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ABSTRACT 

 
Aquaculture growth will unavoidably involve the implementation of innovative 

and sustainable production strategies, being functional feeds among the most 

promising ones. A wide spectrum of phytogenics, particularly those containing 

terpenes and organosulfur compounds, have been gaining increasing interest in 

aquafeeds, due to their growth promoting, antimicrobial, immunostimulant, 

antioxidant, anti-inflammatory and sedative properties. Although the impact of 

phytogenics upon fish mucosal immunity has been extensively evaluated, most of 

the studies fail in addressing the mechanisms underlying their pharmacological 

effects. Under this context, the set of studies gathered in this thesis aims to provide 

insights on how fish mucosal tissues are immunomodulated by phytogenics, in 

particular by the administration of a microencapsulated feed additive composed by 

garlic essential oil, carvacrol and thymol. A holistic approach integrating both key 

performance indicators and the transcriptional immune response of three selected 

mucosal tissues – gill, intestine and skin – was applied in one of the most important 

marine fish species farmed in the Mediterranean Sea, the gilthead seabream (Sparus 

aurata). The overall analysis of the results indicated that the dietary 

supplementation of garlic, carvacrol and thymol promote the gilthead seabream 

mucosal innate immunity and the mucus protective capacity, decreasing the 

mucosal tissues susceptibility to be infested by parasites and colonized by 

pathogenic bacteria, without compromising somatic growth or microbiota 

homeostasis. Therefore, the strategy evaluated is an effective and safe tool to be 

used in functional diets for aquaculture. Besides solving scientific questions, the 

overall results and added knowledge obtained from this industrial thesis aim to 

drive the development and consolidation of new nutritional tools that may be used 

to hamper emergent disease outbreaks related to the growth in intensive production 

systems and the increasing pressure of climate change. 

 

Keywords: Functional diets, phytogenics, garlic, carvacrol, thymol, sustainable 

aquaculture, Sparus aurata, functional networks, interactome, mucosal-associated 

lymphoid tissue (MALT), oral immunization, fish nutrition, pathogen challenge 
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INTRODUCTION 

 

1. Aquaculture industry growth and challenges 

 

1.1. Aquaculture global trends, challenges and sustainability 

The global increasing demand for healthy and nutritious fish and seafood products, 

derived from global demographic growth, rising incomes and changing 

consumption patterns, is a challenge that depends in great part on the growth of the 

aquaculture production sector. The Food and Agriculture Organization of the 

United Nations (FAO) has published the latest statistical information on global 

aquatic production, both from aquaculture and fisheries. In 2019, the global 

aquaculture production was of 120.1 million tonnes, a 3.6% more than in the year 

before [1]. The aquatic production has been continuously growing during the last 

three decades at an average annual rate of 2.5%, even surpassing the world 

population growth rate of 1.6% [2]. According to the FAO’s 2020 report, the global 

consumption of aquatic products per capita has increased from 9.0 kg in 1961 to 20.5 

kg in 2018, growing approximately 1.5% per year. For the sixth consecutive year, 

aquaculture production in 2018 exceeded fisheries products in the market by 17.1 

million tonnes. In the context of the projected increase of aquatic products 

consumption, aquaculture production will need to grow in parallel during the 

incoming decades, while fulfilling the 2030 Agenda Sustainable Development Goals 

(SDGs). To provide social and environmental benefits, the adoption of new and 

more sustainable fish production systems is advisable and required.  

Nonetheless, these impressive numbers should not overshadow the considerable 

decline of the global annual growth rate of the aquaculture industry observed in the 

recent years. After decades of year-on-year growth rates of 6%-10%, 2018 has seen 

an increase of just 2.0% over 2017. In fact, the average annual growth rate of 
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aquaculture is projected to slow down from 4.6% in 2007–2018 to 2.3% in 2019–2030 

[2]. 

The aquaculture rapid expansion increases its own vulnerability to many serious 

challenges that hamper the sector’s development, in some cases undermining its 

ability to achieve the sustainable necessary outcomes, and affecting negatively 

consumers’ opinion and the sector credibility [3]. A number of factors are expected 

to contribute to this slowdown, including the broader adoption and enforcement of 

environmental regulations, the decrease in the availability of water and suitable 

production locations, the decrease in productivity gains, the increasing outbreaks 

of aquatic animal diseases related to intensive production practices, and all the 

constrains associated to climate change [2].   

Experts consider that both intensified production systems and climate change favor 

the occurrence of disease outbreaks due to the farming of more stressed and 

immuno-compromised animals, and the evolution and spread of more virulent 

pathogens. This qualifies aquatic animal diseases as one of the major limiting factors 

for aquaculture development [3; 4]. Previously unreported pathogens that cause 

new and unknown diseases are forecasted to emerge and spread rapidly, causing 

outbreaks and major production losses every three to five years [2]. Changes in 

temperature and weather events may negatively affect the water quality and may 

increase the transmission of infectious diseases as well as to contributing to their 

geographic distribution expansion [3; 4]. 

In order to prevent disease outbreaks, indiscriminate prophylactic use of antibiotics 

and chemicals associated to intensive aquaculture practices can still be observed 

among some of the major aquaculture producing countries [5; 6]. However, the 

recurrent use of such therapeutics has serious side-effects on the aquaculture 

system, not only by compromising animal’s immunity, but also due to the 

potentiation of antibiotic-resistant bacteria [4]. In the European Union (Regulation 

1831/2003/EC), the ban on antibiotics as growth promoters in animal feeds due to 

the antibiotic resistance threats have forced the animal production industry to adopt 
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antibiotic-free productions [4; 7]. This has been coupled with the development of 

more sustainable alternative and/or complementary strategies to reduce the use of 

chemotherapeutic drugs in aquaculture [8].  

In addition, the latest report on Earth and Climate Change from the 

Intergovernmental Panel on Climate Change (IPCC) has underlined that it will be 

impossible to keep global temperatures at safe levels unless there is a 

transformation in the way the world produces food and manages the land [9]. 

Under this scenario, the aquaculture sector has a responsibility in this road towards 

the improvement of its environmental and economic sustainability. Therefore, in 

order to successfully solve the great challenges that the aquaculture sector is facing, 

research and innovative initiatives must be directed towards optimizing its 

efficiency and productivity, both in small and large-scale systems, as driven forces 

supporting the sustainable growth of this industry. This concept has been gradually 

assimilated by all the actors of the aquaculture’s chain of value, resulting in a 

continuous decrease in the aquaculture carbon footprint through reduced 

greenhouse gas emissions. The reduction in use of freshwater and land resources, 

the improvement of feeding management and development of effective ingredients 

and additives, the domestication of local species, and the innovation in farming 

practices are key integrative efforts to achieve the aimed sustainability and 

increased efficiency of the aquaculture industry [3; 10]. 

 

 

1.2. The aquaculture of gilthead seabream (Sparus aurata)  

 

1.2.1. Relevance of the species 

The gilthead seabream (Sparus aurata) (Figure 1) is commonly found throughout the 

Mediterranean Sea, although less frequent in the eastern and southeastern 

Mediterranean regions and very rare in the Black Sea. It is also present in the 

Atlantic Ocean from the British Isles to Cape Verde and around the Canary Islands. 



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

20 

 

It is a benthopelagic fish naturally found in coastal environments, inhabiting 

seagrass beds, rocky and sandy bottoms, as well as the surf zone until depths of 

about 30 m. Adults may be found up to 150 m deep. The gilthead seabream is an 

euryhaline species, commonly entering brackish waters where the regular salinity 

changes occur. It is a carnivorous fish, but accessorily herbivorous, that may be 

sedentary, solitary or form small aggregations. Regarding its reproductive biology, 

this species is a protandrous hermaphrodite that matures as functional males in the 

first two years (20–30 cm) and later turn into females (33–40 cm). Spawning 

naturally occurs from December to April, when water temperatures are 13–17ºC 

[11].  

 

  

Figure 1. Gilthead seabream (Sparus aurata). 

 

The gilthead seabream is a relevant species for aquaculture, representing one of the 

main farmed species in the Mediterranean area. It is mainly farmed intensively in 

sea cages, and occasionally in estuarine ponds in land in almost all Mediterranean 

countries. The main producer countries of gilthead seabream in Europe are Turkey 

with 85,000 tonnes (representing 33.7% of total production), Greece with 65,300 

tonnes (25.9%), Egypt with 36,000 tonnes (14.3%), Tunisia with 16,000 tonnes (6.3%), 

and Spain with 13,521 tonnes (5.4%). Its cultivation is also carried out in Italy, 

Cyprus and Croatia, and there are smaller productions in Malta, Israel, France, 



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

21 

 

Portugal, Albania, Algeria, United Arab Emirates and Bosnia, among others (Figure 

2). The culture period varies with location and water temperature, but usually takes 

between 18 and 24 months for a specimen to reach 400 g from hatched larvae. 

Commercial size can vary from 250 g to more than 2.0 kg depending on the target 

market and consumers’ preferences [12].  

 

 

Figure 2. Distribution of aquaculture production for gilthead seabream (Sparus aurata) in 
the Mediterranean area in 2019 by volume (tonnes, indicated as “t” in the map) and 

values (millions of euros, detailed on bottom left). Adapted from FAO, 2020 [12]. 

 

  



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

22 

 

 

  



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

23 

 

 



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

24 

 

The gilthead seabream is characterized by its high survival rate and flexible feeding 

habits, as well as its high adaptation to captive rearing, which has resulted into its 

domestication, attributes that make this species particularly suitable and attractive 

for aquaculture. However, a considerable decrease in the harvest of aquaculture 

seabream was estimated for 2020, mainly associated to the effects of the occurrence 

of punctual extreme weather phenomena and losses caused by pathologies [12]. 

 

1.2.2. Predominant diseases affecting farmed gilthead seabream  

The most frequently reported disease that affects the production on‐growing stage 

of gilthead seabream in the all the Mediterranean area is caused by the monogenean 

gill ectoparasite, Sparicotyle chrysophrii (Figures 3, 4 and 5), causing mortalities up to 

30% and with the highest prevalence occurring in late spring and summer. The 

“Winter Syndrome” or “Winter Disease” is another frequently reported disease at 

this production stage, frequently affecting gilthead seabream during the “cold” 

period of January to May [13]. Furthermore, Pseudomonas anguilliseptica is one of the 

main agents responsible for outbreaks associated with the “Winter Disease”, being 

considered a more opportunistic pathogen whose infections usually occur when 

fish are under environmental stress [14]. Regarding the hatchery phase, bacterial 

infections mainly associated to Vibrio spp., and betanodavirus infection are the most 

common affecting seabream larvae, fry and juveniles. These data were obtained 

from a recent survey in which a total of 50 production units (31 with on‐growing, 

16 with hatchery or nursery and three with processing plants) from 27 companies, 

located in 10 Mediterranean countries (Croatia, Cyprus, Egypt, France, Greece, 

Italy, Portugal, Spain, Tunisia and Turkey) have participated [13].  



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

25 

 

 

Figure 3. Adult Sparicotyle chrysophrii from the gills of gilthead seabream (Sparus aurata)  
© Ivona Mladineo 

 

 

Experts have ranked the sparicotylosis as the most important disease affecting 

specifically gilthead seabream. The infection by S. chrysophrii causes fish lethargy 

due to hypoxia and severe anaemia [15]. The reported gills’ histopathological 

lesions of the infection include lamellar shortening, clubbing and synechiae, 

proliferation of the epithelial tissue with resulting fusion of the secondary lamellae, 

and marked presence of chloride cells [16]. In addition, the spleen of parasitized 

specimens is generally increased in size and in the number of splenic 

melanomacrophage centres, suggesting increased erythrocyte destruction, and 

tissue catabolism and degeneration [17]. Secondary infections with other parasites 

and bacteria are also commonly found in fish infected with S. chrysophrii [18]. 

Consequently, sparicotylosis may reduce growth rate, increase the total feed 

conversion rate (FCR), increasing the feed requirement for > 50,000 tons in 

Mediterranean production [19]. The disease also makes the fish more vulnerable to 

handling and environmental stressors, and potentially causing mortalities reported 

within statistical records in the category “other causes”. 
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Figure 4.  Microscope observation of different Sparicotyle chrysophrii developmental stages. 
A) Freshly hatched oncomiracidium larvae of S. chrysophrii. B) Immobilized oncomiracidia 
after formalin treatment. C) Adults attached to the gills of infected gilthead seabream. D) 
S. chrysophrii adults isolated from the gills. E) Intermingled group of eggs. F) Detail of an 
egg showing the typical hooked posterior end. G) Egg treated with formalin with a dead 
larva inside. H) Egg treated with limoseptic with a dead larva stuck at the opening end 

[15]. 
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In nature, most parasites are normally present in small number on their hosts. 

However, the high densities that characterise intensive farming drive the burden of 

parasites in the farming area and increase exposure to both farmed and susceptible 

wild fish hosts [20]. This is of special relevance in sea cages where nets can represent 

an optimal reservoir for the parasite. Management of diseases comprises a 

significant part of operating costs in fish mariculture, and metazoan parasites are 

among the most problematic and challenging. Besides costs issues, parasites have 

become a significant animal welfare concern, while the chemical control methods 

usually employed for their treatment and control are under increased 

environmental scrutiny and government regulation [21; 22].  

In the particular case of gilthead seabream, there are still no prophylactics against 

S. chrysophrii [23] and the only treatment available for the control of this parasite are 

on-site sea cage treatments with formalin baths and other chemicals used in routine 

disinfections [15]. Despite their effectivity, chemical concentrations required for 

controlling and treating parasites, particularly formalin, were observed to be 

noxious for several fish species, including gilthead seabream [24]. The toxicity of 

formalin leads to the disturbance and imbalance of several physiological functions, 

particularly affecting respiration and haematological processes, due to the 

histopathological damages in gills and haematopoietic organs [24]. In turn, 

parasites are prone to develop resistance to frequently applied chemical treatments. 

A clear example of this situation, that may be extrapolated to the Mediterranean 

region, may be the Atlantic salmon farming industry, which is currently struggling 

to control salmon lice, one of the major obstacles for the further growth of the 

industry [25].  

These factors coupled to the environmental issues associated with chemical 

treatments in the open sea and the apprehension about human health risks [26] force 

the development of alternative procedures for promoting sustainable and 

environmentally friendly aquaculture practices [27]. In addition, taking advantage 

on the intrinsic host behaviour and immune response against parasites represents 

an interesting approach for disease management, aiming a shift in the current 
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disease control paradigm from reactive‐based post‐infection control to pre‐infection 

prevention methods [22]. 

 

 

Figure 5. Sparycotyle spp. parasitizing on the gills of gilthead seabream (Sparus aurata) 
[28]. 

 

 

2. Functional feed additives as sustainable prophylactics for 

aquaculture  

The traditional use of chemotherapeutants in aquaculture is decreasing and 

evolving to more sustainable alternatives due to the emergence of resistant 

pathogenic strains, their environmental impact, and the accumulation of trace 

residues in fish [29; 30; 31; 32]. These concerns have encouraged the development 

of reliable, safe and environmentally friendly methods to prevent disease, such as 

vaccines and functional feeds. Since disease outbreaks are intimately related to the 

animal’s physiological and immunological status, the application of functional 

nutritional strategies, such as the use of immunostimulatory additives as 

sustainable prophylactic tools to improve fish health management in fish farms, has 
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gained considerable attention over the last decade [33; 34]. Besides benefiting fish 

growth and feeding efficiency, functional aquafeeds may promote fish immunity 

and welfare. These benefits are obtained from the inclusion of specific (micro-) 

ingredients and bioactive compounds that aim targeting specific functions or 

metabolic products that will enhance the fish immune capacity when challenged, 

and consequently reduce stress [8]. A large number of additives or feed 

supplements, such as probiotics, prebiotics, synbiotics, postbiotic 

immunostimulants, nucleotides, phytogenics, and vitamins and minerals, are 

currently available for their inclusion in functional feeds (Figure 6). A brief overview 

of their properties and function on the organism of aquatic species is described as 

follows. 

