bile salts (Chapter I;
Ruiz et al., 2023a). The down-regulation of hadh, which encodes for an enzyme involved in -
oxidation, may be in line with the presumably lower entrance of fatty acids into cells associated
to the lower Ipl expression. Regarding FXR, this is a nuclear receptor belonging to the
superfamily of ligand-activated transcription factors predominantly expressed in tissues
involved in bile acid homeostasis, such as the liver, and intestine (Kuipers et al., 2004). This
type of nuclear pleiotropic receptor is involved in several biological processes, such as the
metabolism of bile acids, lipids, proteins, and carbohydrates, energy homeostasis, nutrient
uptake, immunity, bone formation and remodeling, and, indirectly, in shaping the gut
microbial communities (Schubert et al., 2017; Zheng et al., 2017; Chiang and Ferrell, 2022). The
main agonist of FXR is the primary bile acid CDCA, so the decreased levels of T-CDCA that
we observed in the gallbladder of gilthead seabream when supplementing the diet with the
blend of bile salts may be the reason for such reduced fxr expression. However, the expression
of cholesterol 7a-hydroxylase (cyp7al), which is negatively regulated by activated FXR
(Romano et al., 2020), did not exhibit significant differences, indicating that the differential
expression of fxr was not correlated with an alteration in the synthesis rate of bile acids via the
classic pathway (Introduction, Figure 3).

Regarding the two combinations of spices tested, fish fed the diets supplemented with the
SPICY and SO additives also shared two other up-regulated genes, the elongation of very long
chain fatty acids 6 (elovl6) and the stearoyl-CoA desaturase 1b (scd1b). The enzymes encoded
by these genes are involved in de novo fatty acid synthesis, and can use as a substrate palmitic
acid, the end product of FASN, so the up-regulation of elovl6 and scd1b, may be a response to
a presumably higher FASN activity, accelerating the transformation of palmitic acid into other
fatty acids and avoiding their accumulation. In this sense, ELOVL6 elongates saturated (SFAs)
and monounsaturated (MUFAs) fatty acids. Among others, this enzyme catalyzes the
conversion of palmitic acid into stearic acid (C18:0) (Sampath and Ntambi, 2005; Matsuzaka
and Shimano, 2009). Therefore, the increased levels of stearic acid found in the liver of gilthead
seabream fed the SO diet with respect to fish fed the control diet may be attributed to the up-
regulation of elovl6 (Chapter IV; Ruiz et al., 2024a). On the other hand, SCD1B transforms
palmitic and stearic acids into palmitoleic (C16:1 n-7) and oleic (C18:1 n-9) acids, respectively
(Ntambi and Miyazaki, 2004). Although palmitoleic acid can act as a lipokine reducing
lipogenic activity and fat accumulation (Bermudez et al., 2022), and oleic acid has also been
shown to regulate lipid metabolism in mammals (Garcia-Escobar et al., 2008), there were no
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significant differences in the levels of such fatty acids in the liver of gilthead seabream when
supplementing the diet with the SPICY and SO additives (Chapter III; Ruiz et al., 2023c;
Chapter IV; Ruiz et al., 2024a).

The SPICY feed additive also led to a change in the expression of peroxisome proliferator-
activated receptor P (pparf) and cholesterol 7a-hydroxylase (cyp7al). Although the role of
PPARp is not completely unraveled in fish, nor in mammals, it has been suggested that it may
induce the transactivation of genes involved in fatty acid oxidation (Wang et al., 2003). In
addition, their ligands are likely fatty acids (Wang et al., 2003; Kidani and Bensinger, 2012), so
the down-regulation of pparf may indicate a reduced fatty acid oxidation in relation to the
putative lower entrance of fatty acids in cells as indicated by Ipl down-regulation. In relation
to CYP7AL, it is the first and rate-limiting enzyme of the classic bile acid synthesis pathway
(Introduction, Figure 3), which is the pathway that generates the major content of primary bile
acids (Zhou and Hylemon, 2014; Chiang and Ferrel, 2020). Thus, the up-regulation of cyp7al
may indicate a higher bile acid synthesis and subsequent secretion into the intestine, in line
with the numerical increase reported in the anterior intestine in fish fed the SPICYo1% diet.
Considering the above-mentioned important role of bile salts in lipid emulsification and
stimulation of digestive enzyme activities (Maldonado-Valderrama et al., 2011; Romano et al.,
2020), the expected higher bile acid synthesis and secretion may be the reasons for the reduced
fat accumulation found in the liver, intestine, and visceral cavity in gilthead seabream when
the diet was supplemented with the SPICY additive (Chapter III; Ruiz et al., 2023c).

Regarding the SO additive, apart from the shared regulation of Ipl, fasn, elovl6, and scd1b with
the SPICY additive, the supplementation of gilthead seabream diet with turmeric, capsicum,
black pepper, and ginger oleoresins, also modulated the expression of the hepatocyte nuclear
factor 4 alpha (hnf4a), sterol regulatory element-binding protein 2 (srebp2), citrate synthase (cs),
and peroxiredoxin 5 (prdx5). To give context, the enzyme HNF4a is involved in the
transcriptional regulation of multiple biological pathways, including bile acid synthesis and
conjugation, lipid homeostasis, gluconeogenesis, ureagenesis, cell adhesion, proliferation, and
apoptosis, among other functions (Yeh et al., 2019). In mammals, HNF4a is involved in the
transactivation of CYP7A1 (Romano et al., 2020). However, regardless of the up-regulation of
hnf4a, the expression of cyp7al remained stable in fish fed the SO diet with respect to those fed
the control diet (Chapter IV; Ruiz et al., 2024a). This may indicate that in this case, this enzyme
would be involved in the regulation of other metabolic processes different to bile acid
metabolism due to its pleiotropic profile or, otherwise, it may reflect that gene expression and
enzyme activity are not always correlated, such as in cases where activities are controlled post-
transcriptionally or post-translationally. On the other hand, srebp2 up-regulation may be in
line with a higher bile acid synthesis. Many studies in mammals have pointed out that hepatic
SREBP enzymes, especially SREBP2, are activated in response to a reduction in cholesterol
content (Sato, 2010). Regarding fish, previous studies in rainbow trout (Zhu et al., 2018) and
Atlantic salmon (Leaver et al., 2008; Kortner et al., 2013; Gu et al., 2014) have also shown an
up-regulation of srebp2 when feeding with a plant-based diet, which has been attributed to the
lower dietary cholesterol levels. In addition, Zhu et al. (2020) suggested that SREBP2 is
involved in the homeostasis of cholesterol in rainbow trout, by promoting its hepatic synthesis.
Thus, the up-regulation of srebp2 that we observed in gilthead seabream liver when the diet
was supplemented with the SO feed additive may be a mechanism to maintain stable levels of
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hepatic cholesterol in response to a higher metabolization rate of cholesterol into primary bile
acids.

Concerning the regulation of lipid metabolism, CS is a key mitochondrial enzyme involved in
the Krebs cycle which converts the products of fatty acid oxidation, oxalacetate and acetyl-
CoA, into citrate (Akram, 2014). Consequently, cs up-regulation may be attributed to a higher
B-oxidation of fatty acids to produce energy, since many spices, such as capsicum (used in the
present thesis), have been shown to promote lipid oxidation in mammals (Westerterp-
Plantenga et al., 2006). In spite of cs up-regulation, none of the genes which encode enzymes
from the electron transport chain [NADH-ubiquinone oxidoreductase chain 2 (nd2), NADH-
ubiquinone oxidoreductase chain 5 (nd5) nor cytochrome c oxidase subunit I (coxi)] showed a
differential regulation among fish fed these diets. On the other hand, some of the active
principles present in the SO additive, such as curcumin, as well as capsaicin, have antioxidant
properties in mammals (Srinivasan, 2005). Since PRDX5 is an antioxidant enzyme which
scavenges reactive oxygen species (ROS) (Kim et al., 2018), it may be speculated that the down-
regulation of prdx5 that we found in gilthead seabream fed the SO diet was a response to a low
generation of ROS in fish hepatocytes, but further research would be needed to confirm this
hypothesis. Overall, these findings illustrate the complexity of the molecular mechanisms
orchestrating the regulation of lipid metabolism under spice supplementation, indicating that
deciphering the molecular and physiological mechanisms underlying lower fat accumulation
found under current experimental conditions deserves further attention by means of in vitro
studies, and holistic transcriptomic and proteomic approaches.

Additionally, to determine whether the regulation of lipid and bile salt metabolisms induced
by the tested additives persisted over time, the expression of the same array of genes was
evaluated after a 48 hour fasting period. At this time, the regulation induced by the BSp.0s% and
SPICYo1% diets were attenuated, and a transient effect associated to their dietary
administration was observed. In particular, only prdx5 was differentially expressed when
supplementing the diet with the blend of bile salts at 0.06% (Chapter I; Ruiz et al., 2023a),
which also showed a similar up-regulation in fish fed the SPICY¢.1% (Chapter III; Ruiz et al.,
2023c) and SO diets (Chapter IV; Ruiz et al., 2024a). Among the many roles of PRDX5 defined
in mammals, it is remarkable that it can also prevent and alleviate adipogenesis and hepatic
fat accumulation by promoting fatty acid oxidation and reducing lipogenesis through the
regulation of ROS levels (Kim et al., 2018, Kim et al., 2020). In gilthead seabream the
supplementation of the diet with the SPICY feed additive at 0.1% also induced an up-
regulation of sterol regulatory element-binding protein 1 (srebpl) (Chapter III; Ruiz et al.,
2023c), which has been shown to promote de novo fatty acid synthesis in many fish species,
including zebrafish (Danio rerio), large yellow croaker, Japanese seabass (Lateolabrax japonicus),
and gilthead seabream (Xie et al., 2021). Thus, in Ruiz et al. (2023c; Chapter III) the up-
regulation of srebpl in 48 h fasted-gilthead seabreams fed the SO diet with respect to their
control congeners, may be attributed to an attempt to restore hepatic lipid levels after food
deprivation.

On the other hand, the 48-h fasting period enhanced the modulation of genes involved in bile
salt and lipid metabolism induced by the SO feed additive (Chapter IV; Ruiz et al., 2024a). In
this sense, apart from prdx5, there was a differential expression of fifteen genes in fish fed the

187



DISCUSSION

SO diet with respect to those fed the control diet. Among these genes, it was interesting to
observe an up-regulation of fxr and liver X receptor a (Ixra), which regulate bile acid synthesis
through the expression of cyp7al. As mentioned in the Introduction section of this thesis, FXR
is activated by high levels of bile acids and triggers the transcription of a small heterodimer
partner (shp), which interacts with the transcription factors a-fetoprotein transcription factor
(FTF) and HNF4a, avoiding cyp7al expression. On the other hand, cyp7al expression can be
suppressed through the heterodimer complex formed by retinoid X receptor (RXR) and LXR.
The activity of LXR is promoted by high levels of oxysterols, which are products of cholesterol
metabolism (Frisch and Alstrup, 2018; Romano et al., 2020). In line with the expression results,
considering the antagonistic role of FXR and LXR, the up-regulation of both genes may result
in an equilibrium that did not modify cyp7al expression with respect to the control diet.
Controversial results were also observed for two genes involved in de novo fatty acid synthesis:
elongation of very long chain fatty acids 1 (elovl1), which was down-regulated, and elongation
of very long chain fatty acids 4 (elovl4), which was up-regulated. In teleost fish, ELOVL4 is
involved in the elongation of C18 to C20 PUFAs, resulting in PUFAs with a main chain of up
to 36 carbons. Among other functions, the role of ELOVL4 in the biosynthesis of n-3 LC-
PUFAs, such as DHA from EPA and docosapentaenoic acid (C22:5 n-3) (Xie et al., 2021), is of
utmost importance considering the growth- and health-promoting effects of n-3 LC-PUFAs in
fish (Ibeas et al., 1994; Peng et al., 2014). On the other hand, ELOVL1 is believed to be involved
in the elongation of C14 to C20 SFAs, MUFAs, and PUFAs in fish (Xie et al., 2021). The inverse
regulation of elovll and elovl4 may be a long-term mechanism of the spices to maintain or
increase the levels of n-3 PUFAs in the liver of fasted animals, but further studies are needed
to confirm this hypothesis.

The effect of the SO additive on the regulation of fatty acid oxidation was very obvious. In this
sense, in 48 h fasted-fish which were fed the SO diet, there was an up-regulation of pparf in
comparison to those fed with the control diet. As already explained in mammals, PPARp
promotes the expression of genes involved in fatty acid oxidation (Wang et al., 2003). In the
study of Wang et al. (2003), one of the genes up-regulated in the brown adipose tissue of mouse
under activation of PPARB was carnitine palmitoyltransferase 1B (cpt1p). This is in line with
the up-regulation of carnitine palmitoyltransferase 1A (cptla) that we found in 48 h fasted-
gilthead seabream fed with the SO diet. In this sense, CPT1a and CPT1p are localized in the
outer membrane of the mitochondria and catalyze the transport of acyl-CoA from the cytosol
into the intermembrane space, transforming acyl-CoA into acyl-carnitine. Then, acyl-carnitine
is transported to the mitochondrial matrix and converted back to acyl-CoA, which undergoes
B-oxidation (Weil et al., 2013; Wang et al., 2021b). Despite the absence of differences in
hydroxyacyl-CoA dehydrogenase (hadh), which is involved in the oxidation of fatty acids, the
up-regulation of cs may indicate an increased flux of acetyl-CoA to the Krebs cycle, leading to
a higher generation of FADH» and NADH + H* (Akram, 2014). In line with that, there was also
an up-regulation of NADH-ubiquinone oxidoreductase chain 2 (nd2) and NADH-ubiquinone
oxidoreductase chain 5 (nd5), which are part of the mitochondrial electron transport chain,
where FADH> and NADH + H* are used to generate energy in the form of ATP (Nolfi-
Donegan et al., 2020). Overall, these results indicated that the SO feed additive may promote
fatty acid oxidation as an energy source in 48 h fasted-fish to maintain the proper functioning
of physiological processes despite the absence of feed.
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In summary, these results evinced that the tested SO feed additive, which contains turmeric,
capsicum, black pepper, and ginger, reduces fat accumulation in 48 h fasted-gilthead seabream
through similar mechanisms to those observed in higher mammals, by stimulating bile acid
secretion, bile salt-activated lipase activity, and through promotion of fatty acid oxidation
(Platel and Srinivasan, 2004; Srinivasan, 2005; Westerterp-Plantenga et al., 2006). Regarding
the blend of bile salts and the SPICY feed additive composed of capsicum, black pepper,
ginger, and cinnamaldehyde, it is difficult to establish the molecular mechanisms of action that
regulate lipid metabolism due to the limited number of genes from the PCR-array that
exhibited differential expression compared to the control group. However, what is undeniable
is that both bile salts and pungent spices have hypolipidemic effects and, similar to the SO
additive, they increase bile acid secretion and bile salt-activated lipase activity, which
ultimately reduces the levels of hepatic, intestinal, and perivisceral fat (Chapter I; Ruiz et al.,
2023a; Chapter III; Ruiz et al., 2023c). In conclusion, the three additives tested in the present
thesis can be used as a strategy to reduce fat accumulation and lipid digestion problems
without compromising the nutritional quality of fish, and when tied to the use of fish oil
alternatives could be used in the aquaculture industry to implement more cost-effective,
available, and sustainable alternatives to fish oil, as well as simply to alleviate lipid metabolism
disorders through the above-explained mechanisms.
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3. Dietary modulation of the blend of bile salts and combinations of

spices on the immune condition in fish

The substitution of fish oil with alternative ingredients in aquafeeds not only poses a potential
risk to the fish growth and lipid metabolism, but it may also compromise the immune status
of fish (Montero et al., 2010; Tan et al., 2016; Tan et al., 2017). Therefore, we also assessed the
effect of the tested feed additives on the regulation of the intestinal immune condition in
gilthead seabream through the study of the expression of a panel of selected biomarkers
related to epithelial integrity, barrier function, and immune response (Chapter II; Ruiz et al.,
2023b; Chapter III; Ruiz et al., 2023c; Chapter IV; Ruiz et al., 2024a).

