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Abstract 

The gilthead seabream larval rearing in continuous light is a common practice 

in most Mediterranean hatcheries to increase food intake, improves the conversion 

rate, and stimulate larval growth in length. Nevertheless, numerous investigations 

have revealed that continuous light interrupts circadian rhythm alternation, affects 

larval development and raises the prevalence of skeletal abnormalities.  

Melatonin, the major output signal of the circadian system, is a crucial pineal 

neurohormone that stimulates cell proliferation and embryonic development in many 

teleosts and enhances osseointegration in mice and humans. We believe that 

inhibiting MEL by continuous light during early life alters larvae growth and 

development and increases the incidence of skeletal deformities, particularly those 

affecting the opercular complex.  

To our knowledge, no study has been conducted on the effect of exogenous 

melatonin in gilthead seabream larval development. Therefore, our main purpose in 

the present research was to investigate the effect of orally supplemented melatonin 

on larval performance and skeletal deformities in farmed gilthead seabream under 

standard rearing conditions.  

Melatonin increased the frequency of skeletal deformities, especially those of 

the operculum, for which we have recorded new typologies. The first signs of the 

opercular complex deformities were recorded before any sign of mineralization, 

proving that the abnormalities occur during the onset of the operculum complex bone 

series. Caudal fin complex was also sensitive to exogenous melatonin administration, 

and its abnormalities' incidence was increased dose-dependent. In light of our results 

and bibliographic data, we hypothesize that skeletal deformities detected in 

experimental groups’ larvae can be induced by the increased PTHrP expression level 

induced by exogenous melatonin or by a loss of coordination between skeletal muscle 

and bone growth. Future research should extend and unmask the melatonin- 

pathways behind muscle and bone growth in gilthead seabream. This is the first study 

to report the effect of exogenous melatonin on bone deformities and growth of Sparus 

aurata larvae reared under ordinary hatchery conditions. 
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Chapter 1: Introduction 

1.1 BACKGROUND 

The gilthead seabream (Sparus aurata), one of the most important species 

in Mediterranean aquaculture, with an increasing status of exploitation in 

terms of production volume and aquafarming technologies, has become an 

important research topic over the years (FAO, 2022a; Lupatsch, 2004; Sola et 

al., 2007). A better knowledge of the molecular pathways behind their 

functional and biological characteristics has significantly improved the 

aquacultural aspects, namely their reproductive success, survival, and growth 

(Kır, 2020; Manchado et al., 2016; Papandroulakis et al., 2002; Sadek et al., 2004; 

Verhaegen et al., 2007). Like most teleosts, gilthead seabream exhibit 

indeterminate growth, with muscle mass increasing by hyperplasia and 

hypertrophy (Rowlerson et al., 1995), and the first commercial size of 300 to 

500 g takes between 18 and 24 months, and the size of 400 to 600 g takes around 

24 months depending on rearing conditions (European Food Safety Authority 

(EFSA), 2008). 

 Even though the gilthead seabream aquaculture industry has made 

remarkable progress,  hatchery conditions are still far from ideal,  resulting in 

frequent abnormalities at the beginning of intensive culture, entailing 

significant economic losses (Bardon et al., 2009; Beraldo & Canavese, 2011; 

Negrín-Báez et al., 2015; Ortiz-Delgado et al., 2014; Sfakianakis et al., 2013).  

Skeletal deformities in gilthead seabream fry typically affect the cephalic 

region, namely the snout and the opercula, as well as the vertebral column and 

fins (Galeotti et al., 2000; Koumoundouros, Oran, et al., 1997; Mhalhel et al., 

2020; Moretti et al., 1999; Ortiz-Delgado et al., 2014; Sfakianakis et al., 2013). 

Those deformities are induced during the embryonic and post-embryonic 
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periods of life, and their development is still not well understood (Berillis, 

2017; Ortiz-Delgado et al., 2014). Among the cephalic malformations, 

opercular complex anomalies are the most common and evident external 

abnormality in reared gilthead sea bream, affecting up to 80% of the 

population (Andrades et al., 1996; Beraldo & Canavese, 2011; Galeotti et al., 

2000; Koumoundouros, Oran, et al., 1997; Negrín-Báez et al., 2015; Verhaegen 

et al., 2007). Besides the impairment of the image and market value of the final 

product,  opercular anomalies affect the breathing process during water intake 

and discharge, reduce resistance to environmental stress especially reduced 

oxygen levels, and indirectly predispose the fish to gill diseases and bacterial 

infections (Beraldo & Canavese, 2011; Galeotti et al., 2000; Thuong et al., 2017; 

Verhaegen et al., 2007).  Fish development and growth, from newly hatched 

larvae into juveniles, is associated with several morphological and 

physiological changes controlled and coordinated by many endocrine factors.  

In fish, as in mammals, melatonin (MEL) is the crucial output signal of the 

circadian clock produced mainly in two phototransducing sites, the retina and 

pineal gland, and displays daily and seasonal secretion patterns with a peak 

level during the dark phase (Boeuf & Falcon, 2001; Falcón, Migaud, et al., 2010; 

Kalamarz et al., 2009; Sánchez-Vázquez et al., 2019). The involvement of MEL 

in Teleosts larval development and growth has been demonstrated by several 

in vivo and in vitro studies showing that MEL stimulates cell proliferation and 

embryonic development in a dose-dependent manner (Danilova et al., 2004; 

Falcón, Migaud, et al., 2010; Fjelldal et al., 2004; Maria et al., 2018; Sun et al., 

2020; Zhu et al., 2020). In the zebrafish embryo, MEL could regulate cell 

proliferation rate and accelerate fish development through MT2 receptors 

(Danilova et al., 2004). 

Additionally, during the early ontogenesis of gilthead seabream and 

haddock (Melanogrammus aeglefinus), MEL controls the development and 
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protection against free radicals (Downing & Litvak, 2002; Kalamarz et al., 

2009). Moreover, a study conducted in 2004 reported that MEL has numerous 

functions related to vertebral bone growth in Atlantic salmon (Fjelldal et al., 

2004). It promotes osteoblastic differentiation, improves osseointegration in 

mice, and stimulates osteoblastic specialization of MC3T3-E1 cells and human 

mesenchymal stem cells (MSC)/peripheral blood mononuclear cells by 

increasing the expression levels of osteogenic markers (Maria et al., 2018; Sun 

et al., 2020; Zhu et al., 2020). In gilthead seabream larvae, MEL production 

initiates immediately after hatching to reach maximum levels between 6 and 

10 days post-hatching (DPH) (Kalamarz et al., 2009). At this time, the 

hormones implicated in growth, metabolism, and development, i.e., growth 

hormone and prolactin, are shallow (Herrero-Turrion et al., 2003; Herrero-

Turrión et al., 2003), and the number of growth hormone cells and growth 

hormone expression levels do not increase until 30 DPH (Deane et al., 2003).  

A high MEL production during the first days post-hatching in gilthead 

seabream larvae, when growth hormone and prolactin supplies are still 

insufficient, suggested a distinct role of MEL in early organogenesis, 

particularly in skeletogenesis, by stimulating cell proliferation and 

differentiation processes (Danilova et al., 2004; Kalamarz et al., 2009). 

1.2 CONTEXT AND PURPOSES 

The larval rearing of gilthead seabream in continuous light is a common 

practice in Mediterranean hatcheries. Indeed, continuous light speeds up the 

depletion of yolk sac reserves, improves the conversion rate, stimulates 

feeding behavior by around 40%, and promotes larval length growth 

(Villamizar et al., 2011). However, several studies have shown that continuous 

light interrupts the circadian rhythm alternation, increases the prevalence of 

skeletal deformities, and affects larval development (Villamizar et al., 2009). 

The circadian rhythm alternation has a key role in synchronizing daily 
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behavioral processes in fish (food intake, shoaling behavior, locomotor 

activity), oxygen consumption, thermoregulation, MEL synthesis, and growth 

(Falcón et al., 2007). 

In light of the above-mentioned bibliographical data, we thought that 

inhibiting MEL by continuous light during early life alters larvae growth and 

development and increases the incidence of skeletal deformities, particularly 

those affecting the opercular. To our knowledge, no study has been conducted 

on the effect of exogenous MEL intake on early life performance and skeletal 

deformities of gilthead seabream skeletogenesis. Therefore, our main purpose 

in the present study was to radiate the knowledge on early-stage gilthead 

seabream development and evaluate the effect of orally supplemented MEL 

on larval performance and skeletal deformities (especially the opercular 

complex abnormalities). Thus, we have fixed the down mentioned specifics 

objectives:  

1st Specific objective: Characterization of the growth pattern of gilthead 

seabream larvae under standard rearing conditions. 

2nd Specific objective: Investigation of the mineralization pattern and the 

beginning of the process in gilthead seabream larvae.  

3rd Specific objective: Characterization of operculum complex 

deformities: moments of the apparition, the different forms, and its evolution 

over time. 

4th Specific objective: The evaluation of the incidence of opercular 

complex deformities. 

5th specific objective: The evaluation of the exogenous melatonin effects 

on larval growth 

6th specific objective: The evaluation of the effects of exogenous melatonin on 

bone deformities, especially those affecting the operculum complex.
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Chapter 2: Literature Review 

2.1 GILTHEAD SEABREAM: TAXONOMIC AND BIOLOGICAL 

FEATURES 

The gilthead seabream (Sparus aurata, Linnaeus, 1758), known as orata, is 

the single species of the genus Sparus that has given the whole family of 

sparidae its name. It belongs to the superclass of Actinopterygii ray-finned 

fishes, to the class of Osteichthyes, and the order of Perciformes (perch-like) 

(Pavlidis & Mylonas, 2011).  

 

Kingdom Animalia 

Phylum Chordata 

Subphylum Vertebrata 

Superclass Gnathostomata 

superclass Osteichthyes -Teleostei 

Order Perciformes 

Family Sparidae 

Genus Sparus 

Species Sparus aurata 

 

Gilthead sea bream are characterized by a silvery grey oval body, recalling the 

shape of the glittering metallic tip of a spear, hence the name of the genus 

"Sparus" (FAO, 2022b; Pavlidis & Mylonas, 2011). It has several distinguishable 

characteristics. It has a large black blotch at the origin of the lateral line 

extending on the upper margin of the opercle. The head profile is regularly 

curved with two small eyes separated by a golden frontal band, hence the 

name of the species that comes from the Latin "auratus", which means golden. 
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It has a dorsal fin with 13 to 14 soft rays and 11 spines, an anal fin with 11 or 

12 soft rays and three spines, scaly cheeks, and a scaleless preopercle (FAO, 

2022b).  

In the wild, it inhabits either solitary or in a small shoal, seagrass beds, 

sandy bottoms, and the surf or breaker zone, often to depths of about 30 m, 

even though adults may occur at 150 m deep. It is a sedentary euryhaline and 

eurythermal fish that can tolerate a wide range of salinity and temperatures 

and thus frequents coastal waters and estuaries (Pavlidis & Mylonas, 2011; 

Sola et al., 2007). The gilthead seabream is an opportunistic feeder, adapting 

its diet to the food items available in the habitat (Pita et al., 2002). It has mainly 

a carnivore diet consisting of gastropods and bivalves (Pita et al., 2002).  

It is known as a common subtropical fish of the warm coastal waters of 

the Mediterranean, Black Seas, and the Eastern Atlantic Ocean, distributed 

from 62°N-15°N, 17°W-43°E. However, recent increasing capture records in 

England and Ireland have proved the distribution of this species in the cold 

waters of the English Channel and the Celtic Sea (The European Commission, 

2014). 

2.2 LIFE CYCLE 

The overall life cycle of gilthead sea bream has been reconstructed 

through in vivo observations. At 18.5°C, the first cleavage division occurs 

around 1:15 hours after fertilization (HPF) occurs. Later, several cleavages, 

occurring in different planes, upgrade the two cells zygote morphology to 4, 

8, 16, 32 cells-stages and morula at 1:45h, 2h, 2:30h, 3h, 4:15 h after fertilization, 

respectively. Then, cleavages continue, the blastodisc begins to look ball-like, 

and the high blastula stage is reached at 6:00 HPF. The epiboly continues, and 

the involution defines the initiation of gastrulation at 10:00 HPF. The gastrula 

undergoes a variety of morphometric movements, and from 18:00 h after the 

fertilization, the embryo started to become denser, and the first 5-6 couples of 
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somits and kupffer apparatus were observed two hours later. The appearance 

of the first pigmentation was recorded at 21:00 HPF (Kamacı et al., 2005). Two 

days after fertilization, zygotes hatch in the open sea from October to 

December in the Mediterranean, and the larvae released measure more or less 

3 mm in length (Figure 1) (Desoutter et al., 1990; Kamacı et al., 2005). The 

planktonic larval stage lasts around 50 days at 17-18° C (Sola et al., 2007). 

At hatching, the yolk-sac larvae (21 somites) were intermittent swimmers 

with a prominent head and a large yolk sac. Larvae of 15–18 days of age had 

the yolk-sac content completely resorbed and started to develop a functional 

gut with its related glands: the opening of the mouth, the beginning of external 

feeding, and the digestive functionality. At this stage, the larva could perform 

more regular searching-for-food swimming based on undulatory movements 

of the body. The axial muscle progressively acquired its definitive complicated 

anatomical pattern (Patruno et al., 1998; Yúfera et al., 2012). At the pre-

metamorphic stage, larvae aged 30–45 days (about 5.5–8 mm in length, 25 

definitive somites) showed a pronounced development at the origin of the 

classic vertebrate bauplan and the intestine maturation. Post-larvae aged 60–

90 days represented true juveniles. The fry (about 14–20 mm in length) was 

characterized by the loss of the typical larval features and the development of 

gastric functionality (Patruno et al., 1998; Yúfera et al., 2012). Scales and rayed 

fins showed their definitive anatomical organization. Locomotion at this age 

was mainly based on the propeller push of the caudal region, and swimming 

performances improved significantly (Patruno et al., 1998). Fry of 150 days 

(about 28 mm in length) showed a general anatomy and swimming behavior 

comparable to those of adult fish (Figure 1) (Patruno et al., 1998).  