 

Figure 6. In the design of functional feeds, a wide range of feed additives can be used to 
improve fish performance beyond the species nutritional requirements to improve growth 

and feed utilization. These functional feeds are specially designed to support the health 
and stress resistance of aquatic farmed species to the culture related practices. Probiotics, 

prebiotics, synbiotics, postbiotic immunostimulants, nucleotides, phytogenics, and 
vitamins and minerals, are among the currently available functional feed additives for 

their inclusion in aquafeeds. 
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2.1. Probiotics 

In aquaculture, probiotics are live, dead or a component of microorganisms which 

are administered orally through diet or to the rearing water, conferring health 

benefits to host by improving disease resistance, health status, growth performance, 

feed utilization, stress response or general vigor. Those health benefits are achieved 

at least in part by the modification of the host and environment microbiota 

communities [35]. The probiotics category may include different bacteria, 

bacteriophages, microalgae and yeast, which have been widely used in aquaculture 

as mono or multi-strain solutions via feed supplements or water applications. 

Commonly used probiotics in aquaculture include members of the Lactobacillus, 

Lactococcus, Leuconostoc, Enterococcus, Carnobacterium, Shewanella, Bacillus, 

Aeromonas, Vibrio, Enterobacter, Pseudomonas, Clostridium, and Saccharomyces genera. 

Multispecies probiotics may be more effective than single-strain probiotics as 

different strains present in multispecies probiotics increase the chance of their 

survival in the gut and may exert a stronger synergic effect on the host [36].  

Health benefits promoted by probiotics in aquaculture has been extensively 

reviewed [37; 38; 39]. The ability of probiotics to promote and/or improve health is 

related to their capacity to stimulate the host’s immune response and to inhibit the 

growth of pathogenic bacteria. Probiotics can interact with or antagonise other 

enteric bacteria by resisting colonisation or by directly inhibiting and reducing the 

incidence of opportunistic pathogens. Competitive exclusion has been suggested as 

being the primary mode of action of probiotics. By means of competition for 

attachment sites and nutrients, such as iron, the probiotic strains occupation of the 

gastrointestinal mucosal epithelium and mucus prevents further pathogen’s 

colonization [37]. Probiotics may exert antibacterial effects through the production 

of molecules with bactericidal activity, such as bacteriocins, siderophores, 

lysozymes, proteases and/or hydrogen peroxide. Besides, the alteration of the 

intestinal pH due to the generation of organic acids may also inhibit the growth of 

pathogenic bacteria [8].  
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Probiotics can also enhance health via host’s physiological or immune modulation 

[35; 40]. It has been reviewed that probiotics can affect elements of the non-specific 

immune system, such as increasing leukocytes following treatment. In addition, 

probiotics enhance growth performance and feed utilization in aquatic animals 

through the promotion of digestive enzymes activity, such as alginate lyases, 

amylases, and proteases [37]. Probiotics also provide a more favourable 

environment for fish through the reduction in the proliferation of pathogenic 

bacteria and harmful phytoplankton in the rearing water, as well as through the 

bioremediation of organic wastes [8]. 

Commercial probiotics have been used in aquaculture since the early 1980s, which 

are mostly from terrestrial sources and not from the environment in which the 

aquatic animals live or from the host itself. Recent studies have focused on using 

host-related microbiota as a probiotics source since they are naturally established 

within the host defence system and revealed further beneficial effects [41].  

 

2.2. Prebiotics 

Prebiotics are non-digestible carbohydrates that have beneficially impacts on the 

fish intestinal microbiota growth and/ or activity, and the fish immunity; thus, 

improving host’s health. The immunomodulatory activity of prebiotics is mediated 

through direct interactions with the host’s innate immune system or by modulating 

the growth of intestinal commensal microbiota, as they are used as energy sources 

for the enteric bacteria. To be considered as prebiotics, these functional ingredients 

must be resistant to digestion, fermentable by beneficial intestinal bacteria and 

capable to promote the growth and/or activity of microbiota groups linked with 

health and welfare of the host. Several prebiotic products are widely applied in 

aquaculture, such as inulin, fructooligosaccharide (FOS), mannan oligosaccharide 

(MOS), galactooligosaccharide (GOS), arabinoxylan-oligosaccharide (AXOS), and 

isomaltooligosaccharide (IMO) [38]. 
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Contrarily to probiotics, prebiotics are not microorganisms, but rather indigestible 

dietary ingredients that benefits the commensal enteric microorganisms. They can 

be naturally found in numerous plants, in particular the ones rich in fructan, as for 

instance, onion, garlic, artichoke, kiwi and soybeans, besides the oats and wheat, 

and plants that are rich in inulin, such as jicama and chicory root [42]. Prebiotics 

favor the escalation of probiotics in the gut due to their ability to digest them, while 

pathogens lack necessary sacchrolytic enzymes [43]. 

Besides benefiting the gut microbial population, these functional molecules also 

affect the bacteria responsible for the production of intermediate metabolites. These 

compounds, the short chain fatty acids (SCFAs), are well-known for their anti-

inflammatory properties, assisting in the regulation of the immune system. They 

also directly enhance the gut epithelial barrier function and its phagocytic capacity. 

For that reason, they are also called as immunosaccharides. Prebiotics modulate the 

immune response also by interfering with bacterial-epithelial attachment and thus, 

preventing the adhesion of pathogens [43]. 

 

2.3. Synbiotics 

Synbiotics consist of a combined application of prebiotics and probiotics. The 

synbiotic concept involves conferring the benefit of both probiotics and prebiotics 

to aquatic animals, mainly due to their synergistic effect. Their combined use aims 

to improve the survival of the probiotic organism and its fermentation efficiency, 

since the required specific substrate is readily available when administered 

together. Hence, the simultaneous presence of probiotics and prebiotics magnifies 

their beneficial outcomes upon the host, providing more benefits for aquatic 

animals when compared with the single addition of probiotics or prebiotics [34; 38]. 

Synbiotics have been used since 2005 in aquaculture to promote growth and 

immunity of aquatic animals. As part of a synbiotic, the prebiotic (i.e, FOS, MOS, 

GOS, AXOS, IMO or inulin) is hydrolyzed to mono- or disaccharides, selectively 
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increasing the probiotic biomass and colonization that is established by specific 

crosstalk between bacteria and the intestinal epithelial cells of the host, ultimately 

improving host welfare and performance [44]. 

 

2.4. Postbiotics 

Postbiotics include any substance released by or produced through the metabolic 

activity of probiotic microorganisms that exert direct or indirect beneficial effects 

upon the host. Heat‐killed probiotics also function as postbiotics as they retain 

important bacterial structures with potential to exert biologic activity in the host 

[45]. As postbiotics do not contain live microorganisms, the risks associated with 

their intake are minimized [39]. 

During their growth, microorganisms produce biopolymers with different chemical 

properties. that can be released outside the bacterial cell wall, forming a 

heterogeneous group of substances called exopolysaccharides (EPSs). Among the 

vast list of compounds produced by microorganisms and reputed as postbiotics 

[46], a popular example of EPSs are the β-glucans. β-glucans are complex 

polysaccharides found in yeasts, mushrooms, algae or cereals, such oats and barley, 

that are often reported for their immunomodulatory properties, being used as part 

of both prophylactic and therapeutic strategies. There is structural variability 

between β-glucan molecules that influences their chemical properties and 

functional activity. Immunomodulation effects are usually associated to β-glucans 

with higher molecular weight, although the direct relationship between structure 

and activity remains unclear [47]. The principal reported benefits of β-glucans in 

fish are immune stimulation and modulation, improved resistance to stress, and 

increased growth and survival. Anyway, those results may vary among studies 

depending on glucan source, dose, fish species and age [48; 49]. 
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2.5. Organic acids 

Organic acids, such as citric, fumaric, formic, lactic, butyric and propionic acids, 

have traditionally been used as storage preservatives in food and feed ingredients 

for preventing product deterioration caused by fungi and microorganisms [50]. 

Currently, they are widely applied in farmed animal feeds to control bacterial 

pathogens, although their effects on growth, nutrient utilization, mineral 

availability and gut microbiota are also documented [51]. These acids are commonly 

referred to as SCFAs and are produced through the microbial fermentation of 

carbohydrates by various bacterial species under different metabolic pathways and 

conditions. Some lower molecular weight organic acids are also naturally formed 

within the large intestine by anaerobic microbiota communities, although most 

organic acids commercially used in feeds are produced synthetically. Blends of 

organic acids are particularly applied in animal feeds as they present a broad 

spectrum of antimicrobial activity against a wider range of potential pathogenic 

bacteria, with potential synergistic effects upon growth performance and nutrient 

utilization. Organic acid‐supplemented diets have consistently been reported to 

show improved feed intake, growth, feed utilization efficiency, overall health and 

disease resistance in farmed animals, including aquaculture relevant species. They 

were also observed to reduce the negative impact of alternative plant-based 

proteins increasingly used in aquafeeds [52]. Moreover, as a result of diet 

acidification, the reduction in P and N excretion due to improved mineral utilization 

favors the formulation of more environmentally friendly aquafeeds. The reduction 

in the microbial load of the excreted faecal matter from farmed fish fed organic 

acids-supplemented feeds might benefit water culture systems [51]. 

 

2.6. Nucleotides 

Nucleotides (NT) are low‐molecular weight intracellular compounds that represent 

the building blocks of nucleic acids, playing key roles in nearly all biochemical 

processes. Under healthy conditions, NT are produced of through the recycling of 
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dead cells and the degradation of RNA and DNA (salvage pathway); or through 

direct de novo synthesis from amino acids precursors, such as glutamine, formate, 

glycine and aspartic acid. However, due to their high energy requirement, synthesis 

of NT may become limiting under stressful conditions, such as infection or during 

fast growth and developmental periods [53]. 

Besides their possible involvement in diet palatability, fish feeding behavior and 

biosynthetic pathways, dietary supplementation of NT have shown promising 

results in enhancing immunity and disease resistance in aquaculture relevant 

species [54]. Research on dietary NT has shown that they may improve aquatic 

species growth in early stages of development, enhance larval quality via 

broodstock fortification, improve intestinal morphology, increase stress tolerance, 

as well as modulate the innate and adaptive immune responses, showing enhanced 

resistance to viral, bacterial and parasitic infections. In addition, NT were also found 

to reduce the negative effects of alternative plant-based proteins which leads to the 

increase of the feed efficiency, increasing growth and health performances of 

aquaculture species. Thus, it is hypothesized that NT may be beneficial and essential 

nutrients in plant protein‐based diets, particularly for young fast-growing fish [53]. 

 

2.7. Vitamins and minerals 

Vitamins cannot be synthesized by animals in sufficient amounts to meet their 

nutritional and physiological needs and, therefore, must be obtained from the diet. 

Vitamins play essential roles in the maintenance of normal metabolic functions, 

acting principally as cofactors for enzymes, whose inadequate supply leads to 

reduced enzyme activities resulting into poor growth, low survival and increased 

susceptibility to infections, among other deficiency signs and symptoms [55]. For 

instance, many fish and crustacean have limited ability to synthesize vitamin C due 

to the absence of L‐gulonolactone oxidase that is responsible for its biosynthesis. 

Thus, signs of deficiency are observed when vitamin C is excluded from the diet. 
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Vitamin C has been known as a major antioxidant and immunomodulator 

micronutrient, correlating with enhanced aquatic animal performances. Vitamin C 

is as a water‐soluble antioxidant able to scavenge free radicals including ROS and 

reactive nitrogen species, avoiding cellular damages from radical components. It 

has also been proposed to increase fish immune response, promoting serum 

bactericidal activity, phagocytic activity, immunoglobulins levels and lysozyme 

activity [56].  

Trace minerals, such as Zn, Mn, Cu and Se, are required in small quantities, but 

participate in a wide variety of biochemical physiological processes. General 

function of minerals includes being components of key enzymes and vitamins, 

structural constituents of tissues, balance of osmotic pressure, and transmission of 

nerve impulse and muscle contractions. Those referred, have been particularly 

associated with an improvement of the immunity or function that support 

immunity, and antioxidative protection in cultured aquatic animals [56]. 

 

2.8. Phytogenics 

Phytogenic feed additives, sometimes also referred to as botanicals or phytobiotics, 

are a group of natural substances of plant origin, derived from herbs, spices and 

plant whole parts or extracts. These substances are used as feed additives in animal 

nutrition and have been gaining increasing interest in the aquaculture sector during 

the last decade [57]. Among other additives such as the ones previously mentioned, 

phytogenics are important prophylactic and therapeutic tools that exert a positive 

impact on the health and welfare of farmed animals, as well as production systems, 

without any known environmental and hazardous problems associated to their 

administration. In this context, phytogenics are viewed as promising sustainable 

solutions for conventional and antibiotic-free animal nutrition [4; 57]. 

The health-promoting properties of phytogenics have been extensively reviewed in 

different aquaculture species [57; 58; 59; 60; 61; 62; 63].  Several studies reported 
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numerous phytogenics to enhance the immune response of fish, in which several 

classical immune markers, such as lysozyme, complement, antiprotease, 

meloperoxidase, reactive oxygen species (ROS), reactive nitrogen species, 

phagocytosis, respiratory burst activity, nitric oxide, total haemocytes, glutathione 

peroxidase (GPx), phenoloxidase and antibacterial activity in both serum and 

mucus samples were reported to be positively affected by the administration of 

phytogenics in aquafeeds [8; 57]. Phytogenics were also reported to effectively 

enhanced fish growth and disease survival, regardless of the trophic level of the fish 

species studied, the duration of the treatment or the type of material used [57].  

Plant secondary metabolites have functional roles independent from plant growth 

and development; thus, protecting plants from herbivore and pests, or acting as 

chemoattractants for pollinators [64]. These bioactive compounds are broadly found 

in aromatic plants extracts, such as essential oils (EO), and are usually present as 

mixtures, mainly represented by phenolics and terpenes that are chemically 

characterized by their aromatic rings [65]. Therefore, their benefits as dietary 

supplements are subject to the variability and complexity of the aromatic 

compounds’ mixture, apart from their synergistic effect, their origin, the dietary 

inclusion level and their pharmokinetics [66]. These compounds are used for their 

recognized growth promoting, antimicrobial, immunostimulant, antioxidant, anti-

inflammatory and sedative properties. In particular, phytogenics derived from 

Lamiaceae family and Allium sp. are among the most widespread administrated 

plant-based additives in aquaculture [60] and livestock [67; 68]. Although they can 

be found worldwide, some representatives of this group of aromatic plants (i.e., 

oregano, thyme, basil, menthe, rosemary, sage, marjoram, garlic and onion, among 

others) are particularly present and traditionally consumed in the Mediterranean 

area and appreciated in terms of human nutrition and therapy [69; 70]. 

Combinations of different phytogenics are also promising strategies for the 

formulation of functional feeds duet to their potential synergistic effects. Under the 

vast range of phytobiotics that have been tested in aquafeeds, this thesis is focused 

on the evaluation of a blend of garlic essential oil and the predominant bioactive  
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compounds found in oregano and thyme – carvacrol and thymol –as a functional 

feed additive for aquaculture. 

 

2.8.1. Garlic  

Garlic (Allium sativum) and its organosulfur bioactive compounds are recognized 

for their therapeutical potential since ancient times. They have shown health-

promoting and disease-preventing effects on several human common diseases, such 

as cancer, cardiovascular and metabolic disorders, blood pressure and diabetes; 

effects that have been demonstrated in several in vitro, in vivo and clinical studies 

[71]. Due to those health-promoting properties, these phytogenics have been also 

widely used as a feed supplement for farmed animals [72]. In aquaculture, the 

effectiveness of garlic extract as an immunostimulant, antimicrobial and 

antiparasitic agent has been demonstrated in several fish species [73; 74; 75; 76; 77]. 

Garlic-based treatments have been demonstrated to be particularly effective as a 

therapeutic agent against parasites [77; 78; 79], including monogeneans [80; 81]. 

Ajoene, one of the main garlic’s organosulfurs, was described to interfere with 

parasite and host cell membrane protein and lipid trafficking, with irreversible 

detrimental consequences for the parasite [82]. 