Regarding the effect of bile salts, it is important to consider that in mammals it is well-known
that bile acids have the ability to modulate innate immunity through the activation of FXR and
G protein-coupled bile acid receptor 1 (GPBAR1/TGR5) (Schubert et al., 2017). For instance,
many studies in mammals have shown that activation of FXR reduces intestinal epithelial
permeability (Gadaleta et al., 2011; Stojancevic et al., 2012). Thus, under current experimental
conditions, the down-regulation of fxr in the liver and the reduced content of CDCA, the main
agonist of FXR, in the gallbladder of gilthead seabream fed the diet supplemented with the
blend of bile salts (Chapter I; Ruiz et al., 2023a), may be related to the down-regulation of
cadherin-17 (cdh17), and gap junction Cx32.2 protein (cx32.2) in the intestine (Chapter II; Ruiz
et al., 2023b). Similarly, there was a down-regulation of mucin 13 (muc13). These results a priori
might suggest a lower turnover rate of the epithelial tissue and mucus, and consequently a
higher intestinal permeability. In this sense, in mammals, an excessive content of bile salts can
lead to a loss of tight junctions between epithelial cells, resulting in a higher epithelial
permeability and cell death (Keating and Keely, 2009). Similarly, Fuentes et al. (2024) reported
that the addition of a mixture containing 3% CA and 97% DCA to the intestine of gilthead
seabream in vitro at high concentrations (500 pg/ml in the intestinal fluid) increased the
epithelial permeability of the intestine. However, when supplementing gilthead seabream diet
with the tested blend of bile salts we observed no changes in the expression of the remaining
tight junction proteins that were assayed (Chapter II; Ruiz et al., 2023b), nor on the histological
values of villus height, enterocyte height, and number of goblet cells (Chapter I; Ruiz et al.,
2023a). Thus, our results indicated that despite the down-regulation of cdh17, cx32.2, and
mucl3, the inclusion of the blend of bile salts at a dietary level of 0.06% did not compromise
the epithelial integrity in gilthead seabream intestine. In addition, we observed a down-
regulation of proliferating cell nuclear antigen (pcna). Previous studies have correlated a
higher proliferative activity associated to pcna up-regulation with a decreased cell life (Van
Der Hulst, 1998). Thus, the down-regulation of pcna in fish fed the BSo.0s% diet may be attributed
to an extended cell life, a lower epithelial turnover rate, and an improved health condition of
the enterocytes (Gisbert et al., 2017).

Many studies in fish have also demonstrated that dietary supplementation of bile salts can
induce an innate immune response. This was the case of striped catfish, which showed an
improvement in the rates of lysozyme activity, phagocytic activity, and phagocytic index in
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serum when supplementing the diet with a blend of bile salts at a dietary inclusion level of
0.025-0.15% (Adam et al., 2023). Analogously, Jin et al. (2019) described an enhanced lysozyme
activity in the liver, but not in serum, of black seabream fed a high-fat diet under
supplementation with bile salts at a dietary inclusion levels of 0.02%. In tongue sole fed a diet
supplemented with a blend of bile acids at inclusion levels of 0.03 and 0.09%, an improved
intestinal lysozyme activity was also reported, as well as a higher content of complement 3,
suggesting an improved non-specific immune response (Li et al., 2021b). Zhang et al. (2022a)
also suggested an enhanced immune response in Chinese perch when its diet was
supplemented with bile acids at an inclusion level of 0.09% due to an increase in the levels of
globulin in plasma. Nonetheless, the results of the studies presented in this thesis are not
comparable to many of the above-mentioned results since we evaluated the transcriptomic
profiling of a panel of local immune biomarkers in the gut, but we did not target the systemic
immune response. In this sense, the local immune response affects the host vulnerability and
success of infection by potential pathogens in a particular tissue, in this case the gut. On the
other hand, the systemic response impacts the host susceptibility to coinfection of various
tissues and organs by potential pathogens and involves circulating immune factors in the
blood and the coordination of a general response to infection (Rynkiewicz et al., 2019). In
addition, the gut microbiota can regulate the local immune response though production of
molecular metabolites, such as SCFAs, tryptophan metabolites, and secondary bile acids.
Although the gut microbiota can also regulate the systemic immune response, the mechanisms
differ with respect to those for regulation of local immunity (i.e., translocation into the
circulation of microbial soluble products which influence the activation of immune cells in the
periphery; Wiertsema et al., 2021). Thus, while the majority of fish studies examining the
effects of bile acids or spices have focused on systemic immunity, it is important to note that
these findings cannot be extrapolated to those assessing local immunity or conflated as being
the same as the results presented in this thesis.

Teleost fish have a specialized and complex gut immune system in which the intestinal
mucosal layer, comprising the mucus, its commensal bacteria and epithelial cells, forms a
crucial physical and biochemical defense barrier against exogenous bacteria, toxins, and
allergens (Firmino et al.,, 2021b). It also contributes to the local immune response by
recognizing and processing antigens, recruiting innate and adaptive immune cells, and
secreting cytokines, chemokines, antimicrobial peptides, and mucins through the gut-
associated lymphoid tissue (GALT) (Firmino et al., 2021a; Firmino et al., 2021b). In this sense,
the innate immunity is the first line of defense against exogenous substances, and it responds
in a non-specific manner before triggering the specific adaptive immune response. The innate
immune response is induced by the recognition of pathogen-associated or damage-associated
molecular patterns (PAMPs/DAMPs) by pathogen recognition receptors (PRRs). On the other
hand, the adaptive responses entail the specific activation of lymphocytes through the
interaction of their antigen receptors with specific foreign antigens (Secombes and Wang,
2012). Regarding the expression results of the genes included in the PCR-array of gilthead
seabream intestine, they may suggest the induction of an innate immune response by bile salts
when supplemented at a dietary inclusion of 0.06% (Chapter III; Ruiz et al., 2023c). This was
demonstrated by an up-regulation of C-C chemokine receptor type 3 (ccr3), which promotes
the chemotaxis and activation of eosinophils and mast cells (Heath et al., 1997; Oliveira et al.,
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2003). In line with ccr3 up-regulation, bile salts also induced an up-regulation of C-C motif
chemokine 20 (cc/20). This chemokine stimulates the migration of lymphocytes, and to a lesser
extent, granulocytes (Hieshima et al., 1997), and also works as an agonist of C-C chemokine
receptor type 6 (CCR6; Bird and Tafalla, 2015). These C-C chemokine receptors are involved
in the recruitment of B and T cells, and the differentiation of CD4* regulatory T cells (Treg cells),
promoting inflammation (Williams, 2006; Kulkarni et al., 2018). In this sense, an adaptative
immune response may also be expected in the intestine of gilthead seabream fed the BSo.06%,
considering the up-regulation of cluster of differentiation 4-1 (cd4-1) and C-C chemokine
receptor type 9 (ccr9). The cell marker CD4 can be found on a wide range of immune cells,
including T cells, monocytes, macrophages, and dendritic cells, and drives their migration
(Ashfaq et al., 2019). These same immune cells, together with B cells, express CCR9, which
induce the migration of immune cells to the gut, where they control intestinal inflammation
(Pathak and Lal, 2020).

Additionally, dietary supplementation with bile salts also induced an up-regulation of
immunoglobulin T membrane-bound form (igt-m) in the intestine of gilthead seabream. This
immunoglobulin is produced by B cells mainly located in the lamina propria of the gut and is
specialized in protecting the mucosal surfaces of teleost fish by maintaining microbiota
homeostasis and clearing pathogens, similar to the role of immunoglobulin A in mammals (Yu
et al., 2020). The absence of changes in the expression of immunoglobulin M (igm) are in line
with the differential regulation of IgT and IgM described in gilthead seabream by Piazzon et
al. (2016). On the other hand, contrary to our results, Li et al. (2021b) observed an increase in
IgM levels in the intestine of tongue sole under bile salt dietary supplementation at 0.03 and
0.09%, indicating that the immune response is also dependent on the fish species, additive

composition and origin, and dietary inclusion level, among other experimental conditions.

Regarding the differential expression of interleukins and PRRs, as stated in Chapter II of this
thesis (Ruiz et al., 2023b), the up-regulation of the PRR macrophage mannose receptor 1 (mrc1)
and of interleukin-8 (il-§) that we observed in the intestine of gilthead seabream fed the BSo.0s%
diet may indicate a pro-inflammatory response (Gazi and Martinez-Pomares, 2009; Zou and
Secombes, 2016), together with the up-regulation of ccr3, ccl20, cd4-1, and ccr9, which may be
attributed to a migration of immune cells towards the GALT. On the other hand, bile salt
dietary supplementation also induced an up-regulation of the PRR galectin-1 (IgalsI), which
reduces the synthesis of pro-inflammatory cytokines (Seropian et al., 2018), and a down-
regulation of the PRRs toll-like receptor 9 (t/r9) and galectin-8 (Igals§), which promotes the
production of pro-inflammatory cytokines (Kumagai et al., 2008; Cattaneo et al., 2014,
respectively), suggesting the induction of an anti-inflammatory response. In this sense, Jin et
al. (2019) reported an anti-inflammatory response to bile salt dietary supplementation in black
seabream, indicated by the down-regulation of tumor necrosis factor-alpha (tnf-a) and
interleukin-1 beta (il-1f) in the intestine. Wang et al. (2022) found a down-regulation of the
proinflammatory cytokines tnf-a and il-8, but an up-regulation of transforming growth factor-
Bl (tgf-P1), also pro-inflammatory, in the liver of tongue sole under bile salt dietary
supplementation. Additionally, Yu et al. (2019) found an up-regulation of some pro-
inflammatory cytokines (tnf-a and il-8), but also an up-regulation of anti-inflammatory
cytokines [interleukin-10 (il-10), interleukin-11 (il-11), and fgf-p1] in the liver of largemouth
bass when feeding it with a diet supplemented with bile salts, which is in line with the results
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of the present thesis, even though the liver primarily serves as a mediator of the systemic
immune response (Kubes and Jenne, 2018) and in this doctoral thesis the results pertain to the
local immune response in the gut. The induction of the expression of both pro- and anti-
inflammatory related genes may be a mechanism to stimulate a sort of immunocompetence
priming without compromising the fish physiology (Salomén et al., 2020; Firmino et al., 2021b;
Firmino et al., 2021c; Salomon et al., 2021), since no signs of inflammation or morphological
differences aside from differential accumulation of fat deposits, were observed in the intestine
of gilthead seabream fed the different diets (Chapter [; Ruiz et al., 2023a).

Interestingly, the regulation of many of the above-mentioned genes was shared between the
tested blend of bile salts and the SO feed additive, as it was the case for il-8, ccr3, Igals1, and
mrcl, which were up-regulated, and #r9, which was down-regulated in fish fed the SO diet
with respect to their congeners fed the control diet. In addition, this combination of spices
induced an up-regulation of il-1f, and a down-regulation of the PRR fucolectin (fcl) (Chapter
IV; Ruiz et al., 2024a). In this sense, II-1P is a cytokine which activates various immune cells,
mainly lymphocytes and phagocytic cells, and is one of the primary mediators of the
inflammatory response (Sakai et al., 2021). The PRR FCL is a fucose-binding lectin, and it has
been described to induce phagocytosis of potential pathogens in an in vitro study in the
macrophages of European sea bass (Salerno et al., 2009). Thus, the down-regulation of fcl,
together with the down-regulation of tIr9, which recognizes unmethylated CpG motifs of
bacterial genomic DNA (Hemmi et al., 2000), may indicate a lower exposure to potential
pathogens, maybe induced by the antimicrobial effect of turmeric, capsicum, black pepper,
and ginger (Pundir and Jain, 2010; Jiang, 2019), as will be further discussed in the following
section. However, further studies would be needed to confirm this hypothesis, since the PRRs
Igals1 and mrcl were up-regulated in gilthead seabream fed the SO diet.

Overall, the above-mentioned results indicated that, similar to the tested blend of bile salts,
the SO additive induced a state of immunocompetence, improving the intestinal health of
gilthead seabream. In agreement with the results of the present thesis, many studies have
shown the role of such spices in the stimulation of fish immune response at the systemic level,
whereas our studies were one of the few focused on local immunity of the gut. For instance,
turmeric and curcumin have been reported to enhance the phagocytic, bactericidal, and
lysozyme activities, phagocytic index, and/ or resistance against infectious pathogens in many
fish species, including gilthead seabream (Ashry et al., 2021), common carp (Abdel-Tawwab
and Abbass, 2017), grass carp (Ming et al., 2020), rainbow trout (Yonar et al., 2019), and Nile
tilapia (Diab et al., 2014). Although fewer studies have focused on the immunomodulatory
properties of capsicum in fish, Ibrahim et al. (2024) observed a higher content of complement
3, increased phagocytic and bactericidal activities in serum, and an up-regulation of il-15,
interleukin-6 (il-6), il-8, il-10, and tgf-f in the head kidney of Nile tilapia fed with a diet
supplemented with capsicum. Similarly, an increase in lysozyme activity, higher levels of IgM,
and an activation of the complement system, including components C3 and C4, have been
observed in rainbow trout when including capsicum in the diet (Firouzbakhsh et al., 2019;
Shamsaie Mehrjan et al., 2020).

Under piperine dietary supplementation many studies have also described a stimulation of
the lysozyme and phagocytic activities and/or an increased resistance to infectious pathogens
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in rohu (Nilavan et al., 2017), olive flounder (Malintha et al., 2023), and common carp (Giri et
al., 2023). Some of the studies testing piperine supplementation in aquafeeds have also
described increased immunoglobulin levels (Malintha et al., 2023), and an induction of the
alternative complement pathway and respiratory burst activities in serum (Giri et al., 2023).

Moreover, when supplementing ginger in fish diets, an increase in the activities of lysozyme
and alternative complement pathways, as well as total immunoglobulin levels, have been
found in common carp (Fazelan et al., 2020) and striped catfish (Mohammadi et al., 2020). In
addition to the increased lysozyme activity, improved bactericidal action, anti-protease, and
respiratory burst activities in serum, and phagocytic activity in head kidney, have been shown
in Asian sea bass fed a diet supplemented with ginger (Talpur et al.,, 2013). Similarly,
Sukumaran et al. (2016) reported an enhancement in lysozyme activity and total
immunoglobulin levels in skin mucus, and an up-regulation of the anti-inflammatory
cytokines il-10, and tgf-f, and down-regulation of pro-inflammatory cytokines il-1f and tnf-a
in the head kidney, hepatopancreas and intestine of rohu when fed a diet supplemented with
ginger. In addition, these authors observed a higher resistance to Aeromonas hydrophila
infection and antimicrobial activity in skin mucus against potential pathogens. This is
consistent with the higher resistance against Streptococcus agalactiae of Nile tilapia (Brum et al.,
2017) and increased survival rate and antibacterial capacity against Vibrio spp. and fecal
coliforms in the intestine of striped catfish (Ashry et al., 2023) when their diets were
supplemented with ginger. However, under the current experimental approaches considered
within this doctoral thesis, there was no evaluation of the potential disease-resistance effects
of the tested additives in fish; thus, this approach deserves further attention once their
lipotropic effect has been demonstrated (Chapter I; Ruiz et al., 2023a; Chapter II; Ruiz et al.,
2023b; Chapter III; Ruiz et al., 2023c; Chapter IV; Ruiz et al., 2024a).

