
Understanding the role of GPR54 

gene in controlling the puberty of 

high valued commercial fish  

Ying Ying Lee 

B.Sc. (Animal and Plant Biotechnology)

Submitted in fulfillment of requirements of the degree of Honours 

Faculty of Science, Health and Education 

University of the Sunshine Coast 

May 2009

ISBN: 978-1-925982-42-8 



 i 

Abstract 

The cDNA encoding for G-protein coupled receptor 54 (GPR54) was cloned from the 

brains of SBT and YTK. The SBT GPR54 has an open reading frame of 1134bp 

encoding a predicted 378 amino acid peptide, containing seven putative transmembrane 

domains, a 138 bp 5’UTR and 238 3’UTR. The partial YTK GPR54 cDNA contains 729 

bp nucleotide sequence encoding 243 amino acid residues. A RT-qPCR assay was 

developed for both SBT and YTK GPR54, as confirmed by primer specificity and high 

R
2
 values. The reference gene used, Hprt1, displayed consistent Cq values across most 

of the different sampling points, however some interaction between the reference gene 

expression and developmental stage was observed. GPR54 expression levels were 

determined for two cohorts, an immature group and a pubertal group, at two sampling 

points. RT-qPCR results showed that YTK brain GPR54 expression levels did not show 

sexual dimorphism and were significantly higher in the reproductively mature fish at a 

point past their peak spawning time compared with expression in the immature fish 

group. The YTK gonad GPR54 expression level was significantly lower in males from 

the pubertal fish group during peak spawning time. In SBT, GPR54 expression profile 

in the brain and the gonad did not vary between immature and reproductively advanced 

fish. Analysis was carried out using both relative gene expression data and raw Cq. 

Alternative reference genes would need to be examined for the assay to be reliable 

across tissues and developmental time points. 
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1. Introduction 

Puberty refers to the developmental period covering the transition from an immature 

juvenile to a mature adult reproductive system (Schulz and Goos, 1999). In fish, the 

onset of puberty is characterized by the appearance, for the first time, of spermatocytes 

in the males and beginning of vitellogenesis in the females, while its endpoint is the first 

spermiation in males and first ovulation in females (reviewed by Dufour et al., 2000). 

In teleost fishes, an understanding of the regulation of puberty is important for 

aquaculture and fish farming (Okuzawa, 2002). The timing of the onset of puberty, 

which varies between species of fish, is directly linked to economic gain and 

reproductive management in the aquaculture industry. For instance, the late onset of 

maturity of the Southern Bluefin Tuna (SBT), Thunnus maccoyii, which takes 12 years 

to mature and at a body weight over 150 kg (Davis et al., 1998), is a major bottleneck in 

its aquaculture. This long generation time results in high cost and high risk associated 

with maintaining the broodstock in captivity. In this context, the ability to advance the 

onset of puberty would improve the cost-efficiency of the fish farming operation 

(Okuzawa, 2002). In contrast, the yellowtail kingfish (YTK), Seriola lalandi, undergoes 

relatively early puberty and can mature as early as 18 months, which is prior to 

commercial harvest (Clean Seas Tuna, personal communication). During reproductive 

development, the fish exerts much of its energy towards gonadal development, leading 

to deterioration of flesh quality and retardation of growth. Hence, one consequence of 

the early onset of puberty is reduced market value. In this case, the ability to delay the 

onset of puberty would be beneficial.  

As in other vertebrates, the mechanisms underlying the puberty in fish are not fully 

understood (Okuzawa, 2002; Sisk and Foster, 2004; reviewed by Navarro et al., 2007). 

Until recently, it has been accepted that puberty is controlled by the 

hypothalamic-pituitary-gonad (HPG) axis (Weltzien et al., 2004). Specific neurons from 

the hypothalamus synthesize GnRH, which when secreted, stimulates the anterior 

pituitary to release follicle stimulating hormone (FSH) and luteinizing hormone (LH). 

FSH and LH in turn activate the somatic cells in the gonads to induce the synthesis and 

release of sex steroids, which control the various stages of gametogenesis. 
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The discovery that loss of function mutations in G-protein-coupled receptor 54 gene 

(GPR54=KiSS1r) resulted in the absence of puberty in humans (de Roux et al., 2003; 

Seminara et al., 2003) and in other mammalian models (Funes et al., 2003; Seminara et 

al., 2003) has added an entirely novel perspective regarding the regulation of puberty in 

vertebrates. GPR54 is now proposed to be the gatekeeper of puberty (Seminara et al., 

2003). Gain of function mutations in GPR54 that resulted in precocious puberty in 

humans further added evidence regarding the critical role of GPR54 (Teles et al., 2008). 

Evidence has now accumulated showing that in mammals, the pathway in which GPR54 

modulates the onset of puberty is through the stimulation of GnRH release from 

hypothalamic GnRH neurons (Messager et al., 2005; Plant et al., 2006; reviewed by 

Roa et al., 2008).  

In contrast to the mammalian systems, research on the GPR54 system in fish is still 

at its infant stage (reviewed by Elizur 2009). The GPR54 gene and/or transcript has 

been characterized in several fish species including tilapia (Oreochromis niloticus; 

Parhar et al., 2004), grey mullet (Mugil cephalus; Nocillado et al., 2007), cobia 

(Rachycentron canadum; Mohamed et al., 2007), and fathead minnow (Pimephales 

promelas; Filby et al., 2008). Two GPR54 genes have been identified in zebrafish 

(Danio rerio; Biran et al., 2008) and goldfish (Carassius auratus; Li et al., 2009). In 

addition, two isoforms of GPR54 that have been identified in the Senegalese Sole 

(Solea senegalensis; Mechaly et al., 2008).  

In fish, GPR54 gene expression has been localized in GnRH neurons (Parhar et al., 

2004). The expression pattern of GPR54 across puberty in tilapia (Parhar et al., 2004), 

grey mullet (Nocillado., 2007), cobia (Mohammed et al., 2007), fathead minnow (Filby 

et al., 2008), Nile tilapia (Martinez-Chavez et al., 2008) and zebrafish (Biran et al., 

2008) suggests that GPR54 is also involved in the initiation of the onset of puberty in 

fish, as in mammals. However, studies concerning the GPR54 gene in commercially 

important fish, such as SBT and YTK are still lacking.  

The present study aimed to isolate the cDNAs that encode the GPR54 in SBT and 

YTK and to develop and optimize a real-time quantitative RT-qPCR assay, which would 

be utilized to characterize the expression level of GPR54 during reproductive 

development. These tools are necessary as a first step towards understanding and 
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possibly manipulating the onset of puberty in SBT and YTK under commercial 

aquaculture conditions. 
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This thesis is submitted in the format of a manuscript and an appendix. The 

manuscript contains the main part of the work while the appendix provides 

additional details of the various sections that are beyond the scope of the 

manuscript and can contribute to the evaluation of the work. 
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2. Literature review 

2.1. Puberty: 

Puberty in fish is a complex process which is of interest both scientifically, as a 

comparative model to mammalian research, and commercially, due to its implication to 

broodstock management and harvest time. Puberty refers to the developmental period 

covering the transition from a sexually immature juvenile to a mature adult reproductive 

system (Schulz and Goos, 1999). In fish, the onset of puberty is characterized by the 

appearance, for the first time, of spermatocytes in the males and beginning of 

vitellogenesis in the females, while its end point is the first spermiation in males and 

first ovulation in females (reviewed by Dufour et al., 2000). In teleost fishes, an 

understanding of the regulation of puberty is important not only for basic science but 

also for aquaculture and fish farming (Okuzawa, 2002). The timing of the onset of 

puberty, which varies between species of fish, is directly linked to economic gain and 

reproductive management in the aquaculture industry. 

 

2.2. Aquaculture of Southern Bluefin Tuna  

The late onset of puberty impacts the Southern Bluefin Tuna (SBT) aquaculture in 

Australia. Southern Bluefin Tuna, Thunnus maccoyii is found throughout the southern 

hemisphere mainly in waters between 30° and 50° south latitude (Mori et al., 2001). It 

can grow up to 2.5m in length and weigh up to 400 kg and is one of the largest bony 

fish. SBT has very high nutritional and commercial value. It is rich in omega 3 and 

other beneficial fatty acids. Therefore, SBT is prized in Asian markets as one of the best 

fish to eat raw, such as sushi and sashimi, and it has become the most desirable food fish 

in the world. As a consequence, the demand for tuna in the world market is increasing 

consistently (Primary Industries and Resources SA). The high demand for tuna 

stimulated overfishing. One of the consequences of intensive tuna fishing is that parent 

stocks do not have a chance to rebuild. Therefore, there is a need to turn to aquaculture 

to secure the steady supply of tuna in the future. SBT usually takes 12 years to mature 

and at a body weight of over 150kg (Davis et al., 1998). This long generation time leads 

to high costs and high risks associated with maintaining the broodstock fish in captivity. 

In this context, the ability to advance the onset of puberty would improve the 

cost-efficiency of the fish farming operation (Okuzawa, 2002). 
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2.3. The impact of early onset of puberty in Yellowtail Kingfish aquaculture 

The timing of the onset of puberty also has commercial implications in early 

maturing fish, such as the Yellowtail Kingfish (YTK), Seriola lalandi. YTK can grow 

up to 1.0 m in length and can weigh up to 10-15 kg (Primary Industries and Resources 

SA). It is found in tropical and temperate waters of the southern hemisphere. The 

nutritional value of YTK is very high so that the fish is well accepted in the various 

market segments and is popular with consumers. As a result, demand for YTK is 

steadily increasing (Primary Industries and Resources SA). In contrast to SBT, YTK 

undergoes relatively early puberty and can mature as early as 18 month of age, which is 

prior to the age when commercial size is achieved (Clean Seas Tuna, personal 

communication). During reproductive development, the fish exerts much of its energy 

towards gonadal development, leading to deterioration of flesh quality and retardation 

of growth. Hence, one consequence of the early onset of puberty is reduced market 

value. In this case, the ability to delay the onset of puberty would be beneficial.  

As in other vertebrates, the mechanisms underlying puberty in fish are not fully 

understood (Okuzawa, 2002, Sisk and Foster, 2004; reviewed by Navarro et al., 2007).  