Garlic dietary administration was also reported to positively impact the gut health 

of aquatic species through its ability to modulate the intestinal microbiota [83]. In 

fact, garlic is known for its wide-spectrum of antimicrobial activity that is attributed 

to the organosulfur compounds ability to penetrate the bacterial cell membranes, 

cause changes in the structure of thiol (-SH) containing enzymes and proteins, and 

lower the expression of important genes involved in the QS in bacteria. This effects 

consequently inhibit the growth of both Gram-positive and Gram-negative bacteria 

[84]. Many reports have described garlic bactericidal activity against common fish 

pathogenic bacteria [61]. These antibacterial properties can be also translated to the 
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skin mucus of fish fed garlic-supplemented diets, in which an increase of the skin 

mucus antibacterial capacity is observed [85]. 

Additionally, dietary garlic has been described to increase fish immune cells 

number and enhance their phagocytic capacity [73; 86; 87] Garlic organosulfur 

compounds have been also reported to stimulate inflammatory immune responses, 

promoting the release of pro-inflammatory cytokines, enhancing the proliferation 

of lymphocytes, macrophage phagocytosis and modulating the infiltration of 

immune cells [88]. It was also demonstrated that depending on the organosulfur 

compound considered, it can either augment cells’ phagocytic function and, 

consequently, ROS production, or inhibit those cell’s spontaneous ROS production 

[89]. This apparent antagonistic effect evidences the pleiotropic protective effects of 

garlic extracts and essential oils, being simultaneously capable of inducing immune 

responses and anti-inflammatory counteractions. 

In accordance, garlic supplementation in aquafeeds has been also described to 

improve fish antioxidant status [90; 91]. The detoxification and chemoprotective 

benefits from various organosulfur compounds have been associated to their ability 

to scavenge free radicals and selectively enhance or suppress the synthesis of 

several antioxidant enzymes (at gene and protein level), such as cytochrome P450 

enzymes or glutathione S-transferase (GST) [92], exerting a direct effect upon 

immune cells [93]. In this line, their anti-inflammatory activity upon immune and 

epithelial cells was associated to the inhibition of ROS production and the 

modulation of the NF-kB and MAPK signalling pathways [94; 95]. 

Besides, garlic inclusion in fish diets has been also reported to improve feeding 

efficiency and growth performance [83; 85; 96; 97], as well as fish flesh quality due 

to its hypolipidemic characteristics [61]. At physiological level, garlic reduces the 

levels of stress-related markers, potentially improving animal welfare [90; 98]. 

Overall, garlic’s known therapeutical benefits, in addition to its economical and 

practical characteristics, suggest that the application of garlic-based phytogenics in 



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

42 

 

functional feeds may represent an effective prophylactic tool to be used in 

aquaculture health management.  

 

2.8.2. Carvacrol and thymol 

Oregano (Origanum vulgare) and thyme (Thymus vulgaris) are members of the family 

Lamiaceae native from the Mediterranean regions and Eurasia. They contain high 

amounts of essential oils and have been widely used in many countries as culinary 

herbs and for different medicinal purposes [99; 100]. They are among the most 

commonly used aromatic plants in animal feeds because of their richness in terpene 

phenolic compounds like carvacrol and thymol [58; 101]. These phytogenics and 

related bioactive compounds have been used in aquaculture for their wide range of 

properties such as antimicrobial, immunostimulant and anti-oxidative activities, 

and the ability to enhance intestinal absorption, to improve growth and even to 

reduce cumulative mortality [58; 101]. 

Carvacrol and thymol are particularly studied and recognized for their bactericidal 

activity, since their lipophilic character act as bacterial membrane permeabilizers 

with cytotoxic effects upon bacterial structure and function, leading to membrane 

expansion, fluidity and permeability, disturbance of the membrane-embedded 

proteins, respiration inhibition and alteration of ion transport. In addition, carvacrol 

and thymol were demonstrated to act as quorum sensing (QS) inhibitors, reducing 

bacterial biofilm formation. Carvacrol in particular, is able to inhibit bacteria 

motility, collapsing the proton-motive force, depleting the ATP pools and 

preventing the synthesis of flagellin [102]. This bactericidal property highlights the 

ability of these compounds to potentially modulate mucosal tissues associated 

microbiota. In fact, diets supplemented with phytogenics rich in these compounds 

have been reported to modulate the intestinal microbiota composition exerting 

beneficial effects upon fish gut health [103], as well as improving the skin mucus 

antibacterial capacity [104; 105]. 
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Together with their well-studied bactericidal potential, these phenolic compounds 

are described to possess antioxidant, anti-inflammatory and consequent 

immunomodulatory properties [106]. The reported strong antioxidant activity of 

carvacrol and thymol rely on their ability to scavenge free radicals, inhibiting 

reactive oxygen species (ROS) and other oxygen radicals generated in cells and 

tissues [107]. Regarding their anti-inflammatory potential, carvacrol and thymol 

appear to interfere with the NF-kB and MAPK pathways, modulating the 

expression of pro-inflammatory and anti-inflammatory cytokines [108; 109]. In 

aquaculture, diets enriched with carvacrol, thymol or related phytogenics were 

described to improve overall fish antioxidant status [110; 111], as well as to 

significantly enhance leukocytes number and phagocytosis [110; 112; 113].  

Regarding their antiparasitic potential, several bath treatments with different EOs 

rich in carvacrol and thymol proved to be effective anthelmintics [114; 115; 116]. The 

antiparasitic action of these compounds has been associated to their presence in the 

skin of fish after dietary supplementation [117]. 

 

 

3. Fish mucosal tissues as targets for functional feed additives 

Aquatic farmed species are more dependent on mucosal barriers than their 

terrestrial counterparts, as they are continuously interacting with the aquatic 

environment and associated microbial community, which frequently contains a 

higher burden of antigens. Since mucosal barriers constitute the fish first line of 

defence against the surrounding environment and potential pathogens, an 

increasing trend to evaluate the impact of functional feed additives upon the 

mucosal immunity has been gained importance in recent years.  

Regarding their vital immunological roles, fish mucosal tissues are characterized by 

a mucosa-associated lymphoid tissue (MALT), harbouring diverse myeloid and 
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lymphoid cells that are responsible for the host protection against pathogens and 

antigens, while tolerating beneficial microbiota colonization to maintain mucosa 

homeostasis [118; 119]. Six different MALTs have been described so far in teleosts. 

The gill-associated lymphoid tissue (GIALT), the gut-associated lymphoid tissue 

(GALT), the skin-associated lymphoid tissue (SALT), the nasopharynx-associated 

lymphoid tissue (NALT) and, the more recently characterized the buccal, and 

pharyngeal MALTs [120; 121]. Other mucosal immune systems have been 

hypothesized and are currently under study [122; 123] (Figure 7).  

 

 

Figure 7: Studied and putative mucosa-associated lymphoid tissues (MALT) in teleost. “?” 
indicates potential fish MALTs that remain to be clearly characterized [123]. 

 

 

Despite the existence of other MALTs, the GIALT, GALT and SALT are the most 

studied and well characterized ones and therefore, they were selected as targets for 

the evaluation of the phytogenics’-based additive tested in this thesis. As follows, a 

small review of their correspondent mucosal tissues is presented, taking into 

account tissue functionality, basic morphological characteristics, role played in the 

defence of the organism, microbiota, and potential as targets for nutritional 

strategies. 
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3.1. Gills 

The fish gills have several vital functions, as they are involved in the respiration, 

osmoregulation, nitrogenous waste excretion, pH regulation and hormone 

production. To ensure such exchanges between the organism and the outer external 

aquatic environment, a short distance between the blood and water, and a thin 

mucus layer covering gill’s epithelia is necessary. Its surface also represents the 

largest organ-specific surface that interacts with the external environment [124]. 

Such semipermeable features characterized by large area and short distance 

promote a high efficiency of gas exchange, but also facilitate the uptake of foreign 

substances or invasion by infectious agents. In this sense, gills are a significant 

portal of entry for several pathogens. Gill diseases and/or damage cause substantial 

losses in the aquaculture industry, not only through an increased fish mortality, but 

also through the impairment of their growth, increase in FCR values, and associated 

sanitary and treatment costs [23; 125].  

The external gill surface consists of apical plasma membranes and a glycocalyx 

attached to those membranes. Glycocalyx is a carbohydrate-rich layer that forms the 

outer coat of cells, composed by oligosaccharides, including sialic acid residues, 

present in glycolipids and glycoproteins, glycosaminoglycans and polysaccharides. 

Furthermore, the thin mucus at the gill surface consists mostly of gel-forming 

glycosylated glycoproteins called mucins secreted from mucous cells, which 

thickness must be balanced according to the short diffusion distances necessary for 

gas exchange. The continuous secretion of mucins by goblet cells leads to physical 

removal of attached pathogens or toxins, as well as to the establishment of 

commensal microbiota [126]. The content of immune molecules in gill mucus has 

not been examined to the same extent as for other mucosal tissues, such as the skin 

or the intestine. However, a long list of common molecules, such as lysozyme and 

immunoglobulins, indicates high similarities between mucus secretions produced 

by different mucosal tissues [124]. 
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Fish gills, as other mucosal tissues, are particularly characterized by a MALT, the 

gill-associated lymphoid tissue (GIALT), harbouring diverse myeloid and 

lymphoid cells that are responsible for the host protection against pathogens and 

antigens, while tolerating beneficial microbiota colonization to maintain mucosa 

homeostasis [118; 119; 127].  

Compared to other organs, gills are very high in MHC class I and II expression, 

which is predominantly associated to antigen-presenting cells including dendritic 

cells and macrophages. It has also been described for some fish species the presence 

of the interbranchial lymphoid tissue (ILT) mainly containing T cells embedded in 

the epithelium. In fact, increasing evidences points towards the gills as one of the 

major organs involved in the immune response [128].  

For that reason, during the recent years gill immune responses were studied as a 

target for vaccines, by mean of bath immunization where the gill with its large 

surface is one of the promising sites of vaccine uptake [129]. Consequently, 

understanding gill physiology including uptake and immune response mechanisms 

is of utmost importance for designing effective therapeutics. The schematic 

comparative representation of the main immunological components of the GIALT 

in relation to other mucosal tissues in fish is depicted in Figure 8. 

Gills support high populations of a wide range of bacterial genera. The cultivable 

microbial communities of the gills are typically of the same order or lower than 

those reported in the skin and gastrointestinal tract. In fact, it has been suggested 

that due to the continuous water current passing over the gills, this organ represents 

a tough habitat for microorganisms and that microbial colonization is more 

restricted to protected areas, such as clefts between pharyngeal arches and lamellae 

[124]. However, they represent a perfect environment for hematophagous 

ectoparasites, such as the S. chrysophrii, which despite the fish local and systemic 

response against its infection, may be able to modify the host’s immunity in its own 

interest, representing a significant challenge for the health management of these 

parasites [23]. 
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3.2. Intestine 

The gastrointestinal tract of vertebrates is a multifunctional organ, which carries 

many important and diverse physiological functions, such as digestion, chyme 

lubrication, nutrient uptake, osmoregulation, nitrogen metabolism, appetite 

regulation and defence [130]. The intestinal epithelium of fish consists of a single 

layer of columnar epithelial cells, called enterocytes. The enterocyte apical 

membrane is characterized by the presence of microvilli, which form a brush border 

contributing to nearly 90% of the total intestinal surface area, depending on the area 

of the intestine and the fish species. The epithelial cells are also responsible for the 

enzymatic activity at the brush border membrane.  

The gastrointestinal tract of fish is continuously challenged with food antigens as 

well as bacteria, viruses, parasites and toxins. Therefore, the gut epithelial cells are 

in continuous renewal, as well as being protected by a mucus layer that creates a 

physical and chemical barrier against external threats. Goblet cells are the dominant 

mucous cell type in fish intestine epithelium, which are responsible for mucus is 

discharge. As mentioned before, the main molecules found in the mucus are 

mucins, which play an important role in the maintenance of the epithelial barrier 

against pathogens. The gut mucus is also implicated in nutrient uptake and 

digestion, or even in the uptake of oxygen in the case of air-breathing fish. Thus, the 

intestinal mucus is a semipermeable barrier that allows the uptake of 

macromolecules required for nutrition, but acts in the same time as an effective 

barrier to particulate matter and microorganisms. Furthermore, this mucus layer 

acts as an important mechanism of innate defence that maintains mucosal tissue 

homeostasis [131]. Antimicrobial and other immune-related molecules are secreted 

into the teleost gut mucus, although proteases from luminal bacteria and their 

degradative ability against immune factors difficult to detect their presence in 

significant levels, being mostly observed inside fish intestinal goblet cells. 

Among the several intestine’s functions, defence is one of the most important, since 

the gut is one of the physical barriers that pathogen encounter and have to surpass  
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in order to invade the organism. Fish gastrointestinal tract contains a gut-associated 

lymphoid tissue (GALT) that has the remarkable capacity to differentiate between 

beneficial and potentially dangerous material, promoting protective immune 

responses against harmful microorganisms and toxins while accepting food 

antigens and commensal microbiota [132]. This MALT is of special relevance for the 

aquaculture industry, since farmed fish are generally fed commercial feeds, which 

therefore allows the manipulation of the fish health through functional feeds. In this 

sense, the schematic comparative representation of the main immunological 

components of the GALT in relation to other mucosal tissues in fish is illustrated in 

Figure 8. 

Similar to higher vertebrates, fish gut is also characterized by neural and endocrine 

systems. Most activities involved in the physiological control of the gastrointestinal 

function during feeding or fasting periods are mediated by neuroendocrine 

systems, playing important roles in the overall regulation of digestion. 

Gastrointestinal hormones are synthetized and secreted by enteroendocrine cells 

distributed throughout the intestinal tract. This neuroendocrine system may also 

interact with the local immune system, in which changes in hormone secretion, such 

as cortisol for instance, might modulate the gut immune responses, the intestinal 

motility and the microbiome [133; 134]. 

Fish gut is characterized by a complex association of microorganisms that play 

critical roles in the health of the host at both local and systemic levels. This 

microbiota community consists of members of the Archaea and Bacteria, viruses, 

protozoa and yeasts. These microorganisms can be classified as allochthonous or 

autochthonous, depending on their location and residence within the 

gastrointestinal tract. While the allochthonous microbiota are mainly transient, 

passing through the lumen with food and digesta, the autochthonous microbiota 

comprises resident communities that live in the host mucus layer or in close 

proximity to the mucosae. Beyond their described nutritional functions, the gut 

microbiota is also recognized as a key component of the mucosal barrier function, 

competing against pathogens and participating in the host mucosal development 
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and immune response [135]. However, most of the studies available have focused 

on pathogens and disease, with limited information on the crosstalk between 

microbiota and the fish mucosae. Although the gut microbiomes of fish are well 

studied in comparison to other mucosal tissues, they remain partly described and 

their influence on the host is still poorly understood [136]. 

Moreover, the fish gut microbiota can be manipulated through feed and water. 

Altogether, despite its intricate immune system, the intestinal tissue became an 

attractive target for functional feeds in aquaculture. The rules that govern mucosal 

immunity, however, are very different from those that govern systemic immunity. 

Thus, implementing effective mucosal immunotherapies for aquaculture species 

requires an in-depth understanding of the mucosal immune system of fish. 

 

3.3. Skin 

The structure and function of fish skin reflects the adaptation of the organism to the 

physical, chemical and biological properties of the aquatic environment. The fish 

skin covers the outer surface of the fish, including the body and fins, separating the 

organism from its environment and representing a critical interface for contact and 

communication with its external milieu [137].  

The skin, sometimes referred to as integument, is the largest organ of the fish body. 

It has a complex structure that serves numerous vital functions, such as protecting 

fish from abrasion and predation, protecting from microorganism invasion and 

chemical insults, preserving hydrodynamics, maintaining osmotic balance, 

participating in gas exchanges, or communicating with the environment and other 

organisms through tactile, thermal and chemical sensors. In general, teleosts’ skin 

is divided in three layers: the cuticle or mucous layer, the epidermis and the dermis. 