Regarding the spices present in the SPICY feed additive, apart from the above-mentioned
immunostimulatory properties of capsicum, black pepper, and ginger, many authors have
observed an immune response under supplementation of cinnamaldehyde in aquafeeds. For
instance, in Nile tilapia and fat greenling, an increased serum content of immunoglobulin G
(IgG) has been shown under dietary supplementation of cinnamaldehyde (Amer et al., 2018;
Gu et al,, 2022). In tongue sole, an immune response has also been suggested by the use of
dietary supplementation with cinnamaldehyde based on the increased lysozyme activity of
liver and muscle, but not in serum, mid kidney, or spleen (Wang et al., 2021a). On the other
hand, Abd El-Hamid et al. (2021) reported an increase in serum lysozyme and alternative
complement activities, IgM content, and in the expression of il-1p, il-8, il-10, and tnf-a in the
spleen in Nile tilapia, as well as a higher resistance against S. agalactiae infection under
cinnamaldehyde dietary supplementation. These results were partly in contradiction to those
observed by Amer et al. (2018), who reported no significant differences in lysozyme activity
and IgM content in serum in Nile tilapia. Such different findings among studies reveal once
again, that the mechanisms of immune response induced by an additive can vary depending
on its format, origin, composition, inclusion level, and many other experimental conditions,
even among fish from the same species (Firmino et al., 2021a). However, the results of such
studies only targeted the immune response at a systemic level, which as mentioned above
cannot be extrapolated to the immune response found at a local level, as was our case.
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Concerning the immune effect of the SPICY additive on the gut, under current experimental
conditions, the expression of only two genes was up-regulated in gilthead seabream at the 2-
h postprandial state: il-1f, which was up-regulated, and ccr9, which was down-regulated
(Chapter III; Ruiz et al., 2023c). On the other hand, a clear anti-inflammatory immune response
was observed in the liver of postprandial gilthead seabream when, in our previous assay, a
diet with partial fish oil replacement by mammalian-rendered fat was supplemented with the
SPICY additive at 0.15% (Ruiz et al., 2024c). Such results are quite different with respect to
those reported herein in which gilthead seabream diets containing poultry fat as the main lipid
source were supplemented with the SPICY additive at 0.1% led to mild intestinal immune
modulation of il-1f and ccr9 in 2 h-postprandial gilthead seabream when supplementing the
SPICY additive at 0.1% in the diet with partial fish oil replacement by poultry fat and soybean
oil (Chapter III; Ruiz et al., 2023c). In this context, the liver primarily serves as a mediator of
systemic immune responses (Kubes and Jenne, 2018; Secombes and Wang, 2012). It is also
important to acknowledge the complexity of these results, considering that, as explained
above, a higher gene expression does not necessarily involve a higher translation into proteins
and/or a higher enzymatic activity. The decoupling of gene expression from enzyme activity
can be due to post-transcriptional or post-translational modifications that were not part of the
present study, so further validation of the gene expression results with complete proteomic
analyses could provide more clarity. In addition, only 44 genes related to intestinal
permeability, barrier function, and immunity were studied in the current thesis, whereas in
Ruiz et al. (2024c) a microarray-based transcriptomic analysis coupled with an interactomic
approach was employed to study the effect of the SPICY additive on thousands of genes, many
of which were associated with biological processes related to immunity.

Nonetheless, it is important to highlight that in 48 h fasted-gilthead seabream the number of
genes regulated by both spice additives, SPICY and SO, significantly increased, while
inversely only three genes were affected by the blend of bile salts in the fasting state. In this
sense, the tested blend of bile salts induced an up-regulation of two genes encoding for tight
junction proteins: claudin-15 (cldn15), and coxsackievirus and adenovirus receptor homolog
(cxadr). These results may indicate a decrease in epithelial permeability (Raschperger et al.,
2008; Tipsmark et al., 2010) and subsequently an increasing gut barrier function induced by
the blend of bile salts in the fasting state. On the other hand, the blend of bile salts only down-
regulated the cluster of differentiation 8 beta (cd8b), which encodes for one of the two chains
of the cell marker CD8 expressed on the surface of cytotoxic T cells, which acts as a signal
transduction molecule and protects against intracellular bacterial infection (Nakanishi et al.,
2015). In some mammalian species, CD8[3 can also be expressed in NK cells, macrophages, and
mast cells (Gibbings and Befus, 2009). In addition, studies in mammals have correlated the
down-regulation of cd8 with the differentiation of helper and cytotoxic T cells (Nomura and
Taniuchi, 2020). However, it is difficult to interpret the significance of the down-regulation of
cd8b considering that no other immune-related genes were modulated by the blend of bile salts
in 48 h fasted-fish (Chapter II; Ruiz et al., 2023b). In addition, previous studies have reported
changes in the cell surface secretion of CD8 despite the sustained expression of this gene (Xiao
et al., 2007), which is in line with the above-mentioned hypothesis that gene expression does
not necessarily correlate with the translation rate and/or enzymatic activity.
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On the other hand, opposite to the results obtained at 2-h postprandial state, the
immunostimulatory effect of the SPICY feed additive was very evident in 48 h fasted-fish. As
explained in the Chapter III of the present thesis (Ruiz et al., 2023c), the up-regulation of pcna
and down-regulation of cxadr might suggest a lower permeability and higher epithelial
integrity. In line with the up-regulation of pcna, the rate of cell proliferation seems to be
inversely correlated with the expression of cxadr in mammals (Raschperger et al., 2006).
Furthermore, the presumably decrease in permeability induced by the pungent spices may be
the reason for the subsequent reduced expression of the PRR CD302 antigen (c4302), which is
a C-type lectin receptor that plays a multifaceted role in immunity, contributing to the
recognition and clearance of pathogens through endocytosis and phagocytosis, and to cell
adhesion and migration (Kato et al., 2007). Several studies in fish have confirmed the role of
CD302 in phagocytosis and bactericidal activity (Chen et al., 2016; Zhang et al., 2022¢; Peng et
al., 2023), which suggested that cd302 down-regulation may indicate a lower exposure to
PAMPs due to the presumably higher gut epithelial integrity of 48 h fasted-fish fed the
SPICYo.1% diet (Chapter III; Ruiz et al., 2023c). Additionally, Peng et al. (2023) found that the
up-regulation of cd302 was associated with an up-regulation of the pro-inflammatory
cytokines il-1f, il-6, interferon-y (ifn- y), and tnf-a in the mid kidney of yellow drum (Nibea
albiflora) infected with Vibrio harveyi, suggesting the induction of a pro-inflammatory immune
response. Thus, the down-regulation of c4302 that we observed in the intestine of 48 h fasted-
gilthead seabream fed with the SPICY(14 diet may be associated with the down-regulation of
the cell markers cd4-1, and cd8b, suggesting a lower accumulation of immune cells in the gut,
and with the down-regulation of the cytokines, interleukin-15 (il-15) and interleukin-34 (il-34),
which are pro-inflammatory (Zou and Secombes, 2016). Overall, these results may suggest an
anti-inflammatory immune response in the intestine of 48 h fasted-gilthead seabream fed with
the diet supplemented with the SPICY feed additive at an inclusion level of 0.1% (Chapter III;
Ruiz et al., 2023c).

When supplementing the basal diet with the SO additive, a similar down-regulation to that
caused by the SPICY additive was observed for cd4-1, cd8b, il-15, and il-34 in the 48-h fasting
state (Chapter IV; Ruiz et al., 2024a). In agreement with these results, a down-regulation of il-
6, interleukin-12 subunit beta (il-12b), and tnf-a, which encode pro-inflammatory cytokines
(Zou and Secombes, 2016; Sakai et al., 2021), was also observed in 48 h fasted-fish fed with the
SO diet. On the other hand, the expression of the gene encoding for the anti-inflammatory
cytokine il-10 was also down-regulated by the SO additive. In fish, IL-10 can inhibit the
expression of pro-inflammatory cytokines, such as il-1f, il-6, il-8 and tnf-a (Grayfer et al., 2011;
Piazzon et al., 2015). In addition, it has been reported that IL-10 induces the development of
Treg cells and proliferation of CD8* memory T cells in cultures from immunized European
common carp (C. carpio carpio L.), as well as promoting the proliferation of IgM* B cells and
production of IgM in cultures from naive and immunized fish (Piazzon et al., 2015). In this
sense, even though under current conditions il-10 down-regulation might be in line with the
down-regulation of cd4-1 and cd8b, there were no changes in the expression of other immune
biomarkers like igm, il-1p, il-8, and tnf-a; and il-6 was down-regulated, contrary to what may
be expected considering the results of the above-mentioned studies. Thus, these results
suggested that the down-regulation of il-10 was not correlated with a significant modulation
of IL-10 production and/or that the effects induced by il-10 down-regulation did not
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completely counteract the coordinated anti-inflammatory immune response induced by the
down-regulation of pro-inflammatory cytokines (il-6, il-12b, il-15, il-34, tnf-a).

Furthermore, the down-regulation of the immune cell markers ccr9, and C-C chemokine
receptor type 11 (ccr11) may also be an indicator of the anti-inflammatory immune response
induced by the SO feed additive in 48 h fasted-gilthead seabream. For instance, previous
studies have correlated the up-regulation of C-C chemokine receptors, including ccr11, with
the presence of proinflammatory cytokines, PAMPs, and bacterial infection in rainbow trout
(Qi et al., 2017). Considering the above information, one of the potential causes of the down-
regulation of such C-C chemokine receptors and pro-inflammatory cytokines may be the
presumably lower recognition of PAMPs by the PRR toll-like receptor 2 (TLR2) associated to
tlr2 down-regulation. This PRR plays an essential role in the detection of a wide range of
fungal, bacterial, and viral PAMPs, including chitin, lipoproteins, lipopeptides, lipoteichoic
acid, and lipoarabinomannan (Palti, 2011; Oliveira-Nascimento et al., 2012; Zhang et al., 2014).
To what extend the anti-inflammatory immune response herein observed in 48 h fasted-fish
may be associated to a lower exposure to potential pathogens deserves further investigation,
and a deeper focus on the fish gut autochthonous microbiota, which will be addressed in the
following section.

Overall, it is clear that the combinations of spices included in both the SPICY and SO feed
additives induced an intestinal anti-inflammatory immune response in gilthead seabream,
which was particularly evident at the 48-h fasting state (Chapter III; Ruiz et al., 2023c; Chapter
IV; Ruiz et al., 2024a). Although under current conditions no visible signs of inflammation
were observed in the intestine of gilthead seabream, the anti-inflammatory properties of the
tested spices have been well-described in mammals (Srinivasan, 2005; Jiang, 2019) and they
have also been reported in some fish species, in concordance with our results of immune-gene
expression. For instance, the anti-inflammatory effects of ginger, turmeric, and
cinnamaldehyde have been reported in rohu (Sukumaran et al., 2016), grass carp (Ming et al.,
2020), and zebrafish (Faikoh et al., 2014) respectively, through an up-regulation of anti-
inflammatory cytokines, such as il-10 and t¢f-B, and a down-regulation of pro-inflammatory
cytokines, such as il-1f, il-6, il-8, il-15, and tnf-a. In this sense, similar to mammals, the terpenes
and organosulfur compounds present in phytogenics have been proposed as being responsible
for the antimicrobial, antioxidant, anti-inflammatory, and immunomodulatory properties of
herbs and spices in fish (Firmino et al., 2021a).

In summary, different immunomodulatory effects of the tested additives were observed in the
present thesis depending on the time passed since the last feeding. At the 2 h-postprandial
state, the blend of bile salts and the SO feed additive showed an intestinal immune modulation
in fish which was characterized by the regulation of both pro- and anti-inflammatory genes,
likely resulting in a state of immunocompetence against potential threats. On the other hand,
after a 48-h fasting period, a clear anti-inflammatory pattern was observed in gilthead
seabream fed the diet supplemented with the SPICY and SO feed additives, which may
potentially improve intestinal motility, feed digestion, nutrient absorption, and ultimately
feed utilization and fish growth (Serna-Duque and Esteban, 2020). Therefore, these results
indicate that the three additives tested in the present thesis may enhance the health status of
gilthead seabream, which is in agreement with the above-mentioned studies in other fish
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species and higher vertebrates, even though the evaluation of their activity in promoting
disease resistance mechanisms when the host is exposed to a pathogen, deserves further
attention and needs to be addressed in future studies.
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4. Dietary modulation of the blend of bile salts and combinations of
spices, and effect of the intestinal microbiota transplant (IMT) on

the fish gut microbiota

It is well-known that the gut microbiota has a crucial role in fish growth and health, through
the regulation of multiple physiological functions, such as feed and nutrient utilization,
metabolism, development, mucosal integrity, and immune system modulation (Egerton et al.,
2018; Yu et al., 2021). Among this wide range and pleiotropic functions under regulation by
the gut microbiota, its involvement in the host's lipid metabolism is highly remarkable, as it
has been well-demonstrated in mammals. In this sense, obesity has been correlated with
changes in the composition, diversity, and gene regulation profile in the gut microbiota of
mammals (Ley et al., 2006; Turnbaugh et al., 2019). Particularly, these studies have associated
a leaner phenotype with a higher microbial diversity and an increased abundance of
Bacteroidota in humans and mice. In mice, it has also been shown that the gut microbiota of
an obese individual has higher capacity to harvest energy from the diet compared to the
microbiota of a lean mouse, based on predictive metagenomics and on biochemical analyses
(Turnbaugh et al., 2006). It has been postulated that in higher vertebrates there is cross-talk
between the gut microbiota and the adipose tissue of the host that is able to regulate energy
metabolism via adipokines and metabolites, such as bile acids and short-chain fatty acids
(SCFAs) (Wu et al., 2022). In addition, some studies performing fecal microbiota transplants
(FMTs) between mice with different fatty phenotypes have shown an establishment of the
donor phenotype after the FMT (Turnbaugh et al., 2006; Yan et al., 2023). Similar results have
been obtained when performing inter-specific FMTs from humans (Ridaura et al., 2013;
Tremaroli et al., 2015) or pigs (Yang et al., 2018) to germ-free mice. These findings highlight
the relevance of the microbiota in defining the levels of fat accumulation in mammals.
Similarly, many studies in fish have shown that the gut microbiota is able to regulate intestinal
absorption of fatty acids, lipid deposition in digestive tissues, and the expression of genes
related to lipid metabolism (Semova et al., 2012; Ni et al., 2014; Sheng et al., 2018).

There are reports that have demonstrated and proposed different mechanisms by which the
fish gut microbiota can regulate lipid metabolism and promote fat mobilization, that are very
similar to the mechanisms found in mammals (Wu et al., 2024). The most well-demonstrated
mechanism in fish is the production and secretion of microbial lipases. Bacterial lipases are
normally extracellular and versatile in terms of temperature and pH, even though they are
more functional under the alkaline environment typical of the intestinal lumen (Gupta et al.,
2004). Bacterial lipases have been documented in a diverse range of aquaculture species
comprising freshwater, brackish water, and marine fish (Ray et al., 2012). In addition, as in
mammals, some members of the fish gut microbiota are able to metabolize non-starch
carbohydrates that are indigestible for the host into short-chain fatty acids (SCFAs), such as
acetate, propionate, and butyrate (Hao et al., 2017). Subsequently, it has been demonstrated
that such SCFAs, especially acetate (Xu et al., 2022c; Yu et al., 2022; Zhou et al., 2023) and
butyrate (Zhou et al., 2019; Chen et al., 2022), improve hepatic lipid metabolism, reducing lipid
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accumulation in fish as well as improving the condition of the intestinal epithelium (Estensoro
etal., 2016; Liu et al., 2023; Xun et al., 2023; Zhao et al., 2024). Another mechanism of regulation
of lipid metabolism by the gut microbiota may be through the gut-liver axis, transforming
primary bile acids into secondary bile acids, which are then reabsorbed in the gut and
transported to the liver via the hepatic portal vein (Romano et al., 2020; Introduction, Figure
3).

Considering the above-mentioned mechanisms, it is evident that the intestinal microbiota has
a major role on fish lipid metabolism and on the regulation of fat accumulation, and
consequently in the overall fish performance and health condition. However, in nutritional
studies it is usually difficult to determine to what extent the observed changes in gut microbial
communities are a cause or a consequence of the modulation of the fish health by aquafeeds.
Thus, in the first part of this section, we will compare the changes observed in the gut
microbiota of gilthead seabream when supplementing its diet with the tested additives and
intend to explain the potential relationships between such changes and the lipid metabolism
and overall health condition of fish based on the literature. For this purpose, we will also
establish a correlation between the gut microbial composition and the fish performance
parameters measured in the articles of the present thesis.

As mentioned above, the gut microbiota is involved in lipid metabolism through regulation of
the bile salt profile, but this modulation is bidirectional since bile salts can also regulate the
gut microbiota profile. In this sense, bile salts can be toxic for the host fish, or higher
vertebrates, and for some bacterial strains when they are found at high concentrations in the
intestinal lumen because the detergent activity of bile salts can disrupt membrane integrity
(Schubert et al., 2017; Fuentes et al., 2024). In addition, the hydrophobic nature of bile acids
has been correlated with toxicity, with bile salts being more hydrophobic in their deconjugated
form, and after metabolization by the gut microbiota, namely, secondary bile salts (Hofmann,
1999; Ridlon et al.,, 2014). This may explain the lower observed (number of ASVs) and
estimated richness values (Chaol and ACE indices), which were observed in the anterior
intestine of gilthead seabream when supplementing its diet with the tested blend of bile salts
(Chapter II; Ruiz et al., 2023b). The increased content of the secondary bile salt T-DCA in the
anterior intestine of gilthead seabream fed the BSo.0¢% diet (Chapter I; Ruiz et al., 2023a), which
have more toxicity than primary bile acids (Schubert et al., 2017), was in line with such
decrease in the richness of the gut microbiota from the anterior intestine.