The sea bream is a protandrous hermaphrodite. They mature as 

functional males in the first two years, and when they reach over 30 cm in 

length, they turn into females (Chaoui et al., 2006; Mehanna, 2007). Females 



 

Chapter 2: Literature Review 8 
 

 

with asynchronous ovarian development are batch spawners and can lay 

between 20,000 and 80,000 eggs per spawning period of twenty-four hours 

over up to 3 months, and the normal fertilization ratio is 90 – 95 % (Sola et al., 

2007).  

During the male phase, the bisexual gonad has a ventral functional 

testicular, with asynchronous spermatogenesis and non-functional dorsal 

ovarian areas (Zohar et al., 1978). Considering the genetic identity between 

males and females, morphological and behavioral differences and sexual 

dimorphisms were explained by a sex-biased expression where genes are 

transcribed more or less in one sex than another (Pauletto et al., 2018; 

Tsakogiannis et al., 2019). 
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Figure 1. A reconstruction of gilthead seabream life cycle. Several cleavages in different planes upgrade the zygote morphology into a morula, and high 

blastula stage, at 4:15 h, and 6 HPF, respectively. The epiboly continues, and the involution defines the gastrula (10 HPF), which undergoes a variety of 

morphometric movements at the origin of a dense larva. Two days after fertilization, zygotes hatch, and larvae develop a functional gut and the classic 

vertebrate bauplan (15-45DPH) progressively. Planktonic larvae lose their typical features, and a pronounced development is at the origin of a true juvenile 

(60–90 DPH). They mature as functional males in the first two years, and when they reach over 30 cm in length, they turn into females.  This figure was 

made using  material from  (Colloca & Cerasi, 2022; Kamacı et al., 2005; Patruno et al., 1998).
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2.3 GROWTH CHARACTERISTICS 

Growth is an integrated physiological process converting ingested 

energy to biomass. The efficacy of this conversion is regulated by the genetic 

growth potential of fish and various abiotic factors such as food disponibility 

and quality, temperature, photoperiod, and salinity (Debes et al., 2020). 

Like most teleosts, Gilthead sea bream exhibits indeterminate growth, 

with muscle mass increasing by hyperplasia and hypertrophy throughout 

their lifespan (Rowlerson et al., 1995). It is a long-lived species, with a 

maximum reported growth of 57.5 cm (2500 g) on 12 years old fish in the 

Mediterranean and  61.4 cm (3080.6 g) on 14 years old Black Sea fish (Aydin, 

2018; Kraljević & Dulčić, 1997). In aquaculture, producing commercial-size fish 

of 300 to 500 g takes between 18 and 24 months, depending on rearing 

conditions. 

Gilthead sea bream is ectotherms. Thus, water temperature greatly 

influences their physiology and consequently their growth rate (Caterina et 

al., 2014). Although it is a eurythermal fish tolerating a wide range of 

temperatures, the optimal growth rate is observed between 25 and 30 °C  (Kır, 

2020).   

The photoperiod, as well, is one of the directive factors on growth since 

it provides the fish with a signal that stimulates the endocrine system, namely 

growth hormone levels (Björnsson et al., 2000; Ginés et al., 2004). Several 

marine species react to long photoperiod growth-stimulating light treatments, 

which either directly improve their food intake and feed conversion efficiency, 

or suppress sexual maturation, thus enabling the redirection of energy from 

gonadal to muscle tissue and fat in the abdominal cavity (Ginés et al., 2004). 

Gilthead sea bream was one of the species where photoperiod's positive effects 

on larvae cultivation were demonstrated by enhancing prey detection (Vardar 

& Yildirim, 2012). In young and adult specimens, long and constant 
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photoperiods and permanent light have enhanced sea bream growth 

efficiency by delaying sexual maturity (Vardar & Yildirim, 2012). 

Gilthead sea bream is a euryhaline species and thus can efficiently face 

variations in environmental salinity, which seems to have a minor effect on 

growth, at least in the adult stage (Zarantoniello et al., 2021). On gilthead sea 

bream larvae, however, decreasing the daily dilution rate of water salinity 

induced a significant increase in the average daily gain (mg/fish/day), specific 

growth rate (SGR), protein, fat, and energy gain (Mabrouk & Nour, 2011). 

In addition to physico-chemical parameters of the aquatic environment,  

the growth is affected by many other factors, including the genetic component,  

food availability, and dietary quality (Ginés et al., 2004; Torno et al., 2019). 

The optimal dietary protein requirements are known to be affected by 

several factors, including fish size, the quota of non-protein energy in the diet, 

and the protein source quality (Sankian et al., 2017). As insufficient non-

protein energy is available in the diet, part of the dietary protein will be 

catabolized to supply energy. For this reason, dietary supplementation of 

energy-yielding nutrients, mainly lipids, was considered an optimal solution 

to improve the efficiency of protein utilization by fish. However, the supply of 

dietary lipids more than the requirement can limit feed consumption, thereby 

reducing the intake of the required amount of protein and other essential 

nutrients (Sankian et al., 2017). 

For maximum growth, gilthead seabream needs a balanced diet made of 

40-46% protein and 12 to 24% lipid, which would reduce the use of protein for 

energy production, leading to a protein-sparing effect (Caballero et al., 1999; 

Mongile et al., 2014). 

Awareness of the nutritional importance of vitamins, specifically 

vitamins C and E, has grown progressively over the last decades. A study on 

gilthead seabream suggests that increasing dietary vitamin E levels associated 
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with medium HUFA enhanced larval growth performance in terms of total 

length. This finding indicates the importance of dietary vitamin E for larval 

growth and its interrelation with dietary HUFA (Atalah et al., 2012). 

The length (L)-weight (W) relationship (LWR) expressed by the equation 

W = aLb estimated using the natural logarithmic equivalent log W = b logL + 

loga, where a = the intercept and b = the slope; reveals the extent to which the 

two growth variables are related to each other (Nie et al., 2013; Wang et al., 

2012). It is useful to estimate indirect growth, biomass, fatness, body condition, 

gonad development, and ontogenetic changes of fish, helping to understand 

the developmental variation during their life cycle (De Guzman & Geronimo 

R, 2020). It has important implications for fishery management and 

aquaculture practice and between region comparisons of life histories of a 

specific species (Guo et al., 2014; Li et al., 2016).  

Fish may attain an isometric growth (b = 3) which means that the body 

shape does not change as an organism grows. Negative allometric growth (b 

< 3) means that a fish becomes thinner as its weight increases; while positive 

allometric growth (b > 3) means that its body becomes relatively broader as 

the length of the fish increases (De Guzman & Geronimo R, 2020; Riedel et al., 

2007).  

Another index calculated from the relationship between the weight of a 

fish and its length, the condition factor (CF), which is extensively used in 

monitoring growth and determining the well-being status of the fish (Ndiaye 

et al., 2015). It assumes that heavier fish of a given length are in better condition 

and estimated from the relationship: K = 100 w/Lb, where W is the weight of 

the fish in grams, L is the total length of the fish in centimeters, and b is the 

value obtained from the length-eight equation formula (Daniel, 1984). The CF 

is affected by age, sexual maturity, season, and nutritional conditions. It is 

used in comparing two or more co-specific populations living in similar or 
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different rearing conditions, determining the period of gonadal maturation, 

and observing the feeding activity or population changes, consequently to 

modifications in food resources (Ndiaye et al., 2015). Morphometric analyses, 

such as weight and length analyses, and their mathematical relationship are 

usually applied, considering the economic aspect of costs and time. 

Many studies have investigated the relationship between morphometric 

indices and physiological status for adult gilthead seabream and examined 

whether the use of feeds with different diets or different additives affects the 

length-weight relationship (Aysun et al., 2018).   

Length-weight relationship with respect to feed with different protein 

levels (38%, 42% and 45%) were estimated to be W= 0.051*TL 2.63, 

W=0.046*TL2.67 and W=0.046*TL2.68 respectively. These values were in favor of 

higher growth in length than in weight for the three experimental groups 

(Aysun et al., 2018). Those results concord with the result reported on the 

Aegean Sea gilthead seabream populations during winter months, where the 

b values ranged from 2.736 to 2.737 (Akyol & Gamsiz, 2011; Tevfik et al., 2009), 

compared to 2.83 to 2.98 in the Mediterranean Sea (Cicek et al., 2006; Sangun 

et al., 2007). The reason behind the negative allometric growth reported by the 

first study (Aysun et al., 2018) can be explained by the gonadal development 

during which fish need to reach the length of sexual development, while that 

of Aegean Sea gilthead seabream was justified by the fish caught in winter 

when they still in spawning period (Akyol & Gamsiz, 2011; Aysun et al., 2018; 

Cicek et al., 2006; Sangun et al., 2007; Tevfik et al., 2009). Thus, the differences 

in the b value can be the result of various factors such as the length of the fish 

at initial maturity, age, gender, water temperature, and amount of feed.  

Larvae grow from 3 mm to 9 mm in length in about 30 days (FAO, 

2022b). During the larval stage, the feeds distributed are extremely small 

particles or live organisms from both rotifers and artemia. Studies have proved 
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that values of growth performance of gilthead seabream larvae were 

significantly increased by increasing the levels of live food (Eid et al., 2018). 

The preferences for food particles are related to the mouth opening ranging 

between 50 – 250 μm for larvae of 8 – 10 mm, 180 – 400 μm for larvae of 20 

mm, and 315 – 600 μm for juveniles of 25 mm (FAO, 2022b). 

2.4 POPULATION GENETICS  

The gilthead seabream represents an important economic resource for 

Mediterranean aquaculture. Given its wide geographic distribution and 

economic importance, studies carried out on the genetic composition of 

natural populations, and the possible existence of panmictic or subdivided 

populations have been largely studied. Those studies have revealed a 

heterogeneous degree of genetic differentiation among gilthead 

seabream populations along the Atlantic and Mediterranean coasts through 

allozymes and microsatellites (Alarcón et al., 2004; Loukovitis et al., 2012; 

Rossi et al., 2006). Marker analyses identified a subdivision into three genetic 

clusters: East, West Mediterranean, and Atlantic. The first mentioned group 

could be further subdivided into an Ionian/Adriatic and an Aegean group 

using the outlier markers (Gkagkavouzis et al., 2019; Maroso et al., 2021; Rossi 

et al., 2006). Additionally, it was demonstrated that the intentional release of 

fry of unknown origin in restocking programs in non-confined coastal 

lagoons, or the accidental escape of fish from farms, have contributed to a mix 

of all gilthead sea bream genetic stocks (Sola et al., 2007). These results provide 

a baseline for future reference in any management program of both wild and 

farmed populations of gilthead seabream, a first step toward the study of the 

potential genetic impact of the sea bream aquaculture industry on wild 

populations  (Gkagkavouzis et al., 2019; Maroso et al., 2021).  
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2.5 BREEDING AND CULTURE PRACTICES  

2.5.1 History 

The early culturing of gilthead seabream relied on the capture of wild 

juveniles that are the result of natural spawning in the wild, using valli and 

fish barriers taking benefit of the natural trophic migration of juveniles from 

the sea into coastal lagoons (Moretti et al., 1999). The pressures of the valli 

capture dramatically reduced the wild stocks' resources, limiting the 

expansion and even the continuation of the activity itself, creating the need to 

develop intensive production practices (Moretti et al., 1999). Large-scale 

production of fry was achieved in the early 1980’s borrowing technology 

previously developed for the cage rearing of salmonids in northern Europe 

(Laird, 2001), and by the 1990’s, the intensive production of juveniles and 

methods to produce fish to market size in cages or ponds were optimized 

(Moretti et al., 1999). The accumulation of knowledge on reproduction 

techniques, generating a reliable and programmable supply of fry, and 

advancements in the larval nutritional and environmental requirements have 

allowed the inflation of the scale of gilthead sea bream production, one of the 

major products of Marine fish farming (Laird, 2001; Moretti et al., 1999).  

2.5.2 Production and trade 

During the last decade, the fisheries and aquaculture sectors have been 

increasingly recognized for their essential contribution on fulfilling the 

demand for safe and healthy food for a world population that will reach nearly 

10 billion by 2050 (FAO, 2022a). Gilthead sea bream is one of the most 

important reared species in worldwide aquaculture, especially in the 

Mediterranean Sea, with an increasing status of exploitation in terms of 

production volume and culture technologies. Gilthead seabream intensive 

production in the Mediterranean began in the early 1980s in marine cages and 

recirculating aquaculture systems. In the late eighteen’ this species' production 
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was 1800 tonnes (Tn), and in teen years only (1997), it reached 45 000 Tn (Laird, 

2001). In 2020, its production was estimated at 258,754 Tn, classifying our 

species  33rd among the most reared fish (FAO, 2022a; NFISS, 2022). 

The main six producers worldwide are Turkey, Greece, Egypt, Tunisia, 

Spain, and Italy with 38.54%, 21,43%, 13,87%, 6,96%, 4,82%, and 2,84%, 

respectively, of the gilthead sea bream world production (FAO, 2022a). Since 

2000, the 50% increase in UE production was promoted mainly by a six-times 

multiplied production in Croatia and two times in Cyprus. In 2019, the EU27 

produced 93,639 Tn, which represented 36.19% of the world's production 

(NFISS, 2022). 

Greece and Turkey are the largest exporters of gilthead seabream in the 

world with 52,879 Tn and 52,516 Tn, respectively, while Italy is the largest 

importer with 34,912 Tn, followed by Portugal with 13,351 Tn (NFISS, 2022). 