Contrary to mammals, the fish epidermis is a stratified epithelium of variable 

thickness which epithelial cells are majorly alive and metabolically active, retaining 

their capacity for mitotic division and being continuously replaced by living cells 

beneath. The skin epithelial cells are also involved in an exclusive wound repair 
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mechanism in which, after damage, these cells migrate collectively toward the 

wound, rapidly covering it and providing a protective barrier against opportunistic 

pathogens. In its turn, the dermis is mainly composed of dense connective tissue 

with a large amount of collagen fibers and typically containing bony scales, while 

the hypodermis consists of both loosely organized collagen fibers and a rich supply 

of blood vessels, which innermost layer contacts with the striated muscle 

underneath the skin. Skin is also characterized by its important mucosal immunity 

associated to the skin-associated lymphoid tissue (SALT), containing a variety of 

leukocytes, including lymphocytes, plasma cells, macrophages and granulocytes, 

some with the ability to migrate through mucous secretions [137]. Similar to the 

other mucosal tissues studied in this thesis, the schematic comparative 

representation of the main immunological components of the SALT in relation to 

the other mucosal tissues in fish is illustrated in Figure 8. 

As being the largest fish mucosal tissue, the presence of the external mucus that 

covers all the living epithelial cells is one of its most distinctive features. This thin 

semipermeable mucosal layer separates the fish from its aquatic environment, 

trapping and immobilizing foreign particles and potential pathogens before they 

can contact with epithelial cells, being then removed from the skin mucosae by 

mucus constant secretion and replacement [138]. This dynamic characteristic of the 

fish mucus affects both quantity and quality of the substances present in it, 

representing one of the most important mechanisms of the skin innate immunity 

system [139]. As for the other mucosal tissues, this mucous layer is mainly 

composed by mucins and it is secreted by goblet cells, which are located in the 

epidermis. Additionally, the exterior surface of outermost fish skin epithelial cells 

is characterized by microridges that help retaining the mucus secretions on the skin 

surface [140]. 

The antimicrobial properties of epidermal mucus against pathogens, both bacteria 

and viruses, have been demonstrated in several fish species [141]. It is known that 

the repertoire of innate immune molecules contained in teleosts’ mucus, such as  
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lysozyme, complement, proteases, immunoglobulins, lectins, among others, is more 

diverse than that of mammals. In particular, teleost skin is a major source of 

antimicrobial peptides (AMPs), such as hipposin, piscidin, pleurocidin, parasin, 

defensin and hepcidin, whose overall expression is of approximately 70% in the 

skin, while only 52% and 29% in the gills and gut, respectively [131].  

Nevertheless, the fish epidermal mucus may also be an adhesion site for 

microorganisms that are adapted to evade or resist its immunological components. 

Epidermal mucus components can even be metabolized by some organisms in a 

mutualistic relationship between the fish and the skin microbiota. In fact, part of the 

multifunctionality of the epidermal mucus is derived from its microbiota content, 

which in turn can also interfere with pathogen colonization through antagonistic 

activity and competition for adhesion sites and/or nutrients [142]. 

 

 

Figure 8.  Schematic representation of the similarities and differences between teleost fish 
skin, gills and gut (adapted from Gomez et al. [131]). 

 



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

55 

 

4. Tools for evaluating functional feed additives  

While numerous in vivo studies have demonstrated an improvement of the fish 

immune responses after the administration of functional feeds, the current 

information about the inherent effects of feed additives upon immunity is limited 

under in vitro conditions. In fact, most of the studies dealing with functional feed 

additives, particularly phytogenics, are exclusively focused in physiological or 

biochemical responses, and experimentally-controlled disease challenges, with few 

of them trying to elucidate the cellular and molecular mechanisms underlying their 

immunostimulatory capacity (Firmino et al. 2021 under revision, Chapter IV).  

However, an array of new cellular and molecular tools has become available over 

the last several years, which allows deeper and wider understanding of those 

mechanisms. These data combined with classical approaches, like histological 

studies, humoral immune parameters, and biotic or abiotic challenges, can provide 

useful information for proper understanding of the mode of action of functional 

feed additives, an approach that contextualize organ and tissue responses under the 

cellular and gene expression levels. In this sense, omics tools can provide 

meaningful answers to characterize the complex teleost immune responses to the 

administration of phytogenics, in particular those regarding the less known fish 

mucosal immunity, in which intricate interactions occur between immune, 

epithelial, neuroendocrine, and mucus secreting cells, antigens and microbiota, and 

environmental signalling [143]. Modern omics technologies include genomics, 

proteomics and transcriptomics. Transcriptomic studies in aquaculture have 

gradually progressed from the traditional approach of single gene expression 

analysis to more recent high throughput sequencing techniques, including 

microarrays and transcriptome sequencing (RNA-seq) (Figure 9) [144].  
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Figure 9: Schematic overview of transcriptomics approaches, using microarrays or 
transcriptome sequencing. Although the technologies differ, both approaches compare all 

the mRNAs present in biological samples under different conditions, and provide 
quantifications of the abundance of all gene transcripts for each sample (adapted from 

Wertheim, 2012 [145]). 

 

 

Nutrigenomics in particular, have not only enhanced the understanding of 

biological markers for nutrition‐related diseases, but they have improved the 

development of feed additives targeting the immunity in aquatic animals [144]. This 

useful approach allows to get a comprehensive understanding of different humoral 
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and cellular immune components present in fish, as well as their regulation after 

different stimuli, including natural or experimental infections, and/or different 

biotic or abiotic stressors. Overall, functional omics tools provide multifaceted 

applications ranging from monitoring host’s physiology, microbial communities, to 

optimizing feed formulations and evaluate more in deep feed additives for 

aquaculture [38]. In this thesis, the microarray approach was selected in order to 

provide insights into the immune-related transcriptomic profile of the mucosal 

tissues of interest. 

To gain greater biological insight on the transcriptional regulation that might be 

modulated by functional diets, various analyses can be performed, such as: a) 

determining the enrichment of known biological functions, interactions or 

pathways; b) identifying genes’ involvement in pathways or networks by grouping 

genes together based on similar trends; and c) using global changes in gene 

expression, such as by visualizing all significantly up- or down-regulated genes in 

the context of the experimental setting. For this purpose, several bioinformatics 

tools for functional analysis of gene transcriptomic data have being available in the 

last years [146].  

Furthermore, the combination of omics tools and other complementary analysis, 

such histochemistry, mucus and serum metabolites description, mucus and serum 

antibacterial activity evaluation, measurement of enzymatic activity, microbiota 

characterization, pathogenic and stress challenges, among others, allows to 

contextualize the physiological and immunological responses that may be obtained 

through gene expression functional analyses into the in vivo scenario. This 

complementary analysis may provide relevant clues on the mechanisms underlying 

the immunostimulatory properties of feed additives under development for 

commercial purposes.  

Under this context, in this thesis the following methodological approaches have 

been used for further characterization and validation of the phytogenics-based 

additive of interest (Figure 10).  
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Figure 10: Summary of the complementary analysis performed in the gills, intestine and 
skin of gilthead seabream (Sparus aurata) in order to provide complementary evidence to 
the transcriptional data in the evaluation of effect of the tested functional feed additive 

upon mucosal tissues. 

 

 

In summary, the overall evaluation of the feed additive upon each of the target 

mucosal tissues was determined by: 1) a microarray-based transcriptomic analysis 

of the gills, intestine and skin; 2) a functional enrichment analysis to identify classes 

of over-represented genes that may have an association with particular biological 

responses; and 3) the application of complementary methodology in order to 

support the molecular study (Chapter I, II and III). Regarding the complementary 

methodologies used, these varied depending on the target tissue considered. For 

instance, a parasitic co-habitation challenge was applied for the gills’ study, as well 

as a histochemical analysis of mucins produced by branchial mucous cells (Chapter 

I). Secondly, a microbiota analysis based on 16S rRNA sequencing was conducted 

to evaluate the potential effects of the tested phytogenics on the microbiota 
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composition and its modulation, and subsequent gut health, as one of the main 

performance indicators of animal welfare (Chapter II). On the other hand, the 

antibacterial capacity of the skin mucus was evaluated in order to assess the 

protective effects of the tested feed additive against other potential pathogens. As 

indicators of fish welfare, stress-related markers were also measured in the skin 

mucus as a less-invasive strategy for determining the fish health status (Chapter III).  
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OBJECTIVES 
 

 

General objective 

 

 To study and characterize the effects of a microencapsulated combination 

of phytogenic feed additives (garlic essential oil, carvacrol and thymol) 

upon the mucosal tissues – gills, intestine and skin – in gilthead seabream, 

as well as its effectiveness against common pathogens, by means of 

complementary analysis approaches.  

 

 

Specific objectives 

 

 To determine the effect of the administration of the phytogenics-

supplemented diet on gilthead seabream growth parameters during the 

on-growing stage. 

 

 To describe the gills’ transcriptional immune response to the phytogenics-

supplemented diet administration; 

 

 To describe the gill’s histochemical alterations at 

cellular level promoted by the tested functional 

additive; 

 

 To evaluate the antiparasitic properties of the 

tested functional diet in vivo against the major 

parasitic pathogen affecting farmed gilthead 

seabream, Sparicotyle chrysophrii. 
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 To describe the intestine transcriptional immune 

response to the phytogenics-supplemented 

diet administration; 

 

 To analyse the impact of the phytogenics-

supplemented diet administration on the 

composition and functionality of the intestinal 

microbiota in gilthead seabream.  

 

 To describe the skin transcriptional immune response to the phytogenics-

supplemented diet administration; 

 

 To evaluate the protective effect of the tested functional diet in the gilthead 

seabream skin mucus against the bacterial growth of two of the major 

pathogens affecting farmed gilthead seabream, Vibrio anguillarum and 

Pseudomonas anguilliseptica; 

 

 To evaluate the effect of the tested functional diet upon the fish allostatic 

load, through the measurement of stress-related 

markers present in the skin mucus of gilthead 

seabream. 

 

 To provide insights into the molecular and 

cellular mechanisms underlying the 

immunostimulatory effects promoted by the 

tested phytogenics-supplemented diet.  
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DISCUSSION 
 

 

Responding to ever-growing aquaculture challenges: functional 

feeds as a sustainable strategy for preventing disease outbreaks 

In the last 20 years, consumers from low- to high-income countries have benefited 

from year-round availability and access to aquatic foods due to continuous 

aquaculture growth [1]. To supply the increasing fish and seafood demand derived 

from a steadily demographic growth and changes in human seafood consumption 

patterns, aquaculture will continue to be the driving force behind the growth in 

global fish production, extending a decades-old trend. World aquaculture 

production is expected to expand from 179 million tonnes in 2018 to 204 million 

tonnes in 2030 (15% over 2018) [2]. To provide social and environmental benefits, 

sustainable aquaculture production practices are mandatory. However, despite the 

impressive gains mentioned, the aquaculture rapid expansion increases its own 

vulnerability to many serious challenges that hamper the sector’s development. In 

some cases, undermining its ability to achieve those sustainable necessary outcomes 

and affecting negatively consumers’ opinion and the sector credibility. In fact, the 

average annual growth rate of aquaculture is projected to slow down from 4.6% in 

2007–2018 to 2.3% in 2019–2030. A number of factors are expected to contribute to 

this slowdown, including the broader adoption and enforcement of environmental 

regulations, the decrease in the availability of water and suitable production 

locations, the decrease in productivity gains, the increasing outbreaks of aquatic 

animal diseases related to intensive production practices, and all the constrains 

associated to climate change [2].  

The intensified production systems and climate change facilitate the occurrence of 

disease outbreaks due to the favoring of stressed and immuno-compromised 

animals, and the evolution and spread of more and more virulent pathogens. This 

qualifies aquatic animal diseases as one of the major limiting factors for aquaculture 
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development [3]. Despite the efforts deployed in improving disease surveillance 

and management, a global trend in aquaculture is that previously unreported 

pathogens that cause new and unknown diseases will emerge and spread rapidly, 

causing major production losses approximately every three to five years [2]. In 

order to prevent and mitigate such economic losses, indiscriminate prophylactic use 

of antibiotics and chemicals associated to intensive aquaculture practices can still be 

observed among some of the major producing countries [4; 5]. However, the 

recurrent use of such therapeutics have serious side-effects on the aquaculture 

system, not only by immunosuppressing animals, but also due to the selection and 

emergence of more virulent strains and antibiotic-resistant bacteria [3]. In the 

European Union (Regulation 1831/2003/EC), the antibiotic resistance threats and 

the ban on antibiotics as growth promoters in animal feeds have being motivating 

the animal production industry to adopt antibiotic-free productions [3; 6] and the 

development of more sustainable alternative treatments [7]. With the objective of 

preventing disease outbreaks and to reduce the use of chemotherapeutic drugs in 

aquaculture, alternative/complementary strategies have been proposed, such as 

vaccination and the administration of functional feed supplements [8; 9], among 

others [10]. 

Although vaccination has proven to be an excellent prevention tool in some 

aquaculture sectors, the vaccination is a pathogen-specific technique that requires a 

clear disease diagnosis, presenting limited efficiency against multi-agent infections. 

Besides, the time and costs associated to vaccine development may limit its 

availability and application towards a wide repertoire of pathogenic organisms, 

resulting in the present-day inexistence of effective vaccines against several 

economically relevant diseases, such as for viral and parasitic infections [9]. On the 

other hand, since disease is intimately related to the fish basal physiological and 

immunological status, the use of functional feeds that provide health benefits 

beyond their nutritional value has received substantial attention over the last 

decade [7; 11]. In this scenario, among different functional feed additives that may 

be used in aquaculture –the reader is encouraged to consult Encarnação [12] or the 
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Introduction section of this thesis for a detailed description of them–, phytogenics 

are defined as environmentally friendly plant-derived natural compounds used as 

functional feed additives that show positive effects on animal growth and health. 

Phytogenics often comprise aromatic plants extracts and essential oils characterized 

by its richness in biologically active compounds [13; 14]. In farmed fish, a wide 

spectrum of phytogenics have been increasingly studied mainly due to their 

growth-promoting, antimicrobial, immunostimulant, antioxidant, anti-

inflammatory and sedative properties [15],. For this wide repertoire of action, 

phytogenics represent a promising effective and sustainable prophylactic tool to be 

implemented in health management in front of bacterial and parasitic infections [8].   

The mucosal tissues of farmed fish are a target for immunostimulatory dietary 

manipulations as they are one of the main portals of pathogens’ entry into the 

organism, and are characterized by an intricate immune system associated to 

lymphoid tissue [16; 17]. In the context of this thesis, key performance indicators, 

and the transcriptional immune response of three selected mucosal tissues –gill, 

intestine and skin– were analyzed in one of the most important marine fish species 

farmed in the Mediterranean, the gilthead seabream (Sparus aurata), fed an additive 

composed by microencapsulated garlic essential oil, carvacrol and thymol 

(Chapters I, II and III; [18; 19; 20]). These phytogenics are obtained from some of the 

most studied group of plants, the Lamiaceae family and Allium sp. In fact, they have 

been particularly tested and their effectiveness against parasitic and bacterial 

infections have been extensively demonstrated both in vitro and in vivo [21; 22; 23]. 

The synthetized and critical review of the results from several studies reporting the 

beneficial effects of the dietary inclusion of phytogenics derived from the Lamiaceae 

family and Allium sp., upon several fish species growth and feeding performance, 

and mucosal tissues response may be found in Chapter IV (see Table 1 from Chapter 

IV). 
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Effects of garlic, carvacrol and thymol on fish key performance 

Growth has been traditionally considered as one of the main endpoints and key 

performance indicators when evaluating different feed formulations and additives’ 

inclusion. Carvacrol, thymol and garlic have been often proposed as growth 

promoters for several fish species [22; 24; 25; 26; 27; 28; 29; 30; 31; 32; 33; 34; 35; 36; 

37]. Most studies reporting benefits upon somatic growth in fish fed these 

phytogenics, also described a significant decrease in the feed conversion rates (FCR) 

[33; 34; 38; 39; 40; 41; 42]. Conversely, other studies have reported no effects upon 

growth nor feeding efficiency for similar fish species [43; 44; 45; 46; 47; 48; 49]. In 

our study, the dietary inclusion of carvacrol, thymol and garlic essential oil did not 

affect gilthead seabream growth performance (Chapter I [20]). There are 

innumerous constrains related to the reproducibility of nutritional trials that may 

explain such discrepancies among studies [50], such as i) the variable and 

untrustworthy origin of phytogenics (i.e. raw materials obtained from local markets 

or tailor-made by authors), ii) the utilization of different supplementation forms 

(i.e., powder, essential oil, ethanolic extracts, etc.) and inclusion doses, iii) the 

different periods of administration and diet formulations, among others. The 

instability of free bioactive compounds, such as the particular case of the garlic 

organosulfurs, may also lead to contradictory results if nor administrated properly 

[51]. This highlights the benefits of encapsulating this type of phytogenics, since this 

process prevents the degradation of bioactive compounds due to inconvenient 

interactions with the host metabolism and environment, allowing their proper 

delivery through the gastrointestinal tract [52]. In addition, the utilization of natural 

additives of unknown (and highly variable) composition represents an important 

constrain to the reproducibility and robustness of the phytogenics-testing studies, 

usually failing under industrial and commercial scales. Further aspects of 

standardization and reproducibility in feed additive development and testing for 

aquaculture purposes are discussed in Chapter IV. 