2.4. Regulation of the onset of puberty 

Until recently, it has been accepted that puberty is controlled by the 

hypothalamic-pituitary-gonad (HPG) axis (Fig. 2.1) (Weltzien et al., 2004). In the 

hypothalamus, gonadotropin-releasing hormone (GnRH) is synthesized by GnRH 

neurons. The secretion of GnRH stimulates the anterior pituitary to release follicle 

stimulating hormone (FSH) and luteinizing hormone (LH), which in turn activate the 

somatic cells in the gonads to induce the synthesis and release of sex steroids 

testosterone (T) and estradiol 17-β (E2). T and E2 in turn control the various stages of 

gametogenesis. In addition, T and E2 exert both positive and negative feedback into the 

pituitary and the brain depending on maturational stage (Schulz and Goos., 1999).  
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Figure 2.1 Hypothalamus-Pituitary-Gonad (HPG) axis in vertebrates 

 

In vertebrates, The GnRH neurons are also controlled by a complex network of 

central regulators such as excitatory and inhibitory neuropeptides and neurotransmitters 

(Roa et al., 2006). Activation of GnRH neurons is the key event that initiates the onset 

of puberty (Matsui et al., 2004). In mammals, when approaching puberty, the GnRH 

neurons become less sensitive to the steroid-mediated inhibition or the ratio between 

central inhibitory and stimulatory inputs to the GnRH neuron changes (Navarro et al., 

2007), resulting in a change of the GnRH secretion pattern that triggers an activation of 

the HPG-axis (Schulz and Goos, 1999). The sex steroids exert their function by binding 

to their specific receptors, such as androgen receptor (AR) for T and estrogen receptor 

(ER) for E2. However, sex steroids do not appear to act directly onto the GnRH neurons 

(Herbison and Pape, 2001). It is widely believed that other steroid-responsive neurons 

in the forebrain mediate the predominant actions of estrogen and testosterone in the 

regulation of GnRH and gonadotropin secretion  (Herbison, 1998), suggesting that 

other steroid sensitive neurons “upstream” of GnRH neurons receive and transmit 

steroid feedback signals to the HPG axis. Whereas in sexually immature teleosts, sex 
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steroids exert a positive feedback at all levels of the HPG axis (Huggard et al., 1996; 

Schulz and Goos, 1999), leading to the proposal that in fish one or more components of 

the HPG axis are not functional prior to puberty (Schulz and Goos 1999).  

 

2.5. “Gatekeeper” of onset of puberty in mammalian vertebrates 

A major breakthrough in the field of reproductive physiology occurred in 2003, 

when two clinical studies reported that loss of function mutations in the 

G-protein-coupled receptor gene (GPR54=KiSS1r), were associated with the absence of 

puberty and consequent infertility in humans (de Roux et al., 2003; Seminara et al., 

2003). Patients with mutated GPR54 did not undergo puberty. The physiological 

consequences of the GPR54 mutations were the failure of the release of endogenous 

GnRH, effectively blocking the downstream cascade in the HPG axis. The condition in 

humans was replicated in GPR54 knockout mice, where a phenotype similar to that of 

humans with GPR54 mutations, i.e., mice not proceeding to puberty and failing to 

reproduce, was observed (Funes et al., 2003; Seminara et al., 2003).  

 

On the other hand, gain of function mutations in GPR54 resulted in the opposite 

phenotype: precocious puberty in humans (Teles et al., 2008). Thus, GPR54 is now 

considered as the gatekeeper of the onset of puberty in mammalian vertebrates 

(Seminara et al., 2003). 

 

GPR54 was initially cloned in rat in 1999 as an orphan receptor with a significant 

sequence similarity (>40%) with the transmembrane regions of galanin receptors (Lee et 

al., 1999). Subsequently, the human orthologue of GPR54 was cloned (Muir et al., 2001; 

Ohtaki et al., 2001). The natural ligands of GPR54 were found to be the kisspeptin 

peptides, which are encoded by the KiSS-1 gene. Kisspeptin is cleaved to shorter 

C-terminal peptides: kisspeptin-14, -13, -10 and -54, all of which activate GPR54, with 

kisspeptin-10 having maximal potency (Kotani et al., 2001; Muir et al., 2001; Ohtaki et 

al., 2001). Interestingly, the KiSS-1 gene was originally isolated as a tumor metastasis 

gene, and the peptide product kisspeptin has an ability to suppress metastasis of 

melanomas (Lee et al., 1996). 

 

Upon ligand-receptor interaction, the major intracellular signaling systems recruited 

by GPR54 include activation of phospholipase C and PIP2 hydrolysis, followed by Ca
2+
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mobilization and phosphorylation of ERK1/2 and p38 MAP kinases (Kotani et al., 

2001).  

 

2.6. Kisspeptin-GPR54 stimulate GnRH release, an essential event in initiating 

puberty 

The role of the Kisspeptin-GPR54 system in stimulating the release of GnRH is 

supported by two major studies in mammals: the expression patterns of both kisspeptin 

and GPR54 and the ability of kisspeptin to stimulate GnRH release. 

 

Gottsch et al. (2004) mapped the location of cells expressing KiSS-1 mRNA in 

mouse by in situ hybridization. They found that KiSS-1 mRNA is expressed in cells that 

reside in the anteroventral periventricular nucleus (AVPV), the periventricular nucleus 

(peN), the anterodorsal preoptic nucleus (ADP) and the Arcuate nucleus (Arc) in the 

forebrain (Gottsch et al., 2004; Smith et al. 2005a). 

 

From its expression patterns, kisspeptin appears to act directly on GnRH neurons in 

stimulating the secretion of GnRH (Han et al., 2005). Areas where kisspeptin neurons 

reside such as the Arc and AVPV are known to send projections to the medial preoptic 

area, where there is an abundance of GnRH cell bodies (Canteras et al., 1994). 

Kisspeptin-containing fibers project to these same areas (Brailoiu et al., 2005), and 

kisspeptin fibers appear in close approximation to GnRH neurons (Kinoshita et al., 

2005). If kisspeptin neurons interact directly with GnRH neurons, one would expect 

GnRH neurons to express GPR54, the kisspeptin receptor. 

 

Expression studies using double-labeling in situ hybridization in rats have shown 

that the majority (>75%) of GnRH neurons co-express GPR54 mRNA (Irwig et al. 

2004). It was also shown in mouse and sheep that more than 50% of GnRH neurons 

express GPR54 (Messager et al., 2005; Han et al., 2005). 

 

Functional studies conducted in female rats have demonstrated that repeated 

administration of kisspeptin-10 to immature individuals induced precocious vaginal 

opening and early activation of the HPG axis (Navarro et al., 2004b). Similarly, 

administration of kisspeptin-10 resulted in release of gonadotropins in adult male mice 

(Gottsch et al., 2004), adult male rats (Irwig et al., 2004, Matsui., 2004, Navarro et al., 
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2004a, Thompson et al., 2004), juvenile agonadal male monkeys (Shibata et al., 2005), 

sheep (Messager et al., 2005) and human males (Dhillo et al., 2005). Moreover, in both 

rodents and nonhuman primates, the effects of kisspeptin-10 on LH can be completely 

abrogated by GnRH antagonist, demonstrating that kisspeptin-10 is acting through 

GnRH neurons to stimulate LH release (Gottsch et al., 2004). These results indicate that 

kisspeptin activation, acting via the receptor, GPR54, is a fundamental driver of GnRH 

release from hypothalamic neurons, and suggest that the role of the kisspeptin-GPR54 

system is in modulating the release of GnRH. 

 

Matsui et al., (2004) demonstrated that peripheral administration of kisspeptin to 

prepubertal, 25-day-old female rats stimulated LH secretion and induced ovulation in 

the rat. If kisspeptin trigger puberty onset, one would expect to see an increase in 

KiSS-1 mRNA and/or GPR54 mRNA expression during this time. In both female and 

male rats, there was a marked increase in KiSS-1 and GPR54 mRNA levels coinciding 

with the onset of puberty (Navarro et al., 2004a). In addition, kisspeptin has also been 

shown to play a role in triggering the onset of puberty in the primate. First, central 

injection of kisspeptins stimulates LH in prepubertal, agonadal male monkeys, 

demonstrating that kisspeptin can override the central inhibition of GnRH secretion 

characteristic of the prepubertal primate (Shibata et al., 2005). Second, hypothalamic 

content of KiSS-1 mRNA increased across puberty in both the agonadal male and intact 

female monkeys, suggesting that increased production of kisspeptin could contribute to 

activating HPG axis at puberty (Shibata et al., 2005). Moreover, hypothalamic levels of 

GPR54 mRNA also increase as a function of pubertal maturation, but only in the intact 

female monkey (Shibata et al., 2005). This suggested that in mammals GnRH neurons 

become developmentally activated by kisspeptins over the course of puberty. 

 

The activated GnRH neurons in the brain trigger the downstream hormonal cascade 

events in the HPG axis. Gonadal activity (including hormone production and 

gametogenesis) is regulated by the brain and pituitary, which are both targets for the 

feedback control of gonadotropin secretion by sex steroids (T and E2). Since GnRH 

neurons do not express sex steroid receptors, the steroids act indirectly to exert their 

feedback control on GnRH neurons (Herbison, 1998). Smith et al (2005b) showed that 

cells expressing KiSS-1 mRNA also express sex steroid receptors. In male mice, more 

than 60% of KiSS-1 neurons in the Arc express AR and about 90% express the ERα. In 
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female mice, nearly all KiSS-1 neurons express ERα, and approximately 30% express 

ERβ (Smith et al., 2005a). Thus, KiSS-1 neurons are direct targets for the action of sex 

steroids in both the male and female mice. However, the regulation of KiSS-1 neurons 

by sex steroids is region specific. In the Arc, sex steroids inhibit the expression of 

KiSS-1, suggesting that these neurons serve as a conduit for the negative feedback 

regulation of gonadotropin secretion. In the AVPV, sex steroids induce the expression of 

KiSS-1, implicating a positive regulation of GnRH secretion (Smith et al., 2006). In the 

context of triggering the onset of puberty, in male mice, KiSS-1 mRNA expression, 

measured by in situ hybridization, is stable in the Arc across pubertal development but 

increases significantly in the AVPV, a region directly implicated in the activation of 

GnRH neurons (Herbison 1998). This suggests that GnRH neurons are less sensitive to 

the sex steroids inhibition during onset of puberty.  

 

Both gene expression and functional studies have shown the co-localization of 

GPR54 with GnRH neurons. The proximity of KiSS-1 neurons with GnRH neurons; the 

stimulatory effect of kisspeptin directly at the GnRH neurons to regulate the timing of 

puberty and the link between peripheral sex steroids negative and positive feedback 

control of GnRH release, all support the functional link between the two. As a whole, 

kisspeptin and its receptor GPR54 are critically important to the release of GnRH, 

which triggers the activation of the HPG axis during the onset of puberty.  