On the other hand, there were no significant differences in Chaol and ACE values between
fish fed the control diet and that supplemented with bile salts in the posterior intestine, where
production of secondary bile acids mainly takes place (Hagey et al.,, 2010). However,
paradoxically, by synthesizing different types of secondary bile salts, the gut microbiota also
prevents the toxicity that may be caused by the accumulation of primary bile salts synthesized
by the host (Schubert et al., 2017). Fortunately, the decrease in bacterial richness observed in
the anterior intestine of gilthead seabream was not associated to changes in its diversity
(Shannon and Simpson indices) neither were there differences in inter-individual diversity
among dietary treatments (beta diversity; Bray-Curtis). In this sense, a loss of microbial
diversity is usually associated with a loss of microbial functionality, leading to reduced
digestive capacity, lower energy production, and increased susceptibility to diseases (Infante-
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Villamil et al., 2021). A decreased microbial diversity has been usually associated with an
inflammatory condition in higher vertebrates (Sekirov et al., 2010). In addition, the decreased
resource competition in an environment with low microbial diversity leads to a higher risk of
colonization by potential pathogens, causing infectious diseases (Sekirov et al., 2010). These
results indicated that the administration of the blend of bile salts as a dietary additive did not
pose a risk of dysbiosis in gilthead seabream.

Similar to our study, no differences in diversity (Shannon and Simpson indices) were found in
the posterior intestine of Chinese perch when its diet was supplemented with a blend of bile
salts at 0.09% (Zhang et al., 2022a). Neither were there significant differences in observed
richness, even though the number of observed OTUs was higher in fish fed the diet
supplemented with bile salts than in those fed the control diet (Zhang et al., 2022a). On the
other hand, different results have been obtained in tongue sole (Li et al., 2021b) and grass carp
(Zhou et al., 2018a). In the mid intestine of tongue sole, a decrease in the number of observed
OTUs was observed under dietary supplementation of a blend of bile salts of porcine origin at
both tested inclusion levels, 0.03 and 0.09% (Li et al., 2021b). Such results were in agreement
with the decreased number of ASVs that we observed in both anterior and posterior intestinal
regions of gilthead seabream when supplementing its diet with bile salts. However, Li et al.
(2021b) reported no changes in estimated richness (Chaol and ACE indices), as well as an
increase in diversity (Shannon and Simpson indices), which was suggested to improve the
general health and the ability to resist infection. Such increase in diversity was also correlated
with the separation among all groups observed in the PCoA for beta diversity based on Bray-
Curtis distances, indicating a different structure of the gut bacterial communities (Li et al.,
2021b). In the intestine of grass carp, a diminishment in the number of OTUs was also found
under dietary supplementation with bile salts at an inclusion level of 0.006% (Zhou et al.,
2018a). Nonetheless, an increase in estimated richness as shown by Chaol and ACE indices
and a reduction in the values of Shannon index were also reported. In this sense, the specific
type of bile salt tested has a pivotal role on microbial diversity and richness, as demonstrated
by Xiong et al. (2018). These authors evaluated the specific effect of different primary and
secondary bile salts at an inclusion level of 0.2 mmol kg on the microbial communities of the
posterior intestine of grass carp. Particularly, only T-CDCA and taurolithocholic acid (T-LCA)
were able to increase bacterial richness (Chaol index), while L-TCA and tauroursodeoxycholic
acid (T-UDCA) increased the values of Shannon and Simpson indices. Overall, the differential
results in microbial richness and diversity found among studies were likely dependent on the
type of bile acids/salts tested, as well as on the specific conditions of the nutritional study,
such as the feeding period, the fish species, the diet composition, the inclusion levels and
origin of the additive, and the intestinal region sampled, among other factors (Xiong et al.,
2018; Li et al., 2021b).

Regarding spices, previous studies in mammals have shown that many spices, including
capsicum, cinnamon, and turmeric, have antimicrobial properties against potential pathogens,
resulting in beneficial effects for the host health (Jiang, 2019). Similarly, the antimicrobial
properties of spices have also been reported in fish. In particular, antibacterial activities for
capsicum and turmeric have been described in Nile tilapia (Ibrahim et al., 2024) and rainbow
trout (Yonar et al., 2019), respectively. The antimicrobial activity of ginger has been reported
in Asian sea bass (Talpur et al., 2013), and common carp (Fazelan et al., 2020). However, these
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studies only evaluated the antimicrobial activities of such species in serum, which is not
transposable to the fish gut. At an intestinal level, the antimicrobial activity of some of the
tested spices has also been described, such as black pepper in rohu (Ullah et al., 2021), ginger
in striped catfish (Ashry et al., 2023), and turmeric in gilthead seabream (Ashry et al., 2021).
Nonetheless, the above-mentioned studies evaluated the antibacterial activity of such species
by means of traditional microbiological methodologies like the comparison of the number of
colony forming units (CFUs) on culture media; thus, only considering the viable culturable
bacteria.

Very few studies have evaluated the effect of the herein tested spices in the gut microbial
communities of fish using 16S rRNA gene sequencing. Among these studies, Yilmaz et al.
(2024) reported no significant differences in observed (number of OTUs) and estimated
richness (Chaol index), neither on the diversity and structure of the bacterial communities in
the intestine of rainbow trout when supplementing its diet with capsicum at different
inclusion levels (0.7-2.8%). On the other hand, an increase in the values of observed (number
of OTUs) and estimated richness (Chaol index), as well as in diversity (Shannon index), and
phylogenetic diversity (Faith index), was observed in tongue sole under dietary
supplementation with cinnamaldehyde at an inclusion level of 0.1% (Wang et al., 2021a). A
different structure (beta diversity) in tongue sole fed the diet supplemented with
cinnamaldehyde was also observed with respect to tongue sole fed the control diet (Wang et
al., 2021a). In Ruiz et al. (2023c; Chapter III), no differences in estimated richness (ACE index)
were found in the intestine of gilthead seabream fed the diet supplemented with the SPCIY
additive at 0.1%, containing capsicum, black pepper, ginger, and cinnamaldehyde, with
respect to their congeners fed the control diet. Regarding bacterial diversity indices, no
differences were observed either for the values of Shannon or Faith phylogenetic diversity, but
the supplementation of the SPICY additive induced a significant increase in the values of the
Simpson index in the posterior intestine. Shannon and Simpson indices are both estimators of
diversity, but while the Shannon index puts more weight on richness, the Simpson index puts
more weight on evenness, which is the degree of homogeneity in the distribution of species
abundances (Kim et al., 2017b). Consequently, the increase in the values of the Simpson index
that we observed may be associated with a higher bacterial diversity due to a higher evenness
of the population rather than to a higher richness, since there were no differences in the values
of ACE and Shannon indices. In this sense, an increase in bacterial diversity is typically
regarded as a beneficial aspect since it is typically linked to an improvement in the condition
of the host health (Terova et al., 2019). On the other hand, no differences in estimated richness
(ACE index), diversity (Shannon and Simpson indices), or phylogenetic diversity (Faith index)
were observed in gilthead seabream when the diet was supplemented with the SO additive at
0.2%, containing turmeric, capsicum, black pepper, and ginger (Chapter IV; Ruiz et al., 2024a).
In addition, no inter-individual phylogenetic differences (beta diversity based on weighted
UniFrac distances) were found in fish fed the SPICYo1% nor the SO diet with respect to the
control group, indicating the absence of risks of dysbiosis when the additives based on spices
were administered to gilthead seabream.

Overall, the similar diversity that we observed in all the microbiota samples may be explained
by the existence of a core microbiota common to all individuals, which is stable and persistent
regardless of changing factors and is normally composed of highly abundant microbial
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members (Astudillo-Garcia et al., 2017). In this sense, previous studies have demonstrated
that, as in mammals, fish also have a core gut microbiota which does not change regardless of
external factors, such as the feeding of different diets or distinct environmental conditions
(Roeselers et al., 2011; Mente et al., 2018; Nikouli et al., 2018; Rudi et al., 2018; Kokou et al.,
2019). In our case, only 350 out of 19,829 ASVs were shared among the four dietary groups
(control diet, BSo.06% diet, SPICY0.19% diet, SO diet) in the anterior intestine, and 319 out of 13,996
ASVs were common to all groups in the posterior intestine (Figure 1). The majority of ASVs
were unique to each dietary treatment. Despite the relatively low number of ASVs common to
all dietary treatments, these represented an abundance of 40.7% in the anterior intestine, and
of 45.3% in the posterior intestine. Related to this, a recent study has reported the presence of
a core gut microbiome in gilthead seabream which was maintained in all individuals during
the nutritional trial after a change of diet (Ruiz et al., 2024d). Although the diet plays a
paramount role in defining the fish gut microbial diversity, structure, and composition (Silva
et al., 2011, Ghanbari et al., 2015), there are other biotic and abiotic factors, which were
common to all individuals used in the nutritional trials of the present thesis, and that may
contribute to the shaping of a core microbiome. For instance, it has been shown that the fish
microbiota is influenced by host inherent factors, such as the genetic background (Navarrete
et al., 2012) and the origin of the fish (Dhanasiri et al., 2011), and by environmental factors,
including the water temperature, salinity (Rudi et al., 2018) and the microbial composition of
the environment (Roeselers et al., 2011). Moreover, the nutritional trials evaluating the effects
of the dietary supplementation of the tested additives on gilthead seabream were carried out
in parallel in different tanks from the same recirculating aquaculture system (RAS,
IRTAmar™), under the same environmental conditions, and all the fish come from the same
commercial hatchery. Thus, the common origin, genetic background, and environmental
conditions in the four nutritional studies included in this thesis were the main determinants
of the common ASVs found among studies.

Anterior intestine: Posterior intestine:

BS0.0G% diet SP'CY()J% diet BSO,GG% diet SPlCYO'1% diet
Control 3032 8581 SO diet Control 2282 3643 SO diet
(10.7%) (11.5%) (9.3%) (12.4%)

105 133 162 92 83 136
(1.3%) (1.4%) (1.5%) {0.8%) (1.1%) (1.3%)

4688 4076 3354 3410
(11.7%) o1 20 (11%) (8.9%) - 9 (9.6%)
(1.8%) (1.3%) (1.3%) (1.2%)

350 319
153 (40.7%) 98 115 (45.3%) 101
(1.9%) 108 g5 (0.9%) (%) 117 72 (2.9%)

2.29 1.1% 2.39 1.5%

(2.2%) 116( %) (2.3%) 165( 5%)

(1%) (1.2%)

Figure 1. Venn diagram plotting the number of unique and shared ASVs (and relative abundance %
with respect to the total abundance of ASVs) in gilthead seabream (Sparus aurata) fed the control diet
and the diets supplemented with bile salts at an inclusion level of 0.06% (BSo.06% diet), a combination of
capsicum, black pepper, and ginger oleoresins, and cinnamaldehyde at 0.1% (SPICYo14% diet), and a
combination of turmeric, capsicum, black pepper, and ginger oleoresins at 0.2% (SO diet).
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The similar microbial diversity and structure of the gut microbial communities among
different dietary treatments was associated to a similar bacterial composition. At the level of
phylum, significant differences with respect to the control diet (P < 0.05) were only found in
fish fed the BSo.oe% and SPICYo1y diet. In this regard, an increase of 2.2% in the relative
abundance of Desulfobacterota was observed in the anterior intestine of gilthead seabream fed
the BSo.06% diet with respect to the control group (Chapter II; Ruiz et al., 2023b), which was
attributed to the increased abundance of the genus Desulfovibrio, whose importance will be
further discussed below. In addition, under dietary bile salt supplementation, an increase of
13.6% in the relative abundance of Firmicutes, and a decrease of 14.3% in the relative
abundance of Proteobacteria were also observed in the posterior intestine (Chapter II; Ruiz et
al., 2023b). In agreement with our study, Zhang et al. (2022a) reported an increase in the
abundance of Firmicutes in the posterior intestine of Chinese perch when its diet was
supplemented with bile salts at an inclusion level of 0.09%. These authors associated the
increased abundance of this phylum with a higher stress tolerance. Additionally, in higher
vertebrates it has been shown that members of the phylum Firmicutes are able to tolerate and
metabolize primary bile salts, thus having a higher survival in the gut than non-tolerant
bacteria (Islam et al., 2011; Joyce and Gahan, 2017). In this sense, it is well-known that the
presence of bile acids in the intestine usually inhibits the growth of bacteria sensitive to them,
while promotes a higher growth of bacteria able to tolerate and/or metabolize bile acids
(Ridlon et al., 2014). On the other hand, Zhou et al. (2018a) observed a significant reduction in
the abundance of Firmicutes in the intestine of grass carp when fed a diet supplemented with
bile salts at 0.006%. However, the above-mentioned studies are not directly comparable, since
it is important to consider that Zhou et al. (2018a) homogenized the whole gut, while Zhang
et al. (2022a) only sampled the posterior intestine, which is the region where we found
differences in the abundance of Firmicutes. In addition, to ensure the collection of
autochthonous microbiota, we fasted the fish for 48 h before the sampling and Zhang et al.
(2022a) removed the intestinal digesta, whereas Zhou et al. (2018a) apparently targeted all the
microbial content. Thus, such differences in the sampling method regarding the intestinal
region and type of targeted microbiota probably influenced the results obtained from each
study, which reinforces the idea of the importance of standardizing sample collection and
processing for studies focused on the host's microbiota (Kashinskaya et al., 2017; Legrand et
al., 2020a; Ruiz et al., 2024e). Nonetheless, Zhou et al. (2018a) also observed a decrease in the
relative abundance of Proteobacteria, which is in line with the effect that the tested blend of
bile salts caused in the posterior intestine of gilthead seabream. Further, in fish fed the
SPICYo14 diet, an increase of 0.9% in the relative abundance of Chloroflexi was found in the
posterior intestine, with respect to the individuals fed the control diet (Chapter III; Ruiz et al.,
2023c). Although this widespread and metabolic diverse phylum has been found in the
intestine of many fish species (Fan et al., 2017; Bereded et al., 2020; Liu et al., 2021b; Naya-
Catala et al., 2021b; Nikouli et al., 2021), it has not yet been correlated with the metabolism of
lipids nor bile acids, nor is there strong evidence of its role on fish intestinal health.

Some studies have used different ratios at the level of phylum as markers of the animal health
and condition, with the ratio Firmicutes/Bacteroidota (F/B) being the most commonly used.
In humans and mice, a reduction in the F/B ratio has been usually associated to obesity
(Turnbaugh et al., 2006; Indiani et al., 2018), while in fish it is used as a biomarker of intestinal
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dysbiosis (Mougin and Joyce, 2023). On the other hand, the ratio Bacteroidota/Proteobacteria
(B/P) has been correlated with inflammation, but its significance can vary depending on the
animal (Brugman et al., 2018). In mammals, decreased values of the B/P ratio have been
associated to inflammation, whereas in fish an increase in the values of this ratio has been
observed upon inflammation (Brugman et al., 2018). In the studies presented in this thesis, no
significant differences in the values of the ratios F/B and B/P were found in the anterior nor
posterior intestine of gilthead seabream when the control diet was supplemented with the
tested additives (Table 2), which is in line with the similarities in gut microbial composition
observed at the level of phylum. Thus, the absence of differences in the values of the ratio F/B
may indicate no risk of dysbiosis in gilthead seabream when supplementing its diet with the
blend of bile salts and both additives based on spices. The numerical though not statistically
significant decrease in the ratio B/P in the posterior intestine of fish fed the BSo.os% diet, with
respect to the control group, may be related to the anti-inflammatory potential of bile salts in
the fish gut (Iwashita et al., 2009; Kortner et al., 2016). Nonetheless, such a decrease in B/P
values was not significant, and no signs of inflammation were found in the intestine of gilthead
seabream under current conditions (Chapter [; Ruiz et al., 2023a; Chapter II; Ruiz et al., 2023b).

Table 2. Values of the ratios Firmicutes/Bacteroidota (F/B) and Bacteroidota/Proteobacteria (B/P) in
the anterior and posterior intestine of gilthead seabream (Sparus aurata) fed the control diet and the diets
supplemented with bile salts at an inclusion level of 0.06% (BSo.06%), a combination of capsicum, black
pepper, and ginger oleoresins, and cinnamaldehyde at 0.1% (SPICYo.1%), and a combination of turmeric,
capsicum, black pepper, and ginger oleoresins at 0.2% (SO).

COIltI‘Ol B S()_()a% SPICY()J% SO P -Value

Anterior intestine
F/B ratio 1.65+0.13 1.77 £ 0.07 1.70+0.29 1.61+0.12 0.852
B/P ratio 1.34 +0.17 117 +£0.21 1.33+0.14 1.06 £ 0.13 0.436

Posterior intestine
F/B ratio 213 +0.16 2.01+0.25 1.92 +0.21 220+0.12 0.582
B/P ratio 1.67 £0.42 091 £0.12 1.35+£0.33 1.54 +0.25 0.162

Values are represented as mean + SEM (n = 12 fish per dietary group). There were no significant
differences among groups (Kruskal-Wallis; P > 0.05).

