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Abstract 

Despite teleosts being the largest and most diverse group of vertebrates, fish models 

currently used to study photoperiodic effects on fish physiology have been limited to a 

few species, most of which are temperate seasonal breeders. The overall aim of this 

work was to expand our knowledge on circadian biology and environmental 

physiological effects in Nile tilapia (Oreochromis niloticus niloticus), a continuous 

breeding species of tropical-subtropical origin. 

The circadian light axis of Nile tilapia is described with regards to melatonin 

production. Circadian melatonin profiles of fish under 12L:12D photoperiods were 

observed to be low at day and high at night, suggesting melatonin to be an entraining 

signal as observed in all other vertebrates. When constant light (LL) was used, such day 

and night fluctuations where abolished. However when fish where exposed to constant 

darkness (DD) a strong robust endogenous melatonin rhythm was found, suggesting the 

presence of circadian oscillators in this species. Importantly, this endogenous rhythm 

was observed to be maintained for at least three weeks under darkness and proved to be 

circadian in nature. Moreover, although the melatonin system was able to produce day 

and night melatonin rhythms when exposed to a different (6L:6D) photocycle, the 

oscillator appeared to not be entrainable to such a short photo cycle when exposed to 

DD, as melatonin levels remained high. When comparing the circadian organization of 

different teleost species including Nile tilapia, preliminary studies showed at least three 

divergent circadian light organizations in teleosts. Nile tilapia was characterised by a 

pineal gland far less sensitive than in other fish species as demonstrated through in vitro 

studies. Furthermore, pineal melatonin production was clearly dependent on the light 

perceived by the eyes as ophthalmectomy resulted in basal plasma melatonin levels 

during the dark period. These findings are the first to be reported in a teleost and could 

be comparable to the circadian light organization of higher vertebrates such as 

mammals.  

The onset of puberty of Nile tilapia was studied with regards to the newly discovered 

Kiss1/GPR54 system. Such a system has recently been discovered in mammals and 

found to be the primary switch of the brain-pituitary-gonadal (BPG) axis. The results of 

this study not only suggest a link between the Kiss1/GPR54 system and the onset of 
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puberty in this tropical batch spawning teleost, that would be a highly conserved feature 

across vertebrates, but also that the transcriptional mechanisms regulating GPR54 

expression could be directly or indirectly influenced by light. 

Finally, a study was conducted on the effects of different intensities of continuous light 

(LL) on the growth and sexual development of Nile tilapia up to first maturation. The 

results showed a significant growth response of fish in all LL treatments compared to 

control fish. Importantly, this confirmed that LL enhances growth in this species and 

suggests that it is the light regime more than the intensity which is having an effect. 

This work thus provides important basic knowledge of the light entrainment pathway 

and circadian melatonin rhythms in Nile tilapia. Of special importance is the discovery 

of a strong endogenous melatonin oscillator and a novel circadian organization in fish 

which would seem to be homologous to that observed in higher vertebrates. Moreover, 

this work provides evidence that the newly discovered Kiss1/GPR54 system has a 

similar role in fish as has been found in mammals and that such a system could be 

directly or indirectly regulated by light.  If so, Nile tilapia and other fish species could 

become important models in the chronobiology and reproduction fields. Finally, this 

work not only increases our basic and applied knowledge of this species, but also 

broadens our understanding of the circadian light axis in teleosts and its mediatory 

effects on reproduction. 
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1 General Introduction 
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1.1 The Nile tilapia O. niloticus niloticus 

The Tilapiine tribe has been reclassified into three separate genera (Trewavas, 

1983): Tilapia (substrate spawners), Sarotherodon (paternal or biparental 

mouthbrooders) and Oreochromis (maternal mouthbrooders) mainly based in their 

reproduction, feeding habits and biogeography (Rana, 1988; Macintosh and Little, 

1995). However the common name ‘tilapia’ and/or ‘Nile tilapia’ is used for convenience 

throughout the text to describe O. niloticus niloticus. 

Nearly all the tilapias suitable for culture belong to the Oreochromis genus, of 

which the Nile tilapia is the most important species due to its fast growth rate, 

adaptability to a wide range of culture conditions and high consumer acceptability. Over 

the past 30 years it has been transferred throughout the world to become the mainstay of 

tilapia farming in many different environments and at all levels, from subsistence to 

highly intensive production, reaching over 2.5 million tonnes by 2005 (Pullin and 

Lowe-MConnell, 1982; Macintosh and Little, 1995; Josupeit, 2007). 

1.1.1 Culture problems 

One of the characteristics of tilapias is the capacity to alter the age and size of 

first maturity in response to their environment. The environmental cues involved in the 

physiological switch from somatic growth to sexual maturation are unclear but several 

factors such as seasonality and nutritional status have been implicated (Rana, 1988; 

Lorenzen, 2000). Nile tilapia can sexually mature at 5 to 6 months old and breed when 

still at a very small size (Srisakultiew, 1993; Macintosh and Little, 1995). This presents 

a huge problem to farming mainly because energy is diverted from somatic growth to 

reproduction (Pullin and Lowe-Mconnell, 1982; Rana, 1988; Macintosh and Little, 
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1995) resulting in uncontrolled recruitment, stunting and energy losses. This balance 

between somatic growth and gonadal development increases in the favour of the latter 

as their environment becomes more limited and stressful (intensive culture in particular) 

(Pullin and Lowe-Mconnell, 1982).  

1.1.2 Stock management strategies 

Recent improvements in Nile tilapia broodstock management have focused on 

conditioning broodstock before spawning (regular replacement of females with rested 

conditioned fish to improve spawning synchrony) and on removing eggs for artificial 

incubation (Macintosh and Little, 1995). To solve the problem of differential growth, 

early maturation and uncontrolled spawning, different approaches have been taken 

through the years and some are still likely to be used depending on the farming strategy. 

Initially, this was managed through grading and harvesting the larger fish a number of 

times during the growing season, leaving the smaller ones to grow. The problem with 

this is that it generally involves selecting and using small size breeding fish every time 

the harvest is done, eventually reducing the average size of the population (stunting) 

(Pullin and Lowe-Mconnell, 1982). To overcome this problem, different authors 

suggested stock management systems which could separate the production and 

reproduction phases of the life cycle, coupled with genetic or hormonal manipulation of 

the cultured stock to eliminate the normal reproductive activity during the grow-out 

phase (Pullin and Lowe-Mconnell, 1982; Macintosh and Little, 1995). Nile tilapia have 

a marked sexual growth dimorphism with males growing faster than females most likely 

due to the energy requirements during gonadal development, however other possible 

sexual dimorphic mechanisms like compensatory growth could be at play (Barreto et 

al., 2003). Monosex culture has been a way to solve the problem. Originally, monosex 
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was attained in three ways: manual sexing which has proven inefficient and labour 

costly, hybrid production (e.g. O. mossambicus x O. hornorum) which yield high 

percentages of male populations and sex reversal by hormone feeding at early stages 

(Pullin and Lowe-Mconnell, 1982; Devlin and Nagahama, 2002) which has recently had 

market acceptability problems and legal restrictions due to the use of exogenous 

hormones. However, recently it is more common to see the use of genetically selected 

tilapia broodstock (e.g. YY males) to produce all male populations. In short, the two 

greatest advantages of these techniques are the production of all male populations which 

have a greater somatic growth compared to females and by which uncontrolled 

spawning is restricted (Pullin and Lowe-Mconnell, 1982; Macintosh and Little, 1995). 

Importantly, recently new evidence has shown important and practical effects of 

photoperiod manipulations on the reproductive physiology of Nile tilapia which will be 

discussed in detail later. At present it seems that selective breeding and the use of 

genetically modified broodstock to produce all male populations are the best and most 

used techniques in hatcheries of mass production around the world. 

1.1.3 Strains 

There are a number of different colour strains in tilapia which can vary from 

wild (normal type), red, blotched to blonde, the latter not being actually used but has 

high market potential mainly because of its pigmentation characteristics (Scott et al., 

1987; McAndrew et al., 1988; Hilsdorf et al., 2002). The most commonly used is the 

red strain because of its high market acceptability and growth performances 

(McAndrew et al., 1988). A number of red tilapia strains are known to exist world-

wide. The most widely available is the Taiwanese red strain which is known to consist 

of a combination of at least four different species, the original red gene having come 

 4



from O. mossambicus being transferred by hybridization to various O. niloticus strains 

to improve growth characteristics of the stock (McAndrew et al., 1988). 

1.1.4 Life cycle  

Tilapias engage in a communal breeding system based on a “lek” or “arena” 

which is guarded by a male and visited by receptive females. The males build and 

defend their territories, but there is no pair bond so polygamy is usual (Macintosh and 

Little, 1995). These mouth-brooding tilapia species have adapted the antipredator tactic 

of rearing eggs and fry in the relatively safety of the parental buccal chamber (Rana, 

1988). In Nile tilapia once the mating and the fertilization has taken place, the female 

takes the eggs in its mouth and leaves the “lek” seeking calmer spaces. Tilapias produce 

a few hundred to a couple of thousand eggs in captivity (depending of age, size, 

reproductive status and genetic background). The female oral incubation starts 

immediately after fertilization and continues after fry hatch (~3 days) and begin to feed 

on their own (>10 days) and terminates approximately 30 days post fertilization when 

they physically cannot fit in the buccal chamber (Pullin and Lowe-Mconnell, 1982; 

Macintosh and Little, 1995). In the wild Nile tilapias are known to spawn year round 

but with a peak between December and June (Njiru et al., 2006). 

1.1.5 Embryonic development  

Tilapia eggs, like those of other teleosts, are surrounded by a multilayered 

protective envelope, the chorion, which hardens as the eggs absorb water. Water 

hardened tilapia eggs are typically ellipsoid or ovoid in shape of around 1.65 x 2.00 mm  

to 2.60 x 3.15  and of ochre colour (Rana, 1988). The ontogeny and early development 
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of Nile tilapia has been described by several authors of which the most recent one 

(Morrison et al., 2001) has summarized them all (Table 1). 
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Table 1.- Comparison of timing of some developmental features of Nile tilapia. Adapted from Morrison et al. (2001). 
 Hours after fertilization (rearing temperature) Stage 

Developmental 
features 

Morrison et 
al., 2001 
(27-290C) 

Galman, 
1980 

(26-270C) 

Galman and 
Avtalion, 1989 

(24-260C) 

Rana, 
1990 

(280C) 

Lingling and 
Qianru, 1981 

(25-290C) 

Shaw and 
Aronson, 

1954 

Nussbaum and 
Chervinsky, 1968 

Galman, 
1980 

Galman and 
Avtalion, 

1989 

Rana, 
1990 

Lingling and 
Qianru, 1981 

 
Zygote period 
Protoplasm bulges 

 
1.5 

 
1 

 
0-1 

 
 

 
0.5 

 
1 

 
1 

 
2 

 
1 

  
1-2 

Cleavage period 
2 cells 
4-8 cells 
16 cells 
32-64 cells 

 
1.5-2 
2-3 
4 

4-4.5 

 
5 
 

 
1-5 

2-3.5 
4 

5.5 

 
2-3 
4 
5 
6 

 
2 

2.5-3 
4 

4.5-5 

 
2 

3-4 
5 
6 

 
2 

3-4 
5 
6 

 
3 
 
 
 

 
2 

3-4 
5 
6 

 
2 

3-4 
5 
6 

 
2-1 

2-2, 2-3 
2-4 

2-5, 2-6 
Blastula period 
Morula or early blastula 
Blastula 

 
5.5 

5.5-14 

 
7 
8 

 
5.5-10.5 
10.5-12 

 
 

10 

 
5.5 
8 

 
7 
8 

 
7 
8 

 
4 
5 

 
6-8 
8-9 

 
 

7 

 
2-7 
2-8 

Gastrula period 
Early gastrula 
30-40% epiboly, 
embryonic shield 

 
22 
22 

 
11 
15 

 
24 
24 

 
10 
14 

 
11 
28 

 
9 

10-11 

 
9 

10-11 

 
6 
7 

 
10 
10 

 
8 
9 

 
2-9 
3-2 

Segmentation period 
Somite formation 
Optic primordial 
Brain segmentation 

 
26-30 

31 
46 

 
30 
30 
30 

 
40 
52 
58 

 
30 
30 

 
37.5 
38 
40 

 
12 
13 
14 

 
12 
13 
14 

 
9 
9 
9 

 
11 
12 
13 

 
10 
9 

 
4-2 
5-1 
5-2 

Pharyngula period 
Otic vesicles 
Heart beat 
Retinal pigment 

 
76 
50 
76 

 
48 
60 
72 

 
65 
72 
65 

 
 
 

72 

 
40 

52.5 

 
15 
15 
18 

 
15 
15 
19 

 
11 
12 
13 

 
14 
15 
14 

 
 
 

11 

 
5-2 
5-4 

Hatching period 
Hatching 

 
100-125 

 
100 

 
72 

 
90-120 

 
79 

 
24 

 
20 

 
15 

 
15 

 
12 

 
7 

Early larval period 
Gill cover starts to form 
Mouth opens, jaw 
movements 
Teeth 
Swimbladder inflates, 
swimming 
Active feeding 

 
124 

 
147 
148 
196 

 
196 

 
150 

 
156 

 
228 

 
240 

 
72 

 
98 

164 
180 

 
256 

  
127 

 
127 

 
223 

 
223 

 
20 

 
21 

 
17 

 
22 

 
15 

 
18 

 
 
 

17 
20 

 
21 
24 

 
prelarval 

 
“ 
 
“ 
“ 
“ 

 

 



1.1.6 Growth and sexual maturation 

In tilapia, sexual differentiation is influenced by stocking densities, Srisakultiew 

(1993) has shown that when reared at a density of 10-20 fry/L, almost 50% of the fry 

were sexually differentiated at 11 days post-hatching (DPH). The same study also 

showed that males grow faster than females and reach puberty and maturity faster than 

females, between 16 and 22 weeks for males and 22 weeks for females when reared at 

27 ± 10C and fed commercial trout pellets ad libitum. Gonadal development in tilapia 

has been described by several other authors (Babiker and Ibrahim, 1978; Srisakultiew, 

1993; Tacon et al., 1996; Coward and Bromage, 1998) with similar results. In all these 

studies, the stage of oocyte development was visually determined through histological 

preparations and assessment of the leading oocytes, cohorts. Based on the findings, 

classifications of stages of development along both oogenesis and spermatogenesis were 

developed for Nile tilapia and serve as references. According to Coward and Bromage 

(1998) oogenesis is therefore divided in to seven stages as follow (Table 2): (1) 

chromatin nucleolar stage, (2) early perinucleolar stage, (3) late perinucleolar stage, (4) 

cortical alveolar stage, (5) vitellogenesis, (6) maturation and (7) germinal vesicle 

migration followed by ovulation and spawning. As for spermatogenesis, according to 

Babiker and Ibrahim (1978), there are also seven stages (Table 3): (1) Immature, (2) 

Maturing, (3) Mature, (4) Ripening, (5) Ripe, (6) Spawning and (7) Spent. Importantly, 

the whole ovogenesis and spermatogenesis can occur over a period of 3-4 months in 

comparison to temperate species in which it can take up to 8 months to 2 years (e.g. 

salmon and European seabass) (Bromage, 1995). 
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Table 2. Classification scheme used to identify the stages of oogenesis showing stages S1, S2, S3 and S4. Adapted 
from Coward and Bromage (1998). 

Stage Definition Size Range (µm) Appearance

S1 Pre-vitellogenic 7-345

Nucleus containing chromatin strands. 

Developing follicular layer. Vesicle at near edge of oocyte. Stains dark 
pink reducing to pale pink as less basophilic. 

S2 Early stages of 
vitellogenesis 224-658 Small yolk granules starting at periphery. Vesicles seen throughout 

oocyte. Follicular layer can be seen to be more developed. 

S3 Late stages of 
vitellogenesis 428-1416 Yolk granules become larger yolk globules and empty vacuoles 

throughout oocyte. Very developed follicular wall. Nucleus central. 

S4 Mature 428-1416 Same as S3 but vesicle migration can be seen. 

Table 3. Classification scheme used to identify stages of spermatogenesis showing S1, S2, S3, S4 and S5. Adapted 
from Babiker and Ibrahim (1978). 

Stage Definition Appearance 

S1 Immature Mostly spermatogonia with some spermatocytes 

S2 Maturing Clusters of spermatocytes and a few spermatids 

S3 Mature Spermatogonia, spermatocytes, spermatids all present and  few spermatozoa in middle 

S4 Ripening All stages present with abundant spermatozoa 

  S5    Ripe Sperm ducts distended with spermatozoa and seminal fluid. 

Fecundity in Nile tilapia has been found to be very variable and as in many other 

teleosts is affected by biotic (e.g. physiological including age, size, previous spawning 

history, genetic background) and abiotic (e.g. environmental including temperature, 

photoperiod, rainfall, quality of food) factors (Coward and Bromage, 2000; Ross, 2000). 

Typical fecundity in the wild has been found to be between 905 to 7619 oocytes for fish 

of 28 to 51 cm total length (Njiru et al., 2006). 

Nile tilapias are asynchronous spawners and they tend to breed throughout the 

year although in the wild they seem to reach a peak in the rainy season (Trewavas, 

1983; Coward and Bromage, 2000). The inter-spawning interval (ISI) is also very 

variable (7 days to a month or more) even between siblings and as for fecundity it 

seems to be affected by many factors (biotic and abiotic factors previously mentioned) 

(Coward and Bromage, 2000). One of these is photoperiod, which has been found to 
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have an impact on ISI and will be discussed in further detail in 1.2.2 (Turner and 

Robinson, 2000; Campos-Mendoza et al., 2004; El-Sayed, 2006). 
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1.2 Environmental control of physiology in teleosts 

Biotic factors such as age, size, developmental stage (i.e. immature vs. mature) 

and nutritional status define the state of an organism at a given time and, depending on 

the species, will vary the degree to which environmental factors affect their physiology 

(Bromage et al., 2001). 

1.2.1 Biological rhythms  

Temporal order is crucial for all living organisms as most of the main 

physiological and behavioural events are in tune with periodic fluctuations in the 

environment (Gerkema, 1992). Recent studies indicate that temporal synergisms of 

circadian rhythms have primary roles in neuroendocrine regulation of physiological and 

behavioural conditions (Meier, 1992). For this, living organisms use biological rhythms 

which can persist in un-entrained constant conditions in the laboratory, and are thus not 

simply caused by environmental cycles: they are endogenous, generated by the 

organism itself (Gerkema, 1992). This major advantage of rhythmic organization of 

physiology and behaviour concerns the coupling and synchronization of processes, a 

potential resulting from the ‘physiological time’ structure which in simple terms, restrict 

behavioural and physiological events from happening all at once (Gerkema, 1992; 

Foster and Kreitzman, 2005). They also confer many other advantages such as energy 

saving and avoidance of UV-mediated DNA damage as well as crucial synchronization 

with metabolic demands (Langmesser and Albrecht, 2006). Circadian rhythms are 

biological rhythms which evolved in adaptation to the rotation of the earth and moon in 

our solar system; they are synchronized with the alternation of day and night 

(photoperiod), with the tides, the lunar cycle, the annual seasons and feeding rhythms 
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(Gerkema, 1992; Boujard and Leatherland, 1992; Foster and Kreitzman, 2005). On the 

other hand non-circadian rhythms; ultradian (less than a day) and infradian (longer than 

a day) are also oscillating rhythms which at the cellular levels are related to biochemical 

and neurogenic oscillators, where feedback mechanisms are probably always involved 

and play an important role (Peters and Veeneklaas, 1992). 

It is then logical to say that most of the physiological events (e.g. reproduction, 

growth, immune system, etc.) that are entrained and/or affected by environmental 

factors occur within both types of rhythms at some level (e.g. molecular, endocrine, 

etc.). So for example, while the timing of reproduction (as a whole) in seasonal species 

seems to be regulated by circannual rhythms over the year, the cascade of specific 

hormone events in the brain-pituitary-gonad axis is regulated by circadian and ultradian 

rhythms within each day.  

1.2.2 Photic signals 

One of the environmental factors that entrain biological rhythms in all 

vertebrates is light. Light is composed of a complex of external and ecological factors, 

including spectrum, intensity and photoperiod (Boeuf and Le Bail, 1999; Falcon et al.  