 

2.7. Kisspeptin-GPR54 system in fish 

The kisspeptin-GPR54 system has also been identified in fish, yet ongoing research 

in this area in fish is still at the early stages (reviewed by Elizur, 2009). However, the 

kisspeptin system appears to be functionally conserved in non-mammalian vertebrates 

and supports the notion that it has a role in pubertal development and reproduction in 

piscine systems (reviewed by Elizur, 2009). 

 

The GPR54 has been characterized in several fish including tilapia (Oreochromis 

niloticus; Parhar et al., 2004), grey mullet (Mugil cephalus; Nocillado et al., 2007), 

cobia (Rachycentron canadum; Mohamed et al., 2007), and fathead minnow 

(Pimephales promelas; Filby et al., 2008). There are two GPR54 genes that have been 

identified in zebrafish (Danio rerio; Biran et al., 2008; van Aerle et al., 2008) and 

goldfish (Carassius auratus; Li et al., 2009). In addition, there are two isoforms of 
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GPR54, resulting from a mechanism of alternative splicing, that have been identified in 

the Senegalese Sole (Solea senegalensis; Mechaly et al., 2008). The isoform arises from 

intron ш retention, and contain a 27 amino acid insert in transmembrane region 4 with 

two stop codons, leading to a truncated protein. 

 

Expression studies have shown the co-localization of GPR54 with neurons 

expressing GnRH1, GnRH2, and GnRH3 in tilapia and Atlantic croaker brains (Parhar, 

2004; Khan et al., 2008). This resembles the co-localization of GPR54 with GnRH 

neurons in mammals, suggesting the kisspeptin system could be involved with the 

regulation of all three forms of GnRH (reviewed by Elizur, 2009). Expression of GPR54 

in the brain also has been identified in fathead minnow (Filby et al., 2008), zebrafish 

(Biran et al., 2008), grey mullet (Nocillado et al., 2007), and cobia (Mohamed et al., 

2007). 

 

Amino acid sequence analysis have shown that there is over 50% sequence 

homology between the GPR54 from fish and mammals (Parhar et al., 2004, Nocillado et 

al., 2007, Mohamed et al., 2007). Within the fish species, there is more than 90% 

sequence homology in the GPR54 amino acid sequece (Parhar et al., 2004, Nocillado et 

al., 2007, Biran et al., 2008, Filby et al., 2008, and Mohamed et al., 2007). One of the 

two forms of GPR54 which were identified in zebrafish is more similar to other fish 

GPR54 sequences while the second one is more closely related to the mammalian 

GPR54 (Biran et al., 2008). The goldfish GPR54-1 is more close related to zebrafish 

GPR54-1 while the goldfish GPR54-2 is more related to second zebrafish GPR54 (Li et 

al., 2009). The high sequence conservation suggests functional similarity of GPR54 

between mammals and fish.  

 

Bioinformatics analysis of the genomic sequences of zebrafish, fugu, Tetraodon, sea 

lamprey, goldfish and medaka have led to the identification of KiSS sequences from 

these species (van Aerle et al., 2008; Biran et al., 2008; Kanda et al., 2008, Li et al., 

2009). A novel finding in fish is the identification of another KiSS gene, KiSS 2, which 

has been identified so far in zebrafish, medaka and the European seabass (Kitahashi et 

al., 2008; Felip et al., 2008), as well as in goldfish (Li et al., 2009). 

 

The spatial distribution of the KiSS1 gene has been determined in the brain of 
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zebrafish (van Aerle et al., 2008), goldfish (Li et al., 2009) and medaka (Kanda et al., 

2008). In medaka, two populations of neurons expressing the KiSS1 gene were 

identified; both are located in the hypothalamic nuclei, at the nucleus posterioris 

periventricularis (NPPv) and the nucleus ventral tuberis (NVT). This resembles the 

situation in mammals, where a number of populations of cells expressing KiSS1 were 

identified, including in the Arc and AVPV (Smith et al., 2005a), suggesting functional 

similarity of kisspeptin between mammal and fish. 

 

2.8. Kisspeptin-GPR54 and puberty in fish 

The expression patterns of the GPR54 and KiSS1 genes across puberty suggest that 

the system participates in the initiation of the onset of puberty in fish. GPR54 

expression levels were significantly higher in brains of cobia males at early puberty 

compared with immature fish (Mohamed et al., 2007). This suggests that, as in 

mammals, there is a link between gonadal development and GPR54 expression in fish. 

In addition, GPR54 expression in the brain of female grey mullet was the highest in the 

early stages of pubertal development, but dropped in the intermediate and advanced 

stages (Nocillado et al., 2007), indicating that in the mullet brain, GPR54 might be 

required for the onset of puberty.  

 

GPR54 gene expression in the brain was also examined in the fathead minnow 

(Filby et al., 2008), Nile tilapia (Martinez-Chavez et al., 2008), and zebrafish (Biran et 

al., 2008). The expression pattern of GPR54 was similar in these species, one which 

peaked at the time of onset of ovarian development and declined with reproductive 

maturity (Filby et al., 2008, Martinez-Chavez et al., 2008, Biran et al., 2008). In male 

fathead minnow, GPR54 peaked at two different developmental time points: the first, at 

the time of appearance of type A spermatogonia and the second, at the time when a large 

increase in testis size and the number of type A spermatogonia was observed, followed 

by a decline by the final stages of spermatogenesis (Filby et al., 2008). In cobia, GPR54 

expression was detected from 1-day post-hatching, peaking at day 26 post-hatching. 

Higher expression levels were also detected in males at the early stages of testis 

development (Mohamed et al., 2007). The GPR54 expression patterns from different 

fish species suggest the involvement of GPR54 in the regulation of the onset of puberty 

in fish, as well as additional functions during early development and in other 

physiological contexts (reviewed by Elizur, 2009). 
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Gene expression pattern of KiSS1 across puberty has been characterized in zebrafish 

(Biran et al., 2008). Low gene expression levels of KiSS1 were detected in the first 

weeks post-fertilization. In females, expression levels gradually increased, reaching a 

peak at 12 weeks post-fertilization, at which time well-developed ovaries with mature 

oocytes could be observed. In zebrafish males, expression of KiSS1 peaked at 6 weeks 

post-fertilization and this time coincided with the first stage of spermatogenesis. 

Thereafter KiSS1 expression levels decreased (Biran et al., 2008), suggesting a role for 

kisspeptin in the regulation of gonadal development. 

 

Functional studies have shown that mammalian kisspeptin-10 injected to early to 

mid-pubertal fathead minnow, resulted in an increase of GPR54 and GnRH3 expression 

in the brain (Filby et al., 2008). In addition, the amidated form of huKISS10 activated 

both zebrafish receptor types to stimulate GnRH release. GPR54-1 transduces its 

activity via the protein kinase C (PKC) pathway, similar to its mammalian counterpart. 

GPR54-2 transduces via both PKC and PKA pathways (Biran et al., 2008). All these 

results together demonstrate the stimulatory effects of kisspeptin involved in the 

GPR54-GnRH signaling pathway in fish. Moreover, fish GnRH cells are also direct 

targets for kisspeptin and kisspeptin is a likely candidate to induce GnRH release at 

puberty via interactions with GPR54, which is similar to what occurs in mammals. 

 

For the peripheral regulation of GnRH release in medaka, manipulation of sex 

steroids levels was achieved by ovariectomy and estrogen administration (Kanda et al., 

2008). As observed in mammals (Smith et al., 2005a), the two neuronal populations 

expressing KiSS1 in medaka exhibited a differential response to changes in steroid level. 

The number of KiSS1 expressing neurons declined in the NVT in response to 

ovariectomy, and recovered again in response to estrogen administration, indicating 

KiSS1 neurons could be involved in the positive feedback of the BPG axis, similar to 

the mammalian AVPV KiSS1 expressing neurons. 

 

As a whole, the expression profiles of GPR54 in a number of fish species followed 

closely that of the GnRH forms, consistent with reports in mammalian systems. The 

timing of GPR54 and KiSS1 expression is consistent with its proposed role in the onset 

of puberty and reproductive processes (reviewed by Elizur, 2009). Therefore, it can be 



 15

concluded that the kisspeptin system plays a critical role in triggering the onset of 

puberty in both mammals and fish. 

 

 

 

Figure 2.2. Proposed interactions between kisspeptin-secreting neurons and GnRH 

neurons. KiSS mRNA-expressing neurons make synaptic contact with GnRH 

neurons. Upon activation of the kisspeptin receptor GPR54, GnRH neurons are 

stimulated to release GnRH, which in turn stimulates the release of gonadotropins, 

LH and FSH from the pituitary. (Adapted from Smith et al., 2006) 
 
 

2.9. Knowledge gaps 

GPR54 has only been studied in limited number of fish models (Parhar et al., 2004, 

Nocillado et al., 2007, Mohamed et al., 2007, Filby et al., 2008, Biran et al., 2008; and 

van Aerle et al., 2008; Li et al., 2009, Kitahashi et al., 2008, Felip et al., 2008, and 

Mechaly et al., 2008; Biran et al., 2008, Li et al., 2009); and the functional significance 

of these findings remains to be determined, as well as the generality of multiple GPR54 

receptors in other species, including fish and mammal, is yet to be investigated 

(reviewed by Elizur, 2009. In addition, the importance of the two isoforms of GPR54 

involved in puberty regulation in Senegalese Sole (Mechaly et al., 2008) also remains to 

be determined, specifically, the species specific mechanisms involved in RNA splicing 

resulting in GPR54 isoforms need to be explored. At the gonad level, the role of GPR54 

in regulating GnRH release remains unknown, as well as knowledge concerning 

interaction between brain and gonad in the KiSS system is still lacking. Furthermore, 

the functional role of the kisspeptin-GPR54 system in fish and its relevance to the 

induction of puberty onset, as well as the effectiveness of using kisspeptin to manipulate 
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timing of puberty in teleosts remains to be investigated. Although the kisspeptin-GPR54 

system has potential for commercial application, there is very little information about 

the system in commercially important fish species.  

 

2.10. Aims and objectives of the project 

In light of the role of GPR54 as the gatekeeper of reproduction in mammals and its 

direct link to the control of puberty, the overall aim of the project is to isolate and 

characterize the GPR54 gene in SBT and YTK as one of the means towards 

understanding its role during reproductive development in these species.  