Considering the above-mentioned role of the gut microbial communities in fish performance,
in order to facilitate the interpretation of the results, we tested the correlation between the
results of growth and feed performance and the relative abundances of the predominant
genera (= 1%) in the anterior and posterior intestine of gilthead seabream (Spearman's
correlation, P < 0.05; Figure 2). However, it should be noted that a significant correlation does
not necessarily imply a cause-effect relationship.
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Anterior intestine

Brevundimonas -
Acinetobacter -
Pseudomonas -

Sphingomonas - -
Streptococcus -
Ezakiella -
Corynebacterium -
Porphyromonas -
Fenoilaria -
Campylobacter -
Ralstonia -
Prevotella -
Desulfovibrio -
Bacteroides -

Marivita -

BWs SLf SGR K HSI PVFI FCR Lipid ADC Protein ADC

Posterior intestine

Ralstonia -
Desulfovibrio -
Brevundimonas -
Bacteroides -
Candidatus Arthromitus -
Pseudomonas -
Acinetobacter -
Streptococcus -
Porphyromonas -
Campylobacter -
Corynebacterium -
Fenollaria -
Ezakiella -
Peptoniphilus -
Anaerococcus -

Catenococcus -

BWt SL¢ SGR K HSI PVFI FCR Lipid ADC Protein ADC

Spearman

T 025
0.00

-0.25

-0.50

Spearman

! 0.3

0.0

-0.3

-06

Figure 2. Spearman's correlation among the relative abundance of the most abundant bacteria (=1%) in
the anterior and posterior intestine and the values of the fish performance indicators measured in
gilthead seabream (Sparus aurata) fed the control diet and the diets supplemented with bile salts at an
inclusion level of 0.06% (BSo.06% diet), a combination of capsicum, black pepper, and ginger oleoresins,
and cinnamaldehyde at 0.1% (SPICYo.1% diet), and a combination of turmeric, capsicum, black pepper,
and ginger oleoresins at 0.2% (SO diet). The correlation was tested among the mean values per tank of
each parameter (n = 16 tanks). Spearman's correlation coefficients (rs) are represented using a color
gradient (dark red: positive correlation - dark blue: negative correlation) and significant correlations (P
< 0.05) are marked with an asterisk. Abbreviations: BW¢: final body weight; SLy: final standard length;
SGR: specific growth rate; K: Fulton's condition factor; HSI: hepatosomatic index; PVFI: perivisceral fat

index; FCR: feed conversion ratio; ADC: apparent digestibility coefficient.
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Considering the genera with a relative abundance = 1%, the tested blend of bile salts had an
effect in the relative abundance of bacterial taxa from both the anterior and posterior intestine
(Chapter II; Ruiz et al., 2023b). Interestingly, on the other hand, the dietary effect of the SPICY
additive was only detected in the posterior intestine (Chapter III; Ruiz et al., 2023c), while the
effect of the SO additive was observed in the anterior intestine (Chapter IV; Ruiz et al., 2024a).
Furthermore, it was striking to find common patterns of regulation of the relative abundance
of some genera between the blend of bile salts used and the two tested combinations of spices.
For instance, a significant increase in the levels of representatives of the genera Bacteroides,
Desulfovibrio and Ralstonia was observed in the anterior intestine of gilthead seabream fed with
both the BSp.06% diet and the SO diet, with respect to the control group.

In concordance with our results, Zhou et al. (2018a) also observed an increase in the abundance
of Bacteroides in grass carp under dietary supplementation with bile salts. As discussed in Ruiz
et al. (2023b, 2024a; Chapter II; Chapter IV), it is well-demonstrated that members of both
genera Bacteroides and Desulfovibrio are involved in bile acid metabolism. In this sense, some
species belonging to Bacteroides have been reported to possess bile salt hydrolase (BSH)
activity, which is necessary for the deconjugation of primary bile acids, the first step in the
metabolization of primary bile salts into secondary bile acids (Kawamoto et al., 1989).
Furthermore, some members belonging to this Gram-negative anaerobic genus have
enzymatic activities for 7a-dehydroxylase, 7a-hydroxysteroid dehydrogenase (7a-HSD) and
7B-hydroxysteroid dehydrogenase (73-HSD), which catalyze the epimerization and oxidation
or reduction of bile acids, necessary to complete their transformation into secondary bile acids
(Chattopadhyay et al., 2022). However, species belonging to Bacteroides do not only contribute
to lipid digestion and metabolism through their role in the metabolization of bile salts, but also
through the production of SCFAs. In this sense, Bacteroides spp. are involved in the synthesis
of propionate and acetate (Chattopadhyay et al., 2022), which can promote lipid catabolism
and digestion, preventing fat accumulation in fish (Yu et al., 2022; Yousefi et al., 2024). In
addition, some species belonging to the genera Desulfovibrio are capable of generating
hydrogen sulfide (H>S) from taurine (Hu et al., 2022a; Rausch, 2023), which is released from
deconjugated bile acids. Further, it has been shown that the bile acids CA and DCA induce the
growth of Desulfovibrio (Chattopadhyay et al., 2022). Thus, in our studies, the increased relative
abundance of Desulfovibrio may be attributed to the higher content of T-DCA in the intestine
of gilthead seabream fed the BSoos% diet (Chapter I; Ruiz et al., 2023a), and to the numerical
increase in the levels of T-CA in the intestine of fish fed the SO diet (Chapter IV; Ruiz et al.,
2024a). Moreover, it has been reported that both Gram-negative anaerobic genera, Bacteroides
and Desulfovibrio, promote the growth of bacteria with 7a-dehydroxylase activities, including
Bacteroides (Hirano and Masuda, 1982; Hu et al., 2022a).

While the role of Ralstonia in the fish gut remains unknown, considering the metabolic
versatility of some species from this genus (Lu et al., 2013; Riedel et al., 2014), previous studies
have hypothesized that they might biosynthesize bioactive compounds and secondary
metabolites beneficial for the fish (Cerezo-Ortega et al., 2021). However, further studies are
needed to confirm this hypothesis. Using the data of the studies included in this thesis, it was
observed that the relative abundance of Ralstonia in the anterior intestine tended to negatively
correlate, even though not significantly (Spearman's correlations coefficient r; = -0.46, n = 16,
P = 0.071), with the values of the PVFI. Thus, the increased abundance of this genus may be

207



DISCUSSION

associated the reduction in the levels of perivisceral fat found in gilthead seabream fed the
BSo.06% diet (Chapter I; Ruiz et al., 2023a), and the SO diet (Chapter IV; Ruiz et al., 2024a).

In the posterior intestine of gilthead seabream, we found common patterns in the regulation
of the relative abundance of some genera by the tested blend of bile salts and the SPICY feed
additive. Indeed, fish fed the BSy0s% and the SPICY1% diets showed a decrease in the relative
abundance of the genera Campylobacter, Corynebacterium, and Peptoniphilus in the posterior
intestine, with respect to their congeners fed the control diet (Chapter II; Ruiz et al., 2023b;
Chapter III; Ruiz et al., 2023c). Such reductions in bacterial abundance may be consequence of
the above-mentioned antimicrobial effect of bile salts (Schubert et al., 2017) and of spices
(Jiang, 2019). Although in higher vertebrates some bacterial species belonging to these genera
are considered potential pathogens (Sahin et al., 2002; Spier, 2008; Brown et al., 2014), in fish
they have been found as part of the commensal microbiota of the intestine (Estruch et al., 2015;
Zhou et al., 2018b; Liu et al., 2022b). Nonetheless, to date their role in fish health remains
largely unexplored.

When testing the correlation between the relative abundance of the genera from the posterior
intestine of gilthead seabream and the fish performance indicators, significant correlations
were found for the three genera. In particular, the abundance of Campylobacter was negatively
correlated with the values BW¢ (r; = -0.52, n = 16, P = 0.049), SL¢ (rs = -0.56, P = 0.034), and SGR
(rs=-0.53, P = 0.045), and the abundance of Corynebacterium was negatively correlated with the
values of SLs (rs = -0.64, P = 0.012) and SGR (s = -0.53, P = 0.047; Figure 2). Thus, the improved
growth performance of fish fed the BSos% and SPICY.14 diets may be associated to the lower
levels of these genera in the posterior intestine in presence of such additives, or vice versa. The
relative abundance of Porphyromonas, which decreased in fish fed the BSo.06% diet, also showed
a negative correlation with SL¢ (s = -0.58, P = 0.026) and SGR (s = -0.54, P = 0.042). In addition,
a positive correlation was found between the relative abundance of Corynebacterium and
Peptoniphilus and the values of PVFI (rs = 0.54, P = 0.039; rs = 0.55, P = 0.036, respectively),
indicating that there was an association between the decreased abundance of both genera in
the posterior intestine and the lower levels of perivisceral fat in fish the BSooe% and the
SPICY 1% diets.

Overall, these results showed that the blend of bile salts and both combinations of spices were
able to modulate the composition of the gut microbial communities of gilthead seabream
without compromising their diversity and structure. In addition, the common patterns found
between the blend of bile salts and the SO additive in the anterior intestine, and the SPICY
additive in the posterior intestine, suggested that the modulatory effect of both, bile salts and
spices, on the gut microbiota was in part due to a higher secretion rate of bile salts into the
intestine. This is congruent with reports that supplementation of spices can induce a higher
secretion of bile salts to the intestine (Platel and Srinivasan, 2004), which promotes the growth
of bile salt-tolerant bacteria over bacteria which are not able to metabolize these compounds
(Ridlon et al., 2014). Thus, the numerical increase of total bile salts in the intestine of gilthead
seabream fed the SPICY01% and SO diets may partly be the cause of the microbial modulation
induced by the tested spices (Chapter III; Ruiz et al., 2023c; Chapter IV; Ruiz et al., 2024a).

Changing the subject, another objective of this thesis was to assess the viability of performing
an intestinal microbiota transplant (IMT) from Atlantic salmon to gilthead seabream (Chapter
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V; Ruiz et al., 2024b). The two fish species selected were marine carnivores that thrive at
different environmental conditions, in order to be able to discriminate the microbial
composition coming from the donor and receptor fish, and this assay was designed as a
conceptual approach for future IMTs aimed at reducing fat accumulation by modulating the
gut microbial communities of fish. In this sense, if we had observed a significant change in gut
microbial diversity, structure, and composition under the dietary supplementation of any of
the tested additives that might support the role of gut microbiota on body and perivisceral
adiposity, the protocol developed in Ruiz et al. (2024b; Chapter V) could have been applied
from gilthead seabreams fed one of the supplemented diets to their congeners that were fed
the control diet to try to modulate their gut microbial communities and body fat levels.
However, in the nutritional assays presented in this thesis, we did not observe such a radical
change in the gut microbial communities as to expect to discern the establishment and/or
maintenance of a new intestinal microbiota capable of contributing to the modulation of fat
accumulation in gilthead seabream (Chapter II; Ruiz et al., 2023b; Chapter III; Ruiz et al., 2023c;
Chapter IV; Ruiz et al., 2024a). Nonetheless, in the hypothetical case that this trial had been
carried out, a point to address would have been whether gilthead seabream may still require
the dietary additive supplementation to maintain its novel intestinal microbiota over time after
the IMT. Therefore, the influence of the diet was also taken into account in our conceptual
approach. Hence, one group of gilthead seabreams was fed with the typical gilthead seabream
diet provided during the 36-day trial (GSB diet), while another group was fed with the diet of
the Atlantic salmon after the IMT (Chapter V; Ruiz et al., 2024b).

To date, very few studies evaluating the efficiency of FMTs and IMTs on the gut microbial
modulation have been carried out in fish. Concerning fish from the same species, Hu et al.
(2022b) performed a FMT in adult zebrafish via supplementation of the diet with fecal content
from young donors, but the gut microbial communities after the transplantation were not
evaluated. On the other hand, Zhang et al. (2023) performed a FMT in large yellow croaker
from 1-year old individuals to larvae by oral administration through the diet for 30 days. In
this case, the authors compared the gut microbiota of fish after the FMT with their congeners
that were not administered the FMT, but not with the microbiota from the donors. Zhang et
(2023) observed a significant increase in the observed (number of OTUs) and estimated
richness (ACE and Chaol indices) with respect to their congeners. No differences in Shannon
and Simpson diversity indices were found, but there was a significant increase in Faith
phylogenetic diversity index. Regarding beta diversity, in terms of unweighted UniFrac
distances, the structure of the control group and the fish that received the FMT was different,
with the latter having a much higher dispersion. The FMT also had an effect in the composition
of the gut microbiota of large yellow croaker, increasing the relative abundance of the classes
Gammaproteobacteria, Bacilli, Actinobacteria and Nitrososphaeria, and decreasing the
relative abundance of the classes Alphaproteobacteria and unidentified Planctomycetes
(Zhang et al., 2023). Thus, it is evident that the FMT performed by these authors was able to
induce a modulation in the richness, structure, and composition of the gut microbial
communities in large yellow croaker. Nonetheless, considering that the microbiota of the
donor fish was not studied, it is difficult to determine to what extent the richness, structure,
and composition of the donor was maintained.
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Interestingly, Smith et al. (2017) and Legrand et al. (2020b) assessed the effect of FMT taking
into account the variable “time”, to check if the microbial changes were maintained over time.
In this sense, Legrand et al. (2020b) performed FMTs via oral gavage and through the water to
yellowtail kingfish and compared the microbial profile of the inoculum from the donor fish
and the gut microbiota of the receptors with the microbial communities of the individuals
submitted to the transplant at 2, 8 and 15 days after the FMT. At 2 days post-FMT, these
authors observed an increase in microbial richness (observed ASVs) and diversity (Shannon
index) in 2 out of 4 fish submitted to the FMT via oral gavage, reaching values similar to those
of the inoculum from the donor fish, while the other 2 transplanted fish showed values more
similar to the recipient fish before the transplant. A few of the transplanted individuals,
specifically 2 fish submitted to FMT via gavage and one submitted to FMT through water
exposure, also showed a more similar beta diversity, based on Bray-Curtis distances, to the
donor inoculum than to the recipient individuals. In addition, 17 out of the 79 ASVs found in
the donor inoculum were observed in yellowtail kingfish at 2 days post-FMT, belonging
mainly to the genera Aliivibrio and Lactobacillus. Nonetheless, at 8 and 15 days after the FMT,
the microbial richness and diversity were reduced, beta diversity was similar to the recipient
individuals, and the above-mentioned ASVs were not reported in the gut of transplanted fish,
meaning that the microbial modulation induced by the FMT was not persistent over time
(Legrand et al., 2020b). Additionally, Smith et al. (2017) performed an IMT through water
exposure from young-age (6 weeks) African turquoise killifish (Nothobranchius furzeri) to
middle-age (9.5 week) individuals. One week after the IMT, a similar richness (observed
OTUs) to that of the donor and recipient fish was found, but the microbial structure (Bray-
Curtis and unweighted Unifrac distances) was different among these groups of fish. At 7
weeks post-transplant, the richness of fish submitted to the FMT was lower than for the donor
fish, but higher than for their congeners not submitted to FMT. In addition, at 7 weeks post-
IMT the gut microbial communities were more enriched with members of the phyla
Bacteroidota and Firmicutes and with several genera which were highly abundant in the
young donors, showing that in this case, gut colonization by the donors' microbiota was a
progressive process over time (Smith et al., 2017).

Inter-specific FMT and IMT have also been performed, between different animal species and
zebrafish, or reciprocally. Focusing on inter-specific transplantations with fish as receptors,
Rawls et al. (2006) transferred the cecal content of adult female mice to germ-free zebrafish
larvae through water exposure. At 14 days post-transplantation, the authors observed a
decrease in bacterial richness (Chaol and ACE indices) and diversity (abundance of total
sequences), and a separation in beta diversity based on weighted UniFrac distances with
respect to the host before the IMT, clustering closer to the donor group. In addition, the
phylum Firmicutes, which was highly abundant in the mice, colonized up to 65% of the gut
microbial communities of zebrafish after the IMT. However, the majority of such Firmicutes
belonged to the class Bacilli, which was more common in recipient zebrafish than in donor
mice (Rawls et al., 2006). On the other hand, Valenzuela et al. (2018) performed a FMT from
human to zebrafish larvae through exposure to an inoculum of the fecal sample. As a result,
in terms of beta diversity (weighted UniFrac), the gut microbiota of zebrafish larvae at 2.5h
after the transplant clustered together with that of recipient zebrafish before the FMT, but
separately to the fecal sample. Indeed, only 6 of the 74 genera identified in the human sample
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were transferred to the fish, corresponding to the genera Bacillus, Roseburia, Oscillospira,
Prevotella, and two unassigned genera of the families Ruminococcaceae and
Enterobacteriaceae (Valenzuela et al., 2018). These results were in line with the attempt of Toh
et al. (2013) to perform an inoculation of bacteria isolated from a human fecal sample into
zebrafish larvae through static immersion or microinjection. Larvae were sampled at 3, 5, and
7 days post-inoculation, but only the species Lactobacillus paracasei and Eubacterium limosum,
out of the 22 species and 30 strains inoculated, were observed at 3 days post-inoculation. At 7
days, only L. paracasei was maintained when microinjection was used, but none of the species
persisted when static immersion was used for inoculation (Toh et al., 2013).