2006). Importantly, photoperiod is a “noise free” signal as it remains constant over the 

years and reflects seasonality depending on the latitude. However, spectral content and 

intensity of the light is more complex as they also vary throughout the year but also 

during the day (e.g. dawn and dusk) and depends to a large extent to the local weather 

conditions as well as water absorbance properties. Light energy and wavelength are 

closely interlinked with shorter bandwidth wavelengths (i.e. blue-green light) having 

more energy than longer bandwidth (i.e. yellow-red light) which crucially affects the 

rate at which these are absorbed in water. Thus, light in the blue-green end of the visible 
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spectrum generally penetrates the water deeper (Lobban and Harrison, 1994). This 

would suggest that light quality is a highly variable component found in different water 

bodies and for which different species might be more or less sensitive. Although this 

notion is not new, studies on the effects of spectral quality and light intensity in teleosts 

have been limited until recently. Specifically, light intensity and its role in melatonin 

suppression have been well studied in several commercial and temperate fish species in 

order to explain some of its effects on reproduction and growth. The concept of light 

thresholds (intensity) has been deemed especially relevant in salmonids in which 

melatonin content in the blood was affected in a dose dependant manner by light 

(Bromage et al., 2001; Porter et al., 2001). In fact light intensity thresholds seem to be 

very important in the day/night perception of teleosts and are closely associated with 

spawning and migratory patterns as reviewed by Reebs (2002). Regarding spectral 

quality, recent studies have been focusing on testing spectral sensitivity of the pineal 

gland and retina in different fish species both in vivo and in vitro (Bayarri et al., 2002; 

Migaud et al., 2006; Ziv et al., 2007; Migaud et al., 2007b). These studies in general, 

provide evidence of different light sensitivities in teleosts although further studies as to 

the implications of this are clearly needed. 

Although, there are a number of other important environmental factors 

displaying daily (circadian) and annual (circannual) variations which can also act as 

potential proximate cues (e.g. temperature, rainfall, food supplies, pheromones), it is 

photoperiod, or more specifically the seasonally changing pattern of day length, which 

is probably the most reliable and important signal for the cueing and timing of many 

physiological events, especially reproduction in most of the temperate fish species, 

temperature being also important (Zachmann et al.  1992; Bromage et al., 2001; 

Besseau et al., 2006). Many studies have been performed on a range of vertebrates and 
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temperate teleosts species, however, studies on tropical fish have only recently started 

and data is still scarce. 

1.2.2.1 Seasonal and temperate species 

Photoperiod manipulations are commonly used in the culture of temperate water 

fish species with significant beneficial effects such as enhancement of growth 

performances, suppression of early maturation and spawning manipulation, allowing 

year round production in several annual and temperate species (Atlantic salmon Salmo 

salar, rainbow trout Oncorhynchus mykiss, European seabass Dicentrarchus labrax and 

Atlantic cod Gadus morhua). Studies on salmon exposed to continuous light (LL) have 

enhanced growth in sea cages (Endal et al., 2000) while exposure to winter 

photoperiods (short days) help to advance or synchronize maturation and smoltification 

(Berrill et al., 2003). This is also true for male masu salmon (Oncorhynchus masou) in 

which testicular maturation is accelerated by a short photoperiod (8L:16D) and delayed 

by long photoperiods (16L:8D) (Amano et al., 2000). In rainbow trout, the application 

of constant long days or continuous light from the winter solstice advanced spawning by 

up to 6 months depending on the duration of the window of exposure (Bromage et al., 

1984; Scott et al., 1984). Further studies have shown that a shift from long to shorts 

photoperiods (18L:6D and then 6L:18D) can advance or delay maturation and spawning 

in trout (Davies et al., 1992). The application of similar photoperiodic regimes from 

summer to autumn was also shown to enhance growth performances by up to 30% in 

juvenile trout (Taylor et al., 2006). Finally, in Atlantic cod, continuous lighting from 

summer solstice resulted in a complete inhibition of maturation with a resulting 

significant growth effect (up to 1 Kg more at time of harvest) by saving energy 

normally used for gonadal growth (Davie et al., 2007a; Davie et al., 2007b). From these 
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few examples, it appears very clearly that photoperiod plays a major role in the 

entrainment and control of maturation and growth in temperate species which 

importantly are species-specific but also depend on the timing of physiological events 

(spawning in winter vs. spring in salmon and cod respectively) and the nature of the 

environment inhabited (mainly temperature variations). 

Such significant effects of photoperiod indicate that these temperate seasonal 

fish species are very sensitive to light. Although the light thresholds needed for 

reproduction (maturation) are not known yet (Bromage et al., 2001), in general it has 

been found that high light intensities are required for growth optimization (Boeuf and 

Le Bail, 1999; Boeuf and Falcon, 2001) while shorter/longer photoperiods are needed to 

stimulate or alter maturation in fish (Amano et al., 2000; Bromage et al., 2001; Berrill 

et al., 2003). It is also important to mention that all the photoperiods tested to date have 

been designed around 24 hour L:D cycles (i.e 6L:18D and 18L:6D) and due to the 

annual reproductive cycle of the model species (e.g. salmonids) they have to run 

through a “relatively” long period of time to exert their effects.  

1.2.2.2 The tropical batch spawner model 

As previously mentioned, photoperiod research in teleosts has been focused on a 

few intensively produced and commercially important temperate species such as 

salmon, trout, European sea bass, halibut and more recently cod. However, 

photoperiodic studies in tropical and especially continuous batch spawner species has, 

until recently, been very limited. Seasonal temperate species are known to be greatly 

influenced by the varying day length to which they are exposed in higher latitudes and 

interesting questions arise as to whether the same mechanisms, effects and pathways are 

present in tropical and subtropical dwelling species where day length varies little or not 
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at all. Recent studies in Nile tilapia have shown that tropical species can also respond to 

light with regards to growth and reproductive performances which could ultimately be 

used as simple tool by the industry to promote growth and control reproduction in this 

species. Long and short photoperiods have been tested at different stages, showing in 

some cases better growth performance and higher reproductive performance in 

broodstock subjected to longer photoperiods compared to shorter ones (Ridha and Cruz, 

2000; El-Sayed and Kawanna, 2004; Rad et al., 2006). ISI were shown to be shorter 

under long photoperiods with higher fecundities (Campos-Mendoza et al., 2004). 

Moreover it has recently been reported that further growth enhancement can be 

achieved when exposing fish to ultradian photoperiod cycles (e.g. 6L:6D) although the 

mechanisms by which this happens are still unknown (Biswas and Takeuchi, 2003; 

Biswas et al., 2004; Biswas et al., 2005a). More importantly, these short cycles might 

are also be capable of disrupting normal reproductive cycles by producing unviable 

eggs as suggested in a recent study (Biswas et al., 2005a). 

 All these studies have been based on the observed effects (e.g. growth, 

fecundity, size, ISI) of different photoperiodic treatments and crucially no description of 

the circadian light axis and light perception in this species has been done, which could 

ultimately serve as a basis to design more informative studies and help us to understand 

the precise mechanisms by which these effects are regulated. 

1.2.3 Temperature 

Because fish are poikilothermic (thermal conformers) as their body temperature 

closely mirrors that of the environment, temperature is an important factor in the lives 

of teleosts and the range in which they thrive is thus species-specific (Ross, 2000). The 

first environmental manipulations in fish were performed in carps when it was observed 
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that temperature stimulated maturation (Bromage, 1995; Bromage et al., 2001). There is 

now considerable evidence suggesting an important role for temperature in cyprinids, 

catfish and several other tropical and sub-tropical species, including tilapias, although it 

is likely that its effects are exerted directly on metabolic processes (e.g. cellular 

metabolism, gene expression and protein activity) (Bromage et al., 2001; Pankhurst and 

Porter, 2003; Falcon et al.  2006). As such, it is still debated whether temperature is a 

proximate or a permissive factor. In any case, it is clear that it has greater effects in 

tropical species as opposed to temperate seasonal species where it usually acts more as a 

secondary cue (Bromage et al., 2001; Pankhurst and Porter, 2003). In the specific case 

of Nile tilapia, temperatures above 20°C are required to stimulate reproduction, while 

high temperatures (30–35ºC) considerably reduced the reproductive performance 

(spawning activity, egg quality and hatching success) (Rana, 1988; Little and Hulata, 

2000). 

1.2.4 Feeding 

As briefly mentioned earlier, the nutritional status of fish as in other vertebrates 

will depend on the quantity and quality of food available to them. However, because 

most organisms like fish do not feed constantly but exhibit a ‘circadian-like’ prandial 

pattern (Boujard and Leatherland, 1992), food may also serve as an entraining signal 

which has been the focus of many recent chronobiological studies. Similar to other 

factors discussed in this work, feed interaction especially regarding circadian and diel 

rhythms seem to be species-specific. For example it would seem that goldfish 

(Carassius auratus) is capable of adopting diurnal or nocturnal feeding activity patterns 

thus reacting directly to external factors such as food availability (Sanchez-Vazquez et 

al., 1996; Aranda et al., 2001; Reebs, 2002). More recently, food anticipatory activity in 
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this species has been observed, suggesting that feeding can entrain both behavioural 

(locomotor activity) and certain physiological (digestive related) patterns in this species 

(Vera et al., 2007). In European seabass, light and feed entrainable oscillators seem to 

in part account for the dualistic feeding pattern in this species although other unknown 

factors cannot be ruled out (Sanchez-Vazquez et al., 1995; Sanchez-Vasquez et al., 

1998; Aranda et al., 1999a; Aranda et al., 1999b; Azzaydi et al., 2007). As such, studies 

in these and several other important aquaculture species such as salmonids, sharpsnout 

seabream (Diplodus puntazzo), barramundi (Lates calcarifer) and yellowtail (Seriola 

quinqueradiata) (Boujard and Leatherland, 1992; Barlow et al., 1995; Azzaydi et al., 

2000; Kohbara et al., 2000; Vera et al., 2006; Noble et al., 2007) provide increasing 

evidence of the importance and potential advantages of implementing this knowledge 

within the aquaculture industry. 

1.2.5 Other factors  

Other environmental factors (biotic and abiotic) that do not act as cues per se but 

will inevitably affect the reproductive and growth performance of fish including tilapias 

are: salinity, water quality, pH, stress level, tides and rainfall (Ross, 2000; Pankhurst 

and Porter, 2003). These factors are normally inevitably interlinked in the wild and if 

appropriate conditions occur, will create opportunistic windows for enhanced 

reproductive activity/performance especially in batch spawner species like Nile tilapia. 

In seasonal species these factors will also contribute to the timing and synchronizing of 

the final stages of reproductive development and spawning time (Pankhurst and Porter, 

2003). 
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1.3 The circadian light axis: from light perception to melatonin 

production 

The circadian light axis is comprised of all the different components (structures 

and pathways) by which light enters the organism and is transformed to a biological 

time signal (Foster and Hankins, 2002). Importantly, different specialized structures 

(e.g. pineal complex, retina, parietal eye, deep brain) and pathways have evolved across 

vertebrates, although the main basic components (e.g. the non-visual photoreceptor), 

remain (Menaker et al., 1997; Foster and Hankins, 2002; Klein, 2004). Although still in 

its infancy, our knowledge of non-visual photoreception is improving at a great pace 

and already several types of photoreceptors have been described (i.e. cone and rod-like) 

and the mechanisms by which they are regulated have been studied (Falcon et al., 1992; 

Cahill and Besharse, 1995; Rajendran et al., 1996; Zordan et al., 2001; Foster and 

Hankins, 2002; Decressac et al., 2002; Vigh et al., 2002; Fu et al., 2005). However, the 

knowledge in this field is much more advanced in higher vertebrates and especially in 

mammals and is still scarce in fish. 

1.3.1 Mammals: a centralized model 

The most complex/evolved form of this axis is found amongst mammals where 

structures like the eye, brain (e.g. suprachiasmatic nucleus, SCN) and pineal complex 

form an integrated (non-visual) system where light/dark signalling is exclusively 

perceived through the eyes, the pineal gland not being photosensitive. However, some 

evidence also suggests that deep brain photoreceptors could act as an alternate mode of 

non-visual light perception (Foster and Hankins, 2002; Haldar et al.  2002; Ekstrom, 

2003; Fu et al., 2005). This centralised model of circadian organization is thus based on 
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the retina in the eyes which percieves the photic signals and transfer them to the SCN in 

the brain (where the mammalian master clock is known to reside) through a retino-

hypothalalamic tract (RHT) (Simonneaux and Ribelayga, 2003). The nature of the 

signal transmission into the SCN is not fully understood yet, although it has been 

suggested that the secretion of glutamate at the RHT synapses might provide impaired 

transmission of light signals into the SCN (Holzberg and Albrecht, 2003). In response to 

the photic signals perceived by the eyes (e.g. light, darkness), the master clock in the 

SCN stimulates and entrains (by means of intracellular transcriptional/translational 

feedback loops) the appropriate mechanisms and peripheral oscillators that will 

ultimately regulate melatonin synthesis in the pineal (Jin et al., 1999; Taghert, 2001; 

Foster and Hankins, 2002; Fukada and Okano, 2002; Schomerus and Korf, 2005). This 

model is thus characterised by a pineal gland which has lost its direct photosensitive 

capabilities, becoming a slave of the brain. It is possible that one of the causes of this 

evolutionary difference is the position of the pineal in higher vertebrates which has been 

engulfed by the expanded cerebral hemispheres and cerebellum, thus sitting in a 

position close to the centre of the brain. It is important to mention that the whole system 

is dependant on the different components to relay photic information to the rest of the 

organism (Aronson et al., 1993). As such, ophthalmectomized animals and blind people 

(with absent or deficient non-visual photoreception) have impairment of the whole 

mechanism which conveys a biological signal of time in the organism (Zordan et al., 

2001). Nonetheless, when this happens, mammals seem to have multiple circadian 

oscillators throughout their body that can independently synchronize to different 

environmental stimuli (Zylka et al., 1998; Herzog and Tosini, 2001; Foster and 

Hankins, 2002; Vansteensel et al., 2007). 
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1.3.2 The teleost model 

Although teleosts represent the most diverse group with the largest radiation in 

vertebrates (Kotrschal et al., 1998), the circadian axis in fish has been previously 

described as being decentralized (as opposed to higher vertebrates). The reason for this 

generalization is that studied species to date have shown independent (directly 

photosensitive) light perception components (e.g. retina, pineal gland), whereas in 

mammals these form part of a centralized light entrainment organization dependant on 

the signalling pathways between them (Falcon et al., 1989; Falcon et al., 1992; Falcon, 

1999; Falcon et al., 2007). More importantly, although studied teleosts have the same 

physical components as the circadian axis in mammals (retina, RHT, SCN and pineal), 

the main feature that makes them so different to mammals is the lack of a circadian 

master clock that connects all three components to mediate light and synchronize 

endogenous rhythms within the organism (Wullimann and Meyer, 1990; Tilgner et al., 

1990; Holmqvist et al.  1992; Ekstrom, 1997; Vigh et al., 2002) (Figure 1).  
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Figure 1.- Photoperiodic and circadian control of neuroendocrine functions.  
(a) Fish versus mammals. In mammals (i) a linear flow leads to the rhythmic production of melatonin. Nonvisual 
information from the retina reaches the SCN of the hypothalamus through the retinohypothalamic tract (blue arrow). 
The periodic signals enable synchronizing of the circadian activity of the SCN clocks, which, in turn, impact on the 
pineal gland through a multisynaptic pathway (blue arrows), thus controlling cyclical melatonin secretion. Melatonin 
feeds back to the SCN and acts on the pars tuberalis of the pituitary and other brain areas to modulate seasonal 
neuroendocrine functions. The situation is more complex in fish (ii): the photoneuroendocrine system seems to be 
organized as a network of independent and interconnected light-sensitive oscillatory units in the retina, the pineal 
and, perhaps, in the brain. The dashed blue arrow indicates a hypothetical connection. ‘?’ in the brain indicates the 
hypothetical presence of brain circadian oscillators. (b) Photoneuroendocrine regulation in fish. Light (yellow arrows) 
impacts on photoreceptor cells of the pineal organ and retina, enabling synchronization of their internal molecular 
clocks. Light might also impact on other possible photosensitive and circadian structures in the ventral diencephalon 
(POA and hypothalamic area; yellow arrow with ‘??’) and peripheral organs. In response to the photoperiodic 
information, the retina and the pineal organ elaborate two types of rhythmic information. The neural information 
(blue arrows) from the retina and pineal organ reach the ventral diencephalon through the retinohypothalamic and the 
pineal tracts, respectively. This information provides an indication of day length, as well as of subtle variations in 
ambient illumination. The hormonal information is relayed by melatonin (red arrows), the production of which 
reflects day length and season. In the retina, melatonin is an autocrine and/or paracrine factor, which is metabolized 
locally. Pineal melatonin is released into the cerebrospinal fluid and blood, and acts on specific targets through 
melatonin receptors (red filled circles). In the hypothalamus, melatonin might contribute to synchronizing the 
activities of circadian oscillatory units [SCN and others (depicted by ‘?’)] and modulating the production of pituitary 
gland releasing factors. Melatonin receptors have been identified in areas that impact on pituitary function, including 
the POA, which also receives nervous input from both the pineal organ and the retina. Melatonin impacts on the 
pituitary gland itself to modulate the production of hormones. Taken from Falcon et al. (2007). 

 22



1.3.2.1 The Pineal 

The pineal complex in teleosts consists of a pineal and a parapineal organ. The 

latter consists in most teleosts of a small rounded body located in the left side of the 

brain above the epithalamus and in teleosts remains in a rudimentary form (Ekstrom, 

1997; Vigh et al.  2002; Ekstrom, 2003). The pineal gland of fish is an evagination of 

the roof of the diencephalon which is located below a window in the skull (Ekstrom, 

2003). It is a non-visual photosensitive organ that transduces light directly into a 

biological signal by producing melatonin only during the dark periods, which enters into 

circulation reaching the target tissues (Zachmann et al.  1992; Ekstrom, 1997; Boeuf 

and Le Bail, 1999; Bromage et al., 2001; Falcon et al.  2006). Photoreceptor cells, 

neurons and ependymal interstitial cells compose the pineal epithelium and it is in these 

photoreceptors that melatonin is produced, released into the cerebrospinal fluid (CSF) 

and into blood circulation (Ekstrom, 1997; Falcon et al.  2006). Pinealectomy studies 

have confirmed the pineal as the main source of circulating melatonin at night although 

it has been suggested that melatonin produced in other tissues or organs such as the eyes 

could also enter the blood stream, although this has not yet been proven (Reiter, 1993; 

Porter et al., 1996; Bubenik and Pang, 1997; Ekstrom, 1997; Ekstrom, 2003). In all fish 

studied to date, with the exception of salmonids, the photoreceptors in the pineal have 

self-sustained individual oscillators (clocks) which are capable of producing a circadian 

rhythmic production of melatonin in vitro under constant darkness conditions (DD) 

(Gern and Greenhouse, 1988; Falcon et al., 1989; Zachmann et al.  1992; Zachmann et 

al., 1992; Bolliet et al., 1996; Cahill, 1996; Okimoto and Stetson, 1999; Falcon et al., 

2003; Iigo et al., 2003b; Iigo et al., 2004; Ron, 2004; Bayarri et al., 2004a; Iigo et al., 

2007). The molecular components and mechanisms of these clocks have been recently 

well characterized in the zebrafish (Danio rerio) not only in the pineal but also in 
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several other tissues such as eye, liver, heart, brain and kidney, suggesting that the 

circadian light regulated clock mechanisms are well distributed throughout the organism 

(Cahill, 1996; Cahill, 1997; Kazimi and Cahill, 1999; Whitmore et al., 1999; Cahill, 

2002; Dekens et al., 2003; Vallone et al., 2005). Recently, the classic vision of pineal 

evolution through the gradual transformation of pinealocytes (a gradual regression of 

pinealocyte sensory capacity within a particular cell line) has been modified and now it 

is strongly believed that the evolution of the pineal receptor line (photoreceptor cells, 

rudimentary photoreceptor cells and non-photosensory pinealocytes) is due to ‘changes 

in fate restriction within the neural lineage of the pineal field’, in other words it is not 

the mature photoreceptors that evolve; but the developmental processes that shape them 

(Menaker et al., 1997; Ekstrom, 2003; Falcon et al.  2006). This theory would explain 

the difference in the degree of importance of each photoreceptive component type and 

the difference in light circadian organizations found across vertebrates. 