Nevertheless, it is important to consider that the basal diet in our study was 

formulated to meet the nutritional requirements of gilthead seabream under 
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summer conditions (46%  crude protein, 18% crude lipids; 30% fishmeal) and, 

accordingly, specific growth rate (SGR) values of gilthead seabream fed both control 

and the phytogenics-supplemented diet compared favorably to those reported by 

Mongile et al. [53], as described in Chapter I [20]. Therefore, the absence of an 

improvement in growth parameters under our experimental conditions may be 

related to the absence of a dietary challenge, such as the inclusion of the additive in 

a low fishmeal diet, which could possibly reveal the growth-promoting potential of 

the tested phytogenics or even additional health benefits. Regardless of these 

factors, the phytogenics tested in this thesis were not chosen for their potential 

positive effect on somatic growth or feeding efficiency, rather than for their 

antiparasitic and antibacterial properties [54]. In fact, it is commonly acknowledged 

that the occurrence of disease can negatively affect fish productive parameters and 

welfare.  

One of the main objectives of this thesis was to evaluate the anthelmintic properties 

of the referred additive against the gill ectoparasite Sparicotyle chrysophrii, one of the 

main pathogenic agents affecting gilthead seabream farming in the Mediterranean 

sea [55]. Garlic-based treatments have been demonstrated to be particularly 

effective against monogeneans and other parasites [56; 57; 58; 59; 60; 61]. Several 

dietary and bath treatments with different essential oils containing carvacrol 

and/or thymol have been proved to be effective antiparasitic treatments as well [62; 

63; 64; 65; 66]. Nonetheless, there are few studies that accurately describe the 

antiparasitic effect of dietary phytochemicals against monogeneans in fish species 

[49]; thus, the pathways and mechanisms of their action are not clear yet [67]. 

Moreover, most of the existing studies are focused in the effects of the above-

mentioned phytogenics on intestinal health [25; 68; 69; 70; 71], or in their use in 

balneation treatments against parasitic organisms [56; 62; 63; 64; 72]. As far as we 

know, the study reported in Chapter I [20] was the first describing the gill’s response 

in gilthead seabream to the administration of a blend of carvacrol, thymol and garlic 

essential oil as a feed additive, as well as the potential mechanisms underlying its 

antiparasitic properties.  
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In brief, gilthead seabream fed the tested phytogenics-supplemented diet and 

challenged with S. chrysophrii showed a reduction of 78% of total parasite load when 

compared with the control group, with a decrease in the prevalence of most of the 

developmental stages of the parasite (Chapter I  [20]). The transcriptomic data from 

gills at the end of the nutritional trial provided the baseline knowledge for 

deciphering the antiparasitic role of the tested additive, since the transcriptional 

analysis of the gills showed a predominant up-regulation of genes related to an 

immune response arbitrated by degranulating acidophilic granulocytes, sustained 

by antioxidant and anti-inflammatory responses. For several aquaculture relevant 

species, some studies have reported an increase of blood neutrophil number 

through the dietary supplementation of garlic or its bioactive compounds, carvacrol 

and/or thymol [29; 73], or after therapeutic balneation with essential oils reported 

to be an effective treatment against monogeneans [62; 74; 75]. Furthermore, the 

histochemical study of the gills of fish fed the phytogenics-supplemented diet also 

showed an increase of carboxylate glycoproteins containing sialic acid in epithelial 

cells and hypertrophied mucous cells, suggesting a mucosal defense mechanism 

through the modulation of mucin secretions promoted by the additive (Chapter I  

[20]). Other studies in gills have reported a protective effect of these phytogenics or 

related ones through the reduction in histopathological lesions induced by toxicants 

or pathogenic challenges, usually associated to an improvement of the gills’ 

antioxidant capacity [76; 77; 78; 79; 80; 81; 82]. Therefore, the stimulation of immune 

cells in gills, the improvement of their antioxidant capacity and the enhancement of 

mucosal secretion promoted by the tested feed additive are possibly the main actors 

responsible for the antiparasitic effect observed when dealing with this kind of 

phytogenics.  

Besides their above-mentioned potential antiparasitic properties, some studies have 

reported the advantageous outcomes of the dietary administration of garlic, 

carvacrol, and/or thymol in the gut health of aquatic species [25; 83]. These 

beneficial effects have also been associated to the modulation of fish microbiota 

composition [84], as well as to a significant improvement in fish resistance to 
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intestinal infections [71]. Studies on the effect of those phytogenics upon the 

intestine have frequently described alterations in morphometric parameters, such 

as an increase in villus length, width and goblet cells count, usually associated to 

improvements in fish somatic growth [35; 44; 78; 85; 86; 87; 88]. In addition, some 

studies have reported the modulation in the number of intestinal lymphocytes in 

fish species, including gilthead seabream [47; 87; 89]. This would be in accordance 

with our results described in Chapter II [19], where a transcriptional response 

involving leukocytes activation (similar to the observed in gills, Chapter I  [20]) was 

also obtained in the mid-anterior intestine of gilthead seabream fed the tested 

phytogenics-supplemented diet. In agreement with our intestinal transcriptional 

profile described in Chapter II [19], other authors have also described a positive 

impact upon the activity and gene expression of immune markers [36; 39; 82; 90; 91; 

92] or antioxidant enzymes and other oxidative markers in the intestine of fish [36; 

45; 88; 93].  

Although commonly not considered as a key performance indicator, the gut 

microbiota and its modulation through nutritional strategies can significantly 

influence fish performance. Due to their antibacterial properties, phytogenics can 

modulate the fish microbiota composition and their metabolites, which, in turn, 

may interact with the host immune system, potentially improving growth and feed 

efficiency, or even protecting fish gut from inflammation and pathogenesis [94; 95]. 

In fact, numerous studies have reported beneficial modulations of the fish intestinal 

microbiota composition by the dietary supplementation of garlic, carvacrol, and/or 

thymol [25; 40; 87; 92; 96; 97; 98; 99]. In particular, an additive composed by 

phytogenics similar to the one evaluated in the present thesis was observed to 

positively affect the gut health status of European sea bass (Dicentrarchus labrax) by 

modulating their intestinal microbiota [100] and improving the protective intestine 

mucus coverage after an intestinal Vibrio anguillarum infection challenge combined 

with crowding stress [101]. While in our study gut microbiota alpha diversity 

indexes were not affected by the tested additive, which was probably due to the 

heterogeneity of analyzed samples, the phytogenics-supplemented diet promoted 
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subtle, but significant alterations in microbiota composition. Those variations in 

microbiota composition were also suggested to participate in the modulation of the 

intestine transcriptional immune profile through the host-microbial co-metabolism, 

as further discussed in more detail in Chapter II [19]. 

Garlic, carvacrol and/or thymol related phytogenics were also demonstrated to 

significantly improve fish survival to pathogenic challenges after their dietary 

administration [33; 34; 36; 38; 39; 79; 92; 102; 103]. Several of these studies have also 

reported an improvement in the fish skin mucus immune markers and/or an 

increased skin mucus antibacterial capacity against a fish bacterial pathogen in 

those fish fed the phytogenics [33; 34; 37; 38; 48; 103; 104; 105]. For instance, in 

European seabass (D. labrax) a combination of garlic and essential oils from 

Lamiaceae plants promoted skin mucus lysozyme activity and fish survival against 

V. anguillarum when exposed to a confinement stress [103]. The same additive also 

increased the skin mucus lysozyme activity and the gene expression of several 

mucosal immune markers in the skin of greater amberjack (Seriola dumerili) 

challenged with the monogenean ectoparasite (Neobenedenia girellae) [106]. The 

referred studies are in accordance with the results presented in this thesis, where 

the analysis of the skin transcriptional profile of fish fed the phytogenic-

supplemented diet revealed a regulation of genes recognized by their involvement 

in non-specific immune responses and the stimulation and recruitment of 

phagocytic cells (Chapter III [18]). In addition, the promotion of the secretion of a 

variety of non-specific immune molecules into the skin mucus was proposed to be 

responsible for the in vitro decreased growth capacity of pathogenic bacteria, such 

as V. anguillarum and P. anguilliseptica, observed in the mucus of fish fed the 

phytogenic-supplemented diet, as described in Chapter III [18]. Overall, garlic, 

carvacrol and/or thymol are suggested to promote mucosal immune responses that 

reduce the settlement of pathogenic bacteria in the skin surface through the 

improvement of the mucus biostatic or biocidal activity, therefore decreasing its 

susceptibility to infection. 
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In addition, Mizuno et al. [107] associated the antiparasitic effect observed in the 

skin of chum salmon (Oncorhynchus keta) fed a diet supplemented with oregano to 

the carvacrol content detected in those fish skin mucus. Other studies have also 

reported a similar exudation of bioactive compounds into fish skin mucus after 

phytogenic supplementation [108]. This phenomenon of bioactive compounds 

efflux from the site of absorption in the intestinal tract, through the skin and into 

the mucus appears to be responsible for the immunomodulatory and antimicrobial 

effects observed in the fish skin mucus. However, if the efflux of bioactive 

compounds is occurring, it is possible that it could be affecting the organoleptic 

properties of the fish meat, and consequently its quality.  

In order to assess whether the additive tested in this thesis may negatively impact 

fish meat quality, a second nutritional trial with commercial-sized gilthead 

seabream (BWi = 312.9 ± 0.9 g; BWf = 471.1 ± 8.9 g) was performed followed by a 

sensory evaluation of the fillet. Fish were fed the phytogenics-supplemented diet 

and a control diet for 2 months, and then several periods of additive suppression 

from the diet were established (7, 14, 21 and 28 days of additive feeding 

suppression). For each sampling point, fillet samples from both fish sides were 

vacuum packed and stored at –18°C until their analysis by a trained tasting panel 

from the Food Science and Technology Research Group of the University of Murcia 

(Spain). The sensory analysis was carried out using a quantitative descriptive test, 

a technique that allows the identification and quantification of the sensory 

characteristics or attributes of a product, such as smell, flesh color, shine, flavor, 

juiciness, firmness and chewiness. The fillet, steamed for 3 min until reaching an 

internal temperature of 72°C, from gilthead seabream fed the additive-

supplemented diet presented the same sensory attributes as those from fish fed the 

control diet, whatever the period of additive suppression considered (7, 14, 21 and 

28 days). Since the tested additive did not modify the sensory characteristics of the 

cooked seabream fillet, its use in fish feeding was considered not to represent a risk 

for the organoleptic quality of the final product (Mª. D. Garrido and J. Firmino, 

unpublished data). Furthermore, the proximate composition of the fillet revealed 
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that the inclusion of the additive did not significantly affect the protein (control = 

22.0 ± 0.2 %w/w; additive = 21.1 ± 0.5 %w/w) and lipid (control = 1.4 ± 0.1 %w/w; 

additive = 1.4 ± 0.1 %w/w) levels. Similarly, no significant differences were 

observed for both fillet ash (control = 5.2 ± 0.3 %w/w; additive = 4.8 ± 0.1 %w/w) 

nor humidity content (control = 71.9 ± 0.7 %w/w; additive = 72.1 ± 0.4 %w/w) (J. 

Firmino, unpublished data).  

Bioactive compounds from plant origin, such the ones administrated as 

phytogenics, are also reported having sedative properties [103; 109; 110; 111; 112]. 

The assessment of fish allostatic load is often based on the measurement of 

metabolites’ levels associated with stress response in the blood plasma, namely 

cortisol, glucose and lactate [113]. Several studies have reported a significant 

decrease in the plasma levels of stress-related markers in fish fed garlic, carvacrol 

and/or thymol supplemented diets [102; 107; 110; 111]. Since a positive correlation 

between cortisol levels on fish plasma and skin mucus was demonstrated [114] 

including for gilthead seabream [115], the decreased levels of cortisol in the skin 

mucus of fish fed the phytogenics-supplemented diet observed in our study 

indicated a reduction in the fish allostatic load (Chapter III [18]). This improvement 

in fish stress indicators may result from i) the referred sedative properties of the 

phytogenics used, ii) the promotion of the fish immunity and/or iii) the potential 

decrease in skin pathogenic bacteria that might also impact cortisol-induced 

responses, and vice versa [116] (Chapter III [18]). Moreover, stress and stress-related 

hormones, such cortisol, are known to affect the lipid metabolisms in fish [117]. In 

this sense, the regulation of cortisol secretion by the tested additive could be 

underlying the previously mentioned intestinal transcriptional response, in which 

genes involved in the response to both lipids and steroid hormones were obtained 

along with the increase of bacterial sequences related with lipid metabolism 

(Chapter II [19]). Altogether, the described panoply of health-promoting benefits 

and their suggested crosstalk promoted by the tested phytogenics puts in evidence 

their wide range of action on distinct fish performance parameters and tissues, 

highlighting the complexity underlying their mode of action.  
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Providing insights into the mode of action of the tested 

phytogenics upon gilthead seabream mucosal tissues: A 

transcriptional complementary study approach 

The original articles that comprise this thesis are some of the few available studies 

focused on aiming to decipher the mechanisms underlying the mucosal responses 

to the dietary supplementation of phytogenics. As reviewed in Chapter IV, most 

studies about the effect of phytogenics administration upon mucosal parameters 

only report variations in few biochemical markers, usually the same among studies, 

regularly obviating the core mechanisms mediating such physiological outcomes. 

Under this context, this thesis describes a holistic approach for evaluating the 

antiparasitic and antibacterial properties of a feed additive composed by 

microencapsulated carvacrol, thymol and garlic essential oil, as well as seeking to 

decipher its mode of action upon gilthead seabream mucosal tissues. 

The overall evaluation of the tested feed additive upon each of the target tissues 

was determined by: 1) a microarray-based transcriptomic analysis of the mucosal 

tissue; 2) a functional enrichment analysis to identify classes of differentially 

expressed genes that may have an association with particular phenotypes and 

biological responses; and 3) the application of complementary methodologies in 

order to support and/or validate the molecular studies. The same microarray and 

bioinformatic tools were used for the transcriptional profiling of all the three 

studied mucosal tissues, which besides providing insights into the mode of action 

of the tested phytogenics upon each tissue, also allowed to evaluate from a 

comparative perspective the transcriptional profiling observed depending on each 

tissue considered. Aiming for this comparative approach, the samples of the three 

mucosal tissues studied were originated from the same common nutritional assay, 

and consequently, from fish reared under identical experimental conditions. 

Regarding the complementary methodologies used, these varied depending on the 

target tissue considered. For instance, a parasitic co-habitation challenge was 

applied for the gills’ study –the main additive functionality aimed to be tested– as 
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well as a histochemical analysis of mucins produced by branchial mucous cells that 

could be contributing for the antiparasitic effect observed. Secondly, a microbiota 

analysis based on 16S rRNA sequencing was conducted to evaluate the potential 

effects of the tested phytogenics on the microbiota modulation and subsequent gut 

health, as one of the main performance indicators of animal welfare. Moreover, the 

antibacterial capacity of the skin mucus was evaluated in order to assess the 

protective effects of the tested feed additive against other potential pathogens, since 

skin is the main mucus-producing tissue, and one of the main routes of entrance for 

pathogenic bacteria into the organism. Altogether, these analyses performed in gills, 

intestine and skin showed that these three tissues positively responded to the 

dietary administration of the phytogenic-based additive, although some variations 

in the mucosal transcriptional responses were observed among the different tissues 

as it is discussed as follows.  