The rapid growth of sea bream farming has been directly associated with 

the robustness and plasticity of this species, in addition to the reliable supply 

of high-quality juveniles spawned under controlled conditions in hatcheries 

(Laird, 2001; Manchado et al., 2016; Sola et al., 2007). 

Several studies have indicated that there is a large economic potential 

for gilthead production, and its worldwide 130,042 Tn export was evaluated 

at 653 million USD, while the 100,584 Tn import in 2018 was evaluated at 

almost 532 million USD (NFISS, 2022).  

2.5.3 The production cycle of gilthead seabream 

 The production cycle of gilthead seabream in intensive aquaculture 

begins with collecting good-quality fish eggs from the mass spawning activity 

of the broodstock. Selection criteria to identify adult fish as suitable breeders 

include normal body shape and color, absence of skeletal deformities, overall 

health status, normal behavior such as a quick response to food distribution, 

fast swimming, the largest size within its age group, the best growth and food 
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conversion rate within its age group, as well as newly estimated genetic 

parameters (Manchado et al., 2016; Moretti et al., 1999; Thorland et al., 2007). 

The genetic approach aims to identify genes whose expression is associated 

with disease and stress resistance. Breeders of various age groups, from one-

year-old males to five-year-old females, may be conditioned by environmental 

manipulation (photoperiod and temperature) in order to induce sexual 

maturation (Colloca & Cerasi, 2022). The optimal sex ratio in the spawning 

tanks is kept at two males per female.  

Males are left to release sperm spontaneously or on stripping. Females 

maturation stage has to be confirmed by extracting oocytes from the ovary, 

and only females with oocytes in the late vitellogenic stage (diameter larger 

than 500 μm) are selected (Moretti et al., 1999). Females can be left to release 

eggs by natural spawning or inducing it by hormonal treatment ( 5-20 mg/kg 

GnRHa(1) (D-Ala6; Pro9Net-mGnRH), at 15-17°C (Colloca & Cerasi, 2022; 

Moretti et al., 1999). 

In the gilthead sea bream, as in other Sparidae, the buoyancy of spawned 

eggs is one parameter used in hatcheries to evaluate the potential of a batch of 

eggs to produce viable embryos and hatched larvae. This relates to the fact that 

proper hydration of the egg during oocyte maturation and immediately after 

spawning is essential for its further development and survival (Cerdà et al., 

2007; Mylonas et al., 2011). Loose of eggs buoyancy was explained by a defect 

in their vitelline envelope components, or a differential concentration of 

cathepsin D and L, proteolytic enzymes involved in processing yolk proteins, 

and the increase of the osmotic pressure necessary for egg hydration; which 

induced an excessive hydration (Carnevali et al., 2001; Mylonas et al., 2011). 

The eggs are collected by a simple screen within the outflow system of 

the broodstock tank after have been skimming the surface of the collecting 
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tank to remove only the floating eggs, and placed into conical incubating tanks 

in the dark for 36-48 hours at 18-22°C (Moretti et al., 1999). 

Briefly before the estimated hatching time, water renovation should be 

increased to two complete exchanges per hour, after which environmental 

parameters should be reset according to the indications contained in table 1 

(Moretti et al., 1999). 

Table 1: Main Environmental parameters variation 

 Incubation Hatching Larval stage Fry stage 

Water temperature (°C) 15-17 15-17 15-20 20 

Salinity (ppt) 35-38 35-38 35 30 

Photoperiod (h) - 16:8 16:8 14:10 

Water renewal (time/day) 12 12 8-12 18 

 

The hatched larvae are transferred to a rearing tank of an individual 

capacity of 6-10 m3, where they show a pronounced tendency to sink, 

conserving a uniform dispersion in the water body (Moretti et al., 1999). 

Directly after hatching, the digestive tract is still incomplete, the mouth is still 

closed, and the eyes are not yet pigmented. During this period, the larvae 

survive on the reserves of their yolk sac. Once the visual and digestive organs 

are fully developed, they involve progressively active movements 

characterizing the first-feeding predatory position (Moretti et al., 1999).  

Thus, larvae can start feeding on live prey from the third to the fourth 

day of hatching, beginning with Branchionus spp. (Rotifers), followed by 

Artemia (Brine shrimp) (Moretti et al., 1999). In addition, during the first 25 

days after hatching, microalgae are added to the rearing tanks (‘green water’ 

method), where they work both as immunological stimuli and as a conditioner 

of water quality (Moretti et al., 1999; Papandroulakis et al., 2002). Feeding on 

live microorganisms lasts between 40 and 50 days. During the first seven days, 

larvae receive a daily amount of 20 million rotifers per tank and 40 liters 

(12x106 cell/ml) of mature algal culture; from 8 to 12 days, the amount of 
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rotifers is increased by 20% and by 40% from day 13 to 16. At 17 DPH, rotifer 

provided are increased to 60%, and microalgal supplements are decreased to 

50% to which 0.1 to 0.5 million Artemia AF are added to the larvae tank 

(Moretti et al., 1999). The high prey density increases the chance for the fish to 

approach and gulp some microorganisms, significantly improving their 

survival possibilities (Figure 2). 

From day 20, algae and rotifers quantities are reduced to 10 liters and  20 

million, respectively, in favor of an increased amount of artemia AF (0.5-1 

million) and 0.3-0.6 million artificially enriched artemia metanauplii and a 

small amount of inert feed adapting the growing larva to the new food 

(Moretti et al., 1999). From day 24 to day 27, algae are progressively 

eliminated, rotifers decrease to 10 million, artemia AF increases to 250-500% 

(1.5 million) and large size artemia EG or RH to 3 million. Artificial feed is also 

increased progressively to accustom fish to the new flavor. From day 28, algae, 

rotifers and artemia AF nauplii supply is suspended while artemia EG or RH 

(10 million) and inert feed (15-20 g) are fed to fish. From day 34 to day 39, fish 

are given more EG or RH artemia (12 million) and 20 g of medium size (80-200 

μm), plus 10 g of the larger 150-300 μm size inert food. From day 40 to day 43, 

when metamorphosis from larval to juvenile shape (fry) has started, EG or RH 

artemia and 150-300 μm inert feed supply, which fit better the larval 

requirements in terms of composition, size, buoyancy, and flavor, are 

increased up to 16 million and 30 g respectively. The feed should be 

distributed three times per day, starting as soon as the lights have been 

switched with a lapse time of 6 hours, until four hours before the artificial 

sunset. From this point, the fingerlings or juveniles of 2-3 grams assuming the 

adult aspect, are ready to be moved to the weaning sector (Moretti et al., 1999; 

Webster & Lim, 2002). The weaning stage represents a true intensive rearing 

system where the biomass of juveniles can reach up to 20 kg/m3. Feeding 
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procedures and environmental parameters in this critical step are marked by 

the end of the live feed supply and the automatic distribution of dry feed. The 

environmental parameters in the weaning section are based on the protocol 

detailed in Table 1. The feeding protocol is based on the use of dry feeds while 

moist food, freshly prepared and totally consumed within the same day, 

represents a resource to supply additional nutritional integrators and drugs. 

Live feed supply end when juveniles reach an age of sixty days, after which 

they are fed exclusively with dry compounded feed (Figure 2). When a size of 

2 to 5 g is reached, weaned fry leave the hatchery to be marketed in the 

fattening facilities, either pre-growing tanks or floating cages (Moretti et al., 

1999). 
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 Figure 2. The production cycle of gilthead seabream 
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2.6 FISH SKELETOGENESIS 

Vertebrate skeletogenesis involves three main cell types: chondrocytes, 

osteoblasts, and osteoclasts (Shahar & Dean, 2013). The first two cell types 

secrete the extracellular matrix proteins of the cartilage and bone, respectively. 

In contrast, the third type produces matrix metalloproteinases, cathepsins, and 

tartrate-resistant acid phosphatase (TRAP), providing an acidic environment 

in which the mineralized matrix is broken down (Ortiz-Delgado et al., 2014; 

Ytteborg et al., 2010). In addition, a fourth type of cell known as osteocytes is 

involved in maintaining bone matrix, regulating bone formation and 

resorption, and acting as mechanical load sensors. Contrarily to fish with 

cellular bone, teleosts have derived skeletons composed only of acellular bone, 

a tissue without osteocytes in the mineralized matrix. The lack of osteocytes in 

acellular bone implies that bone remodeling is covered by other cell types 

(Boglione, Gisbert, et al., 2013, p. 2). Other than different types of cells, 65% of 

the dry mass of bone is made of hydroxyapatite salts, and the remaining part 

is a collagen fiber matrix (Mahamid et al., 2008). Osteogenesis is ensured by a 

complex set of regulated molecular pathways involving signaling molecules, 

transcription factors, and extracellular matrix (ECM) constituents, among 

which alkaline phosphatase (ALP) or non-collagenous proteins, namely the 

matrix Gla protein (MGP) or osteocalcin (OC) (Boglione, Gisbert, et al., 2013). 

Thus, the perturbation of those factors implicated in the control of bone 

development and homeostasis, as well as the incapacity of the self-regulating 

process to compensate the stressful environmental conditions, induce the 

disruption of skeletogenesis and leads to the appearance of skeletal 

deformities (Boglione, Gisbert, et al., 2013; Ortiz-Delgado et al., 2014). 

Several studies have described skeletogenesis and the histological 

organization of skeletal tissues in gilthead sea bream as well as the different 

typologies of skeletal deformities in order to investigate the effects of different 
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biotic and abiotic factors on the development of bone and the appearance of 

skeletal anomalies (Ortiz-Delgado et al., 2014). 

2.6.1 Bone deformities  

In the last two decades, the gilthead seabream aquaculture industry has 

experienced a rapid development with impressive progress in rearing 

techniques, disease control, nutrition, and industrial hatcheries knowledge. As 

a maximal yield in growth success may come into reach, several problems 

arise with respect to the overall quality of the larvae and subsequent juvenile 

fish. The quality of fish depends on Morpho-anatomic and organoleptic 

characteristics that should be as similar as possible to that of wild fish, which 

is the quality reference by the consumer (Ortiz-Delgado et al., 2014). Various 

morphological abnormalities induced during the embryonic and post-

embryonic periods of life, hindering the efficiency of the production cycle, 

have been reported in many studies (Al-Harbi, 2001; Beraldo & Canavese, 

2011; Ortiz-Delgado et al., 2014; Verhaegen et al., 2007). These deformities, 

affecting as much as 80% of the fingerling production, cause an enormous 

economic slump in the industry by the primarily affection on the survival 

rates, growth, biological performance, the quality of the reared fish, the 

consumers' overall perception of fish and thus the cost-efficiency of marine 

fish aquaculture (Galeotti et al., 2000; Lorenzo-Felipe et al., 2021). A 

significantly higher prevalence of anatomical abnormalities may be observed 

in gilthead seabream produced in intensive aquaculture than in wild-caught 

animals (Ortiz-Delgado et al., 2014).  

Although the improvement of rearing techniques, hatchery conditions in 

aquaculture farms are still far from ideal, this is why the most frequent 

abnormalities are recorded at the beginning of gilthead sea bream intensive 

culture, during embryonic and larval periods long before osteological 



 

Chapter 2: Literature Review 18 
 

 

deformities are externally visible (Boglione, Gavaia, et al., 2013; 

Koumoundouros, Oran, et al., 1997; Ortiz-Delgado et al., 2014). 

Skeletal deformities will fully develop to be visually identified only 

when fish are over 0.5 g in size and batches affected have to be screened and 

animals that carry the deformities must be detected and eliminated 

immediately since they will compete for food and space with healthy fish 

(Moretti et al., 1999). 

Skeletal deformities in gilthead seabream fry typically affect the cephalic 

region (snout and opercula), showing a deformed upper and lower jaw in a 

variety of shapes as well as operculum complex deformities affecting its bone 

serie, leaving part of the gills exposed; the vertebral column in the form of 

kyphosis, lordosis or a mix of them, and fins especially the caudal fin 

deformities and saddle-back syndrome (Galeotti et al., 2000; Koumoundouros, 

Oran, et al., 1997; Mhalhel et al., 2020; Moretti et al., 1999; Ortiz-Delgado et al., 

2014; Sfakianakis et al., 2013). 

The opercular complex deformities 

The operculum is a hard, plate-like, bony flap, made of opercles, 

subopercles, and interopercles, overlie an opercular membrane forming 

together a protective wall for the orobranchial chamber that covers the gills. 

This structure is known as well as gill cover or bony operculum. Below the 

opercular series, the branchiostegals are arranged in series with the sub- and 

interopercles and are attached proximally to the ventral face of the hyoid bar. 

The branchiostegal rays and membranes play only a passive role in the 

abduction and adduction of the branchial cavity and appear to serve primarily 

as a ventral sealing valve (Figure 3) (Huysseune, 2000). 

Among cephalic malformations, anomalies of the opercular complex are 

the most common and evident external abnormality in different fish species, 

especially in reared gilthead sea bream, affecting up to 80% of the population 
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(Andrades et al., 1996, 1996; Beraldo & Canavese, 2011; Galeotti et al., 2000; 

Koumoundouros, Oran, et al., 1997).  

 

Figure 3. The teleostean operculum complex organization.  Schematic representation adapted 

from (Huysseune, 2000)  

This malformation affecting the bone series of operculum complex and 

the branchiostegal membrane consists of a more or less sharp inward folding 

(Figure 4.a) or shortening (Figure 4.b) of the structure, often associated with 

different degrees of malformation of the surrounding cranial region and 

exposure of the gills (Koumoundouros, Oran, et al., 1997; Verhaegen et al., 

2007). This deformity may affect one or both operculum; however, the 

prevalence of those monoliteral is higher than the bilateral ones. The moment 

of apparition has not been precisely detected but is generally thought to be 

during the weaning and/or the pregrowing phase (Koumoundouros, Oran, et 

al., 1997; Verhaegen et al., 2007). Still, its premonitory symptom and 

morphoanatomical description remain incomplete. Although the image and 

market value of the final product are impaired, opercular anomalies affect the 

breathing process during water intake and discharge, reduce resistance to 

environmental stress especially reduced oxygen levels, and indirectly 
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predispose the fish to gill diseases and bacterial infections (Beraldo & 

Canavese, 2011; Galeotti et al., 2000; Verhaegen et al., 2007). 