1.3.2.2 The Retina 

Compared to higher vertebrates, the eyes of teleosts have also evolved and 

specialized under the pressure of the range of environments inhabited by fish (Kusmic 

and Gualtieri, 2000). They also have visual and non-visual photoreceptors capable of 

circadian entrainment and melatonin production (Cahill and Besharse, 1995; Falcon et 

al., 2003; Foster and Bellingham, 2004). In most vertebrate species so far investigated, 

retinal melatonin is produced in parallel with that of the pineal (e.g. in darkness) (Reiter, 

1993), however in some cases a reversed (phase shifted) pattern of melatonin 

production (e.g. high at day) has been found (Gern et al., 1978; Yu et al., 1981; Reiter 

et al., 1983; Serino et al., 1993; Iigo et al., 1997; Besseau et al., 2006). Moreover, the 

levels of melatonin found in the eye cups of these species are much higher than those 
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found in the blood circulation and it is thus believed that retinal melatonin has different 

roles than pineal melatonin and would be involved in homeostasis of the retina (see 

1.4.1.1) (Cahill et al., 1991; Grace et al., 1991; Cahill and Besharse, 1995; Falcon et al., 

2003; Siu et al., 2006). 

1.3.2.3 The Brain 

It has been suggested that the master clock in the SCN of higher vertebrates was 

derived from encephalic deep brain photoreceptors commonly found in vertebrates 

(Vigh et al., 2002). Indeed, light has been shown to penetrate deep into the brain (Foster 

and Hankins, 2002; Vigh et al., 2002), and deep brain photoreceptors have been 

identified in several vertebrate groups including teleosts such as catfish (Silurus asotus), 

European eel (Anguilla anguilla) and zebrafish (Foster et al., 1994; Yoshikawa and 

Oishi, 1998; Yoshikawa et al., 1999; Shand and Foster, 1999). After initial scepticism, 

it is now strongly believed that these encephalic photoreceptors have a role in non-

visual light perception (e.g. irradiance) and entrainment (Menaker et al., 1997; 

Yoshikawa and Oishi, 1998; Shand and Foster, 1999; Foster and Hankins, 2002). In 

teleosts, evidence of this has been shown in the ayu (Plecoglossus altivelis altivelis), 

where ophthalmectomized / pinealectomized animals responded to short photoperiods 

by undergoing gonadal development as opposed to animals held under long 

photoperiods (Masuda et al., 2005). Similar results have been found in the catfish 

(Heteropneustes fossilis) (Garg, 1989), Mummichog (Fundulus heteroclitus) (Day and 

Taylor, 2005) and channel catfish (Ictalurus punctatus) (Davis et al., 1986) although 

there are still doubts on the use of such substantial surgery techniques on the brain itself 

which could lead to other unwanted outcomes (Mayer et al., 1997). Anyway, most of 

the evidence is indirect and further studies confirming the roles and action mechanisms 
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of these photoreceptors in the entrainment of circadian rhythms and reproductive 

physiology are still needed. 
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1.4 Melatonin: a role model molecule 

Melatonin is present in the earliest life forms and is found in all organisms 

ranging from bacteria to humans (Conti et al.  2002; Tan et al., 2003). As such, 

melatonin seems to have evolved to become a multipurpose molecule with different 

properties serving as a hormone, a tissue factor, an autacoid, a paracoid or an 

antioxidant vitamin (Reiter and Robinson, 1995; Beyer et al., 1998; Conti et al.  2002; 

Tan et al., 2003; Barrenetxe et al., 2004). Furthermore, it would seem that melatonin is 

involved in many other physiological processes and pathways that still wait to be 

discovered. In this section we will focus only on one of the more reported roles of 

melatonin, which is a “zeitgeber” (time giver) in vertebrates. 

1.4.1 Melatonin synthesis 

The melatonin hormone has been one of the most investigated indole molecules 

that are synthesized in vertebrate pineal glands and recent data show that melatonin 

biosynthesis in teleosts follows the same pathway as in higher vertebrates (Falcon et al., 

1998). This pathway includes the uptake and conversion of tryptophan to 5-

hydroxytryptamine (serotonin) through two enzymatic steps: hydroxylation of 

tryptophan by tryptophan hydroxilase (TPHO) which leads to the formation of 5-

hydroxytryptophan which is then decarboxylated by means of the aromatic amino-acid 

decarboxylase to give serotonin. Serotonin itself can be N-acetylated by a specific 

enzyme arylalkylamine N-acetyltransferase (AANAT). The subsequent conversion of 

N-acetylserotonin to melatonin is catalysed by hydroxyindole-O-methyltransferase 

(HIOMT) (Zachmann et al.  1992; Gupta and Premabati, 2002) (Figure 2). 
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Figure 2.- Melatonin pathway is shown on the left; changes in pineal levels of the compounds and enzymes are 
shown on the right. Taken from Klein et al. (2002). 

1.4.1.1 AANAT 

As explained above, the enzyme arylalkylamine N-acetyltransferase (AANAT) 

is the first enzyme involved in the conversion of serotonin to melatonin. It is found in 

all vertebrates and is commonly known to be the melatonin rate-limiting enzyme (Klein 

et al., 1997; Klein et al., 2002). In mammals, birds and anurans, only one type has been 

found (AANAT), while in teleosts recent findings suggested the presence of at least 3 

homologous genes differentially localized between the retina (AANAT-1a and 1b; 

homologous to non-teleost AANAT) and the pineal (AANAT-2) (Coon and Klein, 

2006). The presence of the two different subtypes found in teleosts are attributed to 
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genome duplication events that happened early in teleost evolution (Coon et al., 1999; 

Klein, 2004; Coon and Klein, 2006). The finding of differentially regulated AANAT 

genes should help us to better understand the shifted melatonin production observed in 

some lower vertebrates. Irrespective of the site, it would seem that AANAT, responsible 

for melatonin production at night across vertebrates, is regulated at the cellular level by 

cAMP and at the transcriptional levels by E-boxes and other promoter factors which 

restrict and regulate the production and activity of the enzyme during the photophase 

(Falcon et al., 2001; Klein et al., 2002; Iuvone et al., 2005; Schomerus and Korf, 2005; 

Appelbaum and Gothilf, 2006; Humphries et al., 2007). In the case of vertebrates that 

have a phase shifted profile (high at day) of melatonin production in the retina such as 

rainbow trout (Gern et al., 1978; Benyassi et al., 2000; Besseau et al., 2006), seabass 

(Iigo et al., 1997), gilthead seabream (Sparus aurata) (Zilberman-Peled et al., 2004; 

Zilberman-Peled et al., 2006), rats (Yu et al., 1981; Reiter et al., 1983) and frog (Rana 

esculenta and Bufo viridis) (Serino et al., 1993), the precise regulatory mechanisms of 

AANAT and the specific gene subtypes present are not known yet. What is clear is that 

AANAT and indeed melatonin production in the retina is most likely to serve a very 

different physiological role in this organ (e.g. retinal detoxification) compared to that 

produced by the pineal gland and found in blood circulation (Klein, 2004; Coon and 

Klein, 2006; Klein, 2006). Importantly, new evidence in rats, showing that HIOMT and 

not AANAT is the rate limiting enzyme for melatonin production at night (Liu and 

Borjigin, 2005; Borjigin et al.  2007) has drawn new attention to the melatonin 

production pathway. 
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1.4.2 A biological signal of day length and its role in reproduction  

Melatonin is produced by photoreceptors in the pineal and eyes of all studied 

vertebrate species (see 1.3.2.1 and 1.3.2.2). In the specific case of the pineal gland, 

melatonin is only produced at night, accurately reflecting the length of the day 

throughout the seasons and is thus described as a biological time keeping hormone or 

“zeitgeber” which entrains circadian (daily) and circannual (seasonal) rhythms in 

vertebrates (Menaker et al., 1997; Falcon et al.  2006). As melatonin is a highly 

lipophilic molecule which easily crosses the cells of the membrane, the variations in 

melatonin content are likely to reflect the variations in pineal release (Falcon, 1999). In 

all vertebrates so far examined, including fish, levels of circulating melatonin are raised 

during the night and fall to basal during the day (Zachmann et al.  1992; Boeuf and Le 

Bail, 1999; Falcon, 1999; Bromage et al., 2001; Falcon et al.  2006). As such melatonin 

would play a major role in synchronising many behavioural (locomotor, feeding, 

shoaling and migration activities) and physiological (growth, reproduction, immunity) 

processes across the animal kingdom. Although there is no doubt of the effects of 

photoperiod in fish reproduction (see 1.2.2.1), the specific pathways through which the 

light-dark cycle entrains and regulates reproductive processes in fish are still unknown 

(Mayer et al., 1997; Falcon et al., 2007).  

Because melatonin has been suggested to be one of the factors that mediate the 

transduction of photoperiodic information to the brain-pituitary-gonadal axis (BGP axis) 

(Mayer et al., 1997; Amano et al., 2000) its role in fish has been actively investigated. 

This is normally done by studying correlations between melatonin levels, production 

and receptors and the physiological events of interest, or by experimental studies 

involving the removal of the source(s) of melatonin and/or administration of exogenous 

melatonin. Melatonin injections in most studies have either been without any significant 
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effects detected or have suppressed reproduction in fishes where long photoperiods 

stimulate breeding (Mayer et al., 1997). Other studies using implants or administration 

via the water do not support the concept of melatonin being of major importance for 

photoperiodic effects in teleosts, probably because the levels artificially reached in the 

blood were much higher than physiological levels known in the species (Mayer et al., 

1997; Falcon et al., 2007). In vitro studies have also been undertaken to test the effects 

of melatonin on gonadal and pituitary cells in the search for a direct link between 

melatonin and reproduction. In a few cases, melatonin has been shown to have some 

suppressing effect on in vitro gonad steroidogenesis (Mayer et al., 1997), although once 

again tested using non-physiological concentrations. On the other hand, in vitro 

pituitary studies have recently proven some interaction between reproductive hormone 

synthesis and melatonin in trout pineals (Futter, 2002). The lack of consistency in the 

results and doubts regarding the techniques used (both in vivo and in vitro) it is safe to 

say that ‘there is currently little evidence in support of a major role for melatonin in the 

control of reproduction in teleosts’ (Ekstrom, 1997; Falcon et al., 2007). Importantly the 

dopaminergic system which is known to inhibit maturation in vertebrates including 

teleosts (Dufour et al., 1988; Melamed et al., 1996; Levavi-Sivan et al., 2004; Dufour et 

al., 2005), has recently been successfully linked to the melatonin pathway and strong 

evidence of signalling between melatonin and this system has arisen in higher 

vertebrates (Hastings et al., 1997; Kang et al., 2007). Current efforts, linking both 

systems in fish might provide evidence of how melatonin may act on reproduction. 

1.4.2.1 Melatonin receptors 

Guanine nucleotide binding protein (G-protein) coupled receptors play a pivotal 

role in mediating the intracellular effects of numerous hormones, neurotransmitters and 
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autacoids (Lauffenburger and Linderman, 1993; Gubitz and Reppert, 1999). The use of 

melatonin radioligands (I-MEL) has led to the localization and characterization of a 

number of putative melatonin binding sites with well defined and distinct 

pharmacological profiles in a wide range of vertebrate species including teleosts 

(Davies et al., 1994; Reppert et al., 1996; Dubocovich et al.  1998; Priede et al., 1999; 

Barrett et al., 2003; Iigo et al., 2003a; Amano et al., 2003a; Amano et al., 2003b). The 

most recent classification of melatonin receptor subtypes include the mel1a (Mt1 

mammals), mel1b (Mt2 mammals) and mel1c by the International Union of 

Pharmacology (NC-IUPHAR). The mel1c has been found only in non-mammalian 

vertebrates (birds, amphibians and fish) (Sugden et al., 1997; Vanecek, 1998; 

Dubocovich et al.  1998; Barrett et al., 2003). All these receptors have an equilibrium 

dissociation constant (Kd) of less than 200 pM and exhibit pharmacological specificity 

(Reppert et al., 1996; Reppert, 1997). In most vertebrates, high affinity melatonin 

receptors are present in the pars tubelaris (PT) of the pituitary in mammals and in the 

SCN amongst other sites (Vanecek, 1998; Priede et al., 1999; Falcon et al., 2003; 

Barrett et al., 2003; Dardente et al., 2003). In many birds, reptiles, amphibians and 

fishes, intense I-MEL binding was found in the retina and retinorecipient structures of 

the hypothalamus, thalamus and mesencephalon, in the thalamic and mesencephalic 

visual relay nuclei, in the visual integrative areas of the ecostriatum and in the lobus 

paraolfactorius (Vanecek, 1998). 

In mammals, it has been suggested that the receptor MT1 subtype is responsible 

for the actions of melatonin in reproduction mainly because it is the only one present in 

the mammalian SCN and pituitary pars tubelaris which is the site of gonadotropin 

synthesis (Weaver et al., 1996; Mayer et al., 1997; Barrett et al., 2003). Also, it has 

been found that in Siberian hamsters the Mel1b receptor does not encode a functional 
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receptor, nonetheless these animals exhibit seasonal reproductive and circadian 

responses to melatonin, suggesting that this type of receptor is not necessary for 

mediating reproduction, supporting the hypothesis that the MT1, which does encode a 

functional receptor in this species, mediates reproductive and circadian responses to 

melatonin in mammals (Weaver et al., 1996). For further review see Falcon et al. (2007) 

and Pevet (2003).  

So far there is little strong evidence for melatonin playing a physiological role in 

the photoperiodic control of reproduction in any animal group except mammals and 

even then it seems the action involves a complex neural circuit of inter-neurons as 

opposed to direct action to GnRH neurons (Malpaux et al., 1998; Malpaux et al., 2001; 

Simonneaux and Ribelayga, 2003; Pevet, 2003). It is clear that further experiments and 

comparative studies are needed to determine the physiological role of melatonin in non-

mammalian vertebrates such as fish (Mayer et al., 1997; Falcon et al., 2007). 
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1.5 Endogenous rhythms and biological clocks 

1.5.1 Endogenous rhythms in teleosts 

Although a number of very useful models are routinely used in all fields of 

animal biology and physiology (rat, hamster and zebrafish), teleosts provide 

chronobiologists with a range of very interesting models due to the large diversity of 

environments inhabited and strategies adopted. For this reason studying the entrainment 

and output of endogenous rhythms in fish is becoming more important to better 

understand vertebrate circadian evolution. Amongst the most common studied rhythms 

in fish are feeding and locomotor activities. In goldfish, for example, it has been shown 

that dual phases of locomotor and activity rhythms (with circadian rhythmicity under 

DD) are present in these fish which are not restricted to a specific light period (e.g. light 

or darkness), suggesting that the locomotor activity in this species did not necessarily 

decide the feeding time (Sanchez-Vazquez et al., 1996). Furthermore it has been 

observed that feeding-entrainable oscillators (FEO) exist in these species which can 

anticipate meal time to optimize food and nutrient acquisition (Vera et al., 2007). A 

similar case was found in sharpsnout seabream where a phase shifted locomotor pattern 

(nocturnal) was observed in some fish (Vera et al., 2006) showing the flexibility and 

plasticity of locomotor and feeding activity rhythms in some species. By contrast, 

locomotor activity preference during the light period was observed in the zebrafish as 

opposed to Senegal sole (Solea senegalensis) which displayed nocturnal activity 

(Bayarri et al., 2004b). Zebrafish studies under constant photic conditions (LL and DD) 

have shown that the rhythms are circadian in nature and temperature compensated 

(Hurd et al., 1998). Furthermore, recent work suggested that these locomotor rhythms 
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are also capable of entrainment by temperature cycles (Lopez-Olmeda et al., 2006). 

Another study, in the primitive hagfish (Eptatretus burgeri), has pinpointed the preoptic 

nucleus (PON) as the source of endogenous rhythmic locomotor patterns in this species 

(Ooka-Souda et al., 1993). Regarding reproduction, a study done in trout where fish, 

exposed to constant photoperiod and temperature for more than four years, showed trout 

to have an undamped free-running rhythm of spawning suggesting the existence of 

clock controlled (endogenous) mechanisms at work (Duston and Bromage, 1987). 

Clearly more studies are needed to locate such endogenous clocks, determine their 

presence in other species and their specific roles in reproduction or if the observed 

effects are due to the influence of a more complex series of clock networks and other 

unknown factors influencing fish physiology as a whole rather than specifically. 

In brief, endogenous rhythms such as feeding and locomotor activities have 

helped dissect and locate common features of circadian function between vertebrates. 

Further studies in this field, especially in teleosts, could provide important knowledge 

of circadian rhythmicity. Moreover, such findings could prove crucial in the future 

sampling designs of fish studies and crucially could also be important to improve 

husbandry practices, for example feeding at regular intervals instead of randomly 

throughout the day could improve nutrient uptake and feed conversion rate in fish by 

anticipating these feeding regimes (Azzaydi et al., 2007).  

1.5.2 Clock rhythms 

Although key components of the circadian system (photoreceptors involved in 

light reception, clock mechanisms that regulate the rhythms and neuroendocrine 

regulation of physiological functions) have been actively investigated and partially 

characterised in mammalian vertebrates (Simonneaux and Ribelayga, 2003), fish 
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circadian organization and clock controlled rhythms are still poorly understood. At the 

core of any circadian rhythm is a network of autonomous endogenous oscillators or 

biological clocks which in the case of mammals feed information to a master clock 

found in the SCN, synchronizing vertebrate physiology to the photic conditions 

(Foulkes et al., 1997; Vigh et al., 2002; Holzberg and Albrecht, 2003; Iuvone et al., 

2005). Understanding these endogenous rhythms in fish is still in its infancy. In higher 

vertebrates, the molecular basis of the circadian clock has been shown to consist of 

feedback loop mechanisms involving a number of clock genes (mainly BMAL, Clock, 

Per’s, Cry’s) entrained by light which maintain and synchronise self-sustained rhythms 

(Herzog and Tosini, 2001; Zordan et al., 2001; Fukada and Okano, 2002; Stehle et al., 

2003; Pevet, 2003; Iuvone et al., 2005). In the last decade or so our understanding of the 

molecular bases of circadian clock mechanisms has substantially progressed. This has 

been shown to involve transcriptional and translational feedback loops involving a 

highly conserved set of “clock genes” across vertebrates (Iuvone et al., 2005). In brief, 

these circadian feedback loops are characterized by positive (e.g. CLOCK, BMAL1 

/MOP3) and negative components (e.g. Pers’s, Cry’s). Positive elements such as Clock 

and BMAL1 bind to E-box enhancers present in the promoter region of genes from the 

negative elements including period (Per 1 and 2) or cryptochrome (Cry 1 and 2) genes 

in the mammalian SCN and AANAT in photoreceptor cells where they promote gene 

expression activity. In turn proteins are synthesised which will ultimately block gene 

expression from latter positive elements (Dunlap, 1999; Chen and Baler, 2000; 

Albrecht, 2002; Iuvone et al., 2005) (Figure 3). 