To our knowledge, the IMT presented in this thesis is the first attempt of IMT between two
different fish species with aquaculture interest (Chapter V; Ruiz et al., 2024b). As main results,
at the first sampling time after the transplantation (2 days post-IMT), we found no differences
in richness (ACE index), diversity (Shannon index) nor phylogenetic diversity (Faith index).
This was likely because donor (Atlantic salmon) and receptor (gilthead seabream) groups
displayed similar values for such indices. In addition, at 2 days post-IMT all gilthead seabream
displayed a similar microbial structure (weighted UniFrac distances) regardless of the feeding,
which was very different to the microbial structure of the diets. The predominant phyla of the
fish submitted to the IMT were Proteobacteria and Firmicutes, maintaining similar
abundances to the donor Atlantic salmon and receptor gilthead seabream before the IMT. At
2 days post-IMT we also observed many genera common to both donor and receptor fish, such
as Photobacterium, Vibrio, and Escherichia-Shigella, while there were other genera exclusive from
the donors, like Aliivibrio, or from the host, like Catenococcus.

In addition, except for Ruiz et al. (2024b; Chapter V), none of the above-mentioned trials
considered the variable diet, which may be used as a complementary factor to attempt to
prolongate the persistence of the gut microbial modulation induced by FMTs and IMTs,
considering its ability to shape the fish gut microbiota (Silva et al., 2011; Ghanbari et al., 2015).
In this sense, in our trial we observed that at the final sampling time (36 days post-IMT), the
richness (ACE index) of gilthead seabream fed the GSB diet was similar to the richness of
gilthead seabream before the IMT, while the richness of gilthead seabream fed the salmon diet
was similar to that of Atlantic salmon. Additionally, the microbial structure, based on
weighted UniFrac distances, of fish fed each diet was different, with the microbial structure of
gilthead seabream fed the salmon diet being similar to this diet, while fish fed the GSB diet
clustered together with the GSB diet in the PCoA, despite being significantly different. The
diet also showed a high influence on the gut microbial composition. In this sense, high
abundances of the phylum Firmicutes, and the genera Lactobacillus and Ligilactobacillus, which
were the predominant taxa found in the GSB diet, were observed in the gut of gilthead
seabream fed the GSB diet at 36 days post-IMT. On the other hand, the feeding of the salmon
diet led to the development of a new unique microbiota profile, which showed a decrease in
the phylum Proteobacteria, and an increase in Firmicutes, Actinobacteriota and Bacteroidota
with respect to the fish at 2 days post-IMT. There was also an increase in the abundance of the
genera Escherichia-Shigella, Acinetobacter, and Cutibacterium, and an emergence of new genera
such as Alloiococcus, Asinibacterium, Bacillus, and Turicella, while Photobacterium and Vibrio
decreased (Chapter V; Ruiz et al., 2024b).
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Summarizing, even though a priori the IMT performed herein seemed to work and the diet
also contributed to a gut microbial modulation over time, the microbial changes observed after
the 2 days post-MT were not as expected. In this sense, there exist some factors affecting the
efficiency of the IMT that may be improved in further studies with regard to the application
of the experimental protocol described in Ruiz et al. (2024b; Chapter V). For instance, one of
the main constraining factors in our trial was the change of temperature that the microbial
species suffered after the IMT, considering that the temperature can shape the fish microbial
diversity, structure, and composition (Soriano et al., 2018; Sepulveda and Moeller, 2020; Liu et
al., 2022b). Under current conditions, the water temperature at which donor Atlantic salmons
were reared was 12 °C, while the water temperature of gilthead seabream tanks was 20 °C.
Thus, considering fish as ectothermic organisms, it can be expected a decrease in the relative
abundance of psychrophilic microorganisms, which are those species with an optimal growth
temperature of 15 °C or lower, and with a maximal growth temperature of 20 °C (Moyer and
Morita, 2007). This may be the case for some Aliivibrio species, since many of them have an
optimal growth rate within the range of 12-18 °C and lose growth capacity at temperatures of
approximately 20 °C (Colquhoun et al., 2002; Khrulnova et al., 2011; Soderberg et al., 2019),
and in our trial the relative abundance of this genus decreased to near zero after 2 days post-
IMT (Chapter V; Ruiz et al., 2024b).

Another potential weakness of our study may be the inability to confirm that no further
changes occurred after the final sampling time. In his sense, we are confident that the mixture
of antimicrobials (AMs) employed to obliterate the host basal microbiota did not have an effect
on the results of gilthead seabream at the 36 days post-IMT, since the values microbial richness
(ACE index) and diversity (Shannon and Faith indices), and weighted UniFrac distances at 17
days post-AMs were already similar to those of gilthead seabream before the application of
AMs. In addition, microbial composition was also very similar at 17 days post-AMs with
respect to the one of fish pre-AMs, with the only exception of the phylum Cyanobacteria and
the genera Vibrio and Escherichia-Shigella (Chapter V; Ruiz et al.,, 2024b). Nonetheless,
considering the high number of underlying factors that may influence the gut microbial
communities after the IMT, such as the microbial adaptation to the new environmental
conditions or the resource competition among bacteria (Neuman et al., 2016; Scheuring et al.,
2022), it is not possible to ensure that after 36 days no further changes in microbial
communities would occur, especially in the case of the group that was submitted to a change
of diet to the salmon diet after the IMT. In this sense, a study in Atlantic cod (Gadus morhua)
reported that the microbial modulation induced by the dietary supplementation of egg wrack
(Ascophyllum nodosum) extended over a long period, finding differences in microbial diversity,
structure, and composition between the weeks 8 and 12 of the trial (Keating et al., 2021).
Indeed, these authors observed a trend towards convergence of the gut microbial communities
of all fish over time irrespective of their dietary treatment. In agreement with these results, in
a previous trial we observed that the gut microbial modulation of gilthead seabream after a
change of diet was extended up to the 60 days that the trial lasted, also showing a convergence
towards an increasing core microbiota over time in all fish (Ruiz et al., 2024d). Such results
may be in line with the existence of an increasing core microbiota that we found in gilthead
seabream at 7 days post-IMT (8 days post-AMs) and at 16 days post-IMT (17 days post-AMs)
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irrespective of the treatment in Ruiz et al. (2024b; Chapter V), and whose growth could
potentially have continued over time if we had extended the trial for a longer period.

In addition to the aforementioned factors that can be improved when applying the proposed
IMT protocol, there are also many other factors, not only specific to our protocol but also at a
more generic level, that should be considered in the hypothetical scenario of IMTs being used
as a strategy for productive purposes on an industrial scale. A significant flaw in many
protocols of IMTs, including ours, is the use of large quantities of antibiotics to purge the
existing microbiota. To reduce the application of antibiotics, this approach might be modified
to include alternatives such as the use of anti-microbial peptides (Cheng et al., 2014), a stress-
induced dysbiosis (Uren Webster et al., 2021), or an extended fasting period to deplete the
existing host basal microbiota (Viver et al., 2023). It is also important to consider that another
constraint of IMTs in fish is the high number of individuals managed in aquaculture (FAQ,
2022), which economically and functionally hinders their massive application on an industrial
scale.

In view of the above-mentioned information, nowadays IMTs may only be used in an
experimental context, to test their effects on animal performance, as has been done in higher
vertebrates, such as ruminants (Ribeiro et al., 2017), swine (Hu et al., 2018), and poultry
(Siegerstetter et al., 2018), and to help elucidate the role on fish performance of the gut
microbial communities which are modulated by the IMTs. In this sense, studies in African
turquoise Kkillifish, zebrafish, and large yellow croaker have shown that FMTs and IMTs can
be used to improve fish performance and physiology, in terms of growth, digestive capacity,
reproductive performance, intestinal health, gut microbial diversity, and life longevity, among
other parameters (Hu et al., 2022b; Smith et al., 2017; Zhang et al., 2023). Likewise, the effect
of the gut microbial changes induced by an IMT on the levels of fat accumulation in fish may
be tested in future studies. In this sense, studies performing intra- (Turnbaugh et al., 2006) and
inter-specific microbial transplants (Ridaura et al., 2013; Tremaroli et al., 2015; Yang et al., 2018)
in mice have shown that FMTs and IMTs are able to modulate the levels of body fat
accumulation in association with changes in the gut microbial composition. Similarly, studies
in poultry have shown that FMTs can modulate the chicken body weight and up-regulate
genes involved in fat metabolism (Zhang et al., 2022b). Thus, the application of IMTs in future
studies in fish may lead to promising results in terms of an improved fish performance and/or
regulation of fat accumulation. However, with the existing knowledge of today, the use of
IMTs as a feasible strategy in the industrial sector still seems implausible.

Overall, the results of gut microbiota of the present thesis show that both tested strategies, the
supplementation of aquafeeds with supplements based on bile salts or spices and the
performance of an IMT followed by a dietary treatment, were able to modulate gut microbial
composition of gilthead seabream. In addition, the IMT and posterior dietary treatment was
able to modulate bacterial richness, diversity, and structure. However, even though the effect
of the IMT was more pronounced, the supplementation of aquafeeds with the tested additives
is currently closer to being used as a strategy to modulate the gut microbial communities, and
fat accumulation levels, in the aquaculture sector.
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Conclusions

1. The dietary supplementation of a blend of bile salts containing sodium cholate, sodium
deoxycholate, and sodium taurocholate hydrate at an inclusion level of 0.06% promoted
somatic growth and did not affect feed performance in gilthead seabream (Sparus aurata).

2. The administration of a combination of capsicum, black pepper, and ginger oleoresins, and
cinnamaldehyde (SPICY additive) at inclusion levels of 0.1% and 0.15% in the diet improved
somatic growth, whereas at 0.1% it also reduced feed conversion ratio values in gilthead
seabream.

3. The inclusion of a combination of turmeric, capsicum, black pepper, and ginger oleoresins
(SO additive) at 0.2% in the diet did not affect the growth and feed performances in gilthead
seabream.

4. The tested blend of bile salts at a dietary inclusion level of 0.06%, the SPICY additive at 0.1%
and the SO additive at 0.2% reduced the values of perivisceral fat in gilthead seabream without
compromising the proximate composition and fatty acid profile of the fillet, whereas the SO
additive at the dietary inclusion of 0.2% also reduced the lipid content in the liver.

5. The blend of bile salts at 0.12% in the diet, increased lipid apparent digestibility, in
agreement with the higher activity of the bile salt-activate lipase and increased content of the
bile salt taurodeoxycholic acid in the intestine, whereas the administration of a blend of bile
salts at 0.06% and 0.12% reduced the accumulation of fat deposits in digestive organs like the
liver and intestine.

6. The supplementation of the SPICY additive at 0.1% and 0.15%, and of the SO additive at
0.2% in the diet reduced the accumulation of fat deposits in the liver and the intestine, in line
with the increased activity of the bile salt-activate lipase in the intestine.

7. Based on the results of gene expression from the liver, the SO additive at 0.2% in the diet
promoted fatty acid oxidation in 48 h fasted-gilthead seabream.

8. Regarding the results of gene expression in the intestine, the blend of bile salts at 0.06% and
the SO additive at 0.2% stimulated an immunocompetence priming at 2-h postprandial,
whereas in fish fasted for 48 h the SPICY additive at 0.1% and SO additive at 0.2% induced an
intestinal anti-inflammatory immune response, which may improve the intestinal health of the
fish.

9. The supplementation of the tested blend of bile salts and combinations of spices in aquafeeds
are a safe strategy to improve the health and condition in farmed fish as well as modulate body
fat accumulation without affecting the nutritional quality of the fillet.
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10. The dietary supplementation of the blend of bile salts at 0.06% decreased the bacterial
richness (observed ASVs, Chaol and ACE indices) in the anterior intestine of gilthead
seabream without affecting the diversity (Shannon and Simpson diversity indices) or structure
(Bray-Curtis distances), increased the abundance of genera containing members able to
metabolize bile acids (Bacteroides, Desulfovibrio, and Brevundimonas) and decreased the
abundance of genera which were positively correlated with the levels of perivisceral fat and
negatively correlated with growth performance (Porphyromonas, Campylobacter,
Corynebacterium, and Peptoniphilus).

11. The inclusion of the SPCIY additive at 0.1% in the diet increased the bacterial diversity
(Simpson index) and modulated the composition of the bacterial communities in the posterior
intestine, resulting in a decrease of some genera (Campylobacter, Corynebacterium, and
Peptoniphilus) which were positively correlated with the levels of perivisceral fat and
negatively correlated with growth performance, without compromising the gut bacterial
structure (weighted UniFrac distances).

12. The administration of the SO additive at 0.2% in the diet modulated the bacterial
composition at the level of genus in the anterior intestine, favouring an increase in the
abundance of genera containing members able to metabolize bile acids (Bacteroides and
Desulfovibrio), without affecting bacterial richness (ACE index), diversity (Shannon, Simpson
and Faith phylogenetic diversity indices), and structure (unweighted UniFrac and weighted
UniFrac distances).

13. Although some genera of bacteria were significantly correlated with the levels of
perivisceral fat, a robust pattern in microbial diversity, structure and composition was not
observed in the individuals with different levels of fat accumulation in the perivisceral cavity,
liver, and intestine regardless of the tested additives administered.

14. After performing an intestinal microbiota transplant (IMT) from donor Atlantic salmon
(Salmo salar) to recipient gilthead seabream, at 2 days post-IMT the values of gut bacterial
richness (ACE index) and diversity (Shannon and Faith phylogenetic diversity) of gilthead
seabream were similar to those of donor and recipient fish, and many bacterial phyla and
genera from donor and recipient fish were also observed in gilthead seabream at 2 days post-
IMT.

15. After the IMT the diet played a paramount role in defining the gut microbiota of gilthead
seabream, modulating the bacterial richness (ACE index), diversity (Shannon and Faith
phylogenetic diversity), structure (Bray-Curtis and weighted UniFrac distances), and
composition in a distinct manner depending on the type of diet that was fed.

16. As a conceptual approach, the IMT is a feasible strategy to modulate the gut bacterial
composition of the receptor fish, even though confirmation of the maintenance of the
regulation induced by the IMT over the diet in long-term results can be improved with to use
individuals reared at similar environmental conditions, or from the same species.
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Appendix 1. Extended summary of studies compiling the effect of bile acid/salt dietary supplementation on the growth and feed performance

of different fish species.