The analysis of the transcriptomic profiling of the three studied mucosal tissues 

showed that most of the differentially expressed genes (DEGs) were up-regulated 

in fish fed the phytogenics-supplemented diet, whereas their modulation was 

consistently moderated in terms of fold change (FC) intensity, regardless of the 

studied tissue (Figure 1). The higher proportion of up-regulated genes associated to 

a moderate expression (1<FC<1.5) throughout the three studied mucosal tissues 

suggests a moderate and safe activation of the biological processes related to 

immunity that have been described and discussed along the Chapters I, II and III of 

this thesis. These changes in gene expression patterns were reported with no signs 

of compromising mucosal homeostasis. From a global point of view, 759 DEGs were 

obtained in the gills of fish fed the phytogenics-supplemented diet, of which 53 of 

those DEGs were also modulated in the intestine and another shared 40 DEGs were 

also modulated in the skin of fish fed the additive (Figure 2). In the intestine, a total 

of 581 DEGs were obtained, of which 53 were shared with the gills and 31 were 

modulated in the skin as well (Figure 2). Regarding the skin analysis, 534 total DEGs 

were obtained, 40 of them shared with the gills and 31 DEGS shared with the 

intestine (Figure 2). Surprisingly, only 5 DEGs were shared among the three tissues  
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Figure 1. Number of differentially expressed genes (DEGs) in the gill, intestine and skin of 
gilthead seabream (Sparus aurata) fed a feed additive composed by garlic essential oil, 

carvacrol and thymol. The graph depicts the amount of up-regulated (green colors) and 
down-regulated (red colors) genes in all three studied mucosal tissues (unpaired t-test, P 

< 0.05). Most gene expressions were concentrated in the 1.0 to 1.5 fold change (FC) 
interval (up-regulated genes) and -1.5 to 1.0 FC (down-regulated genes). 

 

 

analysis (Figure 2), evidencing tissue-dependent divergences in the mucosal 

responses with regard to the administration of the same phytogenic. From the 

overall 129 shared DEGs, only 67 genes were identified (Figure 3, Table 1), while the 

remaining DEGs were annotated as unknown genes. Unfortunately, one of the main 

constrains of the transcriptional analysis performed was the lack of fully annotated 

fish genes, particularly regarding the gilthead seabream genome, that allows to 

determine their identity and biological function. Under this context, missing pieces 

of the obtained transcriptional profiles could have brought added information on 

the fish mucosal responses to the dietary treatment. Nevertheless, the studies 
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included in this thesis have actively contributed to expand the transcriptome 

information of gilthead seabream, as well as providing a deeper understanding of 

mucosal-specific responses by means of dietary stimuli as further discussed. 

Several factors may be conditioning the different transcriptional profiles obtained 

for each of the studied mucosal tissues, such as their intrinsic physiology and 

anatomy, the extrinsic environment that they are subjected to, and their specific 

microbiota composition [118]. Additionally, the potential degradation of the 

bioactive compounds along the digestive tract and their different pharmacokinetics 

within each target tissue may also affect their functionality, consequently exerting 

tissue-specific responses [119; 120]. Accordantly, most shared DEGs displayed 

different regulations between tissues (Figure 3). For example, several genes that 

were found to be up-regulated in gills were down-regulated in the intestine. The 

differential gene regulation observed in the intestine in comparison with the other 

tissues could be associated to an anti-inflammatory protective reaction of the 

intestine against the direct effect of the additive, since it is the inner mucosal tissue 

that interacts in first hand with the bioactive compounds and exogenous antigens 

present in the diet. In the gills and skin, this interaction with the phytogenic 

bioactive compounds may be occurring at a different level due to the compounds’ 

metabolism and their potential alteration along the organism; thus, the immune 

transcriptional response could be expected to be accordingly different. Remarkably, 

the amount of the DEGs in the intestine was not substantially different from that 

observed in the other mucosal tissues (Figure 1 and 2), and particularly when 

compared with the skin, despite its distance from the absorption site of the 

phytogenics administered through the diet. 
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Figure 2. Venn diagram for representing the exclusive and common differentially 
expressed genes (DEGs) in the gill, intestine and skin of gilthead seabream (Sparus aurata) 
fed a feed additive composed by garlic essential oil, carvacrol and thymol (unpaired t-test, 

P < 0.05). 
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Figure 3. Differentially expressed genes (DEGs) shared between the gill, intestine and skin 
of gilthead seabream (Sparus aurata) fed a feed additive composed by garlic essential oil, 

carvacrol and thymol. The heatmap illustrates the regulation in terms of fold change (FC) 
intensity of the total shared DEGs (unpaired t-test, P < 0.05). Gene acronyms are referred 
in the left axis. Green: up-regulation; red: down-regulation; black: absence (color scale for 

FC values in the right axis). 
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Table 1. List of shared differentially expressed genes (DEGs) between at least two mucosal 
tissues including gills, intestine and/or skin of seabream (Sparus aurata) fed the garlic essential 
oil, carvacrol and thymol supplemented diet. Genes are alphabetically ordered. Gene 
description, respective acronym, fold-change intensity (FC) and modulation (green: up-
regulation; red: down-regulation) are described. 

  Gills Intestine Skin 

Gene description Acronym FC FC FC 

ABI Family Member 3 Binding Protein abi3bp ns 1.286 1.505 

Actin Beta actb* 1.158 -1.201 1.048 

Aldehyde Dehydrogenase 18 Family Member 

A1 

aldh18a1 1.101 1.375 ns 

ATP Synthase Membrane Subunit C Locus 1 atp5g1 1.072 -1.200 ns 

BCL2 Like 12 bcl2l12 1.237 1.405 ns 

Complement Factor H cfh* 1.152 1.219 1.119 

Choline Phosphotransferase 1 chpt1 -1.069 -1.225 ns 

Calponin 2 cnn2 1.079 ns 1.138 

Cathepsin B ctsb -1.078 -1.340 ns 

DDB1 And CUL4 Associated Factor 11 dcaf11 -1.061 -1.243 ns 

Defective In Cullin Neddylation 1 Domain 

Containing 5 

dcun1d5 1.161 1.204 ns 

DnaJ Heat Shock Protein Family (Hsp40) 

Member B6 

dnajb6 1.216 1.240 ns 

Estrogen Receptor Binding Site Associated, 

Antigen, 9 

ebag9 1.173 -1.151 ns 

Elongator Acetyltransferase Complex Subunit 6 elp6 1.278 1.154 ns 

Fatty Acid Binding Protein 6 fabp6 1.180 2.659 ns 

Family With Sequence Similarity 213 Member B fam213b ns -1.319 1.133 

FXYD Domain Containing Ion Transport 

Regulator 5 

fxyd5 1.258 ns 1.215 

Golgin A7 golga 1.288 1.250 ns 

NOP53 Ribosome Biogenesis Factor gltscr2 1.381 1.263 ns 

G Protein Subunit Alpha 15 gna15 -1.153 -1.186 ns 
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G Protein Nucleolar 2 gnl2 1.288 ns 1.121 

Glyoxylate And Hydroxypyruvate Reductase grhpr 1.149 ns -1.197 

Glutathione S-Transferase Kappa 1 gstk1 1.230 ns 1.097 

Hydroxyacylglutathione Hydrolase hagh 1.285 -1.272 ns 

HD Domain Containing Protein 3 hddc3 1.273 1.130 ns 

Pseudouridine 5'-Phosphatase hdhd1 ns -1.138 -1.120 

Heparan Sulfate 2-O-Sulfotransferase 1 hs2st1 ns 1.440 1.344 

Interleukin 1 Beta il1b ns -1.167 1.192 

Inositol-Trisphosphate 3-Kinase C itpkc* 1.142 -1.247 1.132 

LLP Homolog, Long-Term Synaptic Facilitation 

Factor 

llph 1.191 ns -1.110 

Latexin lxn 1.051 -1.297 ns 

Electron Transfer Flavoprotein Regulatory 

Factor 1 

lyrm5 ns -1.278 -1.117 

MAF BZIP Transcription Factor B mafb -1.184 ns 1.288 

Methyltransferase Like 18 mettl18 ns 1.330 1.306 

Mitochondrial TRNA Translation Optimization 

1 

mto1 1.100 1.248 ns 

N(Alpha)-Acetyltransferase 50, NatE Catalytic 

Subunit 

naa50 ns 1.194 -1.187 

N-Acetyltransferase 1 nat1 -1.103 ns 1.091 

NFU1 Iron-Sulfur Cluster Scaffold nfu1 1.216 -1.104 ns 

Nardilysin Convertase nrd1 1.200 1.443 ns 

O-Sialoglycoprotein Endopeptidase Like 1 osgepl1 1.272 ns 1.182 

Phosphatidylcholine Transfer Protein  pctp 1.332 -1.146 ns 

Protein Disulfide Isomerase Family A Member 4 pdia4 ns 1.417 -1.100 

Phosphohistidine Phosphatase 1 phpt1 1.257 ns -1.176 

Plakophilin 3 pkp3 ns 1.093 1.146 

Peroxiredoxin 3 prdx3 1.165 -1.220 ns 

Proteasome 26S Subunit, ATPase 3 psmc3 1.258 1.413 ns 

RNA Terminal Phosphate Cyclase Like 1 rcl1 1.322 ns 1.141 
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RNA Exonuclease 2 rexo2 1.103 1.349 ns 

Ribonuclease H2 Subunit B rnaseh2b ns -1.166 -1.083 

RNA Guanylyltransferase And 5'-Phosphatase rngtt 1.151 1.467 ns 

RTF1 Homolog, Paf1/RNA Polymerase II 

Complex Component 

rtf1 -1.141 ns 1.171 

Sodium Channel Modifier 1 scnm1 ns 1.261 1.160 

SEC13 Homolog, Nuclear Pore And COPII Coat 

Complex Component 

sec13 -1.099 ns -1.167 

Serpin Family B Member 1 serpinb1 1.340 1.561 ns 

Serine And Arginine Rich Splicing Factor 7 srsf7* 1.165 1.247 1.144 

Surfeit 2 surf2 1.190 -1.182 ns 

Transforming Acidic Coiled-Coil Containing 

Protein 3 

tacc3 -1.308 ns 1.262 

Transmembrane Channel Like 6 tmc6 1.169 -1.284 ns 

Transmembrane P24 Trafficking Protein 10 tmed10 1.121 ns -1.076 

Transmembrane Protein 230  tmem230 1.116 ns -1.149 

Tetratricopeptide Repeat Domain 9C ttc9c 1.252 ns 1.145 

Ureidoimidazoline (2-Oxo-4-Hydroxy-4-

Carboxy-5-) Decarboxylase 

urad -1.050 1.683 ns 

Ubiquitin Specific Peptidase 10 usp10 1.212 1.490 ns 

Vesicle Transport Through Interaction With T-

SNAREs 1B 

vti1b 1.080 -1.149 ns 

WW Domain Binding Protein 4 wbp4 1.168 ns 1.188 

Zinc Finger Protein 214 znf214 1.077 1.201 ns 

Zinc Finger Protein 572 znf572 1.167 1.389 ns 

ns: not significant FC value 

* highlights genes differentially expressed in the three studied mucosal tissues. 
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In this context, the gills were unexpectedly the tissue that revealed the highest 

number of DEGs promoted by the phytogenics-supplemented diet, rather than the 

intestine, which is the site of absorption of the feed additive and, a priori, the site 

where the major changes with regard to gene expression were expected (Figure 1 

and 2). Although this is not clearly understood, this difference in tissue 

susceptibility may be a consequence of the combination of several factors, such as 

the gills particular functionality and the mode of action of the phytogenics bioactive 

compounds. As suggested in Chapter IV, it is possible that the terpenes and 

organosulfurs present in the studied feed additive display their mucosal 

immunomodulatory activity through the activation of TRP ion channels [121; 122; 

123; 124]. In turn, the gills are one of the major organs conducting internal ionic 

regulation through specialized ionocytes, as they are actively involved in 

osmoregulation [125]. Consequently, after absorption and translocation through 

blood stream, the additive bioactive compounds may be acting significantly upon 

the highly irrigated gills, functionally regulating or amplifying specific ion fluxes, 

transporters and ionocytes, which might translate into a higher response to the 

administered compounds. This hypothesis opens interesting questions about at 

which extent gills may be susceptible to functional feed additives and recognized 

as promising target tissues for dietary therapeutic strategies. It is also important to 

take in account that the gut is constantly exposed to a vast array of foreign antigens 

present in food. Therefore, the intestinal mucosal immune system has evolved 

mechanisms in order to not only detect and eliminate pathogens, but essentially to 

avoid an exacerbated detrimental immune response to food antigens [126], which 

may explain the moderate response in comparison to the other tissues and why the 

intestine did not show major changes in gene expression when compared with the 

gills. Besides, since the transcriptomic methodology applied in our studies (i.e., 

transcripteractome) is not commonly used in the evaluation of feed additives, there 

is a gap in the available literature that limits the further exploring and discussing of 

current results with those from other studies.  
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Another aspect that could be influencing the gill’s emphasized response to the 

phytogenics-supplemented diet is the fact that the section used for the RNA 

extraction in our study would hypothetically include the interbranchial lymphoid 

tissue (ILT). The ILT was originally described in the gill-associated lymphoid tissue 

(GIALT) of salmonids [127; 128; 129] and nowadays  it is also recognized in several 

other teleost species [130]. The ILT is mainly characterized by aggregates of 

lymphoid cells, predominantly T cells, embedded in the epithelium, with few and 

scattered B cells and some strongly Mhc class II+ cells [127]. Although no 

comparable structure was identified in gilthead seabream so far (revealing the need 

for further research on teleost’s mucosal-associated lymphoid tissues – MALTs), it 

is possible that the higher transcriptional immune response obtained from the gills 

with regard to the other mucosal tissues results from the sampling of the putative 

ILT (see methodology section of Chapter I [20]). If this were the case, the sampling 

of a tissue richer in lymphocytes than the other intestinal and skin sections sampled 

would have been reasonably translated into a more accentuated transcriptional 

immune response. In fact, in our study a gene coding for the C-C Motif Chemokine 

Ligand 4 (ccl4), which is a potent lymphocyte chemoattractant, was observed to be 

particularly up-regulated (FC = 1.366; P = 0.003; see Chapter I Supplementary Table 

1) in the gills of fish fed the additive, suggesting a process of recruitment of immune 

cells in the gill’s section evaluated. Moreover, in a previous gilthead seabream 

study, ccl4 exhibited its highest expression levels in the gill and gut, while moderate 

levels were showed in other tissues, such the head kidney, spleen or thymus, and 

no expression in skin [131]. Interestingly, the referred study, besides clearly 

suggesting the key role of ccl4 in mucosal tissues, puts in evidence the contrasting 

mucosal transcriptional response of each tissue in respect to their counterparts. 

Under this context, a deeper histological study of the mucosal tissues and the 

performance of an imaging immunodetection or flux cytometry analysis would 

have been critical for further characterizing the impact of the studied additive on 

the cellular community. Thus, further studies at cellular level are needed in order 

to fully understand the mode of action of the tested phytogenics. 
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In order to verify whether there are common biological processes responsible for 

common traits of the transcriptional profiles observed in the three studied mucosal 

tissues, an enrichment analysis of the previously mentioned shared DEGs among 

the three tissues (67 genes described in Figure 3, Table 1) was performed following 

the methodology described in Chapter I, II and III [18; 19; 20]. The different sets of 

shared DEGs did not revealed noteworthy interactions when merged and 

submitted to an enrichment analysis (Figure 4).  