Over the years, biotic, abiotic, physiological, xenobiotic, nutritional, and 

rearing factors deterministic causes have been incriminated (Beraldo et al., 

2003; Koumoundouros, Oran, et al., 1997). However, etiological knowledge is 

still insufficient for the elaboration of a cartesian experimental hypothesis 

concerning predisposing causes of the apparition.  

 

Figure 4. Stereomicrograph of two different forms of operculum complex deformities. (a) a 

folded into the gill chamber operculum, (b) a partial lack of the operculum. Adapted from 

Beraldo et al., 2003 (Beraldo et al., 2003) 

Other cranial deformities  

According to previous studies, about 35-40 % of produced gilthead 

seabream had head deformities (Mhalhel et al., 2020; Verhaegen et al., 2007). 

Various head deformations were associated with deoperculation, including a 

forward shift of the caudal margin of the opercular and subopercular, and the 

upward shift of the interopercle, the infraorbital, and shortening of the 

neurocranium and preorbital region (Verhaegen et al., 2007).  
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Additionally, jaw abnormalities have been frequently reported to 

develop in reared finfish, and gilthead seabream is no exception. Those 

abnormalities have several different types, including size reduction and 

deformity of the maxillaries and premaxillaries (Figure 5). Different jaw 

skeletal elements, including Meckel's cartilage, dentaries, articulars, pre-

maxillaries, maxillaries, ethmoid, vomer, and palatine, are involved in the 

abnormal phenotypes generating a very complex anatomy of abnormalities 

(Boglione, Gavaia, et al., 2013; Faustino & Power, 2001; Fragkoulis et al., 2018).  

Fish with head deformity swam normally; however, growth may be affected 

as in all other forms of abnormalities (Boglione, Gavaia, et al., 2013; Fragkoulis 

et al., 2018). 

 

Figure 5. Stereomicrograph of different abnormality types of the maxillaries and 

premaxillaries in gilthead seabream. (a) normal anatomy of maxillaries (Ma), premaxilaries 

(PM), and rostral cartilage (Rc), in a seabream larva (9.5 mm TL), (b) size reduction of the 

premaxillaries; (c) narrowing of maxillaries (arrow) and complete absence of the 

premaxillaries.  Adapted from Fragkoulis et al., 2018 (Fragkoulis et al., 2018). 

Spinal deformity  

In gilthead seabream production industry,  vertebral deformities are 

frequent abnormalities affecting between 27% and 50.3% in seabream larvae, 

17.2% at post larvae, and 5% incidence in adults (Loizides et al., 2014; Ruiz, 

2000). Three main types of deformities exist, differentiated by the direction of 

their curvature. Scoliosis is defined as an aberrant lateral curvature of the 

vertebral column, detected either by dorsal or ventral examination (Figure 6.a, 

Figure 6.b). Lordosis, however, is an abnormal ventral curvature of the 

vertebral column accompanied by abnormal calcification of the afflicted 
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vertebrae compared to the normal anatomy of the vertebral column (Figure 

6.a, Figure 6.c), and finally, kyphosis is a dorsal curvature (Kranenbarg et al., 

2005; Ruiz, 2000). Axis deformations are considered among the predominant 

types of spinal deformities besides the compression and fusion of vertebral 

bodies and some phenotypes of lack or extra-formation of the different 

vertebral elements  (Koumoundouros, 2010; Loizides et al., 2014; Roo et al., 

2005). The spinal column deformities vary with the degree of deformity and 

in the number of flexions of the vertebral column, resulting in a continuous 

distribution of the external morphology ranging from insignificant to severe 

body-shape alterations (Fragkoulis et al., 2019). Different studies recorded 

thirty-nine types of skeletal deformities attributed to dislocation, fusion, 

shortening, or deformation of the implicated vertebrae (Koumoundouros, 

2010; Ruiz, 2000). These basic deformities have been reported to develop 

solitary or in various combinations of the different types, e.g., lordosis and 

kyphosis in the saddleback syndrome (Kranenbarg et al., 2005) or the 

consecutive repetition of lordosis/scoliosis/kyphosis (LSK) from head to tail, 

was reported in some studies on gilthead seabream (Negrín-Báez et al., 2015; 

Ruiz, 2000). They first appeared at the larval stage and have been correlated 

with the absence of a functional swimbladder, which has been reported to be 

partly or totally corrected following late inflation of the swimbladder, or to 

other biotic and abiotic factors (Berillis, 2015). 

 Fish with spinal deformities either swim upside down or sideward, and 

the growth was slow compared to normal fish (Al-Harbi, 2001). 
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Figure 6. X-ray of gilthead seabream with different forms of spinal deformities. (a) normal 

anatomy of cervical, abdominal and caudal regions of the vertebral column, Inter-vertebrae 

space is highlighted with an arrow, and swim bladder is indicated with a star; (b) apical X-

ray of seabream caudal region with scoliosis (highlighted with arrows); (c) X-ray of seabream 

with coexisting two main deformities of the vertebral column lordosis and vertebral 

compression. (a) and (b) are adapted from Boursiaki et al., 2019 (Boursiaki et al., 2019), while  

(c) is adapted from Berellis et al., 2015 (Berillis, 2015). 

Caudal fin deformity  

Caudal fin abnormalities have been reported to develop in reared fish, 

and their prevalence in gilthead seabream production ranged between 25-65% 

(Fernández et al., 2008; Koumoundouros, Gagliardi, et al., 1997). Severity 

degrees show a wild variety of phenotypes, ranging from the lack of rays to 

the lateral twisting of the whole caudal complex (Figure 7.a ) or the duplication 

of the caudal fin (Figure 7.c ), beside extra-numerous fusions, deformities, and 

displacements of the elements  (Fragkoulis et al., 2020; Koumoundouros, 2010; 
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Koumoundouros, Gagliardi, et al., 1997).  All the elements of the caudal region 

(neural arch, epurals, hypurals and parahypurals, and the uroneural and 

vertebra centra) are implicated in abnormalities (Koumoundouros, Gagliardi, 

et al., 1997).  

The incomplete development of both dorsal and anal fins was reported 

to be one of the most severe deformities (Saddleback syndrome) in gilthead 

seabream and other fish species (Figure 7.b, Figure 7.d) (Koumoundouros, 

2010). Those deformities were highly correlated to posterior notochord 

deformities, mainly the lack of upper lepidotrichia and dermatotrichia at the 

pre-flexion phase (Koumoundouros, 2010).  

Existing literature on the causative factors of these abnormalities mostly 

focuses on the effects of the rearing environment,  including temperature, 

nutrition, dietary levels of vitamin A, and the genetic basis (Fernández et al., 

2008; Fragkoulis et al., 2020; Koumoundouros, 2010). 

 

Figure 7. Caudal-fin deformities in gilthead seabream. (a) lateral twisting of the whole caudal 

complex, (b) Incomplete formation of dorsal fin in juvenile S. aurata, (c) duplication of caudal 

fin, and (d) complete lack of anal fin in juvenile S. aurata.  

Body shape deformities  

The body shape is the main quality trait of reared fish, especially those 

sold as a whole, like gilthead seabream. Several studies proved that shape 

deviations from the typical pattern are usually affected by all the previously 

detailed skeletal abnormalities (Fragkoulis et al., 2021; Koumoundouros, 
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2010). However, the shape differentiations are very common even in subjects 

without skeleton deformities,  as a direct result of the different rearing 

conditions and the genotype (Fragkoulis et al., 2021; Koumoundouros, 2010). 

In fact, canonical variate analysis revealed that both rearing methodologies 

and the origin of fish as wild or reared significantly affect the body shape of 

seabream during the on-growing phase (Fragkoulis et al., 2017). 

2.6.2 Cause of deformities 

Deformities are one of the most recurrent biological problems affecting 

finfish aquaculture, defined as the common abnormal transformations of 

normal skeletal structures into abnormal structures different from the normal 

prototype in both wild and cultured fish populations; however, their 

frequencies are greater in hatchery populations (Koumoundouros, 2010; Ortiz-

Delgado et al., 2014). The high incidence of skeletal deformities found in 

farmed fish can be explained by the maximized fish survival due to the 

absence of predators and the high availability of food. Technical errors or 

knowledge gaps in some critical segments of the rearing process on producing 

high-quality and healthy fry were also suspected (Boglione, Gavaia, et al., 

2013; Boglione, Gisbert, et al., 2013; Koumoundouros, Gagliardi, et al., 1997). 

Available evidence suggests that those abnormalities appear in the early 

stages of development during the embryonic and larval stages of life, long 

before they can be externally visible (Al-Harbi, 2001). However, the etiology 

of these syndromes is not yet well understood. (Al-Harbi, 2001) 

Osteogenesis is ensured by a complex set of regulated molecular 

pathways involving signaling molecules, transcription factors, and 

extracellular matrix (ECM) constituents, among which alkaline phosphatase 

(ALP) or non-collagenous proteins such as the matrix Gla protein (MGP) or 

osteocalcin (OC) (Boglione, Gisbert, et al., 2013). Thus, the perturbation of 

those factors implicated in the control of bone development and homeostasis, 
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as well as the incapacity of the self-regulating process to compensate stressful 

environmental conditions, induce the disruption of skeletogenesis and leads 

to the appearance of skeletal deformities (Boglione, Gisbert, et al., 2013; Ortiz-

Delgado et al., 2014). 

Different studies suggest that unfavorable environmental biotic, abiotic 

disturbances, nutritional imbalances, presence of xenobiotic substances and/or 

genetic disorders, and unsuitable rearing conditions are the most probable 

causative agents of deformities in reared fish, to which we can add traumatic 

injury and parasites infections (Al-Harbi, 2001; Boglione, Gisbert, et al., 2013; 

Moretti et al., 1999; Ortiz-Delgado et al., 2014).  

Even though several studies have listed the different abnormalities 

affecting the skeletal structures in cultured seabream and have reported the 

effects of some rearing conditions (temperature, light) or substances 

(Vitamins) on the prevalence of bone abnormalities. However, etiological 

knowledge is still insufficient for elaborating cartesian experimental 

hypotheses concerning predisposing causes of the apparition and the 

underlying processes behind abnormalities since this is considered a 

multifactorial problem (Faustino & Power, 2001; Ortiz-Delgado et al., 2014). 

2.6.3 Perspective for Investigating Bone Defects 

In order to improve cost-efficiency for farmed gilthead sea bream, fast 

and early recognition of developing abnormalities is of great importance for 

fish farmers since abnormal subjects, with adversely affected growth rates and 

reduced survival rates, will compete for food and space with healthy fish 

(Noble et al., 2012). A careful examination should be done on both sides of 

each fish. When the percentage of deformities in a given fish population 

exceeds the quality standards, the deformed animals should be sorted out. The 

only effective technique to remove such fry is to sort them by hand (Moretti et 

al., 1999). 
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 For this reason, various procedures have been applied as simple and 

rapid diagnostic tools for studying skeletal deformities, abnormal growth in 

different skeletal structures, as well as the unusual swimming behavior 

revealing abnormal development in fish. The visual examinations, including 

the analysis of geometric morphometrics, stereoscopic observations, double 

staining, computer tomography, and soft X-rays, allow the description of 

shape variation in growing and transforming fishes and the effect of rearing 

conditions on the body shape (Moretti et al., 1999; Ortiz-Delgado et al., 2014). 

The histological procedures are considered another valuable tool for 

providing basic knowledge on bone formation and the structural changes 

occurring in deformed skeletal structures (Ortiz-Delgado et al., 2014). 

All the above-mentioned analyses of the morphology of different fish 

tanks allowed quantitatively and qualitatively analysis of the nature of 

osteological aberrations in fish and the different degrees of shape changes in 

the external morphology.  

2.7 PHOTOTRANSDUCTION AND MELATONIN RHYTHMS 

In fish, larval development, oxygen consumption, thermoregulation, 

food intake, and shoaling behavior are among several functions that display 

daily rhythms. Horizontal migration, growth, immune response, and 

reproduction are the main functions that exhibit annual rhythms. These daily 

and annual rhythms can be a passive response to the variations in photoperiod 

and temperature, or driven by internal clocks, under constant conditions, that 

free-run with a period close to 24 h (circadian rhythms) or one year (circannual 

rhythms). Organisms with such time measurement systems can anticipate 

environmental changes so that the right event occurs at the right time (Falcón, 

Besseau, et al., 2010; Falcón, Migaud, et al., 2010).  

The circadian system involves three basic components by which light 

enters the organism and is translated into a scheduled nervous or hormonal 
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physiological signal. The system is made of a photodetector synchronizing the 

autonomous activity of the endogenous clock machinery by the light 

perceived; in turn, the clocks induce synthesizing machinery and drive the 

production of the output signals (Falcón, Gothilf, et al., 2003; Falcón, Migaud, 

et al., 2010). 