This field is rapidly advancing and more clock-work components are frequently 

found broadening our view of the complexity of such molecular mechanisms. Also, 

important questions need to be answered at the integrative signalling level were specific 
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contributions and roles of central (e.g. SCN) and peripheral pacemakers (i.e. zebrafish 

cells) need to be answered (Whitmore et al., 1999; Dekens et al., 2003; Carr et al., 

2006; Vansteensel et al., 2007; Kohsaka and Bass, 2007). 
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Figure 3.- Clock genes and AANAT2 gene regulation in fish. 
(A) Phase relationship of clock gene variation in zebrafish under LD and DD. (B) The circadian feedback loop. (C) 
Induction of AANAT2 transcription by the clock machinery (interrupted lines) results from concomitant action of 
CLOCK/BMAL on one E-box (E) and of the photoreceptor specific homeogene (OTX5) on three photoreceptor-
conserved elements (P) in the 3’ unstranslated region of the AANAT2 gene, the photoreceptor restrictive downstream 
modulator (PRDM). Other possible pathways are indicated by dotted lines. Taken from Falcon et al. (2006). 
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1.6 The brain-pituitary-gonadal axis of teleosts 

The Brain-pituitary-gonadal (BPG) axis is composed of three physiologically 

and hierarchically connected structures directly involved in the control of reproduction 

in vertebrates (Gore, 2002; Weltzien et al., 2004). At all levels of this axis there are a 

number of key hormones being synthesized, released and acting on target tissues within 

the brain, the liver or the gonad which has been reviewed in fish by (Davies et al., 1999; 

Weltzien et al., 2004). In brief, gonadotropin-releasing hormone (GnRH) is produced by 

a specific group of GnRH neurons in the preoptic area (POA) of the brain which 

innervate directly to the pituitary, thus stimulating production of two gonadotropins; 

luteinizing hormone (LH) and follicle-stimulating hormone (FSH). As these hormones 

enter into circulation and reach the steroidogenic cell in the gonads (follicular cells in 

the oocytes and sertoli cells in the testes) they stimulate gonadal development (growth 

and final stages of maturation) by promoting the production of sex steroids and growth 

factors. Both sex steroids and growth factors are crucial for the regulation of 

reproduction, either directly in the gonad (paracrine, autocrine) or through positive and 

negative feedback mechanisms on the hypothalamus and pituitary (Yamamoto et al., 

1998; Gore, 2002; Yamamoto, 2003; Weltzien et al., 2004) (Figure 4). 
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Figure 4.- Simplified diagram of the BPG axis. 
The axons of GnRH neurons located in the hypothalamus project to the median eminence where they secrete the 
decapeptide into the portal vessels of the anterior pituitary. This induces the release of gonadotropins [leuteinizing 
hormone (LH) and follicle-stimulating hormone (FSH)] into the general circulation, which, in turn, stimulates 
gonadal functions and the production of sex steroids and inhibin. Sex steroids and inhibin exert negative feedback (-) 
at the level of the pituitary and hypothalamus. Positive (up regulatory) elements are marked by (+). Modified from 
Weltzien et al., (2004) and Cariboni et al., (2007). 
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1.6.1 GnRH 

As in other vertebrates, in fish GnRH is a ten-amino acid peptide produced in 

certain nerve areas of the brain and its fundamental importance is supported by its 

structural conservation across species (Gore, 2002; Sherwood and Adams, 2005). 

Specifically, GnRH is expressed and produced very early in development in neurons 

that form and migrate from the olfactory region to form populations in three to four 

general regions: the preoptic area (POA), the midbrain and the terminal nerve as well as 

other areas in the forebrain (Yamamoto, 2003; Sherwood and Adams, 2005; Whitlock et 

al., 2006; Cariboni et al., 2007). To date, more than 20 forms of GnRH have been found 

in vertebrates (Figure 5). Fish share two forms of GnRH with other vertebrates; 

mammalian GnRH (GnRH-I) and chicken GnRH (GnRH-II) but in modern teleosts such 

as perciforms a third form (GnRH-III) is also found (Lethimonier et al., 2004; Pawson 

and McNeilly, 2005; Sherwood and Adams, 2005). Again as for AANAT the diversity 

of GnRH forms found in teleosts is probably due to at least two genomic duplication 

events (Sherwood and Adams, 2005). Of the three GnRH forms (I, II and III) found in 

the brain of Nile tilapia and other perciforms, only GnRH-I was found in the POA of the 

hypothalamus and pituitary, where it is also the most abundant indicating that GnRH-I 

would be the hypophysiotropic form which plays a major role in gonadotropin secretion 

(Zohar et al., 1995; Gothilf et al., 1996; Parhar et al., 1996a; Senthilkumaran et al., 

1999; Carolsfeld et al., 2000; Hofmann, 2006). The specific role played by the other 

two forms of GnRH in teleosts is less clear although, based on the more variable 

patterns of expression in the brain, it has been suggested that GnRH-II acts through its 

specific receptor (rGnRH-II) as a neuromodulator, but also as a trigger of female sexual 

behaviour in higher vertebrates (Pawson et al., 2003; Millar et al., 2004; Kauffman and 

Rissman, 2004a; Kauffman and Rissman, 2004b; Kauffman et al., 2005; Hofmann, 
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2006). Even less is known of the teleost-specific GnRH-III form, although evidence 

suggests it is likely to have a similar role in reproductive behavioural activity in male 

fish (Gore, 2002; Weltzien et al., 2004; Hofmann, 2006) (Figure 5).  
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Figure 5.- Three GnRH subtypes influence reproductive behaviour in fish through hormonal and neuromodulatory 
pathways. 
GnRH-I, which mainly controls gonadal maturation through gonadotropin release from the pituitary, probably also 
has neuromodulatory functions throughout the brain. Both GnRH-II and GnRH-III influence reproductive and 
probably other behaviours through neuromodulatory actions in the central nervous system. Taken from Hofmann 
(2006).  

1.6.1.1 GnRH gene regulation 

The regulation of GnRH gene expression through promoter regions has been 

studied in a number of animal models including tilapia (Kitahashi et al., 2005; 

Sherwood and Adams, 2005). Indeed, GnRH mRNA expression studies in Nile tilapia 

brains have revealed GnRH types and site specificity suggesting different roles (Parhar 

et al., 1996a; Parhar et al., 1996b). In general, GnRH expression has been found to be 

regulated at a post-transcriptional level as GnRH mRNA expression has often not been 

correlated to transcribed product in early development (pre-pubertal). However when 

the organism enters puberty (attains sexual maturity/competence) a substantial surge in 

GnRH transcript levels and of its receptors (e.g. rGnRH-I) are commonly observed and 

used as means to study the mechanisms regulating gonadotropin release and onset of 

puberty in vertebrates in many species including fish (Gore, 2002; Nocillado et al., 
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2007; Mohamed et al., 2007). Importantly, as in other teleosts (Kah, 1986; Dufour et 

al., 1988; Montero et al., 1996; Dufour et al., 2005), in Nile tilapia, dopamine has 

shown to down regulate the expression of GnRH receptors which ultimately affects 

gonadotropin stimulation (Safarian et al.  2001; Yaron et al., 2003; Levavi-Sivan et al., 

2004; Levavi-Sivan and Avitan, 2005). 

1.6.1.1.1 GnRH membrane receptors 

The actions of GnRH subtypes in vertebrates including fish are mediated 

through binding to membrane-bound G-protein coupled receptors which through a 

series of cascade and stimulating events culminate in the mediatory effects of 

gonadotropin (e.g. LHβ and FSHβ) transcripts in vertebrates, including tilapia (Gur et 

al., 2001; Yaron et al., 2003; Levavi-Sivan and Avitan, 2005; Pawson and McNeilly, 

2005; Chong et al.  2005). As it is logical to expect, several subtypes of GnRH receptors 

also exist. To date three distinct subtypes of GnRH receptors have been found in 

teleosts: rGnRH-I, rGnRH-II and rGnRH-III. They are in general specific to each one of 

the respective GnRH subtypes although cross-talk has been suggested to occur (Parhar 

et al., 2005; Pawson and McNeilly, 2005; Soga et al., 2005). Several other aspects of 

GnRH receptor expression and regulation in Nile tilapia have been actively studied, 

ranging from in vitro/in vivo mRNA expression, up/down regulation to social 

interaction (Melamed et al., 1996; Safarian et al.  2001; Yaron et al., 2003; Levavi-

Sivan et al., 2004; Levavi-Sivan and Avitan, 2005; Rispoli and Nett, 2005; Soga et al., 

2005; Au et al., 2006) but also of special importance, work done using laser captured 

single cell profiling (gpcr) has significantly improved our understanding of regulatory 

mechanisms of such receptors in Nile tilapia (Parhar, 2003; Parhar et al., 2003a; Parhar 

et al., 2003b; Parhar et al., 2005; Parhar, 2005). 
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1.6.2 Gonadotropins  

The two main gonadotropin hormones, luteinizing hormone (LH) and follicle 

stimulating hormone (FSH), are stimulated by GnRHs and secreted by gonadotrope 

cells in the pituitary gland of vertebrates. LH and FSH consist of α and β subunits, the 

latter of which gives them specificity for receptor interactions (Yaron et al., 2003). The 

actions of these hormones are as for the other previously described hormones (e.g. 

melatonin, GnRH), carried out through specific membrane receptors present in the cell 

membranes of the target tissues which, once activated, will relay information to the 

interior of the cell via the cyclic AMP second messenger system (Lauffenburger and 

Linderman, 1993; Swanson et al., 2003; Yaron et al., 2003); for further review see 

(Pawson and McNeilly, 2005). Both female and male gonads are the primary target for 

LH and FSH where they stimulate steroid (e.g. estrogens and 11-KT) by the 

steroidogenic cells. The potency of each hormone, the steroid being produced and 

profile will vary with the developmental stage of the gonad and the reproductive 

strategy of the species, but in general terms FSH is commonly found to be the main 

driver for incorporation of vitellogenin into the ovary (vitellogenesis) while LH is more 

important in the final stages of oocyte maturation in females and spermiation in males. 

In males, both hormones stimulate 11-ketotestosterone (11-KT) production during 

gametogenesis and a similar role as in females is observed for both gonadotropins 

(Swanson et al., 2003; Yaron et al., 2003; Weltzien et al., 2004). Moreover, several 

studies have suggested an in vivo/in vitro effect of environmental cues on the regulation 

and secretion of gonadotropins which could act as neuromodulators of reproductive 

behaviours in fish (Vanecek, 1999; Parhar et al., 2003b; Hellqvist et al., 2004). Indeed, 

evidence of differential signalling pathways acting on GnRH subunits have been found 
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in tilapia, which can explain differential temporal regulation of fish gonadotropins 

(Melamed et al., 1996; Gur et al., 2001; Gur et al., 2002; Millar et al., 2007). 

1.6.3 Sex steroids and feed back mechanisms 

The gonads are the end point of the reproductive cascade and serve two main 

functions; germ cell development (spermatogenesis and oogenesis) and 

steroidogenesis/growth factor production. Spermatogenesis and oogenesis mark the 

beginning of puberty and subsequent reproductive cycles. Sex steroids, such as 11-KT 

in males and the estrogen 17β-estradiol (E2) which is regulated by aromatase activity in 

females, have a crucial role in the stimulatory and regulatory effects of these processes, 

not only at the gonadal level (paracrine) but also as feedback to the brain and pituitary 

level where they are known to exert their effects by stimulating or inhibiting 

gonadotropin release (LH and FSH) in a typical endocrine fashion (Mateos et al., 2002; 

Weltzien et al., 2004; Pawson and McNeilly, 2005; Young et al.  2005) (Figure 4). 

  

1.6.4 Kisspeptins and the GPR54 receptor: a new player in game 

It is clear from the previous sections that our knowledge of the BPG axis in 

vertebrates and indeed fish has advanced at a great pace recently. Indeed, most of the 

endocrine pathways originating from “excited” GnRH neurons and the subsequent 

release of hormones controlling gametogenesis and final maturation in the gonads are 

fairly well understood. However, the factors and mechanisms in charge of triggering the 

GnRH cascade have until very recently been unknown. In fact, in July 2005, Science 

magazine listed as one of its 125 greatest unanswered scientific questions “What 

controls puberty?” In 2001, three teams of investigators working in tumour metastasis 
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discovered the natural ligand of the G-protein coupled receptor 54 (GPR54) (also called 

AXOR12) which they found to be highly expressed in non-metastatic tumour cells. The 

ligand originally termed metastin (because of its metastasis inhibitory properties) was 

discovered to be the product of the Kiss-1 gene (Muir et al., 2001; Kotani et al., 2001; 

Ohtaki et al., 2001). Then, in late 2003 two independent teams discovered that disabling 

mutations in GPR54 in mice and men were associated with failure to undergo puberty 

and presented immature sexual characteristics (hypogonadotropic hypogonadism) (de 

Roux et al., 2003; Seminara et al., 2003; d'Anglemont de Tassigny et al., 2007). 

Following these findings, the focus on the gene itself and the regulation of its ligand 

(now called kisspeptin) and its cognate receptor GPR54 were now the targets of many 

research groups particularly focused on reproduction which has led to very important 

discoveries in the last few years. It is now known that kisspeptin stimulates 

gonadotropin secretion by acting directly on GnRH neurons through GPR54 membrane 

receptors, which have in fact been found in Nile tilapia GnRH neurons (Parhar et al., 

2004; Messager et al., 2005; Smith et al., 2006; Kuohung and Kaiser, 2006). Moreover, 

expression of Kiss-1 mRNA in the brain is also regulated by sex steroid feedback in 

mammalian models (Popa et al., 2005; Smith et al., 2006). Also, GPR54 has been 

suggested to have a neuromodulatory role similar to some GnRH subtypes as it has 

recently has been found to be required for sexual differentiation of the brain and 

behaviour (Kauffman et al., 2007). Although initial work was done exclusively on 

mammals, several groups took on the task to determine whether this Kisspeptin/GPR54 

system was a conserved feature across vertebrates. The final outcome of this is still 

pending, but it would seem from the species of vertebrates so far studied (recently 

including a few teleosts) that this system is conserved and crucial for the activation of 

the BPG axis (e.g. puberty and sexual maturation). Moreover, because a loss of Kiss-1 
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or GPR54 signalling cannot be overcome by compensatory mechanisms (as is possible 

with other levels of the GnRH cascade) (d'Anglemont de Tassigny et al., 2007; Roa et 

al., 2008), it would seem that this system stands at the top of the known BPG axis in 

form of a physiological “bottleneck” where the slightest malfunction would 

consequently disable the rest of the GnRH cascade and BPG axis. 

1.6.4.1 Kisspeptin in teleosts 

Towards the beginning of this work, the only information about the 

kisspeptin/GPR54 system known in fish was the cloning and sequencing of the receptor 

in Nile tilapia which was found to be highly expressed in GnRH (types I and II) neurons 

of mature fish (Parhar et al., 2004). Since then and just previous to the publication of 

our work, new evidence of GPR54 expression during puberty in 4 other teleost species 

became available in cobia (Rachycentron canadum) (Mohamed et al., 2007), grey 

mullet (Mugil cephalus) (Nocillado et al., 2007), fathead minnow (Pimephales 

promelas) (Filby et al., 2008) and zebrafish (van Aerle et al., 2008). These showed high 

homology of the GPRP54 amino acid sequence and strongly suggest that the 

Kiss1/GPR54 system would be a conserved feature across vertebrates. 
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2 Aims of thesis 
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As it is clear from the introduction, there are many environmental and endocrine 

pathways related to biological rhythms and reproduction fairly well known in higher 

vertebrates. However, clear gaps in our knowledge is lacking in teleosts especially 

regarding the in vivo entrainment by light and its mediatory effects on reproduction. 

Also unknown is the role of the Kisspeptin/GPR54 system in fish as research has only 

recently shed some light to its importance in mammals. The aim of this PhD project was 

therefore to study some aspects of these two interesting and highly important areas 

which are believed to be closely interlinked. This research was carried out in a tropical 

fish species, the Nile tilapia O. n. niloticus, which although being considered as a model 

species for many biological studies has surprisingly not been characterised in terms of 

environmental sensitivity and reproductive physiology and not used in the field of 

chronobiology. One of the main reasons for choosing Nile tilapia in this project was the 

different characteristics (e.g. reproductive strategy and its natural tropical habitat) 

compared to most of the other fish species studied to date. 

The general objectives of this work were to a) describe the circadian light axis 

with regards to melatonin production and determine potential physiological effects 

when photoperiod was altered and b) to study the onset of puberty of Nile tilapia with 

regards to the kisspeptin/GPR54 system to determine potential links as found in higher 

vertebrates. 

 

Specific objectives are listed below: 

 To describe through in vivo and in vitro techniques, the circadian light 

axis of Nile tilapia regarding production and inhibition of circulating 

melatonin levels and presence of endogenous melatonin oscillators.  
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 Investigate the role of the eyes in the entrainment of circadian rhythms in 

Nile tilapia. 

 Determine the effects of constant illumination and different light 

intensities on the physiology of growth and sexual development of reared 

Nile tilapia. 

 Determine potential associations between onset of puberty and the surge 

of expression of reproduction related genes (e.g. rGnRH and GPR54) in 

Nile tilapia. 

 Investigate potential links between the environmental relay of 

information (e.g. photoperiod) and the Kisspeptin/GPR54 system during 

the onset of puberty in Nile tilapia. 

 The results of this research and related findings from collaborating researchers 

are presented in the following five manuscripts. The manuscripts have either been 

published (I, III and IV) or ready to be submitted (II and V) in peer reviewed journals in 

the relevant areas. 
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3 Paper I: Evidence for differential photic regulation of 

pineal melatonin synthesis in teleosts 
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The following manuscript was compiled from data from six different species of 

teleosts. The current author provided all data related to Nile tilapia. Co-authors provided 

data from other species (rainbow trout, Atlantic salmon, European seabass, Atlantic cod 

and African catfish). Submitted manuscript was written in collaboration between all 

authors. 

Manuscript status: Published (2008). 
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4 Paper II: Confirmation that Nile tilapia eyes are required 

for night time plasma melatonin 
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The following manuscript was compiled and written in full by the author. The 

co-author assisted with the experimental design and with the guidance and proof 

reading of the submitted manuscript (Migaud H.). 

Manuscript status: Ready for submission in the relevant peer reviewed journal.
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Abstract 

The aim of this work was to confirm previous findings suggesting that the eyes 

are required for night-time melatonin production in Nile tilapia and further characterise 

this divergent circadian light axis. To do so, first, melatonin levels at day and night were 

measured in eyecups and plasma to determine patterns of melatonin production in each 

case. Secondly, the effects of total ophthalmectomy (as already published) and partial 

ophthalmectomy on the suppression of melatonin production were determined at night 

in vivo. In vitro pineal culture was also performed to determine pineal light/dark 

sensitivity in culture. Finally, to investigate whether such findings could be related to 

post-surgery stress rather than disruption of the light circadian axis, melatonin analyses 

were performed immediately (following 24 h) and 7 days after ophthalmectomy with 

cortisol levels assessed as an indicator of stress. Our results showed a reversed pattern 

of melatonin production in the eye cups of Nile tilapia compared to blood circulating 

levels, suggesting a different role played by melatonin in these two tissues. Then, total 

ophthalmectomy resulted in the suppression of night-time melatonin production 

confirming previously reported data in the species. Furthermore, interestingly, although 

pineals in culture were shown to be photosensitive, night-time melatonin levels were 

much lower than seen in other species (up to 20-30 pg ml-1). Importantly, partial 

ophthalmectomy (left or right eye enucleation) did not affect melatonin production at 

night suggesting melatonin suppression at night in totally ophthalmectomized fish was 

not due to surgical stress. Finally, when performing sampling immediately or one week 

post-surgery, no difference in the melatonin profiles were observed. It is therefore 

unlikely that post-surgery stress would explain such suppression in melatonin 

production although all fish displayed high cortisol levels (115-168 pgml-1) most 

probably due to social and handling stressors by which it was impossible to assess the 
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surgery-related stress. Taken together, these results bring further evidence of a new type 

of circadian light axis in a teleost species where as in mammals, eyes are required to 

sustain full amplitude melatonin rhythms. 

 

Key words: Ophthalmectomy, Melatonin, in vitro, pineal, retina, cortisol, Nile tilapia 
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Introduction 

Melatonin is at the core of the vertebrate circadian system; nonetheless it also 

fulfils several other paracrine roles many of which still need to be studied (Beyer et al., 

1998; Falcon et al., 2003; Barrenetxe et al., 2004; Iuvone et al., 2005; Hardeland et al., 

2006). Typically, melatonin is produced at night in two main sites: the pineal and the 

retina. Melatonin produced by the pineal gland is released into the bloodstream and 

cerebrospinal fluid and would act as a “zeitgeber” by accurately representing the day-

night phases (endocrine role) although substantial knowledge on the underlying 

mechanisms by which melatonin acts to entrain physiological events remains to be 

found especially in teleosts. At the retina level, melatonin has been suggested to play 

paracrine functions like protecting and detoxifying the retina (Falcon et al., 2003; Klein, 

2004; Iuvone et al., 2005; Siu et al., 2006). In a number of teleost species, melatonin 

rhythmic production by both tissues is in phase (low during day and high at night) but in 

some other vertebrates (including teleosts), melatonin production in retina can be 

reversed thus being higher during the day than at night (Gern et al., 1978; Yu et al., 

1981; Reiter et al., 1983; Serino et al., 1993; Iigo et al., 1997b; Besseau et al., 2006). 