The specific objectives of this honours project are:  

(i) To clone the cDNAs that encode the GPR54 in both SBT and YTK,  

(ii) To develop a real-time quantitative RT-qPCR assay for GPR54 that would be 

utilized to characterize the expression level of GPR54 in both brain and gonad of YTK 

and SBT. YTK will be used as an experimental model in light of the difficulties in 

sampling SBT.  

 

2.11. Project significance 

Fish are significant non-mammalian vertebrate models for the study of the 

kisspeptin-GPR54 system, particularly concerning the regulation of the onset of puberty 

(reviewed by Elizur 2009). The significance of fish models is demonstrated by the case 

of GnRH and its receptor, whose functional diversity in mammals was re-examined 

when multiple GnRH genes, with respective cognate receptors, were discovered in 

teleosts (Powell et al, 1994, Lethimonier et al., 2004). Therefore, comparative studies of 

the kisspeptin-GPR54 system in a diverse set of mammalian and non-mammalian 

species would not only define the phylogeny of this system, but also refine its functional 

characterization in terms of control of fertility and other biological actions (Roa et al., 

2006). 

 

The potential commercial applications of being able to manipulate the 

kisspeptin-GPR54 system in aquaculture are also significant. Understanding the 

functional and physiological roles of the system in commercially important fish, in this 

instance, YTK and SBT would contribute to facilitating strategies to manage the early 

pubertal development in YTK. On the other hand, knowledge gained from the project 

would also help to develop strategies to advance puberty in SBT, so that the time 
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required for holding the broodstock will be shortened; the handling stress will be 

decreased, and open a way for a sustainable production of SBT. As a consequence, the 

whole economic model associated with tuna farming could be changed and the industry 

would be able to achieve higher profits. 
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Abstract: 

The cDNA encoding for G-protein coupled receptor 54 (GPR54) was cloned from the 

brains of SBT and YTK. The SBT GPR54 has an open reading frame of 1134bp 

encoding a predicted 378 amino acid peptide, containing seven putative transmembrane 

domains, a 138 bp 5’UTR and 238 3’UTR. The partial YTK GPR54 cDNA contains 729 

bp nucleotide sequence encoding 243 amino acid residues. A RT-qPCR assay was 

developed for both SBT and YTK GPR54, as confirmed by primer specificity and high 

R
2
 values. The reference gene used, Hprt1, displayed consistent crossing point (Cq) 

values across most of the different sampling points, however some interactions between 

the reference gene expression and developmental stage were observed. GPR54 

expression levels were determined for two cohorts, an immature group and a pubertal 

group, at two sampling points. RT-qPCR results showed that YTK brain GPR54 

expression levels did not show sexual dimorphism and were significantly higher in the 

pubertal fish at a point past their peak spawning time compared with expression in the 

immature fish group. The YTK gonad GPR54 expression level was significantly lower 

in males from the pubertal fish group during peak spawning time. In SBT, GPR54 

expression profile in the brain and the gonad did not vary between immature and 

reproductively advanced fish. Analysis was carried out using both relative gene 

expression data and raw Cq. Alternative reference genes would need to be examined for 

the assay to be reliable across tissues and developmental time points. 
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1. Introduction 

Puberty refers to the developmental period covering the transition from an immature 

juvenile to a mature adult reproductive system (Schulz and Goos, 1999). In fish, the 

onset of puberty is characterized by the appearance, for the first time, of spermatocytes 

in the males and beginning of vitellogenesis in the females, while its endpoint is the first 

spermiation in males and first ovulation in females (reviewed by Dufour et al., 1999). 

In teleost fishes, an understanding of the regulation of puberty is important for 

aquaculture and fish farming (Okuzawa, 2002). The timing of the onset of puberty, 

which varies between species of fish, is directly linked to economic gain and 

reproductive management in the aquaculture industry. For instance, the late onset of 

maturity of the Southern Bluefin Tuna (SBT), Thunnus maccoyii, which takes 12 years 

to mature and at a body weight over 150 kg (Davis et al., 1998), is a major bottleneck in 

its aquaculture. This long generation time results in high cost and high risk associated 

with maintaining the broodstock in captivity. In this context, the ability to advance the 

onset of puberty would improve the cost-efficiency of the fish farming operation 

(Okuzawa, 2002). In contrast, the yellowtail kingfish (YTK), Seriola lalandi, undergoes 

relatively early puberty and can mature as early as 18 months, which is prior to 

commercial harvest (Clean Seas Tuna, personal communication). During reproductive 

development, the fish exerts much of its energy towards gonadal development, leading 

to deterioration of flesh quality and retardation of growth. Hence, one consequence of 

the early onset of puberty is reduced market value. In this case, the ability to delay the 

onset of puberty would be beneficial.  

As in other vertebrates, the mechanisms underlying the puberty in fish are not fully 

understood (Okuzawa, 2002; Sisk and Foster, 2004; reviewed by Navarro et al., 2007). 

Until recently, it has been accepted that puberty is controlled by the 

hypothalamic-pituitary-gonad (HPG) axis (Weltzien et al., 2004). Specific neurons from 

the hypothalamus synthesize GnRH, which when secreted, stimulates the anterior 

pituitary to release follicle stimulating hormone (FSH) and luteinizing hormone (LH). 

FSH and LH in turn activate the somatic cells in the gonads to induce the synthesis and 
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release of sex steroids, which control the various stages of gametogenesis.  

The discovery that loss of function mutations in G-protein-coupled receptor 54 gene 

(GPR54=KiSS1r) resulted in the absence of puberty in humans (de Roux et al., 2003; 

Seminara et al., 2003) and in other mammalian models (Funes et al., 2003; Seminara et 

al., 2003) has added an entirely novel perspective regarding the regulation of puberty in 

vertebrates. GPR54 is now proposed to be the gatekeeper of puberty (Seminara et al., 

2003). Gain of function mutations in GPR54 that resulted in precocious puberty in 

humans further added evidence regarding the critical role of GPR54 (Teles et al., 2008). 

Evidence has now accumulated showing that in mammals, the pathway in which GPR54 

modulates the onset of puberty is through the stimulation of GnRH release from 

hypothalamic GnRH neurons (Messager et al., 2005; Plant et al., 2006; reviewed by 

Roa et al., 2008).  

In contrast to the mammalian systems, research on the GPR54 system in fish is still 

at its infant stage (reviewed by Elizur 2009). The GPR54 gene and/or transcript has 

been characterized in several fish species including tilapia (Oreochromis niloticus; 

Parhar et al., 2004), grey mullet (Mugil cephalus; Nocillado et al., 2007), cobia 

(Rachycentron canadum; Mohamed et al., 2007), and fathead minnow (Pimephales 

promelas; Filby et al., 2008). Two GPR54 genes have been identified in zebrafish 

(Danio rerio; Biran et al., 2008) and goldfish (Carassius auratus; Li et al., 2009). In 

addition, two isoforms of GPR54 that have been identified in the Senegalese Sole 

(Solea senegalensis; Mechaly et al., 2008).  

In fish, GPR54 gene expression has been localized in GnRH neurons (Parhar et al., 

2004). The expression pattern of GPR54 across puberty in tilapia (Parhar et al., 2004), 

grey mullet (Nocillado., 2007), cobia (Mohammed et al., 2007), fathead minnow (Filby 

et al., 2008), Nile tilapia (Martinez-Chavez et al., 2008) and zebrafish (Biran et al., 

2008) suggests that GPR54 is also involved in the initiation of the onset of puberty in 

fish, as in mammals. However, studies concerning the GPR54 gene in commercially 

important fish, such as SBT and YTK are still lacking.  

The present study aimed to isolate the cDNAs that encode the GPR54 in SBT and 

YTK and to develop and optimize a real-time quantitative RT-qPCR assay, which would 

be utilized to characterize the expression level of GPR54 during reproductive 
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development. These tools are necessary as a first step towards understanding and 

possibly manipulating the onset of puberty in SBT and YTK under commercial 

aquaculture conditions. 

 

2. Materials and methods 

2.1. Tissue sources 

Brain and gonad tissues were collected from two cohorts of YTK (six males and six 

females per cohort/month) in December 2008 (Sampling 1) and in January 2009 

(Sampling 2). Cohort1 were 24 months old and sexually mature, or pubertal. Cohort2 

were 10 months old, and sexually immature. They will be referred to as the pubertal or 

immature group throughout the manuscript. Fish were obtained from CleanSeas Tuna 

(CST) commercial YTK cage farm at Arno Bay, South Australia, following the animal 

ethics guidelines approved by the Department of Primary Industries and Fisheries, 

Queensland (approval number AN/A/08/43). The dissected tissues were immediately 

stored in RNALater (Ambion, Austin, TX) for 24h at 4°C and subsequently at -80°C 

until used. SBT samples were obtained from CleanSeas Tuna (CST) farms at Arno Bay 

or Port Lincoln, South Australia. SBT brain and gonad tissues were collected from 

broodstock mortalities during 2007 and 2008. In addition, SBT gonad tissues were also 

collected from production fish during February 2009. The dissected tissues were 

immediately stored in RNALater (Ambion, Austin, TX) and subsequently at -80°C until 

used. 

 

2.2. Gonadal histology  

YTK and SBT gonadal development was determined by histological analysis. 

Gonadal tissue samples were fixed in 10% buffered formalin solution, dehydrated in 

ethanol series, and embedded in paraffin wax. Sections (6µm) were stained with 

hematoxylin and eosin, and analysed under light microscopy at 100-400X magnification. 

Histological sections for YTK were prepared by the Histotechnology Unit, 

UQ-Queensland Institute of Medical Research and for SBT by the Flinders University 

Histology Unit. 

 



 28

2.3. RNA extraction 

Total RNA was extracted from SBT and YTK brain with TriZol Reagent (Invitrogen, 

Carlsbad, CA). Whole brain was homogenized in proportional amount of TriZol 

Reagent, i.e., 100mg of tissue in 1ml of TriZol reagent. Aliquots (1ml) of the 

homogenized tissue stock were stored at -80°C. Total RNA was extracted from a 1ml 

aliquot. The RNA was treated with DNAse (Promega) according to the manufacturer’s 

instructions. The concentration of the RNA was determined using a spectrophotometer 

(Genequant ProTM, Biochrom, Cambridge, UK). The integrity of the RNA extracts was 

assessed by visualizing on denaturing formaldehyde gel. RNA was stored in -80°C until 

use. 