MEL is one major component of the circadian system, which conveys 

rhythmic information to the organism. It is made in two phototransducing 

sites, the retina and pineal gland, as well as a number of tissues, including the 

Harderian gland, gastrointestinal tract, reproductive organs, skin, platelets, 

and several brain regions (Jimenez-Jorge et al., 2005). Still, the major source of 

MEL is the pineal gland or epiphysis cerebri, which develops as an evagination 

of the top of the diencephalon, located at the surface of the brain. The semi-

transparent skull bone above the pineal gland is thinner, and the skin is less 

pigmented, forming a pineal window (Figure 8.a) (Acharyya et al., 2021; 

Falcón et al., 2020). In the teleost fish, the epiphysis is made of three distinct 

structures: (1) an elongated and a flattened vesicular body located close to the 

cranium known as the “end vesicle” (2) a structural connection that connects 

the “end vesicle” to the brain known as the “pineal stalk” and finally (3) a 

saccular structure, which encircles the “pineal stalk” at the cerebral end called 

the “Dorsal sac”  (Figure 8.b) (Dey et al., 2003).  
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 Figure 8. A dorsal view of a fish head showing the depigmented area around the pineal 

window (White broken line circle).  (b) schematic illustration of the three constituent parts of 

the pineal gland. EV, end vesicle; PS, pineal stalk; DS, dorsal sac; C, cartilage. The figure is 

adapted from (Dey et al., 2003; Falcón et al., 2011). 

The pineal-derived MEL commands the daily rhythm in circulating MEL 

and provides a hormonal signal transducing light and dark information to the 

organism. This signal plays a role in synchronizing and controlling several 

physiological and behavioral rhythms (Falcón, Gothilf, et al., 2003; Zachmann 

et al., 1992). Retinal MEL, however, is metabolized in the eye. It has a local 

paracrine function related to photic adaptation and does not contribute to its 

blood levels (Cahill & Besharse, 1995; Falcón, Gothilf, et al., 2003; Masayuki 

ligo et al., 1997). The daily pattern of MEL secretion is much conserved among 

vertebrates, emphasizing this neurohormone's crucial role in this subphylum 

taxa. However, the arrangement of the circadian system that controls MEL 

rhythm has changed dramatically during evolution.  

In mammals, the photic signal is perceived through the eyes and 

transmitted, through a retino-hypothalamic tract (RHT), to reach the 

suprachiasmatic nuclei of the hypothalamus (SCN) clocks. The SCN clocks, in 

turn, induced the cyclical MEL secretion through a multisynaptic pathway 

(hypothalamic paraventricular nuclei [PVN] -> preganglionic neurons of the 

sympathetic nervous system -> superior cervical ganglion [SCG]). Melatonin 
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feeds back to the pars tuberalis of the pituitary and other brain areas 

modulating seasonal neuroendocrine functions (Figure 9.a)(Falcón, Migaud, et 

al., 2010; Simonneaux & Ribelayga, 2003).  

In fish, MEL rhythm generating systems is organized as a network of 

more or less tightly independent and interconnected light-sensitive oscillatory 

circadian units located mainly within individual photoreceptor cells in the 

retina, the pineal gland, and, perhaps, in the brain (Figure 9.b) (Falcón et al., 

2007; Falcón, Migaud, et al., 2010). In contrast to that of mammals, fish pineal 

photoreceptors cells contain the entire machinery of the light-entrained 

circadian system: photoreceptor unit, clock machinery, and MEL production 

system covering both sensory and secretory functions (Bolliet et al., 1996; 

Falcón et al., 2007). In fact, MEL synthesis in most teleost species continues to 

follow a circadian pattern in pineal explants, and its rhythm adjusts to a 24-h 

cycle when exposed to a fluctuating light environment reflecting the clock 

(Bolliet et al., 1996; Falcón, Gothilf, et al., 2003; Sánchez-Vázquez et al., 

2019). The pineal epithelium photoreceptor cells, resembling structurally and 

functionally the retinal cones, depolarize in the dark and elaborate an electrical 

message at the origin of an excitatory neurotransmitter (Sánchez-Vázquez et 

al., 2019). Meanwhile, light brings the photoreceptor cells to hyperpolarization 

and inhibits the discharge of the pineal neuronal units (Ekström & Meissl, 

1988). Additionally, those photoreceptor cells contain the amino acid 

(tryptophan), enzymes, and all the indole compounds (serotonin, N-

acetylserotonin, MEL)  needs to produce MEL (Falcón, Migaud, et al., 2010; 

Sánchez-Vázquez et al., 2019).  
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Figure 9. Schematic representation of mammals (a) and fish (b) photoperiodic and circadian 

control of MEL secretion. The green alarm clock represents the endogenous clocks, 

PVN = paraventricular nucleus, RHT = retino-hypothalamic tract; SCG = superior cervical 

ganglion, and SCN = suprachiasmatic nucleus the feedback.  The schematic representation is 

adapted from (Falcón et al., 2011). 

2.7.1 Melatonin Biosynthesis Pathway  

Melatonin is primarily produced within the pinealocytes of the pineal 

gland in a rhythmic manner, having extreme light sensitivity in its 

biosynthesis. Further studies revealed that this indole is also synthesized in 

several extra-pineal tissues, namely the retina, gut, and harderian gland. Thus, 

the distribution of MEL is ubiquitous (Acharyya et al., 2021).  

The MEL biosynthesis from the precursor molecule L-tryptophan (L-Trp) 

is conducted in a four-step pathway in the different production sites. 

The tryptophan pathway starts with the entry of L-Trp into the site of 

synthesis from the bloodstream and its hydroxylation to 5-hydroxy-

tryptophan (5-HTP) catalyzed by the tryptophan hydroxylase (TPoH). The 

resulting 5-hydroxytryptophan is then decarboxylated by the aromatic amino-
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acid decarboxylase (AAAD) to produce serotonin (5-hydroxytryptamine). The 

aforenamed is converted to n-acetylserotonin under the action of 

arylalkylamine n-acetyltransferase (AANAT). The n-acetylserotonin, in turn, 

is then o-methylated by the action of the hydroxyindole-o-methyltransferase 

(HioMT) to produce the N-acetyl-5- methoxytryptamine or MEL (Figure 10) 

(Acharyya et al., 2021; Falcón et al., 2011). 

 

Figure 10. Melatonin biosynthesis pathway in the pineal. The daily rhythms of the different 

cofactors or enzymes are designated in the right column. TpOH: tryptophane hydroxylase, 

AAAD: aromatic aminoacid decarboxylase; AANAT: arylalkylamine n-acetyltransferase; 

HIOMT: hydroxyindole-o-methyltransferase; D: dark (black box) and L: light. Schematic 

representation adapted from (Falcón et al., 2011). 
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Melatonin production is shown to be driven by similar changes in the 

activity of the arylalkylamine N-acetyltransferase (AANAT), which controls 

the rate at which serotonin is converted to N-acetylserotonin (Falcón, Migaud, 

et al., 2010). Unlike all other vertebrates, teleost fish possess at least two forms 

of aanaT genes, AANAT1, and AANAT2, most likely resulting from a genome 

duplication (Falcón et al., 2001; Falcón, Migaud, et al., 2010; Jaillon et al., 2004). 

The two aanat genes display a tissue-specific distribution. AANAT1 is 

expressed brain and retina, while AANAT2 is specific to the pineal organ 

(Falcón et al., 2001; Falcón, Migaud, et al., 2010). 

In seabream, like in other fish species, the rhythmic changes in AANAT2 

activity drive the rhythm in MEL production. The translation of endogenously 

driven changes in AANAT2 mRNA into changes in AANAT2 activity is 

influenced by an exogenous signal –light. Light can adjust and resets the 

endogenous circadian clock gradually and, consequently, the rhythm in 

AANAT2 mRNA and activity, or suppress AANAT2 activity, independently 

of the clock. Light drastically inhibits pineal MEL production at molecular 

levels by inducing direct proteolysis of the AANAT protein through 

proteasomal proteolysis. AANAT2 pathway may also be regulated by the 

cAMP-dependent pathway protecting AANAT2 from degradation, 

phosphorylating the AANAT through highly conserved N- and C-terminal 

cAMP-dependent protein kinase phosphorylation sites, and inhibiting the 

proteasomal proteolysis (Acharyya et al., 2021; Bairwa et al., 2013; Falcón, 

1999; Zilberman-Peled et al., 2007). 

2.7.2  Melatonin in the Regulation of Fish development 

Fish development and growth, from newly hatched larvae into juveniles, 

is associated with several morphological and physiological changes controlled 

and coordinated by many endocrine factors. Melatonin seems to be one of the 

key hormones in the development of teleosts (Boeuf & Falcon, 2001; Falcón, 
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Migaud, et al., 2010; Kalamarz et al., 2009). Indeed, many in vitro studies 

proved the MEL action on cell proliferation rate and on the growth and 

development processes of fish embryo cells, alone or with growth factors 

(Kalamarz et al., 2009; Roth et al., 1999). Additionally, in the zebrafish embryo, 

MEL was able to regulate cell proliferation rate and accelerate fish 

development through MT2 receptors (Danilova et al., 2004). During the early 

ontogenesis of gilthead seabream and haddock (Melanogrammus aeglefinus), 

MEL controls the development and protection against free radicals (Downing 

& Litvak, 2002; Kalamarz et al., 2009). 

The lipophylic character and small size of MEL permit penetration and 

action in many peripheral tissues to synchronize and integrate growth and 

development functions (Falcón et al., 2007; Falcón, Migaud, et al., 2010; 

Kazemi et al., 2020). 

Several studies on vertebrates have highlighted a relationship between 

MEL and Thyroxine (T4) (Taheri et al., 2019; Wright et al., 2000). Thyroxine 

(T4) is a crucial hormone in the development and metamorphosis of fish, 

especially at the initial period of ontogenesis and larva–juvenile transition 

(Campinho, 2019; YAMANO, 2005). 

 Additionally, in a study published in 2003, in vitro culture of trout 

hypophysis with a physiologically relevant concentration of MEL increased 

the release of growth hormone and sustainably inhibited prolactin release 

(Falcón, Besseau, et al., 2003). 

In goldfish (Carassius auratus),  intraperitoneal MEL administration (25 

and 50 μg/fish) has accelerated postexposure growth and weight (De Vlaming, 

1980). In the same way, different MEL concentrations (0.04 and 0.2 g/kg food) 

mixed with the commercial food paste and applied as rainbow trout feed have 

increased fish growth parameters, namely the food intake capacity, and 

reduced the stress markers in a dose-dependent manner (Conde-Sieira et al., 
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2014). In another experiment, 0.1, 0.5, and 2.5 mg/kg body weight MEL 

supplied to finfish European sea bass (Dicentrarchus labrax)  were able to 

modulate the pattern of macronutrient selection significantly (Acharyya et al., 

2021; Rubio et al., 2004). 
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Chapter 3: Materials and Methods 

3.1 LARVAL REARING 

The experiment was conducted on gilthead seabream during the early 

stages of development (from 13 to 83 DPH), at the AQUACULTURE 

TUNISIENNE, a Sousse-based hatchery (Tunisia), according to the principles 

outlined in the Declaration of Helsinki, the directive 2010/63/EU of the 

European Parliament and of the Council of 22 September 2010 on the 

protection of animals used for scientific purposes (European Union, 2010), to 

the Guidelines on the Handling and Training of Laboratory Animals by the 

Universities Federation for Animal Welfare, and was approved by the local 

ethics committee. The production cycle started with collecting good-quality 

fish eggs coming from pre-selected breeders. Eggs are incubated in conical 

tanks of an individual capacity of 2.5 m3 in the dark for 36-48 hours at 18-22°C. 

After hatching, gilthead seabream larvae were transferred to cylindroconical 

rearing tanks and raised under standard hatchery conditions (initial density 

of 120 larvae/L). Daily water renewal in the rearing tank was 3–15%/h, the 

temperature was 20–21 °C, and the light intensity was 150 lux, with gentle and 

continuous aeration. During the first 2-3 days, larvae survive on the reserves 

of their yolk sac. From 3 to 25 DPH, Rotifers Brachionus picatilis pre-enriched 

with green algae were added to tanks daily as an early live food. Artemia 

salina nauplii were introduced from 26 to 38 DPH, progressively increasing 

the amount added and compensating the reduction in the amount of rotifers. 

One day before being fed to the larvae, rotifers, and metanauplii were enriched 

with phytoproteins and highly unsaturated fatty acids using an encapsulated 

fish oil-based emulsion called Red Pepper© (Bern Aqua, Olen, Belgium) for at 

least 6 and 12h, respectively for rotifers and artemia. At 38 days, larvae were 
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weaned progressively, reducing the quantity of Artemia and increasing the 

dry pellets introduced amount. 

3.2 EXPERIMENTAL DESIGN 

The investigations were carried out on 2400 gilthead seabream larvae, 

which were randomly distributed into three groups of 800 larvae placed under 

ordinary hatchery conditions: two experimental groups (MEL1) and (MEL2) 

and a control group (Ctrl). In order to evaluate the effect of exogenous MEL 

supplementation on skeletal deformities and larval performance, the 

exogenous supply of MEL was ensured from the 3rd to 38 DPH via rotifers 

and/or nauplii of Artemia. Rotifers and Artemia were enriched with 0.04 g/kg 

(MEL1) or 0.2 g/kg (MEL2) of neurohormone (Cat.# M5250, Sigma-Aldrich, St. 

Louis, USA) added to fish oil-based emulsion called Red Pepper© (Bern Aqua, 

Olen, Belgium). The lipophilic nature of MEL helps its solubility in this lipid 

emulsion. The choice of the MEL1 and MEL2 concentrations was made 

considering the range of previously tested doses with clear responsiveness in 

other species of teleost (Amano et al., 2004; Conde-Sieira et al., 2014; López-

Olmeda et al., 2006). Sampling was performed every ten days between 13 and 

83 DPH from the three fish groups (MEL1, MEL2, and Ctrl), and larvae were 

sacrificed with an overdose of tricaine methane sulfonate (MS222); 1000–

10,000 mg L−1. The experiment was performed in triplicate. 

3.3 SAMPLING 

Sampling was performed every ten days from 13 to 83 DPH. One 

hundred larvae per experimental group were collected to record growth rates 

(the total length and weight) and analyze opercular complex abnormalities by 

stereomicroscopy. In tiny larvae of 13–53 DPH, opercular complex deformities 

were investigated by means of scanning electron microscopy (SEM). Thirty 

larvae from those already investigated for operculum complex anomalies 
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were stained with alcian blue and alizarin red acid-free staining solution. For 

gene expression analyses, 5 to 20 individuals per tank, depending on fish size, 

were collected for total RNA extraction and the evaluation of the expression 

levels of genes implicated in muscle and bone growth. 