 

 

 

Figure 4. Protein–Protein Interactions (PPI) network for the differentially expressed genes 
(DEGs) shared between the skin and intestine (A), skin and gills (B), and gills and 
intestine (C) of gilthead seabream fed the garlic essential oil, carvacrol and thymol 
supplemented diet. Gene Ontology (GO) definitions, count of DEGs within each 

biological processes and respective false discovery rate are described in the graphical 
figure legend. 
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The fact that the modulation of genes that are differentially expressed in more than 

one of the studied tissues seems not to be connected and associated to specific 

biological processes corroborates that each mucosal tissue responds in a distinct and 

singular way to the dietary administration of the functional feed additive. Despite 

the few interactions, the genes shared between the gills and the intestine were 

observed to be enriched, participating in biological processes related to the 

regulation of proteolysis (Figure 4C). Regarding the genes’ functionality, this 

regulation of proteolysis and peptidases biological processes seems to be 

particularly associated to mechanisms of cellular protection during immune 

responses in order to sustain cellular and tissue homeostasis and integrity. For 

instance, the Leukocyte Elastase Inhibitor Serpin Family B Member 1 gene 

(serpinb1), known to play an essential role in the regulation of the innate immune 

response through the regulation of neutrophils proteases proteolytic activity, was 

observed to be up-regulated in both gills and intestine of fish fed the additive-

supplemented diet. Although these proteases are important for bacterial killing 

when released from neutrophils’ granules, these potent enzymes may also cause 

detrimental effects upon host proteins, mainly under non-pathogenic 

circumstances, as it is the case of our sampling conditions. Thus, serpinb1 up-

regulation and consequent regulation of proteolytic activities protect cells and 

tissues from damage at inflammatory sites during stress and infection [132; 133; 134] 

or from the potential cytotoxicity of some immunostimulatory substances.  

In addition, the mitochondrial Peroxiredoxin 3 gene (prdx3) was also enriched 

under the proteolysis context. The prdx3 encodes a mitochondrial protein with 

recognized antioxidant functions [135] that has been used as a biomarker of stress 

response in fish [136; 137; 138]. The observed prdx3 down-regulation in the fish 

intestine might indicate a decrease of the oxidative stress in the tissue and 

potentially, a positive impact of the tested additive on fish gut health, as suggested 

in Chapter II [19]. Conversely, prdx3 was observed to be up-regulated in the gills of 

gilthead seabream fed the additive-supplemented diet. Interestingly, prdx3 

expression was observed to be significantly up-regulated in the gills of zebrafish in 
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response to Aeromonas hydrophila infection [139], demonstrating its relevance in the 

gill’s immunity. The prdx3 was also up-regulated in the head kidney of gilthead 

seabream resistant to the infection by the intestinal parasite Enteromyxum leei [140], 

suggesting the involvement of PRDX3 in effective antiparasitic immune responses; 

thus, also possibly playing a part in the antiparasitic response described in Chapter 

I [20]. Alternatively, the up-regulation of prdx3 in gills might be a direct 

consequence of the lower parasite incidence in fish fed the phytogenics-

supplemented diet, since prdx3 down-regulation may result from fish gill’s infection 

by trematodes parasites [141]. The pleiotropic nature of genes such prdx3 highlights 

the difficulty of contextualizing the biological role of particular genes under a 

complex in vivo study; therefore, emphasizing the importance of the use of 

complementary analysis and/or challenges to corroborate the interpretation of the 

transcriptional responses observed. 

Another up-regulated gene shared between the gills and the intestine that was 

observed to participate in biological processes related to the regulation of 

proteolysis is the BCL2 like 12 gene (bcl2l12). Interestingly, bcl2l12 encodes for an 

anti-apoptotic factor whose overexpression in CD4+ T cells promotes the 

production of T helper (Th) type 2 cytokines in the intestinal mucosa [142]. Th2-type 

responses are widely recognized to predominantly arbitrate humoral immune 

responses against helminths [143]. In salmonids, external mucosal tissues, such gills 

and skin, present a Th2 biased immune environment protecting fish from external 

parasites and from damage by other inflammatory Th responses [144]. Moreover, 

neutrophils have been particularly suggested to act as potential effector cells 

responsible for Th2 initiation in response to helminth antigens [145]. In Chapter I 

and II [19; 20], gilthead seabream gills and intestine were described to present a 

similar enrichment in which the activation of acidophilic granulocytes was 

suggested to be one of the main mucosal responses to the phytogenics-

supplemented diet. The specific up-regulation of bcl2l12 in gills is of special 

relevance, since it is in agreement with the observed antiparasitic properties against 

the helminth ectoparasite S. chrysophrii reported in Chapter I [20]. Due to the 
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similitude between the gills and intestine’s transcriptional responses in terms of 

enrichment analysis, which showed the modulation of leukocytes activation 

involved in immune responses (neutrophils degranulation), it would have been also 

interesting to evaluate this reported antiparasitic effect of the additive in the 

intestine by means of an enteric parasitic challenge. Until the analysis of the shared 

genes, the bcl2l12 gene was unnoticed since it figured only in biological processes of 

proteolysis regulation in both gills (GO:0009987; GO:0051246) and intestine 

(GO:0009987; GO:0030162; GO:0052547; GO:0032269; GO:0052548), processes that 

by definition this do not intuitively point towards antiparasitic defense 

mechanisms. While enrichment analysis strategies allow retrieving the functional 

profiles of a gene set, they obviate the role of particular genes that could be key in 

specific responses; thus, these findings highlight the need to consider genes 

particular functionality in addition to their enrichment analysis. 

According with the above-mentioned Th2-type response, the gene encoding the 

Transient Receptor Potential Cation Channel Subfamily M Member 4 (trpm4) was 

observed to be up-regulated (FC = 1.232; P = 0.018; see Chapter I Supplementary 

Table 1) in the gills of fish fed the functional additive. TRPM4 channels, in 

particular, are strongly expressed in CD4+ Th2 cells, regulating the Ca2+ levels 

within the cell, the motility and the production of Th2 cytokines [146]. This may 

suggest its involvement along with bcl2l12 in the immunostimulatory effect of the 

tested phytogenic observed in gills. Moreover, the TRPV1, a receptor known to be 

activated by garlic derived organosulfur compounds [121; 147], was demonstrated 

to regulate Th2 immune responses in the airway mucosa of mice [148]. This may 

suggest an association between the TRP-induced response discussed in Chapter IV 

and a possible Th2-type anthelmintic response induced by the tested diet. In fact, 

the Ca2+ channels and Ca2+ influx are vital for T cell signaling processes, such as 

cytokine secretion, the consequent T cell activation and proliferation, as well as the 

T cell differentiation into Th effector cells [149]. The up-regulation of il7 (FC = 1.25; 

P = 0.003; see Chapter I, Supplementary Table 1 in Firmino et al. [20]) and other 

interleukin receptors in gills promoted by the phytogenics-supplemented diet is in 
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accordance with the above-mentioned hypothesis. The cytokine IL-7 and its 

receptor, IL-7R, play an important role in mucosal immune responses since they are 

required for innate lymphoid cell development and maintenance, including T cells, 

and consequently for the generation of lymphoid structures and the support of the 

epithelial barrier defense [150], with the potential to act as Th2 responses enhancers 

[151]. In fish, IL-7 is for long recognized to be expressed in several tissues, including 

gills and intestine, and whose expression is positively modulated by 

immunostimulants [152]. In the particular case of gilthead seabream, those genes 

were observed to be predominantly up-regulated in fish challenged with the 

intestinal parasite E. leei [151], suggesting its involvement in antiparasitic responses. 

Altogether, these observations suggest that the modulation of Th2 immune 

responses amplified by TRP-activated leukocytes might underlie the antiparasitic 

effect observed in gills when fed the phytogenic-supplemented diet. Nevertheless, 

since the expression of genes coding for the traditional Th2 specific cytokines, IL-4, 

IL-5 and IL-13, were not observed to be significantly modulated under our current 

experimental conditions, further research is needed in order to clearly identify if the 

tested compounds are able to induce the particularly suggested TRPM4-induced 

Th2 response.  

In line with the possible involvement of T cells regarding the observed 

transcriptional responses in both gills and intestine, the modulation of a set of 

identified immune-related genes in the skin was observed to be particularly 

involved in the regulation of T cells cytokines and T cell proliferation. These 

enrichment results were mainly associated to the up-regulation of the Major 

Histocompatibility Complex (MHC) Class II Alpha gene (mhc-IIa) and the 

Interleukin 1 Beta (il1b) in the skin of fish fed the phytogenics-supplemented diet. 

This putative T cell response in the skin could be resulting from the interaction with 

phagocytes as discussed in Chapter III [18]. Although no modulation of the bcl2l12 

or trpm4 were detected in the skin, several genes coding for G-Proteins and G-

protein Coupled Receptors (gpr107, gnl2 and gnb1) were up-regulated in the skin of 

fish fed the phytogenics-supplemented diet. G-protein Coupled Receptors are key 
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players in many cellular and physiological processes, such as environmental 

sensing, neurotransmission, or endocrine and exocrine secretion, playing a central 

role in the development and activation of macrophages and in T cell-mediated 

immunity [153; 154]. They are also known to interact with TRP channels, an 

interaction described by the G-Protein Coupled Receptor – Transient Receptor 

Potential Channel Axis [155]. For instance, as it has been discussed in Chapter IV, it 

has been suggested that the effect of the activation of TRP channels by carvacrol, is 

enhanced by its co-activation with G-protein Coupled Receptors [122]. Regarding 

G-Proteins coding genes, gna15 and gnl2 were also observed to be differentially 

expressed in gills or the intestine of fish fed the additive. Therefore, the regulation 

of genes encoding G-Proteins and G-protein Coupled Receptors reinforces the 

already-mentioned idea that the mucosal immunomodulatory activity of the tested 

bioactive compounds present in the functional feed additive may result from the 

activation of TRP-related ion channels.  

Regarding the five DEGs shared between the three studied mucosal tissues, four 

were identified (Table 1). Among them, the Inositol-Trisphosphate 3-Kinase C 

(itpkc) gene was up-regulated in the gills and the skin of fish fed the phytogenics-

supplemented diet, while it was down-regulated in the intestine. The itpkc encodes 

a kinase that has a regulatory role in Ca2+ responses to extracellular signals, which 

in higher vertebrates is known to act as a negative regulator of T cell activation [156]. 

Although itpkc role in teleosts is poorly described and understood, its modulation 

by the phytogenics-supplemented diet suggests its involvement in i) Ca2+ fluxes, 

and ii) the activation and regulation of the cellular immune response, both 

promoted by the additive bioactive compounds. However, based in the existent 

literature, the accurate biological significance of the differential regulation of this 

gene in the studied tissues remains unclear. Moreover, the absence of 

measurements of the teleost mucosal immunoglobulin IgT/IgZ, as a marker that 

evidences the mounting of a further adaptive immune response mediated by B 

lymphocytes, detracts further assumptions about the involvement of immune cells 

based exclusively in gene regulation.   
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The Actin Beta (actb) gene was also observed to be up-regulated in both gills and 

skin, while it was down-regulated in the intestine. Actins are highly conserved 

proteins ubiquitously expressed in all eukaryotic cells that are involved in several 

processes such cell crosstalk and division, gene transcription, motility and 

contraction and repair of damaged DNA [157; 158]. Regarding fish, actin is 

commonly found in the mucus of several fish species, including gilthead seabream 

[159; 160; 161; 162; 163; 164], which has led to speculations on its immune function 

in fish defense, as discussed in Chapter III [18]. For instance, ACTB levels were 

observed to be significantly increased in the epidermal mucus of Atlantic salmon 

challenged with sealice [165; 166]. In gilthead seabream, the presence of ACTB in 

skin mucus was also previously reported to be modulated by dietary treatments 

[164]. In insects, the extracellular cytoplasmic actin was observed to bind to bacteria 

surface, mediating their phagocytosis and killing [161]. In fact, phagocytic events 

are particularly driven by rearrangements of the actin cytoskeleton [167]. Therefore, 

the association of increased phagocytic processes to the actb modulation in the skin 

of fish fed the functional feed additive was also suggested in Chapter III [18]. In 

addition, the actin cytoskeleton is a key regulator of the mucosal barrier integrity 

due to its involvement in the assembly and remodeling of epithelial cell junctions 

[168]. Under this context, actb up-regulation by the phytogenics-supplemented diet 

in the gills and skin could prove to be beneficial. On the other hand, its down-

regulation in the intestine may be attributed to lower epithelial turnover rate 

associated with a better health gut condition. Nevertheless, although there is for 

long evidence that actin expression may vary depending on biochemical stimuli, 

actb is usually selected as reliable reference gene for the quantification of mRNA 

(qPCR) [169], and, therefore, its regulation is difficult to interpret based in the 

existent literature. Since actb is differentially expressed among the three evaluated 

tissues, our results support either its significant involvement in the mucosal 

protection and integrity, and the concern that its use as a stable and constitutive 

reference gene should be carefully revised when evaluating different tissues. 
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Another gene shared among the three studied mucosal tissues whose transcripts 

were recurrently observed to be increased by the phytogenic-supplemented diet is 

the Complement Factor H (cfh). CFH is a glycoprotein with a major regulatory role 

in the complement system activation that responds to pathogen-associated 

molecular patterns (PAMPs) and increases the contact between neutrophils and 

pathogens, increasing cell’s phagocytosis capacity and antimicrobial activity [170; 

171]. CFH is also reputed for protecting host cells and tissues from the self-innate 

immunity [172]. Although in fish CFH is predominantly expressed in the liver 

compared to other tissues and organs like the muscle, intestine, fins, eyes, and gills 

[170], present data indicated that cfh may also play a relevant role in the regulation 

of the alternative pathway of complement in mucosal tissues. In accordance, several 

complement factors have been previously identified in fish mucus secretions [165; 

166], including gilthead seabream [159; 164]. Moreover, it has been shown that 

alternative complement activity increases in the serum of gilthead sea bream when 

exposed to the E. leei [173]. However, the expression of complement-related genes 

is usually down-regulated in the intestine of those exposed fish [174; 175]. Thus, 

complement expression and/or activity is affected by pathogen exposure and may 

vary between systemic vs. mucosal responses [176]. As reviewed in Chapter IV, 

several studies evaluating the effects of phytogenics derived from Lamiaceae family 

or Allium sp. of aromatic plants in mucosal tissues have reported an increase in 

complement levels or activity, corroborating the intervention of complement factors 

in phytogenic-induced mucosal responses. In fact, the regulation of the complement 

plays an important role in the functional plasticity of the intestinal epithelial 

response to different nutritional, microbial, and chemical challenges [177]. Thus, the 

collection of these data highlights the relevance of the complement system as a key 

player in the mucosal immunostimulation induced by phytogenics.  

The last but not least, the up-regulation of the Serine and Arginine Rich Splicing 

Factor 7 (srsf7) gene was also observed among the three studied MALTs. Splicing 

factors such SRSF protein kinases are required for transcription, mRNA splicing and 

mRNA export from the nucleus [178]. Accordingly, RNA metabolism and gene 
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expression related processes were consecutively obtained from the enrichment 

analysis of the different mucosal tissues, which suggests that gene transcription and 

protein biogenesis machinery are promoted under such dietary conditions. In this 

sense, these results may be correlated, at least in part, with one of the main 

characteristics of the mucosal tissues: the production of mucus. In fact, the 

histochemical analysis of the mucins from gills demonstrated an increase in acidic 

glycoproteins containing sialic acids as well as a hypertrophy of the mucous cells in 

fish fed the additive-supplemented diet, indicating a potentiation of mucins 

secretion and renewal, boosting its protective function as discussed in Chapter I 

[20]. In gills, the up-regulation of the gene coding for the O-sialoglycoprotein 

Endopeptidase Like 1 (osgepl1) was also suggested to be involved in antiparasitic 

effect described in Chapter I [20] due to its role in the proteolytic mucin degradation, 

which is a characteristic of the host glycoproteins “shedding” defense mechanism. 