These differential patterns of secretion could be linked to differences within the 

melatonin cascade leading to the production of melatonin and more specifically 

arylalkylamine N-acetyltransferase (AANAT) which is the enzyme, found in all 

vertebrates, involved in the conversion of serotonin into melatonin (Klein et al., 1997). 

In mammals, birds and anurans only one subtype is found (AANAT), however in 

teleosts recent findings have suggested the presence of at least 3 homologous genes 

differentially localized between the retina (AANAT-1a and 1b; homologous to non-

teleost AANAT) and the pineal (AANAT-2) (Begay et al., 1998; Falcon et al., 2003; 

Tosini and Fukuhara, 2003; Iuvone et al., 2005; Coon and Klein, 2006). Such 
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information in teleosts helps to better understand these reversed patterns of melatonin 

production and overall the evolution of the circadian organization. 

The circadian light organization (light perception and the melatonin entrainment 

pathway) in teleosts has, until very recently, been shown to follow a decentralized 

organization as compared to that of mammals where light input is strictly fed through 

photoreceptors in the eyes, reaching the master clock in the SCN through a 

retinohypothalamic tract (RHT) which in turn directly controls melatonin production in 

the pineal (Reiter, 1993; Herzog and Tosini, 2001; Zordan et al., 2001; Tamai et al., 

2003; Ekstrom, 2003). In teleosts however, no homologous circadian master clock has 

been found to date and independent photoreceptive organs (eyes, pineal, deep brain) and 

cells in culture have been found to produce robust circadian rhythms on their own 

(Falcon et al., 1989; Kezuka et al., 1989; Iigo et al., 1991; Zachmann et al., 1992; 

Bolliet et al., 1996; Cahill, 1996; Okimoto and Stetson, 1999; Iigo et al., 2003; Iigo et 

al., 2004; Bayarri et al., 2004; Migaud et al., 2006). However, a recent comparative 

study performed in several teleost species including European sea bass (D. labrax), 

Atlantic cod (G. morhua), Nile tilapia (O. niloticus niloticus) and African catfish (C. 

gariepinus) has suggested the existence of more than one circadian model of light 

perception in teleosts (Bayarri et al., 2003; Migaud et al., 2007). Such organizations are 

characterized by either a photosensitive pineal gland perceiving and producing 

melatonin (salmonids) or a partial (seabass and cod) and even total (Nile tilapia and 

African catfish) dependence on the eyes to normally produce full amplitude melatonin 

rhythms. These findings are undoubtedly of great interest to the chronobiology field and 

require further confirmation. The aims of this study were thus to further investigate the 

light perception mechanisms in the tropical batch spawner Nile tilapia. To do so, a 

series of trials were performed to first determine day/night melatonin rhythms in 
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eyecups and plasma. Secondly, the study aimed at replicating the ophthalmectomy trial 

and confirming the resulting suppression of melatonin production at night in vivo, as 

already reported as well as testing the effects of partial eye enucleation (one eye 

removed). In vitro pineal culture was also used to determine pineal light sensitivity in 

isolation as an indirect confirmation of the lack of photo-responsiveness of the Nile 

tilapia pineal gland. Thirdly, to investigate whether such findings could be related to 

post-surgery stress rather than disruption of the light circadian axis, melatonin analyses 

were performed immediately (following 24 h) and 7 days following surgery with 

cortisol levels assessed as an indicator of the level of post-surgery stress.  

 

Material and methods 

Experimental animals 

Mixed sex red Nile tilapia’s (220.38 ± 5.46 g) were obtained from the tropical aquarium 

facilities at the Institute of Aquaculture, University of Stirling. All fish were raised 

under 12L:12D conditions and were acclimated in the experimental tanks prior to the 

start of the study. The experimental tanks formed part of a closed water recirculation 

system maintained at 27 ± 1oC as previously described (Campos-Mendoza et al., 2004). 

Feeding occurred to satiation with commercial trout pellets (Standard Expanded, 

Skretting, Cheshire, UK). In all experiments lights were switched on at 08:00 h and 

turned off at 20:00 h. Nitrate, nitrite, ammonia and pH were monitored throughout the 

experiments with aquarium water quality kits (C-Test kits, New Aquarium Systems, 

Mentor, Ohio, USA) and remained within safe limits. In all experiments, fish were 

either anesthetized (0.1-0.15 g/l) or killed by a lethal dose (0.5-0.8 g/l) of benzocaine 

solution (SIGMA, Poole, UK) and blood sampled by venipuncture of the caudal vein 

using heparinised syringes. Experimental tanks were lit using standard 60 watts GLS 
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bulbs (CPC, Leeds, UK) providing a light intensity of approximately 0.75 W/m2 at the 

water surface (measured by a single channel light sensor, Skye instruments, Powys, 

UK). Ophthalmectomized fish behaviour was monitored using infrared cameras and 

digital video recording equipment (Pakatak Ltd, Essex, UK). All trials were carried out 

according to international ethical standards (Touitou et al., 2006). Night sampling was 

performed under a red dim light with the head of the sampled fish covered. 

 

Experiment 1: Day and night melatonin levels in plasma and eye cups.  

In order to determine daily melatonin fluctuations in plasma and eye cups of Nile 

tilapia, fish (n=5) were blood sampled and eye cups were removed in the middle of the 

day and night (i.e. 14:00 h and 02:00 h) under a 12L:12D photoperiod. Whole retinas 

were homogenized in 2ml of phosphate-buffered saline (PBS) (10 mM phosphate buffer 

containing 140 mM NaCl and 0.1% sodium azide, pH 7.5) with 1% albumin (fraction 

V; Sigma, St Louis, MO, USA) as previously described (Garcia-Allegue et al., 2001) 

and 500µl of clear supernatant was analysed. Results are presented in Fig. 1. 

 

Experiment 2: Effects of total or partial ophthalmectomy. 

Following acclimation of fish to 12L:12D in the experimental tanks, a total of 48 fish 

were ophthalmectomised (either totally or partially). To do so, fish were anaesthesised 

and the ophthalmectomy consisted of cutting out the membrane around the eye, lifting 

the eye and sectioning the optic nerve. A drop of a 3/1 w/w mix of Orahesive powder 

(ConvaTec, Squibb & Sons Ltd., Hounslow, UK) and cicatrin antibiotic (The Wellcome 

Foundation Ltd., London, UK) were applied to the eye socket. No mortalities were 

observed following the surgery. An intact group of 16 fish was used as a control. The 

control fish were anesthetised and handled in the same manner as the fish receiving the 
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surgery except that no surgical procedure was performed. No sham operation could be 

performed because of limitations in fish number and restrictions placed by our local 

ethical review committee. The surgical procedure happened during the afternoon (17:00 

h) and sampling (n=4 / treatment) commenced during the night of the same day for two 

complete cycles (Fig. 2).  

 

Experiment 3: In vitro melatonin production by isolated pineal glands. 

To reveal if the pineal organ of tilapia was photosensitive and capable of producing 

daily melatonin fluctuations on its own, pineal culture studies were carried out 

according to (Migaud et al., 2007). In total, 6 pineals of Nile tilapia were dissected 2 

hours before darkness (22:00 h) and placed individually in flow through chambers 

inside an in vitro cabinet (26 0C). Pineals were then exposed to a normal LD cycle and 

hourly samples were collected during two consecutive 12L:12D cycles. Two night 

(02:00 h and 06:00 h) and two day (14:00 h and 18:00 h) sample points were performed 

and melatonin analysed (Fig. 3). 

 

Experiment 4: Effects of post-surgery stress on melatonin rhythms in 

ophthalmectomised vs. intact Nile tilapia.  

This trial was designed to investigate whether ophtalmectomy post-surgery stress 

monitored through plasma cortisol levels could affect LD melatonin rhythms in Nile 

tilapia. To do so, total ophthalmectomy was repeated according to the protocol 

described above (Exp. 2) while another group of fish were left intact as a control. 

Sampling occurred at two different times post-surgery (in the following 24 hrs and a 

week later), where 4 fish were sampled at each time point during two dark and one 
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consecutive light periods (Fig. 4). Melatonin and cortisol analysis was performed as 

described below. 

 

Melatonin assay 

Homogenized eye cups and blood samples were centrifuged at 1200 G for 15 min at 40C 

(Jouan CT422) and plasma stored at -70 0C until analysed for melatonin using a 

commercially available ELISA kit (IBL, Hamburg, Germany). All standards and 

samples were assayed in duplicate. The sensitivity of the assay, defined as the smallest 

quantity of melatonin statistically distinguishable from the zero standard, was 3 pgml-1. 

Aliquots of pooled rainbow trout plasma were used as quality controls (QCs) and the 

intra- and inter-specific assay coefficients of variation were 2.1-3.7 % and 5.5 %, 

respectively. 

 

Cortisol assay 

Cortisol was assayed by radioimmunoassay previously described by Ellis et al. (2004) 

and modified by North et al. (2006). Aliquots of pooled rainbow trout plasma were used 

as quality controls (QCs) and the intra-specific assay coefficients of variation was 4.2 

%. 

 

Statistical analysis 

The data were analysed using MINITAB® Release 14.13 (Minitab Ltd., Coventry, UK). 

Data are expressed as mean ± SE values. When necessary data was transformed using 

the natural logarithm and all data conformed to normality and homogeneity of variance 

following Kolmogorov-Smirnov and Bartlett’s tests. Melatonin levels were analysed 

using a General Linear Model (Zar, 1999) followed by Tukey’s post hoc tests or 
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unpaired t test to identify where significant differences occurred. Significant differences 

were determined at p ≤ 0.05. 

 

Results 

Experiment 1: Day and night melatonin levels in plasma and eye cups.  

Significant day-night melatonin profiles were shown in both the eye cups and blood 

(Exp. 1, Fig. 1a and b). Mean melatonin levels in the eye cups were significantly higher 

(619.6 ± 17.2 pg/eye) during the day than during the night (140.8 ± 53.6 pg/eye), in 

contrast plasma levels which were significantly higher at night (49.7 ± 6.7 pgml-1) 

compared to day (16.02 ± 1.9 pgml-1).  

 

Experiment 2: Effects of total or partial ophthalmectomy. 

Ophthalmectomy resulted in the complete suppression of plasma melatonin synthesis 

and release at night (both night periods tested) with similar circulating blood levels to 

the day period (<20 pgml-1) (Exp. 2, Fig. 2). However, partial (i.e. left or right) 

enucleation did not significantly affect plasma melatonin production at night, except 

during the first night period tested where right eye ophthalmectomy resulted in 

significantly lower plasma melatonin levels (67.45 ± 5.40 pgml-1) than at night in 

control fish (95.26 ± 6.80 pgml-1). However, right or left eye enucleated fish showed a 

tendency towards lower levels as compared to control fish at night during both night 

periods tested.  A normal day-night plasma melatonin rhythm was observed in control 

fish. Video recordings showed a return to normal feeding and social dominant-

submissive behaviour within 24 hrs post-surgery.  

 

Experiment 3: In vitro melatonin production by isolated pineal glands.  
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In vitro results showed that Nile tilapia isolated pineal glands responded to day-night 

rhythm with higher melatonin levels (20-30 pg ml-1) at night than during the day where 

levels were close or below the sensitivity threshold of the assay (<4 pg ml-1, Fig. 3). 

 

Experiment 4: Effects of post-surgery stress on melatonin rhythms in 

ophthalmectomised vs. intact Nile tilapia.  

Ophthalmectomy performed in this experiment resulted in a suppression of night-time 

melatonin production as observed in experiment 2. No differences between the two 

times post-surgery were observed with levels remaining in all cases basal as during the 

day (<20 pgml-1). Mean (day-night) cortisol levels of enucleated (124.1 ± 31.5 and 

115.3 ± 28.8 pgml-1) and control (169.0 ± 41.4 and 138.1 ± 41.0 pgml-1) fish were found 

to be high at both sampling points respectively.  

 

Discussion 

 Although the pineal gland is undoubtedly the main site of melatonin production in 

vertebrates, it has been suggested that melatonin can also be produced by other organs 

(Cahill et al., 1991; Bubenik and Pang, 1997). Many reports have specifically shown 

rhythmic melatonin production in the retina of vertebrates including fish (Gern et al., 

1978; Iigo et al., 1997a; Iigo et al., 1997b). Furthermore, it has been suggested that 

melatonin produced by the retina could contribute to circulating plasma levels (Reiter, 

1993; Tosini and Fukuhara, 2003), although no evidence of this has been given to date. 

As shown previously in different species of vertebrates (including some teleosts), in our 

study retinal melatonin production was higher during the day than during the night (>4 

fold) whereas melatonin production in the blood was found to increase during the dark 

phase (>3 fold), providing the fish with an accurate biological reading of the length of 
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the day (endocrine role) (Coon et al., 1999). Given that the amplitude in melatonin 

levels between both periods (day/night) in the eyes appeared to be much higher and 

reversed to those found in the plasma, we suggest that melatonin found in the eye cups 

of Nile tilapia is most likely having a different role than that melatonin produced by the 

pineal gland. Retinal melatonin could play a paracrine role by protecting the retina 

against harmful free radicals generated by light during the day as already suggested 

(Benyassi et al., 2000; Simonneaux and Ribelayga, 2003; Klein, 2004; Besseau et al., 

2006). A similar reversed pattern of melatonin synthesis between the plasma and retina 

has also been reported in the European sea bass (Iigo et al., 1997b; Bayarri et al., 2002) 

and may be a common evolutionary characteristic amongst other perciforms. A similar 

phase shifted (1800) pattern occurs in trout (O. mykiss) where at least two different 

melatonin synthesis cascades appear to exist. In trout, this is possible due to the 

presence of different precursor subtypes differentially expressed in the pineal 

(AANAT2) and the retina (AANAT1) (Falcon et al., 2003; Besseau et al., 2006). The 

recent discovery of more than one AANAT1 subtype (AANAT1a and b) in two species 

of puffer fish and medaka further complicates the picture in teleosts and also suggests 

multiple roles for these genes other than melatonin synthesis (Coon and Klein, 2006). 

Importantly, until the regulation of different patterns of melatonin synthesis in the eye 

and pineal of Nile tilapia are clearly understood direct comparison of melatonin levels 

produced at both sites is not straightforward. Furthermore, the out of phase production 

of melatonin, together with the higher melatonin levels found at night in retina 

(compared to plasma) do not rule out the possibility that retinal melatonin production 

contribute to circulating levels, which could in part explain basal circulating levels (<20 

pgml-1) in this and other species and thus will need to be addressed in the future.  
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Irrespective of the role of the retinal and pineal melatonin, the previously reported 

results on the role of the eyes in the control of the pineal melatonin production Migaud 

et al. 2007) are of great interest to the Chronobiology field as for the first time a 

“mammal-like” circadian light axis was suggested in teleosts without considering 

endogenous rhythmicity nor the existence or not of a SCN like structure in fish. These 

findings clearly required further investigations. In the current study, in vivo (exp. 2) and 

in vitro (exp. 3) experiments were performed to confirm the effects of ophthalmectomy 

on suppression of circulating melatonin levels and determine the effects of partial 

ophthalmectomy. It is first important to mention that no mortalities were observed 

following the surgery and that, through video recording, it was possible to demonstrate 

that fish normally fed within 24hrs following the surgery and even displayed normal 

social behaviour typical of this species (i.e. dominant display). The results of the 

ophthalmectomy showed that while control and partially ophthalmectomized fish 

continue to produce circulating melatonin in a normal circadian pattern (low at day and 

high at night except for right eye enucleated fish during the first dark period), plasma 

melatonin was completely suppressed at night in totally ophthalmectomized fish with 

levels remaining basal as during the day. These results confirmed that the eyes are 

needed for the pineal gland to normally produce and secrete melatonin into the blood 

circulation. Although not a novel finding by itself, it is felt important that such an 

important divergent circadian light axis was confirmed in fish. Importantly, a similar 

disruption of the light circadian axis by ophthalmectomy in mammals has provided 

proof of novel non-visual photoreceptors in the eyes which are fundamental for the 

circadian light axis and thus photoentrainment of endogenous rhythms through the RHT 

pathway (Herzog and Tosini, 2001; Zordan et al., 2001).  
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In vitro results also confirmed that Nile tilapia pineal glands do not follow the general 

photo-responsiveness pattern observed in all teleosts studied so far. Indeed, numerous 

reports on a range of teleosts have shown that fish pineal glands are photosensitive and 

when placed in culture, produce daily melatonin rhythms with typical low at day and 

high at night levels and, with the exception of salmonids, are also capable to sustain 

these rhythms under constant darkness (Falcon et al., 1989; Bolliet et al., 1996; Ron, 

2004; Migaud et al., 2006; Iigo et al., 2007). More importantly, night time in vitro 

melatonin levels in these species are typically at least ~10-30 fold higher than those 

found during the same period in plasma (Kezuka et al., 1989; Zachmann et al., 1992; 

Iigo et al., 2004; Takemura et al., 2006; Migaud et al., 2007). However, in the current 

study, although isolated pineal glands appeared to be directly photosensitive by 

producing melatonin during the dark periods, their sensitivity to day-night rhythm 

appeared to be far less pronounced than previously observed in other fish species with 

very low levels produced at night (<30 pg ml-1 equivalent to plasma levels at night). As 

a comparison, levels >2-3 ng ml-1 have been reported in temperate species such as sea 

bass or Atlantic cod equivalent to ~25-30 fold levels measured in the blood (Bayarri et 

al., 2004; Migaud et al., 2006; Iigo et al., 2007). These results would indicate that Nile 

tilapia pineal glands are somewhat different than in other fish species previously 

studied. It must, however, be acknowledged that although in vitro pineal culture is a 

standard procedure routinely used in our laboratory, further optimization of the 

technique in this species might still be needed. Taken together, these in vivo and in vitro 

results confirmed that photic stimulus from the eyes (and/or deep brain photoreceptors) 

seem to be required for the rhythmic pineal melatonin production as opposed to all other 

teleosts studied to date (Gern and Greenhouse, 1988; Falcon et al., 1989; Zachmann et 

al., 1991; Iigo et al., 1991; Iigo et al., 1998; Bayarri et al., 2003; Iigo et al., 2007; 
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Migaud et al., 2007). However, the possibility that the melatonin suppression was due 

to post-surgery stress could not be overlooked. In the current study, no differences were 

observed when fish were sampled immediately (next 24hrs following surgery) or one 

week following ophthalmectomy, with the same night-time melatonin suppression. 

Although stress levels through the measurement of plasma cortisol were monitored, it 

clearly appears that sampling procedure was not appropriate as high levels were 

recorded in ophthalmectomized fish as well as intact control fish. Such high levels, were 

comparable to those found in stress related studies in Nile tilapia (Vijayan et al., 1997; 

Barcellos et al., 1999; Al-Khamees, 2000; Barreto and Volpato, 2007) and might 

therefore have been an artefact of sampling. Previous studies have shown that cortisol 

levels in tilapia (O. mossambicus) rose two-fold only 4 minutes after netting and 

handling (Ron et al., 1995) and in Nile tilapia higher levels to those found in the current 

study were reached 5 minutes after handling (Al-Khamees, 2000). Indeed, when 

analysing the present data, a clear effect of sampling time between the four individual 

fish sampled at each time point was observed with low levels (up to 50 ng/ml) in the 

first fish sampled irrespective of the photoperiod and increasing levels in the following 

fish (data not shown). However other factors such as low stocking density (4 fish/tank) 

known to lead to dominance and aggressive behaviour (stressors) in Nile tilapia may 

have also contributed to the high levels observed in controls and enucleated fish 

(Barcellos et al., 1999; North et al., 2006; Barreto and Volpato, 2006; Overli et al., 

2007). Other possible stressors would include the waterborne cortisol released from 

ophthalmectomized fish in the recirculating system. Nevertheless, no difference was 

observed between controls and ophthalmectomized fish when only the first individuals 

sampled (at each period and treatment) are considered. This could suggest that 

suppression of night melatonin in ophthalmectomized fish would not be due to high 
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stress levels. We would argue then that cortisol is not the most useful parameter to 

monitor stress response on the light entrainment pathway as it would seem not to affect 

the capacity of fish to synthesize melatonin although interestingly it has been suggested 

to have a stimulatory effect in melatonin production in trout (Larson et al., 2004).  