3.4 MORPHOLOGICAL STUDIES 

For each fish, the total length was measured using a digital camera Leica 

IC80 HD (Leica, Milan, Italy) mounted on a stereo-microscope (Leica, Milan, 

Italy), and weight was determined with the KERN 770 analytical scale (KERN 

& Sohn, Balingen, Germany). Additionally, the study of external body shape 

and operculum complex anomalies was performed using Leica M205C 

stereomicroscope observations (Leica, Milan, Italy) or scanning electron 

microscope Zeiss EVO LS 10 (Carl Zeiss NTS, Oberkochen, Germany) 

magnification for the tiny larvae (larvae of 13-53 DPH: 15 larvae).  

3.5  SCANNING ELECTRON MICROSCOPY 

After fixation in 2.5% glutaraldehyde in Sörensen phosphate buffer 0.1 

M, samples were rinsed several times in the same buffer and in a asecond time 

dehydrated with a graded alcohols series. After dehydration, specimens were 

critical-point dried using a Balzers CPD 030 (BAL-TEC AG, Balzers, 

Liechtenstein). Before observation, 3 nm gold sputter was coated with using 

the SCD 050 sample coater (BAL-TEC AG, Balzers, Liechtenstein). The 

examination and photography were made under a Zeiss EVO LS 10 (Carl Zeiss 

NTS, Oberkochen, Germany). 

3.6 ACID-FREE DOUBLE STAINING 

The double staining procedure was performed using an adjusted 

protocol of Walker and Kimmel (Walker & Kimmel, 2007). An acid-free double 

staining solution was prepared by mixing a cartilage and bone staining 

solutions. The cartilage staining solution was made by adding together 0.2% 
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alcian blue 8 GX C.I. 74,240 (Sigma, St. Louis, MO, USA, Cat.#33864-99-2) in 

70% ethanol, and 100 mM MgCl2 (for mucosubstances differentiation). The 

second part for bone staining was made of 0.5% alizarin red S C.I. 58005 

(Sigma, St. Louis, MO, USA, Cat.#130-22-3). The final acid-free staining 

solution was prepared by adding 100 μL of the second to  10 mL of the first 

solution. After fixation in 4% paraphormaldehyde in phosphate buffered 

saline (PBS) for two h, larvae of 23, 33, 43, and 53 DPH were washed and 

dehydrated, at room temperature, in ethanol 50% for 10 min. once removed 

from the ethanol, specimens were rocked in acid-free double stain solution at 

room temperature overnight in order to incorporate the stain adequately. The 

next day, specimens were bleached for 20 min using a bleach solution made of 

1.5% H2O2 and 1% KOH at room temperature. Once bleached, specimens were 

transferred in two clearing solutions overnight each time. The first clearing 

solution consisted of 20% glycerol and 0.25% KOH while the replacement 

solution was 50% glycerol and 0.25% KOH. Larvae were investigated for 

ossification patterns and bone deformities and photographed with M205C 

stereomicroscope (Leica, Milan, Italy) in the same solution. 

3.7  INSULIN-LIKE GROWTH FACTOR 1 QUANTIFICATION 

The insulin-like growth factor 1 (IGF-1) quantification was performed 

using tissue homogenates (25% w/v) made from pools of 40–55 larvae in each 

experimental group and at each sampling time. The tissue homogenates were 

made in 0.05 mol/L phosphate buffered saline pH 7.4, using a knife 

homogenizer (Polytron) at 4 °C. Homogenates were centrifuged at 16,000× g 

for 20 min at 4°C and the recuperated supernatant was used for analyzes. 

The quantitative measurement of IGF-1 in larvae was performed using 

Fish insulin-like growth factors 1 (IGF-1) ELISA Kit Fish (Cusabio Biotech, 

Wuhan, China, Cat.# CSB-E12122Fh) according to the manufacturer’s 

instructions. The assay uses the competitive inhibition enzyme immunoassay 
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method. The microtiter plate furnished in the kit was pre-coated with goat-

anti-rabbit antibody. The provided standards as well as our samples, were 

pipetted to the appropriate microtiter plate wells with an antibody specific for 

IGF-1- and horseradish peroxidase (HRP)-conjugated IGF-1. The competitive 

inhibition reaction is initiated among unlabeled IGF-1 and HRP-labeled IGF-1 

with the antibody. Later we added the substrate solutions to wells, and after 

15 min incubation in the dark and at 37°C, the colorimetric reaction was 

deferentially developed, and it was negatively correlated to the amount of 

IGF-1 in the sample.  

Immediately after the incubation, color development was stopped, and 

the optical density of each well was measured within 10 min utilizing a 

microplate reader set to 450 nm. 

3.8 GENE EXPRESSION ANALYSES 

Bone and skeletal muscle-specific gene expression levels were 

investigated in compliance with the minimum information for publication of 

quantitative real-time PCR experiments guidelines (Bustin et al., 2009). Total 

RNA was extracted from pools of muscle or bone tissues separated from 5 to 

20 gilthead seabream larvae (per group and sampling time) using the TRIzol 

reagent (Invitrogen, Carlsbad, CA, USA). The RNA purity and concentration 

were determined using the NanoDrop® ND-1000 spectrophotometer (Thermo 

Fisher Scientific, Wilmington, USA). Two micrograms of total RNA were 

reverse transcribed using the High-Capacity cDNA Archive Kit (Applied 

Biosystems, Foster City, CA, USA). The mRNA levels of bone-specific genes: 

parathyroid hormone-related protein-coding gene (PTHrP) and bone gamma-

carboxyglutamate protein-coding gene (bglap); as well as skeletal muscle 

specific gene: myosin light chain 2 (mlc2), were analyzed using the 

SYBR® Premix DimerEraser™ (TAKARA BIO INC, Otsu, Shinga, Japan, Cat. 

#RR091A). The primers were constructed using NCBI Primer-BLAST (Ye et al., 
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2012) to bind gilthead seabream PTHrP, bglap, and mlc2 transcript sequences. 

Table 2 lists the GenBank accession number and primer sequences. Reactions 

were performed in technical triplicate in order to check our satisfactory 

technical reproducibility, using a 7500 PCR real-time system (Applied 

Biosystems) pre-set with the flowing cycling parameters: 95 °C for 10 min, (40 

cycles: 95 °C for 15 s, 58 °C for 30 s, 72 °C for 40 s), 95 °C for 15 s at the end of 

the amplification time. The results were computed using the 2-ΔΔCt algorithm 

against the elongation factor 1 alpha (ef1α) and expressed as the n-fold 

difference compared to an arbitrary calibrator, chosen as a higher value than 

ΔΔCts.  

Table 2.  bglap, PTHrP and mlc2 Primers for RT-PCR. F, Forward, R, reverse; Tm, annealing 

temperature. 

Gene Primer sequences (5’→3’) Tm°C 
Accession 

Number 

bglap 
F: AGT GAC AAC CCT GCT GAT GA 

58 AF289506 
R: TCC CTC AGT GTC CAT CAT GT 

PTHrP 
F: CCC AGA GCC AAA CAT TCA GT 

58 AF197904 
R: CGG CCT AAC CTC ACC TTT TT 

mlc2  
F: TGG CAT CAT CAG CAA GGA 

54 AF150904 
R: TTG AAA GCG CTC ACG ATG 

3.9 STATISTICS 

Statical analyzes and graphs were conducted using IBM SPSS Statistics 

for Windows version 22 (IBM Corp, Armonk, NY, USA) and GraphPad Prism 

version 8.0.1 for Windows (GraphPad Software, San Diego, California, USA). 

Data normality was analyzed using the Shapiro–Wilk test, and homogeneity 

of variance was estimated using Levene’s tests. Differences between 

measurements were analyzed using the Chi-Square test for incidence of bone 

deformities (Qualitative data), by Mann–the Whitney U Test for growth 

parameters (when the assumptions of normality and homogeneity of variance 

were violated), and Welch’s ANOVA test for gene expression levels analysis 

(normally distributed data that violates the assumption of homogeneity of 
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variance). Values are expressed as mean ± Standard error of the mean (SEM) 

or mean± standard deviation (SD) considering the conditions reviewed by 

(Altman & Bland, 2005). The signification threshold was established as the p-

value (P) < 0.05. 
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Chapter 4: Results 

4.1 EFFECT OF EXOGENOUS MELATONIN ON GROWTH RATE 

The investigation of the effects of the two concentrations of MEL on 

growth rate showed that, at the first sampling time point  (13 DPH), there were 

no statistically significant differences between the two experimental groups 

(MEL1 and MEL2) and the control group (Ctrl) for both length and weight 

(Figure 10 and Figure 11). At 23 DPH, however, the highest length was 

recorded in the Ctrl group (0.614 ± 0.0155 cm), which was statistically different 

from that of MEL1 (Mann–Whitney U test, p < 0.05) (Figure 11). The growth in 

weight showed the same growth pattern in length, and statistical comparison 

has not revealed any significant difference between all three groups of larvae 

(Mann–Whitney U test, p < 0.05) (Figure 12). At 33 DPH, the MEL1 group 

registered the lowest weight value, while the Ctrl group showed the highest 

ponderal growth. The Mann–Whitney U test detected a significant difference 

between Ctrl and both treated groups for the weight (p < 0.05) (Figure 11). 

However, those differences were not significant for the growth in length 

(Figure 11). On larvae aged 43 DPH, the length showed a statistically 

significant difference only between Ctrl and MEL1 groups (Mann–Whitney U 

test, p < 0.05). MEL2 larvae displayed the highest growth in weight (0.0179 ± 

0.001148 g), while MEL1 registered the lowest. The difference in weight means 

between the three groups was statistically significant at the 0.05 level (Mann–

Whitney U test) (Figure 11). At 53 DPH, the larvae from the MEL2 group 

showed the highest length (2.17 ± 0.0163 cm), while the MEL1 group larvae 

showed the lowest growth in length among the three groups of larvae (Figure 

10). At this age, the weight distribution between the three groups coincided 

well with the growth in length. The differences between the three groups for 
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both length and weight were statistically significant (Mann–Whitney U 

test, p < 0.05) (Figure 11 and Figure 12). Ten days later (63 DPH), the larval 

growth in MEL1 exceeded that in Ctrl but was lower than that of MEL2 for 

both length and weight. The differences between the three groups were 

significant based on Mann–Whitney U test and considering a p-value < 0.05. 

From 63 DPH, , the MEL1 length growth continued to increase and reached 

4.06 ± 0.0224 cm at 73 DPH, while in the Ctrl and MEL2 groups, it did not 

exceed 3.380 ± 0.0197 cm and 3.295 ± 0.197 cm, respectively (Figure 11). The 

length crest in MEL1 went with a weight crest of 1.021 ± 0.0196 g, which was 

44.47%, and 50.66% higher than that of the Ctrl group and MEL2 group, 

respectively (Mann–Whitney U test, p < 0.05). At the end of the experience (83 

DPH), the both experimental groups showed almost an equal growth rate (4.48 

cm / 1.323 g – 4.47 cm / 1.342 g) and were statistically 6.40% longer and 22.38% 

heavier than those of the Ctrl group (Mann–Whitney U test, p < 0.05) 

(11 and 12).  

 

Figure 11. Total length variation in gilthead seabream larvae fed with rotifers and Artemia 

enriched with two MEL concentrations (MEL1 and MEL2). Data are expressed as mean ± SEM. 

Asterisks indicate significant differences between the two experimental groups and control 

group based on Mann–Whitney U test, p < 0.05). 
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Figure 12. Weight variation in gilthead seabream larvae fed with rotifers and Artemia 

enriched with two MEL concentrations (MEL1 and MEL2). Data are expressed as mean ± SEM. 

Asterisks indicate significant differences between the two experimental groups and control 

group based on Mann–Whitney U test, p < 0.05. 

 

In the three groups of larvae, we have calculated the length –weight 

relationship expressed by the equation W = aLb, which was logarithmically 

transformed to log W = b log L + log a. The regression equation for MEL1, 

MEL2, and Ctrl groups were log W = 1.087 logL−1.18, logW = 0.954 logL−0.992, 

and log W = 3.055 logL−4.383, respectively. In both experimental groups, the b 

values were bMEL1 = 1.087, and bMEL2 = 0.954 for MEL1 and MEL2 respectively.  

Thus, the b values inferior to three were in favor of a negative allometric 

growth pattern which means that larvae fed with the two MEL concentration 

gained less weight than the cube of its length, and they were slimmer with 

increasing length. Conversely, Ctrl group larvae, with a b value of 3.05, 

showed a positive allometric growth pattern, which means that while weight 

was still progressing, gains in length stopped.  



 

Chapter 4: Results 46 
 

 

4.2 EFFECT OF EXOGENOUS MELATONIN ADMINISTRATION ON 

INSULIN-LIKE GROWTH FACTOR 1 CONCENTRATION  

The IGF-1 concentration on gilthead seabream larvae fed with a graded 

level of MEL is shown in Figure 13. The bell-shaped histogram manifested a 

baseline concentration at 23 DPH, which increased two-fold between 33 and 

43 DPH, after which the growth hormone rate dropped to the baseline level 

announcing the end of metamorphosis (around 43 DPH). Before the end of the 

metamorphosis, at 23, 33, and 43 DPH, MEL2 larvae showed a higher 

concentration on IGF-1 than that of the Ctrl group. Still, that difference was 

statically significant only at 23 and 43 DPH (Mann–Whitney U test, p < 0.05). 