Total RNA were extracted from gonadal tissue samples (15-20mg) in accordance 

with the Illustra RNA spin Mini-prep (GE healthcare, Catalogue # 25-0500-71, UK) 

total RNA extraction kit protocol. 

 

2.4. Amplification of GPR54 cDNA 

2.4.1. Degenerate primer design  

Degenerate PCR primers were designed from conserved regions of GPR54 

sequences available from five fish species: cobia (Rachycentron canadum DQ790001), 

grey mullet (Mugil cephalus DQ683737), tilapia (Oreochromis niloticus AB162143), 

zebrafish (Danio rerio EU047917) and fathead minnow (Pimephales promelas). The 

GPR54 cDNA sequences for these species were aligned using Clustal W2 

(http://www.ebi.ac.uk/) and the designed primers (F6-F8, R5-R7) are presented in Table 

1. 

2.4.2. First-strand cDNA synthesis, PCR amplification and cloning of partial 

GPR54 cDNA sequence 

First-strand cDNA was synthesized from 1µg RNA template using QuantiTect® 

Reverse Transcription Kit (Qiagen, Catalogue # 205311, Victoria, Australia). The kit  

also includes a step for the removal of genomic DNA.  
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Polymerase Chain Reaction (PCR) reaction using the first-strand cDNA as a 

template was performed by using different combinations of the GPR54 degenerate 

primers (Table 1). The 25µl PCR amplification mix for a single reaction tube contained 

2.5 µl 10x PCR buffer, 2µl MgCl2 (25mM), 0.5µl dNTPs (10mM), 0.5µl forward primer 

(10mM), 0.5µl reverse primer (10mM), 0.1µl Taq DNA polymerase (Fisher Biotec, 

Australia) and 1µl of cDNA template. A negative control was included in all PCR 

experiments, which is a standard reaction mix with the template substituted for 

nuclease-free water. The cycling parameters were as follows: (1) an initial denaturation 

at 94°C for 2 minutes; followed by (2) 35 cycles of denaturation at 94°C for 30 seconds, 

(3) annealing at 48°C for 30 seconds, and extension at 72°C for 1 minute; and final 

extension at 72°C for 10 minutes. PCR products were then visualized on a 2% agarose 

gel. Products of the expected sizes were purified with QIAquick PCR purification 

columns (Qiagen, Victoria, Australia). The purified PCR product was ligated into 

pGEM
®

-T easy vector (Promega, New South Wales, Australia). An aliquot of the 

ligation reaction was used to transform JM109 competent cells (Promega, New South 

Wales, Australia). Positive transformants were identified by PCR amplification using 

gene-specific primer pairs (Table 1) and were sent for sequencing. Sequencing was done 

by the Australian Genome Research Facility (AGRF, Brisbane, QLD, Australia). 

Sequences were analysed using Basic Local Alignment Tool (BLAST) searches 

(http://ncbi.nml.nih.gov/BLAST/) and Sequencher software (Version 4.8; Gene Codes 

Corporation, Ann Arbour, ME, USA). The deduced amino acids sequences were aligned 

with other sequences using Clustal W2 (http://www.ebi.ac.uk/Tools/clustalw2/). 

 

2.4.3. Isolation of full length GPR54 cDNA sequence using RACE (Rapid 

Amplification of cDNA Ends) PCR 

To facilitate the PCR amplification of the full SBT and YTK cDNA sequences, 

gene-specific primers were designed from the partial cDNA sequence obtained for SBT 

and YTK using Primer3 software (http://wi.mit.edu). PCR reactions utilizing 5’ and 3’ 

NUP primer with the corresponding gene-specific primers were carried out (Table 1). 

Products obtained from the 5’ and 3’ RACE-PCRs were purified, sub-cloned and 

sequenced following the protocol described above. 
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2.5. Development of a Real-time Quantitative RT-PCR (RT-qPCR) for SBT and 

YTK GPR54  

Development of the RT-qPCR assay followed the MIQE guidelines (Bustin et al., 

2009). Quantification of relative expression levels was determined by an 

efficiency-corrected relative expression method that takes into account variations in 

reaction efficiencies of both target and reference genes (Pfaffl, 2001). First-strand 

cDNA was synthesized from 1µg total RNA using QuantiTect® Reverse Transcription 

Kit (Qiagen, Catalogue # 205311, Victoria, Australia). The cDNA synthesized from total 

brain and gonad RNA from broodstock SBT and YTK were used as calibrator to adjust 

for assay variation.  

Normalisation of the data with a single internal reference gene, Hypoxanthine 

phosphoribosyltransferase 1 (Hprt1) was designed to facilitate the comparison of 

expression levels of the target gene within tissues at two different sampling points from 

two different fish cohorts. The gene-specific primers used for the amplification of target 

and reference genes are shown in Table 2. Primers were designed (using Primer 3 

software http://wi.mit.edu) to span predicted intron/exon junctions and with yield 

expected amplicon size of 50-200 bp. Standard PCR amplifications using the designed 

RT-qPCR primers were conducted in order to confirm the absence of contaminating 

genomic DNA. 

RT-qPCR amplifications were conducted on RotorGene 6000 (Corbett Research, 

Sydney, Australia) using SYBR green І as fluorescent label. Assays were optimized by 

adjusting either the final concentration of MgCl2 or primers in the reaction, as well as 

the annealing temperature. Validation assays for target gene, GPR54 and reference gene, 

Hprt1 were conducted from each tissue using serially diluted cDNA as template. 

Reaction efficiencies were automatically calculated by RotoGene’s software (version 

6-0-22) based on the second derivative maximum (E = 10 
–(1/slope)

). Threshold is 

determined automatically by the detection system of the RotorGene 6000 (Corbett 

Research, Sydney, Australia) machine, based on a point where the background noise is 

excluded and the reaction has an exponential increase phase. Triplicate reactions were 

performed for the cDNA template and their corresponding negative controls, both for 

target and reference genes, from the twelve fish (six males and six females) collected 

per sampling point per cohort. 

The 10µl reaction volume consisted of 5µl of 2X Platinum SYBR Green qPCR 

SuperMix UDG (Invitrogen), 200nM of the forward and reverse primers and 3µl diluted 
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cDNA template and nuclease free water in one 0.1ml clear strip tube (Qiagen, Victoria, 

Australia). Cycling parameters were as follows: (1) an initial hold at 50°C for 2 minutes, 

(2) a second hold at 94°C for 2 minutes, (3) 40 cycles of 94°C for 25 seconds, (3) 60°C 

for 15 seconds, and 72°C for 25 seconds. Melt curve analysis was conducted from 72°C 

to 99°C and was held for 5 seconds at every increment of 1°C. Products were further 

visualized on ethidium bromide-stained agarose gel and their identities were confirmed 

by sequencing. A negative control with sterile water as template was included in order 

to check for reagent contamination.  

 

2.6. Statistical analysis 
All statistical analyses were performed using the SPSS v13 Software (SPSS, 

Chicago, IL, USA). Testing for normality was performed using the 

Kolmogorov-Smirnov test. Kurskal-Wallis, K-independent non-parametric test was used 

in the analysis of GPR54 relative expression levels, GPR54 Cq, Hprt1 Cq, body weight 

and gonadosomatic index (GSI). Data are shown as means ± standard error of mean 

(SEM) and mean with their standard deviation (SD). Differences were accepted as 

significant at P<0.05. 

 

3. Results 

3.1. Isolation of GPR54 cDNA 

The nucleotide sequence of the isolated SBT GPR54 cDNA included an open 

reading frame of 1134 bp encoding a predicted 378 amino acid peptide, a 138 bp 5’UTR 

and 238 bp 3’UTR (Bankit 1218262). The partially isolated YTK cDNA contains 729 

bp nucleotide sequence encoding 243 amino acid residues (Bankit 1218311). The SBT 

GPR54 shared more than 90% homology to YTK, 79-89% homology to zebrafish 

GPR54-1 and mullet GPR54, 37.35% homology to zebrafish GPR54-2, 76% homology 

to bullfrog GPR54 and 70-71% homology to its rat and human homologues. Phylogram 

analysis revealed that SBT and YTK GPR54 genes are more closely related than GPR54 

gene from other species (Fig. 3.1). 

Analysis of the predicted amino acid sequences of SBT GPR54 revealed seven 

putative transmembrane (TM) domains. TM1-7 showed 82-100% identity to other fish 

species. Comparisons with the TM domain of amphibian, GPR54 revealed 71-93% 

identity in TM1-7. SBT GPR54 TM1-7 shared only 43-86% homology with mammalian 
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GPR54.  

 

3.2. Average body weight and gonadosomatic index of sampled fish  

The average body weight, gonad weight and average GSI of the two cohorts of YTK 

sampled in the present study are shown in Table 3, Table 4 and Table 5, respectively. 

The average body weight of the pubertal fish group was significantly higher (P<0.05) 

than that the immature fish group. Within each fish group, the mean body weights of 

male and female fish did not have significant difference (P>0.05) between the two 

sampling points (Table 3). The GSI in the immature group could not be determined in 

sampling 1 due to the small size of the gonad. In sampling 2, GSI were determined to be 

0.04 for the males and 0.14±0.02 for the females (Table 5). Based on GSI, the gonad 

from the pubertal fish group was much more developed than that of the immature group. 

Within the pubertal fish group, the female gonad from sampling 1 was slightly more 

developed (P>0.05) than gonads from sampling 2. Male GSI from sampling 1 was 

significantly higher (P<0.05) than that from sampling 2 (Table 5). 

The average body weight and GSI of three SBT broodstock fish are shown in Table 

6 and 7 respectively. The body weights of the three broodstock fish ranged from 126.9 

to 128.0 Kg. The GSI were 0.64 and 0.11 for fish 2 and 3, respectively.  

 

3.3. Histological analysis of the gonads of two cohorts of YTK  

Gonadal histology of the immature YTK fish group revealed that both males and 

females were reproductively undeveloped, i.e immature. The female gonads had oocyes 

at chromatin nucleolar and perinucleolar stages (Fig. 3.2A and 3.2B). The male gonads 

showed spermatogonia, spermatocytes and spermatids (Fig. 3.3A and 3.3B). In contrast, 

fish in the pubertal group had developing gonads. Male and female fish from sampling 1 

were more developed than those from sampling 2. Histological analysis showed that 

female gonads from sampling 1 contained developing oocytes, with few oocytes at the 

vitellogenic stage (Fig. 3.2C). Female gonads from sampling 2 had gonads at mature 

resting stage, with cortical alveoli oocytes being predominant (Fig. 3.2D). For the male 

fish at sampling 1, gonads predominantly contained spermatozoa (Fig. 3.3C). In 

sampling 2, the male fish gonad predominantly contained spermatids (Fig. 3.3). 