The new evidence presented in this paper confirms the existence of a more centralized 

circadian organisation in a teleost similar to that of mammals. However, although 

comparable elements of the circadian axis of mammals (SCN, RHT) are present in 

teleosts, it is the lack of a central pace maker that sets them apart from teleosts (Tilgner 

et al., 1990; Holmqvist et al.  1992). However, several other structures and components 

such as the preoptic nucleus, deep brain photoreceptors, melanopsin’s, visual pathways 

and/or cerebrospinal fluid may act as similar circadian components in fish by mediating 

light information directly or indirectly (Wullimann and Meyer, 1990; Skinner and 

Malpaux, 1999; Nicholson, 1999; Tricoire et al., 2002; Drivenes et al., 2003).  

This study strongly suggests the involvement of the eyes in the circadian light axis of 

Nile tilapia in the melatonin generating system which could also potentially involve the 

brain (through neural pathways such as the retinohypothalamic tract) as occurs in 

mammals (Herzog and Tosini, 2001; Lee et al., 2003), although this remains to be 

confirmed through ultra structural, binding and gene expression studies. Further 

ophthalmectomy studies and their effect on circadian behaviour (i.e. feeding, locomotor 

activities) disruption should enable us to create a better picture of the complexity of this 

new system and the importance of these findings. 
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Figure 1. Mid-day and mid-night melatonin levels in a) eye cups and b) plasma of Nile 
tilapia (n=5). Data is presented as mean ± SE. Superscripts indicate significant (p<0.05) 
difference between sample points. Open and filled boxes indicate photophase and 
scotophase, respectively. 
 
Figure 2. Mid-day and mid-night circulating plasma melatonin levels in fully enucleated 
(enucleated), partially enucleated (right/left) and non-enucleated (control) fish during 2 
consecutive days, following surgical ophthalmectomy procedure. Data is presented as 
mean ± SE (n = 4). Superscripts indicate significant (p<0.05) difference between sample 
points and treatments. Open and filled boxes indicate photophase and scotophase, 
respectively. 
 
Figure 3. Mean in vitro melatonin levels produced by isolated Nile tilapia pineal glands 
maintained in a flow-through culture system during 24 h under LD. Each point 
represents mean ± SEM (n = 6). Superscripts (*) indicate levels below the sensitivity 
threshold of the assay. Open and filled boxes indicate photophase and scotophase, 
respectively. 
 
Figure 4. Mid-day and mid-night circulating plasma melatonin levels in fully enucleated 
(enucleated) and intact (control) fish sampled during 36 hrs at night and day either 
following surgical ophthalmectomy or a week later. Data is presented as mean ± SE 
(n=4). Superscripts indicate significant (p<0.05) difference between sample points and 
treatments. Open and filled boxes indicate photophase and scotophase, respectively. 
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Abstract 

A number of recent photoperiodic studies performed in tropical and subtropical marine 

and fresh water teleosts have shown that continuous lighting regimes can also be used to 

optimize growth and broodstock performance under culture. However, very few studies 

have been performed to test the effects of light intensity and spectral composition in 

teleosts.  This work provides preliminary evidence of growth benefit of fish raised 

under constant illumination at different intensities (high, medium and low) compared to 

those under control regimes (12L:12D). Continuous illumination (LL) was applied in 

duplicate to 20 days post hatched (DPH) Nile tilapia larvae which were followed bi-

weekly until 118 DPH. A control 12L:12D was used as a control. Mean length and 

weight of fish was significantly higher by the end of the experiment in all LL regimes 

irrespective of the intensities tested compared to the control groups with fish under the 

medium intensity treatment being the largest. SGR and FCR were very similar in all 

treatments although food consumed was higher in LL treatments suggesting that growth 

benefit might be due to increase in feed intake and/or energy conservation under LL. 

Furthermore, the effects of LL regimes on gonadal development appeared to be 

different between sexes with a slight delay observed in males whereas later stages of 

ovogenesis were advanced in females in comparison to controls. The results of this 

study thus suggest that LL regimes can influence both growth and gonadal development 

in Nile tilapia with no apparent differences between light intensities tested in this study. 

However, the mechanisms underlying such growth and gonadal development effects are 

still not understood and require further studies. 
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1 Introduction 

Despite the significant improvement in growth performances observed in most 

commercially important aquaculture species over the last decades, there is still an 

increasing economic pressure to produce fish up to harvest in shorter periods. Growth 

improvement has been obtained through a series of species-specific management 

strategies such as selective breeding, suppression of maturation during ongrowing by 

photoperiodic manipulations, genetic manipulations (i.e. monosex and triploid culture) 

and largely improved diets and feeding regimes. These strategies are now routinely used 

within the industry for a range of commercially important species. Recent studies have 

also shown that photoperiod can significantly enhance growth performances 

independently of maturational control in temperate species. Indeed, in seasonal 

spawning species like rainbow trout (Oncorhynchus mykiss) and Atlantic salmon 

(Salmo salar), significant growth increase (up to 25 %) has been found when fish have 

been reared under constant long days (18L:6D) or continuous illumination (LL) as 

opposed to ambient conditions, with strong correlations between growth performance 

(growth rate, FCR), environment (temperature and photoperiod) and the hormones 

involved in the somatotropic axis (i.e. insulin-like growth factor-I (IGF-I), growth 

hormone (GH)) and reproduction (Bromage et al.  1994; Bromage et al., 2001; Johnston 

et al., 2003; Gabillard et al., 2003a; Gabillard et al., 2003b; Taylor et al., 2005; 

Nordgarden et al., 2005; Taylor et al., 2006; Taylor et al., 2008). To explain growth 

benefit effects in teleosts, two theories have been suggested; a shift in the endogenous 

growth rhythms (Duncan et al., 1999; Oppedal et al., 1999; Endal et al., 2000) or a 

direct photostimulation of the growth axis through an increase of muscle fibre 

recruitment (Johnston et al., 2003). 
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Similar growth enhancing and reproductive effects have been observed in tropical and 

subtropical seasonal breeding teleosts when exposed to constant long days or LL such 

as in snapper (Pagrus auratus), barramundi (Lates calcarifer), Mexican silverside 

Menidia estor (syn. Chirostoma estor) and red drum (Sciaenops ocellatus) (Barlow et 

al., 1995; Leiner and MacKenzie, 2001; Tucker et al., 2006; Martinez-Palacios et al., 

2007). However, very few studies investigating the photoperiodic effects on growth in 

non-seasonal (asynchronous; batch spawners) species have been performed. These 

include the Japanese medaka (Oryzias latipes) (Davis et al., 2002) and the Nile tilapia 

(Oreochromis niloticus niloticus) where inconsistencies regarding LL growth effects in 

fry and fingerlings were reported (Biswas and Takeuchi, 2003; El-Sayed and Kawanna, 

2004; Biswas et al., 2004; Biswas et al., 2005; Rad et al., 2006). Importantly, despite 

the intensive use of photoperiod in most commercially important seasonal species by 

the industry and its clear effects, the mechanisms by which photoperiod acts is not yet 

fully understood (Boeuf and Le Bail, 1999; Boeuf and Falcon, 2001; Falcon et al., 

2007). However, recently, pineal (known to be the main site for non-visual light 

perception) light sensitivity has been shown to be different between Atlantic salmon, 

European sea bass and Atlantic cod suggesting that light should be applied in a species-

specific manner (Migaud et al., 2006; Migaud et al., 2007). Importantly, for the lighting 

regimes to act on the fish physiology of a given species it must first be perceived at 

threshold levels and factors such as pineal window light penetration, pineal light 

sensitivity (thresholds) and spectral sensitivity could influence the degree of 

physiological effects observed. This might partly explain the inconsistencies observed 

in growth and reproduction following exposure to LL regimes (Boeuf and Le Bail, 

1999; Migaud et al., 2006; Migaud et al., 2007).  Thus it is clear that further studies on 

the effect of light on Nile tilapia growth and reproduction are clearly needed especially 
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with regards to light intensity prior to the potential implementation in tilapia 

aquaculture. The objective of this study was therefore to investigate the effects of LL 

regimes with different light intensities on growth and gonadal maturation as compared 

to a 12L:12D control photoperiod. 

 

2 Materials and Methods 

2.1 Animals and husbandry 

A single batch of fertilized eggs of mixed sex red Nile tilapia (O. niloticus niloticus) 

was obtained from the tropical aquarium facilities at the Institute of Aquaculture 

(University of Stirling, Scotland). Experiments were perfromed in closed water 

recirculation systems at a constant temperature (27 ± 1 oC) as previously described 

(Campos-Mendoza et al., 2004). Flow rate in each tank was controlled using valves in 

each tank and was set at approximately 60 litres h-1 tank-1 (7 L round tanks), increasing 

to 100 litres h-1 tank-1 at 62 days post hatch (DPH) when fry were released into the larger 

tanks (200 L aquariums filled to a 40 L volume) within the same compartments for the 

remainder of the experiment. Water temperature was monitored twice a day. Nitrate, 

nitrite, ammonia and pH were monitored throughout the experiments with aquarium 

water quality kits (C-Test kits, New Aquarium Systems, Mentor, Ohio, USA) and 

remained within safe limits. In all experiments, fish were either anesthetized (0.1-0.15 

g/l) or killed by a lethal dose (0.5-0.8 g/l) of benzocaine solution (SIGMA, Poole, UK). 

All fish were hand fed to satiation three times a day at 09:00 hrs, 13:00 hrs and 18:00 

hrs. Larvae were weaned on a 1:1 crumb mix (52%, Nutra Trout Fry 02 and 40%, 

Standard Expander 40, Skretting UK) until 72 DPH after which it was replaced by 

normal Nutra Trout Fry 02. Light intensity was measured at the beginning, middle and 
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end of the trial, at both the bottom and water surface using a Watt and Lux meter 

sensors (Skye Instruments, Ltd, Powys, UK). 

 

2.2 Experimental design 

A total of 150 fry / treatment (75 / replicate) of a same batch raised under 12L:12D (up 

to 20 DPH) were used. Weight and length of larvae at the beginning of the trial (20 

DPH) was 0.06 g and 1.30 ± 0.04 cm respectively. Fish were exposed to either a 24 

hour continuous light (LL) at three different light intensities (LL-High 100 %, LL-

Medium 15-17 % and LL-Low 1-1.3 %) or a control 12L:12D treatment in duplicate 

(total of eight tanks).  The trial ended at 118 (DPH). The control (12L:12D) tank had the 

same light intensity as the medium treatment. To achieve the different intensities 

required, number of bulbs and differing wattage were used in each compartment. For 

the LL-High (LL-H) treatment, four 100 watt light units (ScrewFix Direct, Yeovil, UK) 

were fitted into the compartment used. The LL-Medium (LL-M) light intensity 

treatment and the 12L:12D treatment had a single 60 watt light unit / compartment 

whereas the LL-Low (LL-L) intensity treatment had a 10 watt bulb with additional 

filtering to achieve the intensity levels shown in Table 1. The 12L:12D control 

photoperiod was controlled using a digital timer (Smiths Industries, London, UK). 

Sampling took place every two weeks over a period of four months, at 20, 34, 48, 62, 

76, 90, 104 and 118 DPH. At the first two sample points (20 and 34 DPH) only terminal 

sampling (n=10 / replicate / treatment) took place as the fish were too small to be 

anesthetised safely. Thereafter (48 – 118 DPH) both weight-length monitoring (all 

remaining fish at each time point) and terminal sampling (n=5-6 / replicate/ treatment) 

were carried out at each sample point. Sex ration (male/female) of remaining fish at 118 

DPH was slightly variable between treatments (0.5, 0.9, 1.3 and 0.6 for LL-H, LL-M, 
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LL-L and 12L:12D respectively) whereas sex ratio estimated from all fish remaining 

and sampled throughout the experiment was similar in all treatments (1.1, 1.2, 1.4 and 

1.1 for LL-H, LL-M, LL-L and 12L:12D respectively) . 

 

2.3 Analysis 

Histological samples were collected and prepared as previously described in Martinez-

Chavez et al. (2008a). Histological slides of gonads from each fish sampled were used 

to identify the sex and maturational stage of development using a bifocal microscope 

(Olympus Optical Co., London, UK.). The stage of oocyte development was visually 

determined and the leading oocytes were classified according to a classification adapted 

from Coward and Bromage (1998) for oogenesis and Babiker and Ibrahim (1978) for 

spermatogenesis (Table 2a and 2b).  

Image analysing software (ImageProPlus, Media Cybernetics Inc., MD, USA) was used 

to measure the long and short axis of 30 oocytes / replicate / treatment / sample point 

(mean values are presented). Specific growth rate was calculated by the formula SGR= 

(eg - 1) x 100, where g = [ln(W2) – ln(W1)] x (t2 – t1)-1, where W2 and W1 are the weight 

a time t2 and t1, respectively. The equation of Fulton’s condition factor (K) (Ricker, 

1975) was used using standard length (SL) as opposed to total length through the 

formula K = 100 x (W x SL-3), where W is whole body weight and SL is standard 

length. The feed conversion ratio was calculated by the formula FCR = Kg food 

delivered x Kg weight gain-1. Gonadosomatic index measurements were carried out for 

all fish at the end of the trial by the formula GSI = (wet gonad weight (gr) x wet body 

weight-1 (gr)) x 100. Survival was also estimated. 

 

2.4 Statistical analysis 
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Due to the fact that equal variance was not met even after transformation attempts, data 

were analysed by non parametric statistical test (Kruskal-Wallis ANOVA on Ranks) 

before a Dunn’s pair wise comparison at each sample point using SigmaStat Version 3. 

All statistical data was expressed as mean ± SE. All graphs were created using Sigma 

Plot Version 10.0 (Systat Software Inc, London, UK). For all tests, significance was set 

at p<0.05. As no significant differences were observed between replicates, data were 

pooled. 

 

3 Results 

3.1 Growth and feeding 

No significant differences up to 118 DPH were found with regards to weight at which 

point fish in the LL-M intensity treatment were significantly heavier (50.8 ± 2.3 g) than 

12L:12D fish (40.7 ± 2.2 g) with no other significant differences between LL-M and 

LL-H / LL-L (Table 3, Fig. 1a). Length measurements showed only significant 

differences between the LL-H (10.5 ± 0.2 cm) and the 12L:12D (9.9 ± 0.2 cm) groups 

also at 118 DPH (Table 2, Fig. 1b). Condition factor was significantly different between 

treatments at 48, 62, 90 and 104 DPH, with the LL-H treatment significantly different 

from all other treatments at 48 and 90 DPH (Fig. 1c). Total food consumed was very 

similar between all three light intensity treatments (LL-H, 3539.1 g, LL-M, 3533.7 g, 

LL-L, 3468.8 g) but 13-14 % lower in the 12L:12D group (3050.5 g). Overall (20-118 

DPH) SGR (7.54 to 7.64 % day-1) and FCR (0.71 to 0.76) were very similar between 

treatments (Table 3). Final biomass was found to be slightly higher in the LL-M 

treatment compared to the LL-H and LL-L treatments while the 12L:12D group was the 

lowest (see Table 3). 
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Little mortality was recorded over the period of the trial in LL-M, LL-L intensity 

treatments (2.0 ± 0.7 % and 1.0 ± 0.7 %, respectively) and control 12L12D group (5.3 ± 

1.3 %). However, a higher mortality rate was observed in LL-H treatment (12.0 ± 2.7 

%) although this was traced to a single event between 90 DPH and 104 DPH (Table 3).  

The degree and timing of pigmentation of fish was also observed to be different, with 

LL-H fish acquiring pigmentation up to three weeks before any of the other treatments 

with red blotches appearing earlier than black ones (data not presented). The intensity of 

the blotches also appeared to be less vivid in the 12L:12D group compared to LL 

treatments. Unfortunately, no quantitative data is available. 

 

3.2 Gonadal development 

Gonadal staging for both sexes was assessed from 62-118 DPH. Females of all 

treatments were at pre-vitellogenic (S1) and early vitellogenic (S2) stages between 62 

and 76 DPH. Late vitellogenic oocytes appeared first at 90 DPH in one female exposed 

to LL-H and 104 DPH in 12L:12D (only one female) and 118 DPH for both remaining 

treatments (LL-M, LL-L). At 118 DPH, 33 to 50 % of females sacrificed were at a 

mature stage (S4) in all LL treatments but none had reached this stage of gonadal 

development under 12L:12D in which 66 % were at late vitellogenic stage (S3). 

Male gonads at 62 DPH were at an immature stage (S1) with only few individuals in 

LL-H, LL-M and 12L:12D at a maturating stage (S2). First signs of ripening (S4) was 

observed in the control group at 76 DPH. At 90 DPH, all treatments show 40-60% of 

sacrificed individuals in stage 4 with no apparent differences between treatments. 

However, by 104 DPH while most fish sampled in the 12L:12D treatment were 

spermiating (S5), only 10-33 % of the fish under LL treatments were spermiating with 

the remaining fish still at a ripening stage (S4). At 118 DPH, the percentage of 
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spermiating fish increased slightly in the LL treated groups (33-50 %) and importantly 

fish at stage 3 (all LL treatments) remained mature as opposed to the 12L:12D where 

fish were found only at S4-S5 stages (Fig. 4). 

No significant GSI differences between treatments were observed from either sex. 

However, GSI of female fish exposed to LL-M and LL-L appeared higher while in 

males GSI of fish exposed to LL-M and LL-L appeared higher. 

 

4 Discussion 

In the present study, clear growth and gonadal development effects were observed 

between fish exposed to continuous illumination (LL-H, LL-H, LL-L) compared to a 

12L:12D photoperiod. Fish under LL-H and LL-M treatments were significantly heavier 

(~20 %) than the fish under 12L:12D photoperiod by the end of the trial (118 DPH). 

Previous work done in the same species is limited to a couple of reports which appear 

inconsistent with the findings of the current study. In the first case, authors (Rad et al., 

2006) have reported a significantly higher (59 %) growth increase between Nile tilapia 

reared under LL (800 lux) compared to 12L:12D for a period of 168 days. Importantly, 

fish in the current study achieved double the weight of fish in Rad et al. (2006) 

approximately 50 days earlier. It is interesting to mention that despite the fact that fish 

in this previous study did not perform as well as the fish in the current study, a greater 

enhancement of growth was observed in fish exposed to LL. The difference observed in 

the percentage of growth improvement between both studies could relate to the overall 

performances of the fish populations. Indeed, in the study performed by Rad et al. 

(2006), fish appeared to not grow as well as in the present study however LL growth 

enhancement was much larger. This could suggest, as previously stated (Migaud, pers. 

com.), that LL effects on growth would depend on the growth rate at the time of 
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exposure with small enhancing effects when fish grow at their maximum capacities and 

larger effects when their growth rate is lower. Further studies are required to confirm 

such a hypothesis. Poor growth performances can be due to a variety of factors such as 

temperature during winter in temperate species, poor water quality or welfare among 

many others. In another study also performed in the Nile tilapia (El-Sayed and 

Kawanna, 2004), a similar percentage of increase (23 %) to that in the current study was 

found when fish were reared from 0.02 g for 60 days under LL (2500 lux). However, as 

in the first case, fish in the current study appeared 60-70 % heavier when similar stages 

(60 days) were compared. However when fish were reared under the same conditions 

from 2.4 g for 90 days a lower percentage of growth benefit was observed (6 %) (El-

Sayed and Kawanna, 2004) suggesting that only fish exposed at earlier stages are 

affected by LL. Importantly, the degree of growth enhancement will vary depending on 

the stage of development at which LL is tested and the light intensity the fish are 

exposed to (Taylor et al., 2006) however, in the present study no correlation between 

light intensities and growth performances have been observed. On the other hand, 

results in the current study are in agreement with those found in seasonal species like 

the rainbow trout were fish under long photoperiods (18L:6D) were significantly 

heavier (17.5 %) than fish reared under simulated natural photoperiods (Taylor et al., 

2005).  

It is thus clear when comparing the current results to those in previous Nile tilapia 

studies (El-Sayed and Kawanna, 2004; Rad et al., 2006) that fish in both cases were 

clearly not performing as well as in the current study and thus not reaching their full 

potential growth during the length of the trials. The reasons for most of these 

differences can be attributed to differences in the methods used such as feeding regime 

(i.e. feeding time and frequency), feeding type (i.e. % biomass vs. satiation), nutritional 
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composition of feed, stocking density and light intensities used, but also to more 

inconspicuous differences such as the genetic background and strain of fish. This 

illustrates the difficulties of comparing dataset from different trials even in a single 

species. 