Moreover, MEL1 larvae showed a higher IGF-1 concentration than that of Ctrl 

group at 23 and the differences were not statically significant at 23, 33, and 43 

DPH. After the late metamorphosis (43 DPH), there were no statistically 

significant differences between the IGF-1 levels of the three experimental 

groups (Mann–Whitney U test, p < 0.05). 

 

Figure 13. Insulin-like growth factor 1 (IGF-1) level of gilthead seabream larvae fed with 

rotifers and Artemia enriched with two MEL concentrations (MEL1 and MEL2). Data are 

expressed as mean ± SD. Asterisks indicate significant differences between the experimental 

groups and the control group (Mann–Whitney U test, p < 0.05). 
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4.3 EFFECTS OF EXOGENOUS MELATONIN IN THE OSSIFICATION 

PATTERN  

The ossification state in farmed gilthead seabream larvae was 

investigated using acid-free double staining. Figure 14 shows the chronology 

of the ossification in the two experimental groups (MEL1 and MEL2) and the 

Ctrl group larvae. Until 33 DPH, the double staining revealed only 

cartilaginous structures such as epiphysial tectum, sclerotic, lamina 

precerebralis, rostral cartilage, premaxillary, maxillary, dentary, 

branchiostegal rays, cleithrum, coraco scapular cartilage in the cranial region 

(Figure 14.a, Figure 14.d, and Figure 14.g). Within the vertebral column, we 

identified 23 neural arches and three epurals beside three parapophyses, 13 

hemal arches, and five hypural cartilages (Figure 14.a, Figure 14.d, and Figure 

14.g). At 43 DPH, all cartilaginous structures earned volume, and the 

ossification was begun in the head region's dentary, maxillary, and opercular 

complex (Figure 14.b, Figure 14.e, Figure 14.h). Later, a saltatory ossification 

process was introduced on the vertebral column on centra 1 - 4, 8 - 10, and 14 

- 19 (Figure 14.b, Figure 14.e, and Figure 14.h). The accomplishment of the 

ossification process occurred at 53 DPH when alizarin red staining had 

preeminency over the larva (Figure 14.c, Figure 14.f, Figure 14.i). Under the 

standard rearing conditions, the same ossification patterns were observed 

between the two experimental groups and the Ctrl group of larvae: a 

continuous process (from 43 to 53 DPH) with the same ossification rate (Figure 

14). 
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Figure 14. The ossification pattern of gilthead seabream larvae from the Ctrl: (a) at 33 DPH, (b) at 43 DPH, (c) at 53 DPH; from MEL1 group: (d) at 33 DPH, (e) at 43 

DPH, (f) at 53 DPH; from MEL2 group: (g) at 33 DPH, (h) at 43 DPH, (i) at 53 DPH. Double stained larvae showed alician blue-stained cartilaginous structures and 

alizarin red-stained bony structures. Fr, frontal; Ttm, taenia tecti medialis; Et, epiphysial tectum; Sc, sclerotic; Lp, lamina precerebralis; Rc, rostral cartilage; Pm, 

premaxillary; Mx, maxillary; De, dentary; Br, branchiostegal rays; Cl, cleithrum; Co-Sca, coraco scapular cartilage; Pp, parapophyse; Ha, hemal arches; Hy, hypural; 

Ep, epural; Na, neural arches. Scale bar: 0.5 mm. 
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4.4 OPERCULAR COMPLEX DEFORMITIES 

4.5 GROSS ANATOMY 

Since 53 DPH, larvae were wholly ossified in Ctrl, MEL1, and MEL2, all 

types of operculum complex abnormalities at this stage were definitive. Figure 

15 illustrates some forms of operculum complex deformities recorded in 53 

DPH larvae from the three groups. Operculum anomalies were registered as 

various gill cover irregularities and different degrees of gill chamber exposure. 

Those abnormalities were generated by a reduction (Figure 15.a, Figure 15.e, 

and Figure 15.i), folding (Figure 15.d, Figure 15.h, Figure 15.l), or both 

reduction and folding (Figure 15.b, Figure 15.c, Figure 15.f, Figure 15.g, Figure 

15.j, Figure 15.k) of one or more bones composing the opercular complex. The 

wide variability of abnormality typologies stated in this study, and their 

severity did not allow the definition of accurate, specific patterns of the 

operculum deformities. Furthermore, no type of abnormality was defined as 

group specific. 
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Figure 15. Different forms of opercular complex anomalies registered in gilthead seabream larvae of 53 DPH from (a–d) Ctrl, (e–h) MEL1, and (i–l) MEL2. (a,e,i) Severe 

reduction in gills cover (opercle, subopercle, and interopercle); (b,f,j) severe reduction in gills cover (opercle and subopercle); (c,g,k) folded opercle upper corner and 

reduced subopercle and opercle lower corner; (d,h,l) folded gills cover leading to gills exposition. Grey-shaded areas indicate folded bones. Black lines designate the 

loose edge of the operculum and branchiestegal rays, while the white lines define the standard limits of the branchial chamber. Scale bar: 1m 
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The incidence of opercular complex abnormalities and the nature of this 

disorder as being unilateral or bilateral in the three groups of gilthead 

seabream larvae are shown in Figure 16. The incidence of the opercular 

complex deformities in larvae fed the lower dose of MEL MEL1 was 

significantly higher than that observed in the control group at 53, 63, and 83 

DPH (Chi-square test, p < 0.05). Still, at 73 DPH, this difference was not 

statistically significant (Chi-square test, p < 0.05). Regarding the incidence of 

operculum deformities between MEL2 and Ctrl group larvae, there were no 

significant statistical differences (Chi-square test, p < 0.05) at 53, 63, and 73 

DPH, but there was at 83 DPH. In both experimental and control groups, the 

anomalies were mostly unilateral in 65.6 and 100% of the cases, and in some 

cases, they were bilateral. 

 

Figure 16. Incidence of opercular complex deformities on gilthead seabream larvae fed with 

rotifers and Artemia enriched with two concentrations of MEL (MEL1 and MEL2). Asterisks 

indicate significant differences between the three experimental groups of larvae (Chi-square 

test, p < 0.05). 

4.6 OPERCULAR COMPLEX ABNORMALITIES UNDER SCANNING 

ELECTRON MICROSCOPE (SEM)  

SEM observation provided a better perception and insight into the 

different forms of opercular complex abnormalities compared to 

stereomicroscope observation. The detected opercular complex anomalies 

involved the various opercular bones (opercle, subopercle, interopercle, and 
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preopercle) and branchiostegal membrane and rays. The protecting wall for 

the orobranchial chamber can be reduced on different levels, with references 

to a reduction or even lack of one of the various operculum bones (Figure 17.a, 

Figure 17.b). Other types of anomalies are attributed to the inside or outside 

folding of one or more opercular bones (Figure 17.c, Figure 17.d) or a 

combined shortened-folded operculum (Figure 17.g). Moreover, we have 

detected for the first-time new forms of operculum deformities, including 

wave-like (Figure 17.e) and spring-like (Figure 17.f) gill covers, as well as the 

lack of apposition of the branchiostegal membrane to the epithelium at the 

terminal edge of the branchial cavity generated by different degrees of 

hyperplasia (Figure 17.h), and folded branchiostegal rays in the gill chamber 

(Figure 17.i). 
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Figure 17. Different forms of the opercular complex abnormalities in gilthead seabream larvae aged 13-53 DPH. (a) Hypoplastic operculum, (b) reduced opercle (white 

arrows) and lack of interopercle (asterisks), (c) folded opercular bones toward the gills chamber leading to the exposition of gill arches, (d) outside folded operculum, 

(e) wave-like gill caver (red line) modulating a branchiostegal membrane (blue line), (f) spring-like gill caver with exposed gill arches, (g) combined shortened-folded 

operculum, (h) hyperplastic branchiostegal membrane, (i) folded branchiostegal rays in the gill chamber. Scale bars: 200 μm.
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4.7 SKELETAL DEFORMITIES 

The early detection of skeletal deformities in farmed gilthead seabream 

larvae from the two experimental and control groups was conducted using the 

acid-free double staining protocol (Figure 18). 

The examination of double-stained larvae under the stereomicroscope 

revealed many typologies of bone deformities (Figure 18). The detected 

deformities affected the threshold traits of the vertebral column (vertebrae, 

neural and hemal spin) as well as the meristic characteristics of the caudal fin 

complex. The vertebral column preserved its normal curvature (no lordosis or 

kyphosis cases were recorded), and its meristic qualities. It was composed of 

24 vertebrae in both experimental and control group larvae. However, several 

malformations altered vertebrae, and we retrieved a rectangular slender 

vertebral body (Figure 18.a), cubic thick vertebral body (Figure 18.b), and 

triangular-shaped vertebrae (Figure 18.c). Neural and hemal spine also 

exhibited abnormalities such as the bifurcation of the neural spine (Figure 18.a, 

Figure 18.d) and detached neural and hemal spine (Figure 18.c, Figure 18.e). 

Skeletal deformities were also revealed in the caudal portion, and 

abnormalities recorded included the absence of one or all of the three epurals 

(Figure 18.c, Figure 18.f), and the lack, or fusion of hypural (Figure 18.c). In 

many cases, we documented multiple deformities in the same sample (Figure 

18.a). 

The typology and incidence of skeletal deformities detected in MEL1, 

MEL2, and Ctrl gilthead seabream larvae are shown in Table 3. Out of 90 

samples in each group (30 per each sampling time point: 33, 43, and 53 DPH), 

84.4% (n= 76), 92.2% (n= 83), and 96.7% (n= 87) of the Ctrl, MEL1, and MEL2 

groups larvae, respectively, showed at least one type of deformity. Based on a 

Chi-square test, when the p-value < 0.05, we concluded that the difference 
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between the total abnormalities frequencies of Ctrl and MEL1 was not 

statistically significant, while that of Ctrl and MEL2 was significant (Table 3). 
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Figure 18. Typical forms of Skeletal abnormalities in gilthead seabream larvae from the three groups of larvae at 53 DPH. (a) Rectangular slender vertebral body (white 

asterisks), and bifurcated neural spine (arrow); (b) cubic thick vertebral body (black asterisks); (c) The last caudal vertebra (v), preceding the urostyle (u), is triangular 

shaped with detached neural spine (arrow), The absence of the three epurals (white circle), Lack of the fifth hypural and fusion of the third and fourth hypural (black 

asteriks); (d) bifurcated neural spine (black arrow); (e) detached neural spine (arrow). The circle indicates a normal epural arrangement; (f) normal hypural arrangment 

(1st to 5th hypurals) and absence of the three epurals (white circle). Scale bars (a,b): 100 μm, and (c–f): 50 μm.
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Abnormalities affecting the caudal fin complex were the most common 

deformities encountered in 45.6%, 62.2%, and 77.8% of Ctrl, MEL1, and MEL2 

larvae, respectively. The statistical differences between the above-mentioned 

frequencies of the three larval groups were significant. Moreover, the 

frequency of larvae with at least one vertebral abnormality was 23.3% in both 

Ctrl and MEL2 groups and 28.9% in MEL1. No statistically significant 

difference was computed between the frequencies of vertebral abnormalities 

of the three groups of larvae. We have registered an incidence of hemal and 

neural spine deformities of 63.3%, 55.6%, and 61.1% respectively, in the MEL1, 

MEL2, and Ctrl groups, and no statistically significant differences were 

registered between the different groups. 

Table 3. The incidence of skeletal anomalies on gilthead seabream larvae of the three larval 

groups. 

Different letters within the same row show statistically significant differences (Chi-square test, p < 0.05). 

4.8 EFFECTS OF EXOGENOUS MELATONIN ON BONE AND 

SKELETAL MUSCLE-SPECIFIC GENE EXPRESSION 

Melatonin was administrated in two doses, MEL1 and MEL2, for 

gilthead seabream larvae to study the responses at the transcriptional level in 

growth and osteogenesis. For this reason, the expression level of bone-specific 

genes: bone gamma-carboxyglutamate protein-coding gene (bglap), and 

parathyroid hormone-related protein-coding gene (PTHrP); skeletal muscle-

specific gene: myosin light chain 2 (mlc2), were investigated. In most sampling 

time points, the expression of both bglap and PTHrP was significantly 

impacted by MEL administration. Considerable variability in bglap transcript 

 
Control  MEL 1 MEL2 

Total Abnormalities 84,4%a 92,2%ab 96,7%b 

Vertebral abnormalities 23,3% 28,9% 23,3% 

Hemal and neural spin abnormalities 61,1% 63,3% 55,6% 

Caudal potion abnormalities 45,6a% 62,2%b 77,8%c 



 

Chapter 4: Results 58 
 

 

abundance was detected among both treated groups and between Ctrl and 

MEL2, while the differences between Ctrl and MEL1 were statistically 

negligible (Figure 19). Regardless of the significantly decreased expression 

of bglap over larval development (statistically significant differences between 

the different sampling time points based in Welch test), the expression pattern 

was conserved in all treatment groups of each sampling time point, even after 

the end of MEL administration. 

Unlike bglap expression pattern, PTHrP showed a quite constant 

expression pattern before the metamorphosis. However, a dose-response 

relationship between MEL concentration and PTHrP transcriptional level was 

recorded during the first 33 DPH (Figure 20). During the administration of the 

exogenous MEL period from 13 to 43 DPH, the PTHrP transcriptional levels in 

MEL1 were more or less comparable to those in Ctrl group. Still, the 

transcriptional levels of the same gene in MEL2 group larvae showed a 

statistically significant difference compared to those from the Ctrl group at 13 

and 23 DPH. By the end of the MEL treatment period (37 DPH), MEL2’s PTHrP 

expression level decreased and ended by being compared to those of Ctrl 

samples. 