Gonadal histology of three female SBT individuals revealed that they were at 

immature stage with oocytes containing single large nucleus (Fig. 3.4). 
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3.4. RT-qPCR validation assays  

The amplification efficiencies obtained from the validation assays using serially 

diluted YTK and SBT brain and gonad first-strand cDNA as template ranged from 1.86 

to 2.00, with all R
2
 values at 0.99 (Table 8 and Figures 3.5 & 3.6). A single peak was 

obtained from both target and reference gene during melt curve analysis, demonstrating 

specificity of the primers (Fig. 3.7). For YTK Hprt1, brain Cq did not show sexual 

dimorphism at each of the sampling points in either the immature or the pubertal fish 

groups. Within the pubertal fish group, YTK Hprt1 Cq varied by 3 cycles in males 

between sampling 1 and 2 (P<0.05). The male YTK Hprt1 Cq also varied (P<0.05) by 3 

cycles between immature and pubertal fish at sampling 1 (Fig 3.8a). 

The gonad YTK Hprt1 Cq is constant between sexes and sampling points within the 

immature fish group. In pubertal fish group, the gonad YTK Hprt1 Cq was significantly 

(P<0.05) lower in females (3 cycles). The female gonad YTK Hprt1 Cq also fluctuated 

(P<0.05) between fish group and sampling points. YTK Hprt1 Cq is significantly 

different (P<0.05) between brain and gonad (8 cycles) (Fig 3.8b). 

SBT brain Hprt1 Cq appeared similar in three maturing broodstock samples. No 

brain samples were available for the immature fish. SBT gonad Hprt1 Cq appear to vary 

4 cycles between individuals from immature group and 3 cycles between individuals 

from the maturing broodstock (Fig 3.8 c, e, d) 

 

3.5. YTK GPR54 gene expression analysis 

When utilizing the efficiency-corrected relative expression method (Pfaffl, 2001) to 

calculate the relative expression levels, YTK brain GPR54 transcript levels showed 

significant differences (P<0.05) between immature females at the two sampling points 

(Fig. 3.9a). The males from the immature group showed no significant differences 

(P>0.05) in relative expression levels between the sampling points. 

Within the pubertal fish group, the brain GPR54 expression level was almost 2-fold 

higher (P<0.05) in sampling 2 relative to sampling 1 from the immature group, in both 

male and female fish (Fig. 3.9a).  

In the gonad of the immature fish group, there were no significant differences 

between males and females at sampling 1, however at sampling 2 the GPR54 relative 

expression levels in the female was significantly higher than that in the males (P<0.05), 

but the same as in sampling 1 (Fig. 3.9b). For the pubertal group, the female GPR54 

relative expression levels from sampling 1 was significantly higher (P<0.05) than that in 
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the male from sampling 1, but the same as sampling 2. The male relative expression 

levels were significantly different (P<0.05) between sampling points (Fig 3.9b). 

When comparing relative expression levels of GPR54 between the immature and 

pubertal groups, male and female expression levels were higher in sampling point 1 in 

the immature fish compared with the pubertal fish. In sampling point 2, pubertal males 

show higher relative expression levels compared with the immature males, while 

females from both groups showed the same relative expression levels (Fig. 3.9b) 

As the Hprt1 reference gene did not appear to have a constant gene expression 

between the different sampling points, sex, and tissue types, its usefulness as a 

normalizing gene was compromised, and therefore the raw data were also analysed for 

pattern of gene expression. These data are presented as Cq. 

In the brain, there was no significant difference (P>0.05) between males and females 

at each of the sampling points, for both the immature and pubertal group (Fig. 3.10a). 

There were also no significant differences between the females at all sampling points. 

The immature males at sampling 1 had a significantly higher (P<0.05) Cq than the 

pubertal males at the two sampling points. The pubertal males from sampling 2 had a 

significantly (P<0.05) higher Cq than the males from sampling 1. 

Examining the raw data for the gonad, all samples had the same Cq (Fig. 3.10b)with 

the exception of the pubertal female in sampling 1 that had a significantly lower 

(P<0.05) Cq than all the other samples.   

 

3.6. SBT GPR54 gene expression analysis 

The efficiency-corrected relative expression method (Pfaffl, 2001) was utilised to 

determine the relative expression levels of SBT GPR54 in gonad from three immature 

and three maturing broodstock individual fish and three brain tissues from maturing fish 

(Fig. 3.11). The gonadal GPR54 relative expression level was similar between immature 

and maturing broodstock fish and the brain GPR54 relative expression did not vary 

between maturing broodstock individual. However n was too low to obtain statistically 

significant results. 

Due to the variations in Hprt1 Cq and the results obtained for YTK, which indicated 

Hprt1 might be compromised as a reference gene, the raw, Cq for the SBT was also 

examined (Fig. 3.12). For the SBT brain from maturing fish, the Cq did not vary 

between individual fish (Fig. 3.12a), while for the gonad, Cq varied by 3 cycles between 

fish 1 and fish 2 & 3 (Fig 3.12b). For the SBT immature gonad samples, Cq varied by 4 
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cycles between fish 1 and fish 2 & 3 (Fig 3.12c). 

 

4. Discussion 

The GPR54 gene has been identified as a gatekeeper in triggering the onset of 

puberty in mammals (reviewed by Seminara, 2005; Murphy, 2005; Dungan et al., 2006). 

However, knowledge concerning the role of GPR54 in initiating puberty in fish is 

limited. Although GPR54 cDNA sequences have been isolated and their expression 

profile throughout puberty have been studied in several fish species, there is very little 

information about the system in commercially important fish species such as the SBT 

and YTK.  

We report here the isolation of full length brain SBT GPR54 cDNA and partial brain 

YTK GPR54 cDNA sequences. We further report the development of a RT-qPCR assay 

for the measurement of GPR54 gene expression in both brain and gonad tissues and 

discussion the potential risk of using Hprt1 as a reference gene for normalizing GPR54 

expression levels. 

Analysis of the deduced predicted amino acid sequence of SBT GPR54 cDNA 

sequence revealed seven putative transmembrane domains (TMDs), characteristic of 

membrane-bound G-protein-coupled receptors (Muir et al., 2001). The high sequence 

homology in the TMDs across species suggests that the receptors use the cavity between 

the TMDs as the binding site of their corresponding ligands (Baldwin, 1994). Unlike its 

mammalian counterpart, teleosts lack a C-terminal tail in GPR54, a feature which could 

affect their regulation, as the C-terminal tail of GPR54 in mammals was found to have a 

role in its signaling (Evans et al., 2008).  

For gene expression studies, two cohorts of YTK were used. Based on histological 

analysis, in the immature fish group females contained oocytes with single nucleus and 

males contained spermatogonia and few spermatids. In the immature group, there was 

no significant histological profile change in either females or males between the 

December sampling (1) and the January sampling (2). In the pubertal group, at the 

December sampling (1), females possessed vitellogenic oocytes and males showed 

spermatozoa. These observations indicate the pubertal fish group was undergoing 

spawning. However, in the second sampling, pubertal females contained oocytes at 

mature resting stage while males displayed predominantly spermatids, indicating that 

the pubertal fish from January began to reproductively regress. For SBT, only a limited 

sample size was available, and those fish showed previtellogenic oocytes, suggesting 
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the fish were reproductively inactive at the time. 

In order to measure gene expression, a real-time quantitative RT-qPCR was 

developed. The RT-qPCR validation assays have shown that the target, a region of the 

GPR54 gene, has been successfully amplified in both brain and gonad tissues from SBT 

and YTK. The specificity of the primers was confirmed by the single peak shown during 

the melt curve analysis. The expression levels of the target was determined by using an 

efficiency-corrected method that takes into account variations in reaction efficiencies of 

both target and reference gene (Pfaffl, 2001). All the R
2
 values from the validation 

assays were 0.99, suggesting a strong linear relationship between cDNA concentration 

and Cq values (Pfaffl, 2001). The expression of GPR54 gene was normalised to the 

mRNA expression of the reference gene, Hprt1. A reference gene is expected to be 

stable and should not to vary with experimental conditions or treatments (Weltzien et al., 

2005; Bustin et al., 2009). Finding the correct reference gene that indeed would not 

change in response to the experimental procedures is a significant challenge, and Hprt1 

was chosen as the reference gene in this case following a study by Filby and Tyler 

(2007), who identified Hprt1 to be stable in response to varying estrogen levels in fish. 

Considering the two experimental groups in this study, i.e the immature and pubertal 

fish were expected to have different levels of circulating estrogens, Hprt1 was thought 

to be an appropriate reference gene. However, it was determined that Hprt1 Cq varied 

between YTK brain and gonad samples. Within the tissues, Hprt1 Cq also varied 2-3 

cycles between male pubertal and immature fish, indicating that gene expression of 

Hprt1 could be affected by the tissue, sex and reproductive stage in YTK. Therefore in 

addition to the relative expression levels, the raw (Cq) data were also analysed. While 

these raw data do not allow for correction of RNA loading, it assumes that such errors 

would be random, considering exactly the same amount of starting material of RNA was 

used in all samples and a pattern of expression could be determined and statistically 

analysed. 

The expression profile of brain GPR54 from YTK was compared between the 

immature and pubertal fish groups using both efficiency-correlated relative expression 

method (Pfaffl, 2001), and analysis of the raw data. Relative expression analysis 

revealed that YTK brain GPR54 expression levels were significantly higher in the 

pubertal fish at the point when gonadal regression was taking place compared with its 

expression during the peak of the reproductive season or in the immature fish (Fig. 3.9a). 

The raw data analysis supported these results only for males, while female expression 
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levels were not significantly different from the other groups (Fig. 3.10a). The YTK 

brain GPR54 raw expression pattern is in agreement with that described for cobia 

(Mohamed et al., 2007), where expression in early puberty males was significantly 

higher than that found in females. The YTK brain expression levels appear to be higher 

in the pubertal fish compared with the immature fish. However, no YTK at early 

puberty were available during this study, to examine for possible increase in GPR54 

expression during that time. 

When the YTK GPR54 expression level in the gonad was compared between the 

immature and pubertal group, the expression level was significantly lower in male 

pubertal fish group at sampling 1 (which were at peak of spawning season) compared 

with its expression levels in the group which were undergoing regression or the 

immature group.  