. . . Feeding Diet composition Addlt{v.e .Dleta.ry Growth Feed
Fish species Fish BW; . . Remarks composition inclusion References
period (dry-matter basis) SRR performance | performance
(origin if given) level (%)
=BW
69.9% HDCA, 0.005 WG I; =FE
18.9% CDCA, TBW
Woe t we}ght Vegetal protein-based 78% HCA 0.015 TWGR TFE Jiang et al.
82+02¢g 9 weeks (10.3% moisture): diet (Shangdong —BW 2018
32% CP + 6% CL et Longchang Animal 0.045 CWCR =FE (2018)
Health Product —
) =BW;¢
Co., China) 0.135 |WGR |FE
GIFT tilapia CA (Himedia 0.05 nglf zlligg
(Oreochromis 38% CP +8% CL N/I Laboratories India
niloticus) Pvt. Ltd.) 0.10 TWGR “FCR
e ’ 1SGR =PER
CA (Himedia 0.05 TTVSVglf :f)g: Bh .
25+001g 60 days | 35% CP+11% CL N/I Laboratories India - = usare ¢
Put. Ltd.) 010 =WGR =FCR al. (2023)
T ) =SGR =PER
CA (Himedia 0.05 i‘gg§ #f)gg
32% CP +14% CL N/I Laboratories India SWGR |FCR
Pvt. Ltd.) 0.10
=SGR =PER
=WGR =FI
0.03 =SGR =FCR
Hybrid 0.06 =WGR =FI
grouper ) =SGR =FCR
(Epinephelus o o TP, Na T-CA (>95%; TWGR JFI Xu et al.
fuscoguttatus © 78+001g 8 weeks 48% CP +15% CL High-lipid diet Sigma-Aldrich) 0.09 1SGR |FCR (2022b)
x E. lanceolatus 012 =WGR =FI
3) : =SGR =FCR
=WGR =FI
015 =SGR =FCR
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. . . Feeding Diet composition Add1t{v.e .Dleta.ry Growth Feed
Fish species Fish BW; . . Remarks composition inclusion References
period (dry-matter basis) SRR performance | performance
(origin if given) level (%)
Chinese perch 70.9% HDCA,
(Siniperca | 171.3+0.77g 56 days 47% CP +7% CL N/I 20.2% CDCA, 0.090 TTV?]EVI; |FCR jh(azgize;)
chuatsi) 8.0% HCA '
TBW: =FI
0.15 TWGR —FCR
68% HDCA, 1SGR
17% CDCA, TBW; =F
Leopard coral 9% HCA (99%; 0.30 TWGR _
grouper porcine BS; TSGR ~FCR Gao et al
(Plectropomus 131014 ¢ 10 weeks 52% CP +10% CL N/1I Shandong —BW, - (2023)
leopardus) Longchang Animal 0.45 =WGR —FCR
Health Product Co. TSGR
Ltd., China) =BW; —FI
0.60 =WGR .
—SGR =FCR
=BWf
0.015 =WGR #f)gg
=SGR
1BW¢ .
1204020 g 10 weeks | 45% CP +18% CL N/I N/I (Bovine BS) 0.030 TWGR LFCR Ding et al.
1SGR 1PER (2020)
Large yellow —BW;
croaker IFCR
o 0.045 =WGR
(Lm;z:;z:ilz)thys —SGR 1PER
HDCA + HCA 0.03 =BW¢ =FI
(277%), CDCA ) =SGR =FCR
Soybean oil as the main | (=17%) (Shandong =BW;¢ =FI Lietal
[v) V)
131£018g 10 weeks 42% CP+12% CL lipid source Longchang Animal 0.06 =SGR |FCR (2023)
Health Product Co. 012 =BW;¢ =FI
Ltd., China) ) =SGR =FCR
seaBIIJ?'ZI;m Increase of fish oil and =BW;¢ Jin etal
22+000g 8 weeks 42% CP +17% CL decrease of cellulose N/I 0.020 =WGR =FE '
(Acanthopagrus _ (2019)
< levels =SGR
schlegelii)
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Feedin Diet composition Additive Dietary Growth Feed
Fish species Fish BW; . dg (dry-matter Remarks composition inclusion ¢ ¢ References
perio basis) (origin if given) level (%) pertormance | pertormance
o | IR
0.008 =WGR _
=SGR eV
=PLV
o | R
0.016 =WGR _
=SGR eV
70.9% HDCA, 1PLV
20.2% CDCA, 8.0% —BW 1FIR
=BW; !
62+003 g 70 days | 51% CP+14% CL N/I Lljr;‘:h(::;rfrgrrfal 0.024 =WGR ;IF);:\I} Y(‘;(flt;)l'
Health Care =SGR TPLV
Co. Ltd., China) TBW. 1FIR
Largemouth bass 0.030 Wi GIf{ =FCR
(Micropterus ’ 1SGR =PPV
salmoides) 1PLV
o | IR
0.060 =WGR _
=SGR eV
=PLV
0.030 :vag ok
=SGR PR
CDCA (296% —BWr =FI Yin et al
184+005¢g 9 weeks 49% CP +18% CL High fat diet Sigma Al_drick;) 0.060 =WG —FCR (2021) '
i =SGR -
=BWf
=FI
0.090 =WG _
=SGR “FCR
Grass carp Wet weight (8.5% Basal diet li/riiir];;ln I‘C_;If;?tr}llg 'BW =FE Zhou et al
tenopharyngodon 9t6. weeks moisture): supplemented wit o . =
(Ctenopharyngod 699+624 ¢ 8 k i ) ppl d with 2% Products Co 0.006 TSGRf PER 20184 '
idella) 35% CP +7% CL soybean oil Ltd China). 1PPV ( )
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. . . Feeding Diet composition Addlt{v.e . Dleta}' y Growth Feed
Fish species Fish BW; . . Remarks composition inclusion References
period (dry-matter basis) SRR performance | performance
(origin if given) level (%)
Turbot . Na T-CA (95%; 1BW; _
(Scophthalmus 85¢ S6days | 48% CP+12% CL | [Nt Proten meal-based Aladdin Co., 05 1SGR TFI,;IR G(‘zloelt;;l
MAximus) China) TWGR
TBW;k
69.9% HDCA,
18.9% CDCA, 7.8% 0.080 TT‘/S\]CC;;I? N/ Li et al
109+032¢g 8 weeks 53% CP + 8% CL N/I HCA (Porcine bile, TBW (2021b).
Tongue sole 99%; Longchang f
. 0.090 TWGR N/1
(Cynoglossus Group, China) 1SGR
semiliaevis) 69.9% HDCA, 1BW;
18.9% CDCA, 7.8% 0.030 TWGR N/1
o o HCA (99%; BS from TSGR Wang et al.
131+24¢ 10 weeks 53% CP + 8% CL N/1 livestock and TBW (2022)
poultry; Longchang 0.090 TWGR N/I
Group, China) TSGR
Total replacement of fish N/I (Bovine BS; _
133+11g 10 weeks 43% CP +14% CL | meal by defatted soybean Wako Pure 1.5 TBW —H Yamamoto
. TSGR 1FER et al. (2007)
meal and corn gluten meal | Chemicals, Japan)
N/I (Bovine gall
H [v)
L R R
Total replacement of fish Wako Pure ’ ' TSGR 1FER Iwashita et
. 113+13¢g 10 weeks 43% CP +15% CL | meal by defatted soybean . wasiuta ¢
Rainbow Chemicals, Japan) al. (2008)
meal and corn gluten meal -
trout Na T-CA (> 95%;
. . 1BWI =FI
(Oncorhynchus Sigma Aldrich, 1.0 1SGR TFER
mykiss) USA)
Defatted soybean meal- Na T-CA (> 95%;
based diet supplemented Sigma-Aldrich, 1.0 =BW;s =FI
with 0.38% soya saponin USA) Iwashita et
10g 6 weeks 44% CP +15% CL bDef?it’Eie'dtsoybelan meid;i Na T-CA (> 95%; al. (2009)
A e, _pp e Sigma-Aldrich, 1.0 =BW; =FI

with 0.38% soya saponin
and 0.0075% soya lectin

USA)
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Fi . . Feeding Diet composition Add1t{v.e .Dleta.ry Growth Feed
ish species Fish BW; . . Remarks composition inclusion References
period (dry-matter basis) RPN performance | performance
(origin if given) level (%)
Na T-CA (>95%; =BW¢
Partial replacement of | HC Handelscenter, 1.8 =TGC N/I
fish meal by soy Denmark) =SGR
Atlantic protein concentrate and N/I (Bovine BS; =BW¢ Kortner et
salmon (Salmo 362+9%¢g 77 days 41% CP +30% CL | pea protein concentrate | HC Handelscenter, 1.8 JTGC N/I
al. (2016)
salar) Denmark) 1SGR
Partial replacement of N/I (Bovine BS; =BW;¢
fish meal by soya HC Handelscenter, 1.8 =TGC N/1I
protein Denmark) =SGR
1BW¢ =FI
WG JFCR
0.025 TADG 1PER
1SGR 1PPV
1BW¢ 1FI
TWG JFCR
0.050 T1ADG 1PER
1SGR 1PPV
1BW¢ 1FI
0.075 WG JFCR
. . 6.2% HCA, 13.8% ' TADG TPER
Szinped 'CatfpliSh 10.3 +0.20 70 d 32% CP +5% CL N/I CDCA, 53.1% TSGR PPV Adam et
;l ””g;’;’;l”’;" on wELE ays ° ° / HDCA (Lachance, 1BW; 1FI al. (2023)
ypophthalmis) RUNEON, China) 0.100 TWG |FCR
' TADG 1PER
1SGR 1PPV
1BW¢ 1FI
WG JFCR
0125 TADG TPER
1SGR 1PPV
1BW¢ 1FI
TWG JFCR
0-150 TADG =PER
1SGR =PPV
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Additive Dietary

Fish species Fish BW; Feec%lng Diet Comp051t1(?n Remarks composition inclusion Growth Feed References
period (dry-matter basis) RPN performance | performance
(origin if given) level (%)
G-CA (297 %;
Yellow catfish Suzhou Ketong _
(Pelteobagrus 19+5¢ 56 days 37% CP +5% CL High-pectin diet Biomedical 0.06 TTSBg\IIQf l_lf éII{Q Y?;)O;tzi;l'
fulvidraco) Technology Co.
Ltd., China)
Abbreviations:

e CP, crude protein

e CL, crude lipid

e BS, bile salts

e CA, cholic acid

e CDCA, chenodeoxycholic acid

e HCA, hyocholic acid

e HDCA, hyodeoxycholic acid

e T-CA, taurocholic acid

e G-CA, glycocholic acid

e Na T-CA, sodium taurocholate

e BWij, Initial Body Weight

e BW;, Final Body Weight

o WG, Weight Gain (WG (g) = BW; - BW))
e  WGR, Weight Gain Rate (WGR (%) =100 x WG / BW))
e ADG, Average Daily Gain (g/day)

e SGR, Specific Growth Rate

e FI, Feed Intake

262

TGC, Thermal Growth Coefficient (TGC = 1000 x (BW/3 -
BW;il/3) / (average temperature in °C x days))

FCR, Feed Conversion Ratio

FER, Feed Efficiency Ratio (FER = WG / feed intake)

FE, Feed Efficiency (FE (%) = 100 x FER)

FIR, Feed Intake Ratio, Voluntary Feed Intake, or Feeding Rate
(FIR (% /day) = 100 x feed intake / [(BW; + BW;) / 2] / days
PER, Protein Efficiency Ratio (PER = biomass increase / protein
intake)

PPV, Productive Protein Value (PPV (%) =100 x protein gain /
protein intake)

PLV, Productive Lipid Value (PLV (%) = 100 x lipid gain / lipid
intake)

GIFT, genetically improved farmed tilapia

N/, not identified or not assessed
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Appendix 2. Extended summary of studies compiling the effect of capsicum (Capsicum spp.), black pepper (Piper nigrum), ginger (Zingiber
officinale), turmeric (Curcuma longa), and cinnamaldehyde on the growth and feed performance of different fish species.

Diet .
Spic.e/a.ctive Fish species Fish BW; Feec!ing composition Remarks Addit?v.e c9mposition Additive irl?cll(::gn Growth | Feed References
principle period (dry-n}atter (origin if given) format level (%) perf. perf.
basis)
=BW;
Blue streak 2 =WGR | =FCR Yilmaz and
ha 34% CP +13% . Powder =SGR N
(Labi dociromis 1.1+£0.02g | 45days CL N/I Capsicum (meal) BW, Ezrgﬁn
caeruleus) 5 =WGR | =FCR ( )
=SGR
=BWs
3 =WG =FCR
=SGR
=BWs
1 cichlid 7 =WG =FCR
g[eilvevniicclﬁon;is 34+003g | 90days 37% C(1:°L+ 11% N/I Capsicum (fr;)m ;1 local market in P(f)lwder iSGR Yigit et al.
Capsicum guttatus) urkey) (flour) =BWi (2021)
(Capsicum 11 =WG =FCR
spp-) —OR
=BWf
15 =WG =FCR
=SGR
. Edible portion of capsicum devoid
Gilthead 48% CP +13% of stem}:ends, seeds,znd core (from Powder =BWi =FI Wassef et
seabream 949+03g | 6weeks CL N/1I local ket in Al dri | 0.3 =WG —FCR 1. (2010
(Sparus aurata) a local market in Alexandria, (meal) —SGR al. ( )
Egypt, harvested on 2007 season)
=BWf
Mozambique Oleoresin 0.7 =WG =FCR
tilapia 37% CP +10% . (from =SGR Yilmaz et
(Oreochromis 38 45 days CL N/ Capsicum Kutluer, =BW;¢ al. (2013a)
mossambicus) Turkey) 1.4 =WG =FCR
=SGR
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Spice/active . . . Feeding | Diet composition Addlt{v.e Additive .Dleta.ry Growth | Feed
incipl Fish species Fish BW; iod | (dry-matter basis) Remarks composition P t inclusion ¢ p References
principle perio ry-matter basis (origin if given) orma level (%) perf. perf.
1BW; =FI
0.04 TWG JFCR
=SGR 1PER
Nile tilapia Capsicum (from a TBW; =FI Ibrahim et
(Oreochromis | 22.3+0.19g | 60days | 37% CP+10% CL N/I local market in Powder 0.08 TWG JFCR al. (2024)
niloticus) Zagazig, Egypt) =5GR 1PER '
1BW¢ =FI
0.16 TWG |FCR
1SGR 1PER
0.0033 ??’IY N/I
Capsicum (from 1BW
20 days | 40% CP +12% CL N/I local producers from Powder 0.0044 1L N/I
Iran) "BW
0.0055 1L N/I
Capsicum 1BW
(Capsicum . 0.0033 1L N/I
spp.) Capsicum (from 1BW
40 days | 40% CP +12% CL N/I local producers from Powder 0.0044 AL N/I
. Iran)
R
a};c])]:zw 93 + 0.64 0.0055 TTI?F‘ICV N/l Talebi et al.
(Oncorhynchus =Uh% 8 1BW; (2013)
ki
mykiss) o003 | | —Rcr
=WGR
Capsicum (from TTBTV]Yf
60 days | 40% CP +12% CL N/I local producers from Powder 0.0044 —WGR =FCR
Iran) —SGR
TBW;k
0.0055 =\t\}2§1{ =FCR
=SGR
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. : Diet Additive . Dietary
Spice/active . . . Feeding composition o Additive . . Growth Feed
L Fish species Fish BW; . Remarks composition inclusion References
principle period (dry-matter NP format perf. perf.
. (origin if given) level (%)
basis) & &
Leaves of capsicum Meal 0.5 =BW N/1I
45% CP +20% (Kahramanmaras, (extracted 2 =BW N/I
20 days CL N/I Turkey, harvested with ~
in September) acetone) 44 =BW N/1
Leaves of capsicum Meal 0.5 =BW N/I
45% CP +20% (Kahramanmaras, (extracted 2 =BW N/I
40 days CL N/ Turkey, harvested with B
in September) acetone) 44 =BW N/1
Leaves of capsicum Meal 0.5 =BW N/1
[v) [v)
60 days 45% CP +20% N/I (Kahramanmaras, (extrf’:\cted 2 =BW N/I Yanar et al.
58-60 g CL Turkey, harvested with 2016
in September) acetone) 44 =BW N/1 ( )
=BW;
0.5 =TL =FCR
Capsicum Rainbow Leaves of capsicum Meal ZSB(‘T;&
[v) [v)
(Capsicum trout 80 days 45% CP +20% N/I (Kahramanmaras, (extrf’:\cted 2 -TL —FCR
(Oncorhynchus CL Turkey, harvested with —SCR
SPP.) mykiss) in September) acetone) BW;
44 =TL =FCR
=SGR
1BW¢
0.7 TWGR JFCR
SGR
Oleoresin gBWf
from Smart
(Kirnya Tic. 1.4 TWGR JFCR
195.1£1.55 30days | 14% CP +8% CL N/I Capsicum ve ISGR Yilmaz etal.
& Danigsmanlik ~BWi (2024)
Ltd 21 =WGR =FCR
Turkey) =SGR
=BW;¢
2.8 =WGR =FCR
=SGR
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Diet Additive Dietary
Spice/active Fish . Fish BW: Feeding composition R K i Additive inclusi Growth Feed Ref
principle 150 species 18 ! period (dry-matter emarks composition format e uSIOO N perf. perf. eterences
basis) (origin if given) level (%)
Basal diet (frI;;V\;dgcal =BW;
supplemented | Blackpepper | Cineiin |01 | WG | N/
turmérico Zagazig, =SGR
African p Egypt)
catfish +0.44 d 1% CP + 7% CL Basal diet El-Houseiny
(Clarigs | 0% 0448 | 30days | STH CPr7R CL | supplemented Powder etal. (2019)
gariepinus) tuv;,rlnerié a; d Black pepper (from a local =BW¢
fish exposed pepp market in 0.1 =WG N/I
to cadmium Zagazig, =SGR
at 0.8 mg/L in Egypt)
the water
Black pepper =TL TFI
(Piper Leaves of black 1 |FL FFCR
nigrum) / pepper (collected Powder WG
piperine Rohu (Labeo 12 34% CP during October- (extracted ML 1FI Ullah et al.
rohita) 2120988 | eeks (%CL N/1) N/1 . December 2019 with 2 TFL 1 yper (2023)
rom nursery farms methanol) TWG
in District Kasur, ITL 1FI
Pakistan) 3 JFL TFCR
=WG
Diet based on Powder
B Piperine Borh 0.02 WG | 1FCR
Common carp gj;e atmn, an AI(g:l ich Woino et al
(Cyprinus | 38+012g | 40days | 53% CP+7%CL | ' ¢¢ammo rich) oo e a
. acids . Powder (2021)
carpio) supplemented Fruits of black (extracted
. N pepper (from a local ) 0.02 IWG =FCR
with 0.4% . with hexane
methionine vendor from Ohio) and filtered)
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Spice/active . . . Feeding | Diet composition Addlt{v.e Additive .Dleta.ry Growth Feed
inciple Fish species Fish BW; period | (dry-matter basis) Remarks composition format inclusion perf perf References
prncp (origin if given) level (%) ) )
=BW;x
0.05 =WGR =FCR
=SGR
=BW;¢
0.1 =WGR JFCR
Common Powder (98%; Tﬁ;\l;
i iy
carp 123+031g | 8weeks | 33% CP+9% CL N/I Piperine from Senran- 0.2 tWGR | |Fcr | Girietal
(Cyprinus Shengwu, 1SGR (2023)
carpio) China) —BW
=BW;
0.3 TWGR =FCR
1SGR
=BW;¢
04 TWGR | =FCR
=SGR
Black pepper Rainbow 30 days | 45% CP+16% CL N/1I Black pepper Powder 0.1 =BW N/1 Stoev and
(Piper trout
. 41+8 = Zhelyazk
nigrum) / (Oncorhynchus & 60 days | 45% CP +16% CL N/I Black pepper Powder 0.1 _vag JFCR ‘(32}(;6;) ov
piperine mykiss) B
=BW;s _
0.025 =WG ;IEEE
=SGR
TBW¢ _
0.050 TWG Tiglli
. TSGR
Olive Piperine (from =BW
=BW; _ .
flounder ) ") 0y 04 | 8weeks | 50% CP+11% CL N/I Synergen, South N/I 0.075 -wG | FCR | Malintha et
(Paralichthys TPER al. (2023)
) Korea) 1SGR
olivaceus) —BW
=BW; _
0.1 =WG ;igj
=SGR
=BW; | _
0.2 =WG ;igi
=SGR
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Dietary