Similarly, osgepl1 up-regulation was also observed in the skin of fish fed the 

additive, which might indicate changes in the histochemical properties of the skin 

mucins and/or epithelial cells. Unfortunately, such histochemical study was not 

performed. Conversely, the histological analysis of the intestinal mucosa did not 

reveal significant differences in the histochemical properties of intestinal mucins 

nor in the number of goblet cells between dietary treatments (33.5 ± 6.4 cells/mm 

of basal lamina; F = 0.68; P = 0.691; Appendix I, unpublished data), which was 

associated to the high inter-individual variability observed within each 

experimental group. Furthermore, the presence of a large number of eosinophilic 

granulocytes at the level of the intestinal submucosa was also observed (Appendix 

II, unpublished data), even though this is a common feature of the gilthead 

seabream intestine (C. Sarasquete, personal communication) rather than a dietary 

effect. Since, no apparent significant differences were detected regarding the 

infiltration levels of eosinophilic granulocytes, the observed regulation of immune 

related biological processes associated with granulocytes activation in particular, 

are probably not associated to a higher number of immune cells in situ under 

healthy conditions. As outlined before, a deeper histological analysis of the mucosal 



IMPROVEMENT OF THE HEALTH AND CONDITION OF FISH MUCOSAL TISSUES  

THROUGH FUNCTIONAL DIETS IN AQUACULTURE:  
Phytogenics as additives for aquafeeds 

 

192 

 

tissues or a study of the cellular communities would have provided answers for 

remaining interrogations about the impact of the studied additive. 

Enrichment analysis tools are applied in order to facilitate the interpretation of 

biologically meaningful data, such the simultaneous analysis of several genes under 

certain biological condition [179]. Under this context, it was observed that in the 

particular case of the skin enrichment analysis only one single biological process 

gene ontology (GO) was significantly enriched among the experimental diets: the 

RNA processing biological process (GO:0006396); contrarily to the observed for the 

remaining mucosal tissues studied. If we consider that the number of genes related 

with RNA processing is considerably higher than the number of genes related with 

immunity, it is mathematically logic that immune-related processes may be hidden 

among all the data. This lack of biological processes enrichment led to the revision 

and complementation of the skin transcriptional analysis, in which other 

enrichment elements were taken in account, such as cellular components and KEGG 

pathways, as described in Chapter III [18]. Therefore, in order to evaluate in depth 

and contextualize the results obtained from the skin and mucus analysis, an 

emphasis was placed on a selected set of immune-related genes. In this case, the 

transcriptomic analysis was based in three main criteria: i) the statistical criterion (P 

< 0.05, GO enrichment analysis); ii) the biological criterion, where genes were 

selected based on their definition and function according to the available literature; 

and iii) the representation of networks that encompassed the overall transcriptional 

results. The biological significance of the identified immune-related genes were 

further connected to the results of the in vitro challenge with pathogenic bacteria in 

the skin mucus, in which the secretion of immune-related components into the 

mucus was suggested in Chapter III [18]. Although a relation between mucosal 

tissue metabolism and its exuded mucus can be assessed using proteomic 

approaches [180], no proteomic analysis was performed in the present study in 

order to further evaluate in which extent the additive could be actually affecting the 

mucus composition. Nonetheless, the in vitro results confirmed the positive effect of 

the phytogenic evaluated on the antibacterial properties of the skin mucus.  
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This dissimilarity among the results obtained from the skin in respect to gills and/or 

the intestine, evidences differences in the immunostimulatory mechanisms 

underlying the different mucosal tissues. On one hand, being the skin the largest 

mucus producer tissue in fish, it is possible that the differences observed are a 

consequence of the preponderance of DEGs related with transcription and protein 

synthesis and secretion [18; 180]. On the other hand, it has been demonstrated that 

the secretion activity of teleost plasmablast, a major lymphocyte population in some 

mucosal surfaces, in the gills and gut is not comparable to that of the skin [181]. This 

denotes different plasmablast’s  homing requirements among mucosal tissues, 

possibly due to the skin particular microbiota that do not support the homing 

and/or survival of some lymphocytes [181]. These findings would be in accordance 

with the lack of enrichment processes related to leukocytes activation in the skin of 

fish fed the phytogenics-supplemented diet. In fact, there are significant differences 

in microbiota beta-diversity between the two outer mucosal tissues, gills and the 

skin, in gilthead seabream [182] with only 17% to 19% of shared amplicon sequence 

variant (ASVs) reported between gill and skin microbiota of farmed seabream [183], 

evidencing significant divergence between the microbiota of each tissue. Thereafter, 

the distinct commensal microbiota composition may be also responsible for the 

observed modulation of the mucosal tissues gene expression and vice versa, 

although this subject is still poorly explored in fish, particularly in the skin [184].  

While no skin or mucus microbiome analysis were performed in the present study, 

the observed mucus inhibitory effect against the two pathogenic bacteria V. 

anguillarum and P. aguilliseptica promoted by the tested additive described in 

Chapter III [18], could be hypothetically affecting the skin microbial composition. 

The adherence of bacteria to mucosal surfaces and the potential infection by 

pathogenic strains depend on mucus characteristics and composition [185; 186], 

which according to our results seems to be considerably affected by the feed 

additive. Both Vibrio and Pseudomonas genera are present in the skin as commensal 

microbiota in farmed gilthead seabream [182], co-existing in the host mucosal 

surfaces that sophistically control their abundance in order to avoid dysbiosis that 
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could ultimately lead into bacterial infection [187]. Under this context, the mucus 

inhibitory capacity against bacterial pathogens induced by the additive could be 

potentially altering the skin microbiota composition, which in turn might be also 

contributing to the transcriptional regulation observed. In effect, the modulation of 

the host-microbiota co-metabolism through the crosstalk between gut and bacteria 

in the inflammatory regulation due to the dietary administration of the feed 

additive is suggested in Chapter II [19]. Despite the lack of data on this subject, a 

similar response would be expected for both skin and gills. Furthermore, the 

observed affectation of the bacterial growth in the skin mucus in fish fed the 

phytogenics-supplemented diet may also suggest the efflux of the additive bioactive 

compounds through the skin into the mucus, as proposed in previous studies [108; 

188], possibly exerting a direct inhibitory effect on the cultured bacteria. 

 

Future academic and industrial research perspectives  

Although the results from the present thesis have provided insights into the mode 

of action of the tested phytogenics and some of the potential mechanisms 

underlying their immunostimulatory properties upon gilthead seabream mucosal 

tissues, several interesting questions have arisen from the research described that 

need further attention. For instance, the analysis presented in this thesis only 

considered the evaluation of the effect of the tested feed additive in the 

physiological response of mucosal tissues. However, the assessment of its impact 

upon other non-mucosal tissues and/or the systemic immunity is of great 

importance in order to fully characterize the implications of the administration of 

carvacrol, thymol and garlic essential oil on the overall health status of gilthead 

seabream. 

In addition, a particularly interesting line of research would be the evaluation of the 

activity of the bioactive compounds present in the tested additive in fish biological 

fluids, such as blood and mucus, which may potentially explain tissue-specific 

responses. Under this context, the studies described in this thesis have 
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demonstrated that the dietary administration of bioactive compounds promotes 

physiological responses in other tissues far from their site of absorption, which 

clearly indicate a translocation of these bioactive compounds throughout the 

organism. However, at which extent these compounds are metabolized, transported 

or degraded in different body compartments is unknown; thus, the evaluation of 

the presence of related metabolites in biological fluids and/or tissues may provide 

some insights about the magnitude of their pharmacological properties. Since 

pharmacokinetic studies of these particular compounds are scarce and even 

inexistent in fish, more efforts should be made to elucidate the mode of action of 

these compounds when administered individually or in a blend in order to develop 

further promising synergistic formulas for supporting fish health and welfare.  

Another fascinating research line that could provide answers to the remaining 

questions derived from this study on the functionality of the tested feed additives 

is the in-depth study of the compounds-host-microbiota interactions. In the present 

thesis, this approach was only used for the intestine, where microbiota is widely 

recognized to interact with both feed and host metabolism. However, such 

interactions in other tissues characterized to cooperate with microorganisms, such 

as the skin and gills, are of equal significance and therefore the evaluation of those 

interactions that may be modulated by dietary strategies are quite relevant. In this 

context, exploring holistic approaches in which all different organs and systems, 

including microbiota from different body regions, as well as combining in vitro or 

ex vivo tools, may be of value for providing insights into the complex mode of action 

of the bioactive compounds included in the tested additive. 

The applied component of this research is perhaps the most outstanding objective 

of this doctoral thesis. Besides solving scientific questions, the overall results and 

added knowledge obtained from this industrial thesis aimed to drive the 

development and consolidation of new nutritional tools that may be used to hamper 

the initially referred prediction of emergent disease outbreaks related to the growth 

in intensive production systems and the increasing pressure of climate change. 

Under this context, a fundamental aspect for the further development and 
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application of the tested additive in the aquaculture sector is the need for its testing 

in other aquaculture-relevant fish species and under additional challenges, such as 

the evaluation of the effectiveness of the tested additive against other parasites, 

bacterial and viral infections, stress and/or dietary challenges. From the industrial 

perspective, field validations under actual farming environments are critical for the 

corroboration of the results obtained under the present lab-experimental conditions 

and for the establishment of the final product in the aquaculture value chain. In this 

context, the studied additive and its variants are currently being tested in other fish 

species in field trials. Additionally, although the tested additive composition, 

inclusion level and period of administration were established according to the 

existent literature and the industrial know-how, further studies assessing optimized 

formulations and supplementation protocols (i.e., minimum administration period 

for guaranteeing its effectiveness, adjustments to seasons of the year, basal diet 

formulation, etc.) according to different farming scenarios are required. In 

synthesis, the possibilities for the development and improvement of the tested 

phytogenics-based additive in the aquaculture industry and for the opening of new 

research lines are endless. 
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CONCLUSIONS 

 
1. The administration of a microencapsulated feed additive at 0.5%, containing 

garlic essential oil, carvacrol and thymol, in on-growing gilthead seabream 

(Sparus aurata) promoted the mucosal innate immunity without 

compromising fish growth parameters. 

 

2. At gills’ level, the administration of the tested phytogenic had an 

antiparasitic protective effect against Sparicotyle chrysophrii. This phytogenic 

promoted a significant reduction of 78% in the S. chrysophrii total 

parasitization abundance, and a decrease in the prevalence of most parasite’s 

developmental stages. 

 

3. The transcriptomic analysis performed by microarrays of the gills of fish fed 

the phytogenics-supplemented diet showed a predominant up-regulation of 

genes related to biogenesis, vesicular transport and exocytosis, leukocyte-

mediated immunity, oxidation–reduction and overall metabolism processes. 

These genes were related to a tissue-specific pro-inflammatory immune 

response arbitrated by degranulating acidophilic granulocytes, which was 

also sustained by antioxidant and anti-inflammatory responses. 

 

4. The histochemical study of gills showed an increase in acidic carboxylated 

glycoproteins containing sialic acid in mucous and epithelial branchial cells 

of fish fed the phytogenics-supplemented diet, suggesting the promotion of 

the mucosal defence mechanism through the modulation of gills’ mucin 

secretions.  
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5. The tested functional diet appears to promote the intestinal local immunity 

through the impact of the tested phytogenics on the host-microbial co-

metabolism, and consequent regulation of significant biological processes in 

the intestinal mucosa. Both genes’ transcripts and bacterial sequences 

revealed correlated functionalities, evidencing the crosstalk between gut and 

microbiota in the intestinal response observed. 

 

6. The transcriptomic enrichment analysis of the mid-anterior intestine of 

gilthead seabream fed the phytogenics-supplemented diet showed the 

regulation of genes related to processes of proteolysis and inflammatory 

modulation, immunity, transport and secretion, response to cyclic 

compounds, symbiosis, and RNA metabolism.  

 

7. The activation of leukocytes, such as acidophilic granulocytes, was suggested 

to be the primary actors of the innate immune response in the intestine 

promoted by the tested functional feed additive in the gut.  

 

8. The 16S Ribosomal RNA (rRNA) sequencing of the anterior and posterior 

sections of the intestine of gilthead seabream revealed that the phytogenics-

supplemented diet promoted subtle, but significant alterations in bacterial 

abundances in terms of phylum, class and genus. However, no effects on the 

alpha biodiversity values were obtained.  

 

9. Changes in microbiota composition, such as the decrease in Bacteroidia and 

Clostridia classes, were suggested to participate in the modulation of the 

intestine transcriptional immune profile observed in fish fed the functional 

diet. The analysis of the intestinal microbiota functionality revealed an 

increase in bacterial sequences associated with glutathione and lipid 

metabolisms, suggesting metabolic modifications that could be potentially 

affecting the observed immune-related transcriptional response.  
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10. At the skin mucosa level, the tested phytogenics reduced both Vibrio 

anguillarum and Pseudomonas anguilliseptica in vitro growth capacity in the 

skin mucus of gilthead seabream fed the functional feed additive, suggesting 

an enhanced skin mucus inhibitory capacity against bacterial fish pathogens. 

 

11. The enrichment analysis of the skin transcriptional profile of gilthead 

seabream fed the phytogenic-supplemented diet revealed the regulation of 

genes associated to cellular components involved in the secretory pathway, 

such as endolysosomes and phagosomes, suggesting the stimulation and 

recruitment of phagocytic cells.  

 

12. Immune and epithelial cells’ activation in mucosal-associated lymphoid 

tissues (MALTs) are hypothesized to be conducted by means of transient 

receptor potential (TRP) cation channels mediated by phytogenics’ bioactive 

compounds.  

 

13. The tested functional feed additive decreased the levels of cortisol in mucus, 

indicating a reduction in the fish allostatic load due to the properties of the 

tested additive.  

 

14. Altogether, the dietary supplementation of garlic, carvacrol and thymol is 

demonstrated to promote the gilthead seabream mucosal innate immunity 

and the mucus protective capacity, decreasing the mucosal tissues 

susceptibility to be infested by parasites and colonized by pathogenic 

bacteria. This protective effect did not compromise the somatic growth or 

microbiota homeostasis.  Therefore, this strategy appears to be an effective 

and safe tool to be used in functional diets for aquaculture. 

 

15. Through the analysis and the in-depth technical characterization of the 

additive studied based in the technology and knowledge transfer, this thesis 

generated a set of positive and comprehensive results that allows the 
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placement of the product on the market and, consequently, its application in 

real aquaculture industry context.  
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APPENDIX I 

 

Appendix I. Histochemical properties of the intestinal mucous cells of gilthead seabream 
fed the control diet and the diet supplemented with a blend of garlic essential oil, carvacrol 
and thymol. Results are expressed as the semiquantitative assessment of colour intensities 
by the scores of four independent observers: (0) negative; (1) weak; (2) moderate; (3) intense; 
and (4) very intense (See Supplementary Information in Firmino et al. 2020, available at 
https://doi.org/10.1038/s41598-020-74625-5). PAS - Periodic Acid Schiff, AB - Alcian Blue, 
ConA - Concanavalin A, WGA - Wheat germ agglutinin, SBA - Soybean agglutinin, SNA - 
Sambucus nigra lectin. 

 

Diet Control diet Phytogenics diet 

General histochemistry   

PAS 1-32 1-3 

AB pH 0.51 1-3 1-3 

AB pH 1.01 1-3 1-3 

AB pH 2.51 1-3 1-3 

Lectin histochemistry   

ConA4 0-1 0-1 

WGA1 0-3 0-3 

SBA 0-3 0-3 

SNA 0-35 0-35 

1 most cells intensity 3;  
2 most cells intensity 2-3;  
3 most cells intensity 1-2; 
4 most cells intensity 0; 
5 positive reaction in most cells. 
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APPENDIX II 

 
Appendix II. Histological sections from the intestine of gilthead seabream (Sparus aurata) 
fed the control diet (right column) and the diet supplemented with a blend of garlic 
essential oil, carvacrol and thymol (left column). High presence of neutral glycoproteins in 
intestinal mucous cells from control and phytogenics-supplemented diets (staining: AB-
PAS). Most mucosal cells stained blue (carboxylated groups) or violet (combination of 
neutral and acid mucins) while very few stained red (neutral mucins). In general, a negative 
or low reactivity to Concanavalin A (mannose residues) is observed (staining: ConA lectin). 
Regarding the SBA lectin, which indicates the presence of galactose and N-acetyl 
galactosamine, the reaction was variable among individuals (staining: SBA lectin). The SNA 
lectin reaction, indicating the presence of sialic acid, was positive in most mucous cells 
(staining: SNA lectin). Most cells show high reactivity to the WGA lectin indicating the 
presence of N-acetylglucosamine and sialic acids (staining: WGA lectin). 

 

(continued) 
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Appendix II. (continued) 
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