In SBT, the limited sample enabled only the confirmation that GPR54 is expressed 

in both the brain and gonad, and in both immature and maturing fish. Expression of 

SBT GPR54 in the gonads was also detected in zebrafish (Biran et al., 2008), 

Senegalese Sole (Mechaly et al., 2008) and fathead minnow (Filby et al., 2008). The 

functional significance of GPR54 expression in the gonad has not yet been determined 

(Biran et al., 2008; Mechaly et al., 2008; Filby et al., 2008), and its role on regulating 

GnRH expression in the gonad is still to be examined, however the consistent detection 

of GPR54 transcripts in the gonads and their fluctuation in expression levels argue for a 

role for GPR54 in the gonad of both males and females. It still remains to be determined 

if GPR54 activates the GnRH system in the gonad. 

 

In conclusion, GPR54 cDNA sequences from SBT and YTK have been isolated. An 

RT-qPCR assay has been developed to determine the transcript levels of YTK and SBT 

GPR54 in the gonad and in the brain during reproductive development. The reference 

gene Hprt1 was found to be unsuitable in the case of YTK, and other reference genes 

would need to be tested for this species. 
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Tables  

Table 1 

Degenerate and gene-specific primers used to isolate the SBT and YTK GPR54 cDNA 

by RT-PCR and RACE RT-PCR 

 

Primer name Direction 5’ to 3’ sequence TM (°°°°C) 

F6* 

F7* 

F8* 

R5* 

R6* 

R7* 

Forward  

Forward 

Forward 

Reverse 

Reverse 

Reverse 

5’ GCAYCCBTTCYTSACRGAYGC 3’ 

5’ CTCATCATGCTRGTSGGRCT 3’ 

5’ TGGHTGCCACYGACATCATYTT 3’ 

5’ TGAABGGSACRCAGCAMASCA 3’ 

5’ CACATGAAGTYSCCAAAKATCCA 3’ 

5’ GTSGCYTGYACHGTCACCTG 3’ 

57 

54 

53 

56 

53 

56 

3’SF1** Forward  5’ TTCTTCACAGACGCCTGG 3’ 50 

3’YSF2** Forward  5’ GCAACTCTCTGGTTATTTATGTCAT 3’ 53 

3’R1* Reverse  5’ CCAGCAGAYGGYGAAGAGGA 3’ 56 

3’R2* Reverse  5’ TAGGACATGCAGTTGGCCCA 3’ 54 

5’SR1** Reverse 5’ CCAGGCGTCTGTGAAGAA 3’ 50 

5’YS R2** Reverse 5’ ATGACATAAATAACCAGAGAGTTGC 3’ 53 

S54 3F1(b) Forward 5’ CAGGAGCAAGGTCTCCAAGATGGTGGT 3’ 63 

S54 3F2(b) Forward 5’ CAAGACATGGGCCAACTGCATGTCCTA 3’ 61 

3’YF1** Forward 5’ TTCTTCACGGATGCCTGG3’ 50 

3’YS F2** Forward 5’ GCAACTCTCTGGTTATTTATGTCAT 3’ 53 

NUP Forward 5’ AAGCAGTGGTATCAACGCAGAGT 3’ 55 

NUP Reverse  5’ ACTCTGCGTTGATACCACTGCTT 3’ 55 

 

* Degenerate primers were designed from regions conserved between cobia  

(Rachycentron canadum, DQ790001), grey mullet (Mugil cephalus, DQ683737), tilapia 

(Oreochromis niloticus, AB162143), zebrafish (Danio rerio, EU047917) and fathead 

minnow (Pimephales promelas) GPR54 sequences available at the GenBank. A: 

Adenine, G: Guanie, T: Thymine, C: Cytosine. R: A/g; Y: C/T; M: A/C; K: g/T; S: g/C; 

W: A/T; H: A/C/T; B: g/C/T; V: A/g/C; D: A/g/T; N: A/g/C/T. 

** Gene-specific primers designed for 5’ and 3’ RACE RT-PCR 
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Table 2  

Gene-specific primers used for RT-qPCR assays 

 
Gene  Primer name 

(direction) 

5’ to 3’ sequence TM(°°°°C) Amplicon 

size (bp) 

T54F2 (forward) 5’ TGGTGGGCAACTCTCTGGTTATT 3’ 55 SBT 

GPR54 T54R2 (reverse) 5’ GCCAAATATCCATCCAGGCAGA 3’   55 

164 

 

ThprtF1(forward) 5’ CTACGCCACCGATTTGGAGA 3’   54 SBT 

Hprt1 ThprtR1(reverse) 5’ GGAGCGGTCACTGTTCCTGT 3’   56 

  196 

         

Y54F2 (forward) 5’ CAAACACAGGCAGATGAGGA 3’   52 YTK 

GPR54 Y54R1 (reverse) 5’ GCCAAAGATCCATCCAGGGAGA 3’   57 

  130 

        

YhprtF2(forward) 5’ CCCCATGGACTCATCTTGGA 3’   54 YTK 

Hprt1 YhprtR2(reverse) 5’ CAGAGCCTTGATGTAGTCCAGCAGG 3’   61 

  144 
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Table 3: Average body weight of YTK (Kg, mean ± SD). 

 
 Immature Fish Group Pubertal Fish Group 

 Male (n=6) Female (n=6) Male (n=6) Female (n=6) 

Sampling 1 

(Dec 08) 

1.86±0.23 kg 1.93±0.24 kg 5.55±1.69 kg 5.56±0.85 kg 

Sampling 2 

(Jan 09) 

2.30±0.33 kg 2.48±0.26 kg 6.34±2.50 kg 5.74±0.48 kg 
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Table 4 Average gonad weight of YTK (g, mean ± SD) 

 
 Immature Fish Group Pubertal Fish Group 

 Male  Female (n=6) Male  Female (n=6) 

Sampling 1 

(Dec 08) 

N/A (n=6) N/A 199.53±74.32 

(n=5) 

47.13±45.27 

Sampling 2 

(Jan 09) 

0.90±0.01 (n=2) 3.48±0.54 20.95±16.37 

(n=4) 

20.92±8.14 
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Table 5: Gonadosomatic index of YTK (GSI mean ± SD, N/A: Not Available)  

 
 Immature Fish Group Pubertal Fish Group 

 Male  Female (n=6) Male  Female (n=6) 

Sampling 1 

(Dec 08) 

N/A (n=6) N/A 3.67±1.60 

(n=5) 

0.77±0.70 

Sampling 2 

(Jan 09) 

0.04 (n=2) 0.14±0.02 0.36±0.28 

(n=4) 

0.36±0.12 
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Table 6: Body weight of maturing SBT broodstock fish (Kg). 

 
 Fish 1 (female) Fish 2 (female) Fish 3 (male) 

Body weight (Kg) 126.9 129.0 128.0 
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Table 7: Gonadosomatic index of maturing SBT broodstock fish (N/A: Not Available)  
 Fish 1 (female) Fish 2 (female) Fish 3 (male) 

GSI N/A 0.64 0.11 
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Table 8  

Amplification efficiency, slope and R
2 

values obtained from the validation assays of the 

target and reference genes using serially diluted cDNA. 

 
Gene  Tissue  Amplification 

efficiency  

Slope  R
2
 

SBT GPR54 Brain  1.86 -3.704 0.99 

 Gonad 2.00 -3.327 0.99 

SBT Hprt1 Brain  1.85 -3.753 0.99 

 Gonad 2.00 -3.331 0.99 

YTK GPR54 Brain  2.00 -3.329 0.99 

 Gonad 1.99 -3.353 0.99 

YTK Hprt1 Brain  1.98 -3.375 0.99 

 Gonad 1.99 -3.348 0.99 
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Figure legends 
 

Figure 3.1. Phylogram of GPR54 gene sequences across species. Branch lengths are 

proportional to the amount of inferred evolutionary change. Accession numbers: cobia 

(DQ790001), Nile tilapia (AB162143), Senegalese sole (EU136710), Goldfish 

(EU622877), Grey mullet (DQ683737), Atlantic croaker (DQ347412), Fathead minnow 

(EF672266), Zebrafish GPR54a (EU047917), Zebrafish GPR54b (EU047918) Bullfrog 

(ACD44939), Rat (AAD19664), human (AAK83235), SBT (Bankit 1218262) and YTK 

(Bankit 1218311). The tree was generated by Clustal w2 

(http://www.ebi.ac.uk/Tools/clustalw2/), according to amino acid sequences. 

 

Figure 3.2. Representative ovarian sections of female YTK. (A) Immature; oocytes at 

chromatin nucleolar stage (S1: single large nucleus); sampling 1 of immature fish group. 

(B) Immature; oocytes at perinucleolar stage (S2: nucleus larger in size than S1, 

multiple nucleoli); sampling 2 of immature fish group. (C) Developing; few vitellogenic 

oocytes (S4: appearance of vitellogenic protein); sampling 1 of pubertal fish group. (D) 

Mature resting; cortical alveoli oocytes (S3: yolk vesicles appearing in the cytoplasm); 

sampling 2 of pubertal fish group. Yellow scale bar = 150µm, 100X magnification.    

 

Figure 3.3. Representative testicular histology of male YTK. (A) Immature; 

spermatogonia (spg) predominant; sampling 1 of immature fish group. (B) Immature; 

mainly spermatogonia (spg) and few spermatids (spd); sampling 2 of immature fish 

group. (C) Developing; spermatozoa (spz) predominant; sampling 1 of pubertal fish 

group. (D) Developing; spermatids (spd) predominant; sampling 2 of pubertal fish 

group. Yellow scale bar = 150µm, 400X magnification. 

 

Figure 3.4. Representative gonadal sections of SBT. Three immature individual 

female SBT contain oocytes with single large nucleus. Red scale bar = 150µm, 100X 

magnification. 

 

Figure 3.5. RT-qPCR dilution curves and standard curves. (A) SBT brain GPR54; (B) 

SBT brain Hprt1; (C) SBT gonad GPR54; (D) SBT gonad Hprt1. In the dilution curve, 

x-axis: cycle number; y-axis: fluorescent signal; different color: different fold dilution 

of cDNA template. In the standard curve, x-axis: cDNA template concentration; 
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y-axis: crossing point; R^2: linear regression; M: slope; B: y-intercept.  