Importantly, in Atlantic salmon, growth patterns show a tendency towards greater 

skeletal growth during the winter months, providing the frame for muscle gain in spring. 

When fish are exposed to LL during winter, a shift towards greater muscle fibre 

recruitment (during the first 40 days of exposure) is observed subsequently followed by 

muscle hypertrophy (Bjornsson et al., 2000; Johnston et al., 2003). Unfortunately 

however, in this study data on muscle fibre recruitment is unavailable and future studies 

should determine its possible contribution to weight gain in Nile tilapia as seems to be 

the case of other species  

Condition factor data in this study showed similar patterns of growth for all except the 

LL-H treatment which displayed higher amplitude of changes although the nature of the 

data (unequal variances) didn’t allow us to determine if these changes were significant. 

However significant differences were seen at specific time points. Also, feed consumed 

by fish under LL treatments was found to be higher in all cases, while FCR and SGR 

were found to be similar between all treatments suggesting that continuous lighting 

would not enhance any of these parameters but rather act by stimulating the appetite of 

fish. Interestingly, this evidence contradicts what has been found in  temperate seasonal 

fish such as rainbow trout where an increase in FCR and SGR was observed in fish 

exposed to LL (Taylor et al., 2006). This would suggest that LL might not affect inbuilt 

rhythms and patterns of growth in Nile tilapia, if such patterns exist in a tropical 

species, but more likely directly stimulate the growth axis through an increased appetite. 

Further studies are required at both endocrine and molecular levels, to confirm such a 
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theory especially focusing on the somatotropic axis which controls feed intake and 

somatic growth.   

Importantly, in this study no significant effects on growth were observed when exposing 

fish to LL with increasing light intensities. This again would seem in contradiction with 

rainbow trout findings previously reported where fish performed significantly better 

under higher light intensities (Taylor et al., 2006). However comparisons between both 

studies are not straightforward as fish were reared in completely different environments 

and rearing systems (outdoor cages with day/night light intensity rhythms due to the 

superimposition of artificial lighting system on to the ambient illumination vs indoor 

recirculation tanks with constant light intensity throughout the day) (Taylor et al., 

2006).  

The current results thus demonstrate that light intensity seems to not be playing an 

important role in the growth enhancement effect observed in fish exposed to LL. This 

has implications for the use of artificial lighting in tilapia culture as low to medium 

intensity LL regimes confer a cost-effective solution to higher intensity regimes at this 

stage. However long term studies are needed as it is possible that higher light intensities 

could have a greater effect in latter growth stages as shown in salmonids where in some 

cases growth effects where only shown 126 days after onset of LL (Johnston et al., 

2003).  

Not only growth was influenced by the LL regimes tested in the present study but also 

gonadal development. Importantly, an important question must be addressed as to 

whether growth effects were linked to differences in gonadal development or the latter 

was due to growth effects. Male and female gonads reached the final stages of 

maturation at 104 and 118 DPH respectively, correlating well with growth improvement 

observed in fish under LL also by 118 DPH. In agreement with previous studies in Nile 
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tilapia (Rad et al., 2006) and seasonal species such as Senegalese sole (Solea 

senegalensis) and European seabass (Dicentrarchus labrax) (Garcia-Lopez et al., 2006), 

male gonads in this study seemed delayed under LL regimes compared to 12L:12D. In 

contrast, females in this study appeared to be at more advanced gonadal stages under all 

LL treatments compared to the 12L:12D photoperiod, although we acknowledge that in 

some cases, sample size might have been too low to make any firm conclusions. 

However, a reversed effect has also been observed in the Japanese medaka (Oryzias 

latipes) where 89.3 % of females in a long photoperiod (16L:8D) were significantly 

heavier and sexually mature by 19 weeks of age compared to 7.4 % of females in a 

shorter photoperiod (8L:16D) (Davis et al., 2002). In both cases irrespective of the 

gonadal effects observed, weight increase is probably caused by an appetite stimulation 

of fish under LL and through energy conservation (Biswas et al., 2002; Biswas and 

Takeuchi, 2002). It is also important to acknowledge that sexual growth dimorphism 

exists in Nile tilapia with male fish growing quicker than female fish. However this 

could not be monitored for several reasons. Firstly fish were too small to externally 

identify sexes and secondly fish numbers were limited and sampling was performed 

randomly. However it was possible to suggest that growth effects observed were not 

due to unbalanced sex ratios as they were similar in all treatments at the end of the trial. 

The fact that in this species, females under LL treatments seem to reach advanced stages 

of maturation earlier is quite interesting as most of the previous studies have been 

performed in seasonal spawners that have clear windows of oocyte recruitment and 

maturational commitment that can be suppressed or delayed with the use of long days 

and/or LL depending on the species (Bromage et al., 2001; Hansen et al., 2001; Davie 

et al., 2007). Thus, the mechanisms (i.e. developmental clock, size, age, nutritional 

status) controlling the initiation of puberty and maturation in Nile tilapia as in other 
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batch spawner species could be less sensitive to light than seasonal spawning species 

simply because of the different environments inhabited with less pronounced seasonal 

photoperiodic changes in the tropics as compared to temperate latitudes and differences 

in the reproductive strategies and/or social interactions (Coward and Bromage, 2000; 

Au et al., 2006; Hofmann, 2006). Recently however, other important factors which 

might play a role in the differential effect of light in growth and reproduction have been 

suggested. Recent evidence has suggested significant differences in the basic light 

perception and entrainment pathways among teleosts including Nile tilapia. This 

evidence would suggest that factors such as light sensitivity (intensity and wavelength), 

percentage of light skull penetration and circadian organization might affect how light is 

perceived in teleost species (Migaud et al., 2006; Migaud et al., 2007; Ziv et al., 2007; 

Martinez-Chavez et al., 2008b). Moreover, it is also important to mention the lack of 

information on the specific molecular and cellular mechanisms (i.e. light thresholds) 

that ultimately control growth and reproduction in fish which could also vary 

significantly between species. In this respect, a recent molecular study performed in 

Nile tilapia (Martinez-Chavez et al., 2008a) showed that despite an observed delay in 

gene expression of GPR54 (recently discovered to be a gater of reproduction) by LL, 

the expression of the type I GnRH receptor was unaltered suggesting that the cascade of 

hormones leading to gonadal maturation was in motion in this species and thus not 

affected by light. Further molecular and proteomic approaches on fish exposed to 

extreme photoperiods such as LL and 6L:6D which have shown to influence 

reproduction (Campos-Mendoza et al., 2004; Biswas et al., 2005) will be invaluable in 

elucidating the different mechanisms at work which could explain some of the 

seemingly contradictory findings across teleosts.  
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In brief, this study suggests that LL regimes of a low-medium intensity are ideal to 

attain a significant growth benefit in Nile tilapia and that no significant growth benefit 

is observed if higher intensities are applied at this stage (118 WPH). Also, this work 

provided preliminary evidence of differential effects of photoperiod on gonadal 

development in this species. However, the mechanisms underlying growth benefit and 

gonadal development are not known and further studies are required. Further studies are 

also required at a commercial scale to assess the potential economic benefits and 

viability of using artificial lighting regimes. 
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Figure 1. a) Weight, b) length and c) condition factor over time in Nile tilapia raised up 
to 118 days post hatch under different light intensities (High LL, Medium LL, Low LL 
and Control 12L:12D). Values are expressed as mean ± SE (n = 33-75 / replicate). 
Superscripts indicate significant differences between treatments at a given time point. 
 
Figure 2. Mean food consumed (gr/fish/week) under different light intensities (High LL, 
Medium LL, Low LL and Control 12L:12D). Values are expressed as mean (n = 33-75 / 
replicate). 
 
Figure 3. Relative proportion of each stage of oogenesis in Nile tilapia fry reared under 
different light intensities (High LL, Medium LL, Low LL and Control 12L:12D) from 
62 DPH to 118 DPH. The number of individuals is indicated on the graph in the bars. 
 
 
Figure 4. Relative proportion of each stage of spermatogenesis in Nile tilapia fry reared 
under different light intensities (High LL, Medium LL, Low LL and Control 12L:12D) 
from 62 DPH to 118 DPH.  The number of individuals is indicated on the graph in the 
bars. 
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Table 1. Light intensities in Watts m-2 and lux (mean ± SE) measured at the bottom and 
surface of the tanks for each experimental treatment during day time. 
 

Treatment 
Watts m-2 

(Bottom/Surface) 

Lux 

(Bottom/Surface) 

LL High 3.0 ± 0.2 / 4.6 ± 0.6 684.0 ± 32.0 / 1031.0 ± 104.0 

LL Med 0.5 ± 0.1 / 0.7 ± 0.1 141.5 ± 17.5 / 172.5 ± 10.5 

LL Low 0.04 ± 0.0 / 0.0 ± 0.0 4.5 ± 0.5 / 8.0 ± 1.0 

Control 0.7 ± 0.1 / 0.9 ± 0.2 172.5 ± 22.5 / 190.5 ± 30.5 
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Table 2a. Classification scheme used to identify the stages of oogenesis showing stages 
S1, S2, S3 and S4. Adapted from Coward and Bromage (1998). 
 

Stage Definition 
Size Range 

(µm) 
Appearance 

S1 
Pre-

vitellogenic 
7-345 

Nucleus containing chromatin strands. 

Developing follicular layer. Vesicle at near 

edge of oocyte. Stains dark pink reducing to 

pale pink as less basophilic. 

S2 

Early stages 

of 

vitellogenesis 

224-658 

Small yolk granules starting at periphery. 

Vesicles seen throughout oocyte. Follicular 

layer can be seen to be more developed. 

S3 
Late stages of 

vitellogenesis 
428-1416 

Yolk granules become larger yolk globules and 

empty vacuoles throughout oocyte. Very 

developed follicular wall. Nucleus central. 

S4 Mature 428-1416 Same as S3 but vesicle migration can be seen. 

 

 
Table 2b. Classification scheme used to identify stages of spermatogenesis showing S1, 
S2, S3, S4, S5. Adapted from Babiker and Ibrahim (1979). 
 
Stage Definition Appearance 

S1 Immature Mostly spermatogonia with some spermatocytes 

S2 Maturing Clusters of spermatocytes and a few spermatids 

S3 Mature 
Spermatogonia, spermatocytes, spermatids all present and  few 

spermatozoa in middle 

S4 Ripening All stages present with abundant spermatozoa 

  S5    Ripe Sperm ducts distended with spermatozoa and seminal fluid. 
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Table 3. Summary of final (118 DPH) weights, lengths, sex ratio, GSI and overall (20-
118 DPH) SGR, FCR, food consumed and mortality. Values are expressed as mean ± 
SE where appropriate. Superscripts indicate significant differences where appropriate. * 
Mortality traced back to a single unknown event. 
 

 Treatments 
 High Medium Low Control 

WeightF 

 49.7 ± 2.2a 50.8 ± 2.3a 46.8 ± 2.0ab 40.7 ± 2.2b

LengthF 

 10.5 ± 0.2a 10.7 ± 0.2ab 10.7 ± 0.3ab 9.9 ± 0.2b

Total food   consumed (g) 3539 3533 3468 3050 
SGR 7.6 7.6 7.5 7.4 
FCR 0.7 0.8 0.7 0.7 

GSI (F/M) 0.9 / 0.4 1.4 / 0.6 2.0 / 0.5 1.1 / 0.4 

% Mortality  12.0 ± 2.7* 2.0 ± 0.7 1.0 ± 0.7 5.3 ± 1.3 
Sex ratio (M/F) at 118 DPH  0.5 0.9 1.3 0.6 
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8 Summary of findings 
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In this section, the main findings of each paper are summarized and shown at 

which physiological level each study was done (Figure 6).  
 
Paper I 
 

Evidence for differential photic regulation of pineal melatonin synthesis in 

teleosts. 

 Preliminary evidence of night time melatonin suppression in 

ophthalmectomized Nile tilapia suggesting the existence of a third type 

(eye dependant) of light circadian organization in teleosts. 

 Preliminary pineal in vitro melatonin levels in Nile tilapia suggesting a 

pineal less light sensitive compared to previously studied teleost species.  

 Evidence of a high light skull penetration in Nile tilapia compared to 

other species tested especially towards near-infrared wavelengths.  

Paper II 

Confirmation that Nile tilapia eyes are required for night time plasma melatonin  

 Phase shifted melatonin synthesis in the Nile tilapia retina. 

 Confirmation that total but not partial ophthalmectomy suppresses night-

time melatonin production in Nile tilapia.  

 Preliminary evidence that the absence of night-time melatonin 

production would not be caused by post surgical stress through 

behavioural observations and cortisol measurements. 

 Confirmation of unexpected low melatonin levels produced at night in 

vitro. 
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Paper III 

Clock-controlled endogenous melatonin rhythms in Nile tilapia (O. niloticus 

niloticus) and African catfish (C. gariepinus) 
 

 Confirmation of a diel melatonin rhythm in tilapia as seen in other 

teleosts.  

 Demonstration of robust circadian endogenous melatonin rhythms under 

darkness in tilapia acclimated to 12L:12D for at least 3 weeks. 

 Evidence of a clock controlled diel melatonin profile with anticipation of 

the photophase. 

 Preliminary evidence that the endogenous melatonin oscillator is not 

capable of entraining to a 6L:6D photoperiod. 

Paper IV 

GPR54 and rGnRH I gene expression during onset of puberty in Nile tilapia 
 

 Correlation of Kisspeptin receptor (GPR54) and GnRH I receptor during 

the onset of puberty in Nile tilapia suggesting a similar role of the Kiss 

1/GPR54 system in tilapia as recently found in mammals. 

 First evidence to date in fish (2nd in vertebrates) of photoperiodic (LL) 

effects on the Kiss/GPR54 signalling mechanisms. 

Paper V 

The effects of constant light and light intensities on the growth performance and 

gonadal development of Nile tilapia (Oreochromis niloticus niloticus L.) juveniles 
 

 Demonstration of a growth enhancement in Nile tilapia exposed to LL 

regimes with no significant effects of light intensities. 
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 Suggested sex dimorphisms in the timing to first maturation between 

males (delay) and females (advancement) of Nile tilapia reared under 

LL. 

 

 

 

Figure 6.- Schematic presentation of the studies performed along the circadian and BPG axes in Nile tilapia. 
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9 General Discussion 
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Most of the physiological, circadian and reproductive studies involving 

environmental cues such as photoperiod have been performed in temperate seasonal 

teleost species. This is due to a high level of research investment due to their large scale 

commercial importance. However, although there is a natural tendency to generalise 

results that one finds in a given fish species to the whole teleost phylogeny. Due to the 

variety of environments inhabited by fish, from temperate to tropical or freshwater to 

deep seawater, and the resulting high divergence demonstrated in fish physiology 

regarding biological rhythms in terms of feeding behaviour and locomotor activity 

(diurnal vs. nocturnal) and reproductive strategies (iteropare vs. continuous spawner), it 

is unlikely that one unique circadian organization (retina-pineal gland network) exist in 

fish. Thus, the overall aim of this work was to expand our knowledge on circadian 

biology and environmental physiological effects in tropical species. The selection of 

Nile tilapia as a model was thus very relevant for this study due to the divergent nature 

of the species in terms of its reproductive strategy, social habits, environmental niche 

(i.e. subtropical, freshwater) and phylogenetic position being considered as one of the 

most “evolved” teleosts. A number of studies were therefore performed in Nile tilapia 

during this PhD project which resulted in five manuscripts (published or to be 

submitted) addressing the circadian light axis (manuscripts I-III), the control of the BPG 

axis (manuscript IV) and finally, the reproductive and growth effects of photoperiod 

(manuscript V). The aims of this final section is to review the main conclusions arising 

from these studies, integrate them in a more general context and highlight the need for 

future work in these fields.  
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Circadian light axis 

Despite being one of the most important species for the worldwide aquaculture 

(over 2.5 million tones in 2005; Josupeit, 2007) and an important teleost model for 

many research areas (i.e. nutrition, genetics), to our knowledge, Nile tilapia has not 

been used in any kind of chronobiological studies. The first focus of this PhD project 

was thus to define the circadian light axis in Nile tilapia in comparison to other teleosts 

species (Paper I). Preliminary evidence of a different circadian light axis organization 

in Nile tilapia, characterised by a complete dependence of the pineal gland and more 

specifically melatonin production on the eyes, was shown. This came initially as a 

surprise as it was the first time this was observed in any teleost species which were 

considered to have a decentralized organization with no or little dependence of the 

melatonin synthesis by the pineal gland on the eyes. This type of organisation has only 

been previously seen in higher vertebrates, such as mammals, with light perception 

taking place solely in the eyes with regards to the control of pineal melatonin 

production. This could partially explain why fish were not often considered to a greater 

extent as models for clinical/chronobiological studies. These preliminary findings were 

undoubtedly very interesting but required further confirmation which was given by 

following studies (Paper II) in which total and partial ophthalmectomy was performed 

and the potential effect of post-surgery stress tested. Totally eye enucleated fish were 

again unable to synthesize and release melatonin into the blood circulation during the 

dark phase even after a week post-surgery. Interestingly, fish with only one eye 

remaining were able to produce normal melatonin levels at night although with slightly 

lower levels  suggesting that basal levels observed in totally enucleated fish were not 

due to post-surgery stress and that one eye might even be enough for normal light 

entrainment. This claim was indirectly supported by behavioural observations showing 
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that fish returned to a “normal” behaviour (i.e. feeding behaviour and dominance 

display as observed prior to surgery) within 24 to 48hrs following ophthalmectomy. 

Although stress levels, through the measurement of cortisol were monitored, it clearly 

appears that the sampling procedure was not appropriate as high levels were recorded in 

ophthalmectomized fish as well as intact control fish. Indeed, when analysing the data, a 

clear effect of sampling time between the four individual fish sampled at each time 

point was observed with low levels (up to 50 ngml-1) in the first fish sampled 

irrespective of the photoperiod and increasing levels in the following fish (see Appendix 

2). According to previous studies performed in the same species, such levels, although 

higher than in other species (e.g. salmonids, <5ngml-1, North et al., 2006) are observed 

in non stressed fish (Vijayan et al., 1997; Barreto and Volpato, 2006). Furthermore, no 

difference was observed between controls and ophthalmectomized first sampled fish. 

Further studies are needed to better assess the potential effects of stress on melatonin 

production.  

Additional evidence of this new circadian organization in fish was also given by 

in vitro culture of Nile tilapia pineal glands (Paper I and Paper II). Results showed 

that pineal glands in isolation were not able to normally produce melatonin at night as 

seen in other species studied so far, with lower amplitude levels. This indirectly 

confirms that pineal glands photo-sensitivity might be different than in other teleosts. 

However, we acknowledge that further optimization of the technique for this specific 

species might still be required despite the coherence of these findings with those 

observed in vivo.  

Nile tilapia showed further discrepancies when cranial (pineal window) light 

transmission was compared between species. In this respect, Nile tilapia continued to 

surprise, as it had by far the highest percentage of light penetration of all species 
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analysed with higher light transmission for longer wavelengths as observed in other 

species (600-700 nm) Prior to performing this comparative study, we originally 

hypothesised that light penetration through the skull of Nile tilapia would be lower than 

in the other species tested due to a) the thickness of the cranial bones and the small size 

of the pineal window and b) the exposure to stronger light intensities in their natural 

environment compared to other species. It is difficult to explain at this stage why the 

pineal gland in this species would be less sensitive than in other studied species 

although being exposed to more light. The localisation and definition of deep brain 

photoreceptors might help understand the latter as they might play an important role in 

the light entrainment pathway of this species. More questions arise regarding the 

importance of this network of photoreceptive sites (retinal, pineal and deep brain) for 

which not much is known yet in fish. However in birds different circadian organizations 

have been suggested across species and removal or ablation of the different 

photoreceptive components have been shown to affect different species to a higher or 

lesser degree. It is then just logical to suggest that the largest group of vertebrates 

(teleosts represent 46% of vertebrates in comparison to 10% for mammals, (Kardong, 

2002), would also have developed more than one single circadian organization type in 

response to the range of environment inhabited and 500 millions years of evolution. . 