 

Chapter 4: Results 59 
 

 

 

Figure 19. The relative levels of expression of bone gamma-carboxyglutamate protein-coding 

gene (bglap) in response to MEL administration in gilthead seabream. Gene expression values 

are expressed as arbitrary units (a.u) for elongation factor 1-alpha (ef1α). Data are expressed 

as mean ± SD. Different letters indicate statistically significant differences between the 

different sampling time points of the Ctrl group larvae, and asterisks indicate significant 

differences between groups for each treatment group (Welch test, p < 0.05). 

 

Figure 20. The relative levels of expression of parathyroid hormone-related protein-coding 

gene (PTHrP) components in response to MEL administration in bone. Gene expression 

values are expressed as arbitrary units (a.u) for elongation factor 1-alpha (ef1α). Data are 

expressed as mean±SD. Different letters indicate statistically significant differences between 

the different sampling time points of the Ctrl group larvae, and asterisks indicate significant 

differences between groups at each sampling time point (Welch test, p < 0.05). 
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As bglap and PTHrP, mlc2 expression levels showed considerable 

variability between larvae from the control and the two experimental groups. 

However, contrarily to the PTHrP expression levels, mlc2 expression was 

significantly affected by MEL in an inverse dose-response manner during the 

treatment period from 13 to 33 DPH (Figure 21). At 43 DPH, immediate 

recovery of mlc2 expression on treated groups temper the expression pattern, 

which may be explained by the removal of the inhibition exercised by MEL 

and a possible induction by one of the MEL previously activated pathways. 

 

Figure 21. The relative levels of expression of mlc2 components in response to MEL 

administration in bone. Gene expression values are expressed as arbitrary units (a.u) for 

elongation factor 1-alpha (ef1α). Data are expressed as mean ± SD. Different letters indicate 

statistically significant differences between the different sampling time points of the Ctrl 

group larvae, and asterisks indicate significant differences between groups for each treatment 

group (Welch test, p < 0.05). 
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Chapter 5: Discussion 

5.1 GENERAL DISCUSSION 

Skeletal deformities and growth rates in gilthead seabream have been the 

subject of many research studies. Some authors have associated the skeletal 

deformities to a defect of inflation of the swim bladder (Peruzzi et al., 2007), 

others have attributed it to a dietary deficiency of vitamins (Fernández et al., 

2008) and fatty acids (Izquierdo et al., 2013) as well as to the larval rearing 

systems (Roo et al., 2010), and rearing condition (Georgakopoulou et al., 2010). 

Moreover, the capacity of MEL to induce embryonic development in zebrafish 

(Danilova et al., 2004; Falcón, Migaud, et al., 2010), and to control several 

functions related to bone growth in Atlantic salmon (Fjelldal et al., 2004; Porter 

et al., 1998), was demonstrated. In human adult mesenchymal stem 

cells/peripheral blood monocytes cocultures, MEL induced osteoblastogenesis 

and suppressed osteoclastogenesis by the effect of osteoblastic inhibitory 

lectin derived from osteoblast or by increasing osteoprotegerin and receptor 

activator of nuclear factor-kB ligand ratios (Maria et al., 2018). Additionally, in 

a study published in cell biology international, MEL capacity to induce 

osteoblast differentiation of mice osteoblast precursor cells (MC3T3-E1), and 

bone formation by upregulating the gene expression of BMP2, BMP6, 

osteocalcin, and osteoprotegerin was proved (Zhu et al., 2020). However, no 

study has evaluated exogenous MEL effects on gilthead seabream 

skeletogenesis and growth during larval development.  

In the present study, the two experimental groups of larvae treated with 

different MEL concentrations and the control group larvae were placed under 

common hatchery conditions in continuous light to investigate the MEL effect 

on growth rate and skeletal deformities in gilthead seabream larvae.  
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In teleosts, the MEL synthesis reported on the pineal gland and gut has 

daily rhythms that adjust to the relevant photoperiod (Sánchez-Vázquez et al., 

2019; Tordjman et al., 2017; Velarde et al., 2010). The retinal MEL, however, 

acts as a local neuromodulator and is metabolized in situ. Thus, all the 

differences observed between the control and the two experimental groups of 

larvae reared in continuous light were only due to the exogenous MEL 

incorporated into the enrichment fish oil-based emulsion. The main finding of 

this research is the capacity of exogenous melatonin to affect gilthead 

seabream larval performance and the incidence of skeletal abnormalities. 

Indeed, exogenous MEL affected normal skeletogenesis and caused bone 

deformities. The operculum and caudal fin complex were the most concerned 

structures. The frequency of opercular anomalies of the Ctrl group larvae in 

the different sampling time points ranged between 9.7% and 21.3%, figure 

within the incidence scale extending from 6.3% to 43.2%, registered in prior 

studies conducted over the past two decades (Beraldo et al., 2003; Ortiz-

Delgado et al., 2014). Forthermore, this incidence represents almost a quarter 

of that reported in an older study published in Aquaculture (Andrades et al., 

1996). Those variances may be attributed to the different rearing systems and 

conditions (Ortiz-Delgado et al., 2014; Roo et al., 2010) and to the accumulation 

of new knowledge in aquaculture. The incidence of opercular complex 

deformities was affected by exogenous Mel administration at its lower level 

and MEL1 group larvae showed the highest incidence of opercular complex 

abnormalities among the three groups. In agreement with Ortiz-Delgado et al. 

(Ortiz-Delgado et al., 2014) and Berlado et al. (Beraldo et al., 2003), the 

deformities were mostly unilateral in all three groups (65 to 100% of 

specimens). The wide variability of opercular complex deformity typologies, 

including the new forms reported in this study, hampered the founding of 

specific patterns of deformities, like those defined by Berlado et al. (Beraldo et 
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al., 2003). The new forms of operculum deformities reported for the first time 

in this research, included wave-like gill covers, spring-like gill covers, and the 

lack of apposition of the branchiostegal membrane to the epithelium at the 

terminal edge of the branchial cavity, and folded branchiostegal rays in the gill 

chamber. 

In our study, the first sign of opercular complex disorders was detected 

in 13 DPH larvae, a long time before the ossification process took place and 

earlier than the timing recorded by Galeotti et al. (Galeotti et al., 2000). The 

exogenous MEL concentrations increased caudal fin complex defects in a dose-

dependent manner. Additionally, the control group’s incidence of 45.6% was 

lower than 47.9% and 48.5% recorded in preceding studies (Boglione et al., 

2001; Prestinicola et al., 2013). In the same way, the total frequency of cases 

with at least one anomaly in the Ctrl group was 84.4%, which was lower than 

the 87% recorded before (Prestinicola et al., 2013). Both aforementioned data 

were in favor of an optimized of rearing conditions compared to those used in 

the reported studies. The increased occurrence of opercular complex, caudal 

fin complex, and total deformities could be a result of MEL-induced 

accelerated differentiation of osteoblasts already demonstrated in mice and 

human MSC/PBMC cells and MC3T3-E1 cells (Maria et al., 2018; Zhu et al., 

2020). During teleost embryogenesis, cartilaginous structures are the first 

element of the skeleton to form, which becomes bone after mineralization 

(Faustino & Power, 1998; Galeotti et al., 2000; Gavaia et al., 2000). The current 

study demonstrated that this pattern of development was valid for gilthead 

seabream larvae in which all skeletal elements remained cartilaginous until 

shortly before 43 DPH. Under the standard rearing conditions, the same 

ossification patterns were observed in the two experimental groups as well as 

in the Ctrl group of larvae, with the ossification process seems to be set up at 

43 DPH and ended ten days later. The skeleton ontogenesis in the three groups 
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of larvae revealed precedency to the onset of the elements which serve in 

feeding and respiration mechanisms (Maxillary, Meckel’s cartilage, 

cartilaginous branchial arches). These results are in accordance with the 

finding of (Faustino & Power, 2001; Saka et al., 2008). Studies on gilthead 

seabream meristic counts reported 24 vertebrae, 13 hemal arches, 23 neural 

arches, four pairs of parapophyses in the vertebral column region, five 

hypurals, one parahypural arch, three epurals in the caudal fin complex region 

beside all structures composing the cephalic skeleton (Faustino & Power, 1998; 

Prestinicola et al., 2013; Saka et al., 2008). In our study, the three experimental 

groups mostly conserved the meristics mentioned above (Faustino & Power, 

1998; Prestinicola et al., 2013; Saka et al., 2008).  

Besides skeletogenesis and bone deformities, exogenous MEL affected 

larval growth in length and weight. Indeed, MEL2 can ensure higher growth 

rates than those of the MEL1 and Ctrl groups. Additionally, both 

concentrations favored a negative allometric growth pattern, which means 

that larvae were slimmer with increasing length. At 63 DPH, the Ctrl group 

had higher growth rates than those recorded in the previous studies (Can, 

2013; Fernández et al., 2008). The promising values recorded in the Ctrl group 

(high growth, the absence of kyphotic and lordotic spine curve, and the lower 

opercular complex abnormalities) compared to the result already published 

for this species (Beraldo et al., 2003; Boglione et al., 2001; Faustino & Power, 

1998; Ortiz-Delgado et al., 2014), showed that the rearing conditions applied 

in the hatchery were optimal compared to those employed in the studies 

mentioned above. IGF-1 has been associated with metabolism (Castillo et al., 

2004) and growth (Wood et al., 2005). At the beginning of the larval growth, 

IGF-1 levels were shallow, between 13 to 33 DPH. Our findings were in 

accordance with the outcomes of  Deane et al, and Herrero-Turrion et al 

(Deane et al., 2003; Herrero-Turrion et al., 2003; Herrero-Turrión et al., 2003), 
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postulating that during the first 30 days of teleost live, the hormones 

implicated in growth, and development, i.e., growth hormone and prolactin, 

are naught, and the number of growth hormone cells and growth hormone 

expression levels do not increase. This low level of growth hormone in 

gilthead seabream larvae coincide with a spike in  MEL production, initiating 

immediately after hatching to reach maximum levels between 6 and 10 DPH 

(Kalamarz et al., 2009). Thus, the high MEL production during the first days 

post-hatching, when growth hormone and prolactin supplies are still 

insufficient, suggested a distinct role of MEL in early organogenesis, 

particularly in skeletogenesis. In some teleosts, tissue levels of IGF-1 mRNA 

were positively correlated with body growth rate (Beckman et al., 2004). Those 

finding coincide with our observation on weight and total length increase to 3 

times fold while the IGF-1 level grew progressively until 43 DPH, the time by 

which the metamorphosis and definitive organogenesis were fulfilled, after 

which the growth hormone concentration declined.  

In the present study, we investigated as well the effects of exogenous 

MEL on bone and skeletal muscle-specific gene expression during the larval 

stage of gilthead seabream. The marker of muscle development and growth, 

myosin light chain 2 (mlc2), one of the four light chains of the myosine, exerts 

its regulatory role in binding calcium (Georgiou et al., 2014). bglap gene 

encodes osteocalcin, a bone protein secreted by osteoblasts during bone 

formation enabling calcium ion and hydroxyapatite binding activities (Lee et 

al., 2007). PTHrP is a calcium regulatory factor in gilthead seabream that has a 

crucial function in several physiological and biochemical processes, including 

cortisol production (Guerreiro et al., 2006), tissue differentiation and 

proliferation (Kwong & Perry, 2015), calcium mobilization from internal 

sources (bone and scales) and via calcium uptake from water and diet (Abbink 

& Flik, 2007). The lethal deletion of this gene in mice proves its crucial 
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physiological functions (Karaplis et al., 1994). The dose-response relationship 

between PTHrP expression level and MEL concentration registered at least 

during the treatment period (MEL1 and MEL2) contradicts the negative 

correlation of those two parameters stipulated by Abbink et al (Abbink et al., 

2008). Indeed, another study on primary BALB/c mouse chondrocytes (Shanqi 

et al., 2019) supports our finding about MEL’s capacity to 

upregulate PTHrP expression. 

Additionally, an association between abnormally developing bones and 

a high expression of PTHrP on Sparus aurata was already described (Keenan 

et al., 1998). In light of the abovementioned findings, we can assign the high 

incidence of bone deformities registered in the treated groups to the PTHrP 

upregulation by the orally supplemented MEL. Myosin, a key component of 

striated muscle contributing to muscle contraction, is consisted of two heavy 

chains (MHCs) and four light chains (MLCs). Myosin light chain-2 is a 

sarcomeric protein expressed in the white muscle of gilthead seabream as two 

isoforms, mlc2a and mlc2b. Myosin light chain 2a predominates the early 

larval stages marking new fiber development at the tissue level. In our study, 

the inverse dose-dependent relationship of mlc2 expression levels and 

exogenous MEL concentration during the treatment period was in accord with 

the negative allometric growth pattern induced by MEL. Our results were in 

accordance with the significant weight increase registered in Atlantic salmon 

implanted with melatonin and contrasting the body weight and growth rate 

reduction induced by implants or injections in both trout and goldfish (De 

Pedro et al., 2008; Porter et al., 1998; Taylor et al., 2006). 

5.2 CONCLUSIONS 

Different MEL concentrations, and predominately the high one, affected 

the normal process of skeletogenesis (but not the ossification rate), and the 

growth patterns of gilthead seabream larvae.  MEL increased the frequency of 



 

Chapter 5: Discussion 67 
 

 

skeletal deformities, especially those of the operculum complex, for which we 

have recorded new typologies. The first signs of the opercular complex 

deformities were recorded before any sign of mineralization, proving that the 

abnormalities occur during the onset of the operculum complex bone series. 

Caudal fin complex was also sensitive to exogenous melatonin administration, 

and its abnormalities' incidence was increased dose-dependent. In light of our 

results and bibliographic data, we hypothesize that skeletal deformities 

detected in experimental groups’ larvae can be induced by the augmented 

PTHrP expression level, which is upregulated by exogenous melatonin 

administration, or by a loss of coordination between skeletal muscle and bone 

growth. Future research should extend and unmask the melatonin- pathways 

behind muscle and bone growth in gilthead seabream. 
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