Sp1€e/a.ct1ve Fish species Fish BW; Feeqmg Diet composm(.)n Remarks Addlt%v.e c9mP051t10n Additive inclusion Growth Feed References
principle period | (dry-matter basis) (origin if given) format level (%) perf. perf.
0.1 T:ggi |FCR
R
Peeled rhizomes of Powder 0.2 TTVSVC?R JFCR
Asian sea Wet weight (9.7% ginger (from (extracted TWGR Talpur et al
bass (Lates 18+1g 15 days moisture): N/I the local market in . 0.3 JFCR P '
; . ) with 1SGR (2013)
calcarifer) 42% CP +17% CL Kuala Terengganu,
Malaysia) methanol) 05 TWGR |FCR
y : 1SGR
WGR
1 TT cor | LFCR
=WG =FI
02 =SGR =FCR
04 =WG =FI
Peeled rhizomes of ) =SGR =FCR
o 0 ginger (from a local =WG 1FI
30 days 28% CP +7% CL N/I market in Thanjavur, Powder 0.6 -SGR —FCR
Ginger India) 0.8 TWG 1FI
(Zingiber ) TSGR |FCR
officinale) 1 =WG 1FI
TSGR =FCR
WG
Rohu (Labeo 02 =WGR =FCR | Sukumaran
. 123+011g =SGR
rohita) WG etal. (2016)
0.4 =WGR =;FCIR
Peeled rhizomes of =T?NG(I§
60 days | 28% CP+7% CL N/I ginger (from a local Powder 0.6 tWGR | I}
market in Thanjavur, 1SGR |FCR
Indi
ndia) WG -
0.8 WGR
TTSGR |FCR
TWG =FI
1 WGR
TTSGR |FCR
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NUTRITION AND GUT MICROBIOTA AS STRATEGIC TOOLS FOR

MODULATING FAT ACCUMULATION IN AQUACULTURE FISH

Spice/active Fi . . Feeding Diet composition Addlt{v.e Additive . Dleta.r Y | Growth | Feed
g ish species Fish BW; . (dry-matter Remarks composition inclusion References
principle period basis) (origin if given) format level (%) perf. perf.
Fish were =BW;¢
reared at 0.5 TWGR |FCR
o o high Ginger (from a local TSGR Fazelan et
168 60 days | 41% CP+9% CL stoclgdng ghoé in Iran) Powder =BW;¢ al. (2020)
densities (20 1 TWGR JFCR
kg/m3) TSGR
Common carp =BW¢
(Cyprinus 0.1 =WG JFCR
carpio) Wet weicht Rhizomes of ginger TSGR
(5-11% moigture)' (from Zarringiah Powder TBWr Mohammadi
109+0.17 g | 60 days o ' N/1I medicinal plants (extracted 0.2 TWG JFCR
38-41% CP . . ) etal. (2020)
+4-16% CL company in Urmia, | with ethanol) TSGR
Iran) 1BW;
0.4 TWG JFCR
. 1SGR
Ginger
(Zz'nggiber TBW =l
officinale) 0.5 WG JFCR
Powder TSGR TPER
Striped catfish (from a local TBWr —H Ashry et al
(Pangasianodon | 19.93+£029¢g | 90days | 25% CP+ 6% CL N/1I Rhizomes of ginger et i 1 TWG JFCR 28]23 '
hypophthalmus) mariet m 1SGR | 1PER (2023)
Egypy 1BW: | =FI
1.5 WG JFCR
1SGR 1PER
Powder
(extracted
Rainbow trout with ethanol, TBW;¢ =FI '
(Oncor}i{zynchus 75+£01g 8 weeks | 46% CP +13% CL N/I Rhizomes of ginger fror]r;SSaaha 0.5 =T\>\//v(§R %igﬁ A(allr.n (azs(%;;l)et
mykiss) Medicinal =SGR | {LER
Plants Co.,
Iran)
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. . . . o, Additive . Dietary
Spl?Q/ a.ctlve Fish species Fish BW; Fee(%lng Diet composm(.)n Remarks composition Additive inclusion Growth Feed perf. | References
principle period | (dry-matter basis) RPN format perf.
(origin if given) level (%)
= BW;¢
0.5 =TL =FCR
. . o =SGR
e Risomes o goger | Bl ol S
(Zingiber (Oreochromis 1.8+052¢g | 55days | (12.5% moisture): N/I Y 1 =TL =FCR ’
¢ o o o State of Amazonas, hydro- _ (2017)
officinale) niloticus) 40% CP +5% CL . T =SGR
Brazil) distillation)
| BW;¢
1.5 JTL 1FCR
J|SGR
=BW;¢
P R
=SGR
1BWr =FCR
Gilthead Powder (from 2 lsvécli =PER Ashrv et
seabream 20.0+0.37 g | 150 days | 44% CP +16% CL N/I Curcumin a local market TBW als (28,2;
(Sparus aurata) in Egypt) ! |FCR '
25 TWG ZPER
=SGR
TBW JFCR
. 3 TWG
Turmeric 1PER
1SGR
(Curcuma —BW
=BWt
longa) / 0.02 =WGR N/I
curcumin
L 1 =SGR
ai:%f)aylferow 159 TBW: Jietal
L +0l6g 10 weeks | 43% CP +18% CL | High-fat diet Turmeric N/I 0.04 TWGR N/I ’
(Larimichthys (2021)
crocea) (SEM) 1SGR
=BW;¢
0.06 =WGR N/I
=SGR
Largemouth 80% fish meal Powder (from 05 =BW; =FI
bass o o replacement . Dulai ) =WG =FCR Wang et al.
(Micropterus 3782025 | 8weeks | 52% CP+12% CL by poultry Curcumin Biotechnology 1 TBW; 1FI (2023)
salmoides) meal Co., China) TWG =FCR
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NUTRITION AND GUT MICROBIOTA AS STRATEGIC TOOLS FOR
MODULATING FAT ACCUMULATION IN AQUACULTURE FISH

. . . Diet composition Additive o, Dietar
Spl€e/ a.ctlve Fish species Fish BW; Feec%mg (dry-nfatter Remarks composition Additive inclusizn Growth Feed perf. | References
principle period basi NP format o perf.
asis) (origin if given) level (%)
1BW¢ 1FI
0.1 TWGR =FCR
Powder =SGR =PER Abdel-
(from a local 1BW TFI Tawwab
1.4+£006g | 10weeks | 9% CP+4% CL N/I Turmeric market in 0.2 TWGR =FCR and
Egypt) =SGR =PER Abbass
Common carp 1BW; TFI (2017)
(Cyprinus 0.5 TWGR =FCR
Carpio) =SGR =PER
Diet based on
casein, gelatin, Turmeric (Verdure
o o a¥1d fre'e Sciences, _ _ Wojno et
3.8+012¢g | 40days | 53% CP+7% CL amino acids Noblesville, N/I 0.02 =WG =FCR al. (2021)
supplemented Indiana)
Turmeric with 0.4%
(Curcuma methionine
Cijli‘icglfr)n{n Crucian . o o . F;;Vri: 01 =V]\3/‘(/3\]1; i FII;IR Jiang et al.
carp (Carassius 76.3+0.10g | 105days | 37% CP + 8% CL N/I Curcumin Aldrich Co., TBW, - (2016)
auratus) USA) 0.5 'WGR 1FER
=BW;¢
0.02 TWGR |FCR
TSGR
1BW¢
Powder 0.04 TWGR |FCR
Grass carp . . . (Sigma- 1SGR Ming et al.
(Cteno;'a;ml;yngodon 53+010¢g 60 days 31% CP +5% CL N/I Curcumin Aldrich Co., TBW (2020)
idella) USA) 0.06 TWGR |FCR
TSGR
1BW¢
0.08 TWGR |FCR
TSGR
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Spice/active ish . ish Feeding Diet composition ” Addlt%v.e Additive . Dlleta.r Y | Growth Feed ¢
rinciple Fish species Fish BW; period (dry-matter Remarks composition format inclusion perf. perf. References
P basis) (origin if given) level (%)
Powder (from a —BW;
N/I Turmeric local marketin | = WG | NI
Zagazig, =SGR El-
African catfish Egypt) Housein
(Clarias 603+044¢g | 30days | 31% CP+7%CL Fish were Y
o Powder (from a etal.
gariepinus) exposed to local market in TBW; (2019)
cadmium at Turmeric Zacazi 0.1 =WG N/I
0.8 mg/L in Eg tf)‘;’ =SGR
the water sYp
TBW;¢
1 TWG JFCR
. TSGR
Turmeric TBW
(Curcuma longa) N o . Powder (from f Yonar et
/ curcumin 313+117¢g | 8weeks | 47% CP +10% CL N/I Curcumin Merck) 2 TWG |FCR al. (2019)
Rainbow trout TSGR ’
(Oncorhynchus TBW;
mykiss) 4 TWG |FCR
1SGR
Powd.er (from TBW; —FCR Aqmased
75+01g | 8weeks | 46% CP+13% CL N/I Curcumin Dineh 0.5 WG | 1pER etal.
Pharmaceutical =WGR TLER (2023)
Co., Iran) =SGR
a e TBW¢
Nile tilapia 32% CP . 1 wG | PR piabetal
(Oreochromis 60+5¢g 7 weeks o N/I Turmeric Powder
niloticus) (% CL N/T) 2 TBW |FCR (2014)
WG
Cinnamaldehyde, Liposome- =BW;s |FCR
N/I lecithin, a- encapsulated 0.1 TWGR {PER
Tongue sole tocopherol, product 1SGR Wane et al
Cinnamaldehyde (Cynoglossus 188+5¢g 60 days | 52% CP +14% CL Diet ethanol, and . & '
o : Liposome- TBW; (2021a)
semilaevis) supplemented potassium |FCR
. . encapsulated 0.1 TWGR
with 107 dihydrogen oduct 1SGR TPER
Bacillus subtilis phosphate P
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Diet

Spice/active . . . Feeding composition Addlt{v.e Additive . Dleta.r y Growth | Feed
g Fish species Fish BW; . Remarks composition inclusion References
principle period (dry-matter SRR format perf. perf.
. (origin if given) level (%)
basis) & &
TWGR
0.02 1SGR JFCR
R
Cinnamaldehyde 0.04 TTVSVC?R JFCR
Fat greenling o o (from Improved
(Hexagrammos 62+019g 8 weeks 51% CP +10% N/I McLin Biotech N/I 0.06 TWGR lFCR Guet al.
. CL . 1SGR (2022)
otakii) Co., Shanghai, WGR
China) 0.08 TT SGR JFCR
TWGR
0.10 1SGR JFCR
BW
Cinnamaldehyde 0.02 TTW GlfQ 1FI
(>98%; from the (0.004% cin.) 1SGR 1FE
Shanghai Menon TBW
Animal Nutrition 0.04 W GI; 1FI
Grass carp Technology Co. Essential (0.007% cin.) 1SGR 1FE Zhou et al
(Ctenopharyngodon | 2273 £0.46¢g | 60 days | 28% CP +4% CL N/I Ltd., China) 1 TBW. (2020) '
Cinnamaldehyde idella) diluted to 18% © 0.06 TWGI; TFI
with silicon (0.011% cin.) 1SGR 1FE
dioxide to BW
enhance it 0.08 TW Glf{ TFI
stability (0.014% cin.) TTSGR 1FE
Cinnamaldehyde 0105 =BW =FI
o o (from Flaka Essential ) =WG =FCR
15days | 33% CP+9% CL N/1 Chemical, oil (298%) 0210 —BW | =FI
Switzerland) ) =WG =FCR
Nile tilapia i]\?vvg sFL |l
. + - — .
(Orgochromls 102+006 g Cinnamaldehyde 0.105 “ADG _FCR (2018)
niloticus) (from Flaka Essential =SGR ~PER
75 days | 33% CP +9% CL N/I Chemical, oil (298%) =BW; i
Switzerland) 0.210 =WG —FCR
“ADG | _pER
=SGR
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o . Diet | Additive g Dietary
Spice/active . . . Feeding composition o Additive . . Growth | Feed
g Fish species Fish BW; . Remarks composition inclusion References
principle period (dry-matter ioin if o format level (© perf. perf.
basis) (origin if given) evel (%)
TBW;¢
FI
Cinnamaldehyde, TWG !
0.01 JFCR
polyoxyethylene, TWGR 1PER
monooleate 1SGR
Nile tilapia " (Tr‘:g: Sg'dfiz‘r’f gvvg;‘ |FI Abd El-
Cinnamaldehyde (Oreochromis 206+015¢g K 32% CP + 8% CL N/I lg . ! . Nanoemulsion 0.02 JFCR Hamid et
niloticus) weeks alginate (medium TWGR 1PER al. (2021)
viscosity, A-2033) TSGR ’
(from Sigma- TBW¢ |FI
Aldrich Co., St. TWG
Louis, USA) 0.03 TWGR #Ilzgﬁ
1SGR
Abbreviations:

e CP, crude protein
e CL, crude lipid
e BW, Body Weight

e BW,, Initial Body Weight
e BW;, Final Body Weight

e TL, Total Length
e FL, Fork Length
o WG, Weight Gain (WG (g) = BW - BW;)
e  WGR, Weight Gain Rate (WGR (%) =100 x WG / BW))
e ADG, Average Daily Gain (g/day)
e SGR, Specific Growth Rate

e FI, Feed Intake
e FCR, Feed Conversion Ratio
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FER, Feed Efficiency Ratio (FER = WG / feed intake)

FE, Feed Efficiency (FE (%) = 100 x FER)

PER, Protein Efficiency Ratio (PER = biomass increase / protein

intake)

LER, Lipid Efficiency Ratio (PER = biomass increase / lipid

intake)

N/1, not identified or not assessed
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