In Paper II, we have also described the phase shifted melatonin production in 

the retina with higher levels being produced during the day than at night. Although this 

has been observed in other teleost species, (European seabass, Iigo et al., 1997; Garcia-

Allegue et al., 2001 and trout, Gern et al., 1978; Zachmann et al., 1992; Besseau et al., 

2006), the regulatory mechanisms are still unclear. To date, it is believed that high 

levels of AANAT and melatonin could act as detoxifying agents in the retina protecting 

it from harmful free radicals caused by day light in the eye together with other known 
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roles as photoreceptor adaptation to darkness and retinal circadian physiology. AANAT 

is essential in the success of ancestral life forms and so important that has lingered 

throughout the course of evolution of life on earth (Ganguly et al., 2001; Klein, 2006). 

The basis of this is supported by the potent antioxidant properties of AANAT and 

evidence in non-vertebrates that melatonin synthesis was not its original function (Coon 

and Klein, 2006; Klein, 2006). Such an important role of AANAT as a free radical 

protector and key component of melatonin synthesis in the eyes of vertebrates would 

explain the out of phase pattern of AANAT and melatonin found in Nile tilapia and 

other species of fish. However further studies on the divergent evolution of AANAT 

expression patterns are needed in order to explain the specific roles and advantages of 

phase shifted melatonin patterns in the eyes of some vertebrates. The recent discovery 

of several AANAT subtypes should help to further elucidate these divergences (Besseau 

et al., 2006; Coon and Klein, 2006; Zilberman-Peled et al., 2006). The current 

hypothesis would thus suggest, that in fish, genome duplication allowed one enzyme 

type (retinal AANAT1) to keep a broad ancestral activity (involving acetylation of a 

wide range of arylalkylamine substrates important in amine detoxification) and the other 

enzyme (pineal AANAT2), to become highly specialized in serotonin acetylation and 

melatonin production (Zilberman-Peled et al., 2004).  Due to the relevance of AANAT 

in this study, it was also our intention in this study to describe AANAT activity in 

parallel to that of melatonin synthesis. To do so we initiated an investigation to test 

whether we could quantify AANAT protein using rat antibodies know previously to 

work for salmonids. We also intended to clone and sequence AANAT in Nile tilapia to 

do gene expression and localization studies. However, due to technical and time 

constraints, we could not pursue this any further.  
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Irrespective of the light entrainment pathway (i.e. eyes and/or pineal) in this 

novel circadian organization, we set out to describe the circadian melatonin rhythm 

system of Nile tilapia in terms of circulating melatonin release. In Paper III, we 

reported on the low at day and high at night melatonin levels found in Nile tilapia which 

is also found in all teleosts and vertebrates studied to date. This is in accordance with 

the role of melatonin as a ‘zeitgeber’ in entraining the physiology of the animal to 

seasonal daylength changes in their environment. Moreover, we also showed evidence 

of how this light/dark melatonin rhythm is constantly entrained by light. This occurs by 

the suppression of circulating melatonin levels during the day and will not resume until 

darkness appears as confirmed by exposing fish to continuous illumination. This 

mechanism is thought to be controlled in other vertebrates directly by light at the 

transcriptional level through specialized light regulated promoter regions (e.g. E-box) in 

the AANAT gene. More importantly, we also showed the presence of a strong 

endogenous melatonin rhythm that could drive melatonin production in constant 

darkness. This endogenous melatonin rhythm found in Nile tilapia was also confirmed 

to be circadian in nature. Endogenous melatonin rhythms like this have been found in 

every other teleost studied except salmonids (Iigo et al., 2007). Of more relevance 

however, is the fact that to our knowledge, this is the longest running in vivo melatonin 

rhythm shown to date in any species. It is important to mention that these recent 

observations together with other research group findings would suggest that fish are 

much more sensitive to light/dark changes than previously thought, thus presenting an 

even more particular challenge when performing constant darkness studies. To this 

respect we cannot stress how important is to confirm lightproofness of any system used 

in such studies as we have done in this work. In this work our DD studies were carried 

out in completely light controlled rooms, where if needed, background aquarium lights 
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were left on 24 h with the exception of the short sampling periods where they were 

turned off to get access to the fish. This allowed us to confirm that in fact our system 

was completely lightproof as otherwise melatonin synthesis in fish would be suppressed 

by outside (background) lighting. It is important to mention the constant use of an 

infrared camera system to monitor fish exposed to DD. Interestingly, a recent paper by 

Matsumoto and Kawamura (2005) has provided evidence that the eyes, but not the 

pineal, of Nile tilapia are sensitive to near infrared (865 nm) wavelength when tested at 

high intensities (50.6 µmol,-2s-1). In their study, cardiac conditioning experiments in 

which pineal window covered fish exposed to 865 nm wavelengths showed cardiac 

conditioned response which were confirmed by histological retina slides where 

incomplete darkness adaptation was found. In our study however, despite the fact that 

the LED’s of the infrared cameras used gave a weak red glow (below sensitivity of our 

light scanning equipment), fish behaviour suggested they did not perceive it even when 

they were turned on and off during DD. Moreover, despite being on constantly (24h), 

fish were capable of producing circadian endogenous melatonin rhythms, suggesting 

that infrared light even if perceived by the eyes and or pineal gland would not be 

perceived by the light entrainment pathway which would ultimately affect melatonin 

synthesis (Hanifin et al., 2006). Importantly, isolation of any other type of 

environmental input (i.e. light, temperature and feeding) other than the one studied is a 

key step in the design and outcome of LL/DD experiments. This can prove to be 

particularly challenging as specialized holding systems (i.e. light–temperature-feed 

controlled) are needed which limit the size of the experiment. In our respective 

experiments, as briefly mentioned earlier, lightproofness of the system was confirmed 

by performing DD experiments in completely light and temperature controlled rooms. 

Additionally, the photoperiodic system was also temperature controlled (270C ± 1). 
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Feeding on the other hand has proven to synchronize patterns of behaviour (i.e. 

locomotor) and physiology in different fish species including other perciforms (Boujard 

and Leatherland, 1992; Aranda et al., 1999a; Aranda et al., 2001; Sanchez-Vazquez et 

al., 2001; Azzaydi et al., 2007). However, importantly, in mammals, light and feed 

entrainable oscillators are known to be independent (Meijer and Rietveld, 1989). To our 

knowledge, in fish, no evidence of feeding entrainment affecting the melatonin 

synthesis rhythm system has been found, in fact, melatonin levels are thought to be 

among the least sensitive circadian rhythms to the entraining effects of feeding 

(Holloway et al., 1979; Inouye, 1982; Spieler, 1992). However this possibility could not 

be overlooked and thus, round the clock automatic feeders were used in all experiments 

testing the presence/absence of endogenous melatonin rhythms in this species. The idea 

(as we could not stop feeding the fish), was to avoid as much as possible any potential 

feed input to entrain circadian fish rhythms.  

Circadian endogenous melatonin rhythms in Nile tilapia reared under simulated 

natural photoperiods (i.e. 12L:12D) seemed to be very strong and robust (Paper III). 

However when fish were acclimatized in to a 6L:6D photoperiod, despite being able to 

produce diel melatonin rhythms under these short LD periods, when exposed to DD, the 

endogenous melatonin rhythm system previously found to mimic the photoperiod 

(12L:12D) under which fish were acclimatised under DD has lost this endogenous 

rhythmicity. This finding would suggest this photocycle (6L:6D) to be too short for the 

endogenous clock to entrain irrespective of its location which exposes some of the 

mechanisms abilities and limitations to cope with extreme (unnatural) photoperiods 

known to affect other vertebrates (Foster and Kreitzman, 2005). Such short photo-cycle 

could prove useful in further dissecting components of the biological clocks especially 

if they are confirmed to cause endocrine disruption as suggested by a previous studies in 
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Nile tilapia. In this later study, female broodstock exposed to 6L:6D photoperiods were 

shown to prevent spawning and had significantly lower E2 (estradiol) levels than their 

counterparts exposed to 12L:12D and 14L:10D (Biswas et al., 2005a). This together 

with the findings of the present work would suggest that fish may be unable to entrain 

to such short photoperiods. This however is only a hypothesis which requires further 

investigation. 

In this work we have described the light circadian axis and endogenous 

melatonin rhythms of Nile tilapia and provided evidence of a new form of circadian 

organization in teleosts which has recently also been confirmed in African catfish (C. 

gariepinus) by another PhD project performed in parallel. However further studies are 

clearly needed to confirm the mechanisms, advantages and similarities of this circadian 

organization compared to the mammalian one, which would prove very interesting in 

the chronobiology field. Irrespective of the phylogenetic comparisons between model 

species and their divergence, the information gathered in this work might help to better 

understand the mechanisms involved in light entrainment and reproductive physiology 

of Nile tilapia and other teleosts. 

 

The control of the BPG axis 

As briefly mentioned earlier, not much is known about the specific pathways 

and mechanisms that link the perception of environment signals (i.e. photoperiod, 

temperature) and the entrainment of physiology of teleosts especially with regards to 

reproduction. In fact until recently, the onset of the GnRH cascade through 

‘spontaneous’ stimulation of GnRH neurons during puberty was regarded as the 

uppermost level of the BPG axis in vertebrates including fish. It was not until the 

beginning of this decade that the Kiss1/GPR54 system has been described in mammals 
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as a gater of reproductive events sitting at the top of the BPG axis. What we now know 

from mammals including humans is that kisspeptins (product of the Kiss 1 gene) 

stimulate GnRH neurons during puberty through the kisspeptin transmembrane receptor 

(GPR54) found in GnRH secreting cells. As such, the Kiss1/GPR54 system appears to 

be an essential endocrine component at the top of the BPG axis which must be activated 

to stimulate GnRH signalling, sexual development and successive reproductive events 

in mammals. This was demonstrated by the fact that loss of Kiss1 or GPR54 signalling 

cannot be overcome by compensatory mechanisms (d'Anglemont de Tassigny et al., 

2007; Roa et al., 2008). During the progress of this PhD project, the first cloning of a 

GPR54 sequence in a teleost fish (Nile tilapia) occurred. This encouraged us and gave 

us the initial tool to develop a qPCR protocol for gene expression which would enable 

us firstly to correlate its activity with its novel known function as a gater of 

reproduction in mammals and support the idea that this system is conserved in 

vertebrates. However, we were also interested in finding a link between the 

environmental light stimuli and the reproductive physiology of teleosts. Initially, we 

intended to do this through melatonin receptor expression for which some primers were 

available but we preferred instead to focus on the Kiss1/GPR54 system due to its 

novelty, availability of the GPR54 sequence for tilapia and ‘upward’ approach 

compared to melatonin where so many efforts have been previously unsuccessful. 

Because at the time the only information available on the Kiss1/GPR54 system 

in teleosts was the actual sequence and colocalization of GPR54 in Nile tilapia GnRH 

neurons (Parhar et al., 2004), the first logical step was thus, to screen its expression 

across several adult Nile tilapia tissues in order to determine further potential active 

sites (Paper IV). The fact that relevant expression is only observed in brain and 

pituitary tissues is in agreement with its potential conserved role in fish as a gater of 
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reproduction at the top of the BPG axis. In this paper, we also demonstrated how a 

parallel surge of GPR54 and rGnRH I gene expression occurs in juvenile Nile tilapia 

brains after 7 weeks post hatch which, importantly, is closely correlated with gonadal 

development. This would indirectly suggest a connection between reproductive 

signalling activity in the brain and the onset of puberty and first maturation although at 

this stage our data are only correlative. Thus, this work suggests for the first time a 

similar role of the Kiss1/GPR54 system in a tropical batch spawner teleost. 

Interestingly, more evidence in teleosts has recently been published during my PhD 

project by other research groups in four different species (grey mullet, cobia, fathead 

minnow and zebrafish) with similar results (Nocillado et al., 2007; Mohamed et al., 

2007; van Aerle et al., 2008; Filby et al., 2008).  

The work carried out in this PhD project also provided, for the first time in 

teleosts, very interesting preliminary evidence of photoperiodic effects on the GPR54 

expression and brain-pituitary-gonadal (BPG) axis (Paper IV). Indeed fish exposed to 

continuous illumination showed a delayed surge in GPR54 expression compared to fish 

exposed a 12L:12D photoperiod. This suggests for the first time a potential effect of 

light in a specific reproductive signalling pathway which is in agreement with the 

observed effects of delay or inhibition of maturation by long or continuous illumination 

in a number of seasonal fish species (Amano et al., 2000; Bromage et al., 2001; Berrill 

et al., 2003). However this effect has not yet been confirmed in Nile tilapia and 

different physiological mechanisms might be at work due to the divergent nature of the 

reproductive strategy compared to seasonal species in which light may not have such 

marked effects. Thus in order to confirm the direct/indirect effect of light at the 

Kiss1/GPR54 transcriptional level, it would be interesting to see if a similar pattern of 

delayed expression or suppression of GPR54 and GnRH activity is also observed in 
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seasonal species in which LL is known to delay reproduction. More evidence could be 

gathered by determining if the Kiss1/GPR54 genes have promoter regions likely to be 

influenced by light as happens with other genes like AANAT. Further work is also 

needed to confirm that effectively a surge of kisspeptin and GPR54 activity are actively 

stimulating GnRH neurons at the brain and pituitary levels and initiate the GnRH 

cascade. It is important to determine, if the Kiss1/GPR54 activation is needed at each 

reproductive cycle or if it is solely influencing the timing of puberty and first 

maturation. For this, further molecular and proteomic studies are needed in order to 

first, clone and sequence the Kiss1 gene in these species and secondly to determine to a 

greater extent the patterns and mechanisms of gene activation through qPCR, in situ 

hybridization and gene silencing/knockout studies in vivo and in vitro. The recent 

evidence of the existence and characterization of the Kiss1 gene in zebrafish is a step 

forward in this direction (van Aerle et al., 2008).  

Although the finding of the Kiss1/GPR54 system will undoubtedly unravel 

many questions regarding the stimulatory mechanisms leading to the onset of the GnRH 

cascade in vertebrates, some of the initial questions remain as to how this system is 

triggered and controlled. Also, of further interest would be to compare in more detail 

potential signalling differences between species of different reproductive strategies and 

life cycles (seasonal vs. continuous spawners, protandrous vs. dioeic etc) which could 

give us an insight into conserved roles and mechanisms within teleost evolution.  

 

Reproductive and growth effects of photoperiod 

As said previously, the specific mechanisms involved in the regulation of 

environmental signals and teleost reproductive physiology are still unclear. What is 

clear however is that photoperiod is known to affect growth and reproduction in all fish 
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species studied to date. Interestingly, the selection of fish species used for this purpose 

has been driven mainly by their commercial importance and to a lesser extent by the 

diversity of habitats inhabited and life strategies. As a result, there are many reports on 

the effects of photoperiod on the growth and sexual maturation of salmonids in general 

and other temperate seasonal species. It is important to mention that even between 

closely related species (i.e. salmon vs. trout, cod vs. haddock), significant differences in 

photoperiodic effects have been observed. It is thus of particular interest to compare the 

effects of very divergent species regarding life cycles, environment and phylogeny. 

Until very recently Nile tilapia had been overlooked both as a model in this particular 

area of research and also by its commercial importance being currently the most 

productive aquaculture species worldwide. Recent efforts however have focused on 

determining potential reproductive and growth effects by photoperiod manipulation in 

Nile tilapia and other tropical and subtropical species (Barlow et al., 1995; Davis et al., 

2002; El-Sayed and Kawanna, 2004; Rad et al., 2006; Tucker et al., 2006). The 

objectives of this last section of the work were to first confirm initial discrepancies 

about the effects of constant illumination on the growth and sexual development of Nile 

tilapia. Additionally, we tested if different light intensities of LL had an effect on these 

important aspects as pineal light sensitivity has been shown to be different between 

species including Nile tilapia (Migaud et al., 2006; Ziv et al., 2007; Migaud et al., 

2007a). Results of this work presented and discussed in Paper V are in agreement with 

previous growth studies regarding an enhanced effect of growth in this species (El-

Sayed and Kawanna, 2004; Rad et al., 2006). However the percentage of growth 

enhancement of light treated fish (LL) and the final weight of the fish between this and 

previous studies made apparent the importance of experimental design and the 

particular complications (fish performance, sexual growth dimorphisms and sample 
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limitations) of light growth studies in this particular species. By the end of the trial (118 

DPH) a significant improvement in growth was apparent in all fish exposed to LL 

irrespective of the intensities used. This confirmed that photoperiod in this species can 

enhance growth although the mechanisms of action (whether through direct stimulation 

of the growth axis, muscle recruitment or feeding stimulus) remain unclear. However, 

preliminary evidence provided by this study suggested that feed intake was stimulated 

in fish exposed to LL with feed conversion efficiency (measured through FCR) 

remaining similar between treatments. Similar findings have also been observed in two 

other perciforms such as red sea bream (Pagrus major) and yellowtail (Seriola 

quinqueradiata) (Kohbara et al., 2003; Biswas et al., 2005b). Moreover sexual growth 

dimorphisms (males>females) observed in this study and others could be due in part, to 

different stress-related coping mechanisms such as compensatory growth which occurs 

in this species (Jauncey, 1998; Barreto et al., 2003). In fact, a greater compensatory 

growth mechanism has been observed in male tilapia (Barreto et al., 2003). In such 

study, although both sexes observed similar feed conversion efficiency rates after being 

food deprived for eleven days it was the males who attained a higher growth at the end 

of the re-feeding, period possibly due to greater hyperphagia (overeating) than females 

(Jauncey, 1998; Barreto et al., 2003). However, in no circumstances firm conclusions 

can be made based on the present data as feed intake has not been directly monitored 

and fish were only fed to satiation and feed delivered recorded with no collection of 

waste.  

Regarding sexual development, LL appeared to have effects on the timing of 

reproduction with a delay observed in males whereas later stages of the reproductive 

cycle appeared advanced in females which has also been observed in Japanese medaka, 

O. latipes (Davis et al., 2002). Together, these results (precocity of males and delay of 
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females) are in accordance with the sexual growth dimorphisms observed in this species 

where males reach maturation size quicker than females. This however is only a 

hypothesis which will need to be confirmed as no strong evidence of different sex 

related growth/reproduction mechanisms are known yet. 

It is clear that in order to increase our knowledge on the photoperiodic effects on 

growth and reproduction in teleosts, it is vital that we broaden the range of fish models 

used. This will provide important information on the diversity of systems at work and 

their adaptations to a multitude of environments.  

 

Potential applications for the Industry and conclusions 

With respect to Nile tilapia, this work supports the idea that photoperiod might 

be beneficial to the culture of this species, especially in intensive culture, however 

further studies are needed to determine the net cost benefits at a farmed scale. Also, 

short photoperiods have potential in Nile tilapia culture if further studies confirm 

reproductive/growth advantages. Importantly however, it would seem that in order to 

achieve maximum growth performance in this species, the combination of several 

husbandry tools might produce better results than photoperiod manipulation alone. So 

for example the combination of monosex culture (either by genetic manipulations or 

hormonal sex reversal), good husbandry practices (good water quality, feed and feeding 

regimes, stocking densities) and photoperiod manipulations (i.e. LL or 6L:6D) during 

the on growing phase could have the potential of considerably shortening the time 

required for the fish to reach market size. Interestingly, another aspect which has the 

potential to further improve farming performance of this species would be to investigate 

the potential of species-specific feeding strategies which could enhance the feed 

efficiency (Azzaydi et al., 2007). Ultimately the greater knowledge of the basic 
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mechanisms leading to growth and reproductive physiology will lead to the 

development of stock management tools which could further increase the performance 

of farmed aquaculture species. 
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Appendix I 
 
Parallelism of an inhibition curve obtained from a serial dilution (1:10) of pooled night 

time extracts of a) Nile tilapia (O. niloticus niloticus) and b) African catfish (C. 

gariepinus) with the Melatonin Elisa  standard curve (IBL, Hamburg, Germany). The 

curves have been linearised using the logit transformation, with the x-axis denoting the 

natural log of the Melatonin content in the standards. When inhibition plot was 

compared to the standard curve (t tests), no significant difference between the slopes of 

the plots was found. This validated that the melatonin measured in the samples was 

immunologically similar to the standards. 
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Appendix II 
 
Plasma cortisol of Nile tilapia graphed by order of sampling (a) 48 hours following 

ophthalmectomy and (b) a week later. Arrow shows cortisol tendency as sampling 

progresses. Data is expressed as mean ± SE (n=3). Superscripts indicate significant 

(p<0.05) differences (ANOVA) between treatments and sample points as analysed with 

Sigma stat (Ver. 3.1).  
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