 

Figure 3.6. RT-qPCR dilution curves and standard curves. (A) YTK brain GPR54; (B) 

YTK brain Hprt1; (C) YTK gonad GPR54; (D) YTK gonad Hprt1. In the dilution 

curve, x-axis: cycle number; y-axis: fluorescent signal; different color: different fold 

dilution of cDNA template. In the standard curve, x-axis: cDNA template 

concentration; y-axis: crossing point; R^2: linear regression; M: slope; B: y-intercept.  

 

Figure 3.7. RT-qPCR melt curve analysis. A single peak was obtained for GPR54 and 

Hprt1 from each tissue at 85°C while peaks were not obtained from the negative control. 

(A) SBT brain GPR54; (B) SBT brain Hprt1; (C) SBT gonad GPR54; (D) SBT gonad 

Hprt1; (E) YTK brain GPR54; (F) YTK brain Hprt1; (G) YTK gonad GPR54; (H) YTK 

gonad Hprt1. X-axis: temperature; y-axis: fluorescent signal. 

 

Figure 3.8. Brain and gonad Hprt1 Cq from two cohorts of male and female YTK at two 

sampling points and three maturing and immature SBT. For YTK, each bar represents 

mean (±SEM) from 6 fish per sampling point using real-time quantitative RT-qPCR 

assay. Different letters indicate significant difference at P<0.05. 

 

Figure 3.9. Relative brain and gonadal expression levels of GPR54 from two cohorts of 

male and female YTK at two sampling points. Each bar represents mean (±SEM) from 6 

fish per sampling point using real-time quantitative RT-qPCR assay. Data were 

normalized against Hprt1. Different letters indicate significant difference at P<0.05. 

 

Figure 3.10. Brain and gonad GPR54 Cq from two cohorts of male and female YTK at 

two sampling points. Each bar represents mean (±SEM) from 6 fish per sampling point 

using the real-time quantitative RT-qPCR assay. Different letters indicate significant 

difference at P<0.05. 

 

Figure 3.11. Relative brain and gonadal expression levels of GPR54 from three 

immature and maturing broodstock SBT using real-time quantitative RT-qPCR assay. 

Data were normalized against Hprt1. 
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Figure 3.12. Brain and gonad GPR54 Cq from three immature and maturing broodstock 

SBT using real-time quantitative RT-qPCR assay. Different letters indicate significant 

difference at P<0.05.
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5. Appendix 1 

The information added in this appendix refers to some of the sections in the 

manuscript, where further details were warranted in the context of an honours 

thesis. The numbering refers to the relevant section in the manuscript. i.e. A2.3. is 

the appendix for section 2.3. in the manuscript. This appendix therefore is not 

intended to be evaluated as an independent chapter, but to complement for the 

manuscript. 

 

A2.3. RNA extraction 

Total RNA was extracted from SBT and YTK brain with TriZol Reagent (Invitrogen, 

Carlsbad, CA). Whole brain was homogenized in proportional amount of TriZol 

Reagent, i.e., 100mg of tissue in 1ml of TriZol reagent. Aliquots (1ml) of the 

homogenized tissue stock were stored at -80°C. Total RNA was extracted from the 1ml 

aliquot and the concentration of total RNA was determined using a spectrophotometer 

(Genequant ProTM, Biochrom, Cambridge, UK). A blank reference was set up with the 

same nuclease free water which was used to resuspend the RNA after isolation. 

Spectrophotometry was performed at 260nm and 280nm on isolated RNA, which was 

loaded into a microcapillary tube. The 260/280 ratio, which in an indicator of RNA 

purity was automatically calculated (a ratio of 1.8-2.1 is optimal). In the same reading 

the concentration of RNA was expressed in µg/µl. The RNA was treated with DNAse 

(Promega) according to the manufacturer’s instructions. The concentration of 

DNase-treated total RNA was determined again using a spectrophotometer (Genequant 

ProTM, Biochrom, Cambridge, UK). Total RNA from gonadal tissue samples (15-20mg) 

were extracted in accordance with the illustra RNA spin Mini-prep (GE healthcare, 

Catalogue # 25-0500-71, UK) total RNA extraction kit. The kit incorporates filtration 

columns that eliminate contaminating DNA in the RNA extracts. The concentration of 

RNA was determined by spectrophotometer (Genequant ProTM, Biochrom, Cambridge, 

UK). The extracted RNA from both brain and gonad were stored in -80°C until use. 

 

A2.3.1. Visualization of RNA by formaldehyde denaturing gel electrophoresis 

Integrity of the brain and gonad RNA samples was assessed by visualizing on 

formaldehyde denaturing gel electrophoresis. A 1.2% formaldehyde gel was prepared by 

adding 0.6g of agarose (Sigma-Aldrich, Castle Hill, Australia) to 50ml of 1X 
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formaldehyde (FA) buffer in a conical flask. The mixture was then microwaved on high 

for approximately 1 minute or until the mixture boiled and the agarose is fully dissolved 

and the mixture becomes crystal clear. The mixture was then cooled to ~60°C . 

Ethidium bromide and 0.9ml of 37% (12.3M) formaldehyde were added and the 

solution was poured into a gel plate and was left to solidify. 

One volume of 5X RNA loading buffer was added to 4 volumes of RNA sample and 

RNA ladder. The RNA mixtures were incubated for 3 to 5 minutes at 65°C in a heat 

block then chilled on ice before being loaded onto the formaldehyde gel. 

The gel was electrophoresed in 1X formaldehyde (FA) buffer at 60V for 1hour. For 

RNA visualization, the gel was placed onto a UV screen and photographed using 

GeneSnap image acquisition software (SYNGENE, Cambridge, UK).  

 

A2.4.2.1.Visualization of amplified PCR products by Agarose Gel Electrophoresis 

A 2% agarose gel was prepared by adding 2.4g of agarose (Sigma-Aldrich, Castle 

Hill, Australia) to 120ml of 0.6X TBE buffer (pH8.0, 100mM Tris HCL, 50mM EDTA, 

100mM Boric acid) in a conical flask. The mixture was microwaved on high for 

approximately 1.5 minute or until the mixture was boiling and the agarose was fully 

dissolved and the solution became crystal clear. The mixture was cooled to ~60°C and 

ethidium bromide was added. The solution was then poured into gel plate and was left 

to solidify. 2µl of 1Kb plus DNA size marker (AXYGEN, Union City, CA USA, 1µg/µl) 

was loaded into the appropriate well(s) and a mixture of 1µl loading dye (bromophenol 

blue, Amersham Biosciences Australia) and 5µl PCR amplification product was loaded 

into separate wells. The gel was electrophoresed in 0.6X TBE buffer at 125V for 30 

minutes. The gel was then placed onto a UV screen and photographed using GeneSnap 

image acquisition software (SYNGENE, Cambridge, UK). 

 

A2.4.2.2. Purification of PCR products 

Before PCR products can be cloned they must be purified to ensure that only the 

PCR product of interest is cloned (i.e. primer dimers and other non-specific products are 

not ligated into the vector). DNA purification also rids the product of other 

contaminants that may interfere with reactions at a later stage of processing. Gel 

purification of PCR products from section 2.4.2. was achieved by using the QIAquick 

PCR purification columns (Qiagen, Victoria, Australia) according to the manufacturer’s 
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instructions 

(http://francois.schweisguth.free.fr/protocols/QIAquick_PCR_Purification_Kit.pdf). 

 

A2.4.2.3. Ligation, transformation and cloning of PCR products 

The purified PCR product (3µl: 25-50ng) was ligated into the pGEM
®

-T easy vector 

(Promega, New South Wales, Australia), according to manufacturer’s instructions. An 

aliquot of 3 µl (20-40ng) of the ligation reaction was used to transform JM109 high 

efficiency competent cells (Promega, New South Wales, Australia). The cells were then 

plated onto a nutrient enriched medium which also contained 

5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) and 

isopropyl-beta-D-thiogalactopyranoside (IPTG) for color selection of transformants. 

The plates were incubated at 37°C overnight. White transformed colonies were selected 

for further analysis. A DNA positive control that is known to ligate efficiently was 

supplied by Promega (Promega, New South Wales, Australia) and was included in the 

transformation. 

 

A2.4.2.4. Colony PCR  

Colony PCR was performed on randomly selected white colonies using 

gene-specific primer pairs (Table 1). The template used was a scraping of one fresh 

white colony per reaction tube. The PCR reaction mix and the cycling conditions were 

the same as previously described in section 2.4.2. The PCR products were visualized as 

described in section A2.4.2.1. Colonies that contained the clone corresponding to the 

correct size PCR product were re-picked and grown overnight at 37°C in a 200µl liquid 

broth culture (with shaking at 250 rpm) containing 2µl ampicillin (50ug/ml).  

 

A2.4.2.5. Plasmid DNA purification 

Plasmid DNA was purified using Gene JET
TM

 Plasmid Minipreps Kit DNA 

purification system (Fermentas Life Science, Quantum Scientific, Muranie Qld, 

Australia, Catalogue # K0502) as per manufacturer’s instruction. Concentration of 

purified plasmid was determined by spectrophotometer (Genequant ProTM, Biochrom, 

Cambridge, UK) as described in section A2.3., except that DNA was used instead of 

RNA.  
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A2.4.2.6. Sequencing 

 

The purified plasmids from multiple colonies were prepared for sequencing as 

specified by the Australian Genome Research Facility (AGRF, Brisbane, QLD, 

Australia). Plasmids were prepared by combining the following: 500ng plasmid DNA, 

1µl of 6.4pmol M13 forward primer, nuclease-free water added up to final volume of 

10µl. Sequences returned from AGRF were analysed to first remove vector sequences 

using Sequencher software (Version 4.8; Gene Codes Corporation, Ann Arbour, ME, 

USA). Sequence analysis involved visualization of sequence chromatograms through 

Sequencher
TM 

4.8, checking that the nucleotides were positioned correctly, and ensuring 

that the sequences were flanked by forward and reverse primers. Basic Local Alignment 

Tool (BLAST) searches (http://ncbi.nml.nih.gov/BLAST/) were conducted on the 

sequences which were flanked by correct forward and reverse primers, to identify 

homologies with other available sequences. The nucleotide sequences were converted to 

amino acid sequence using ExPASy Proteomics tools (http://au.expasy.org/tools/). The 

deduced amino acids sequences were aligned with other existing sequences using 

Clustal W2 (http://www.ebi.ac.uk/Tools/clustalw2/). 

 

A2.4.3. Isolation of GPR54 full length cDNA sequence using RACE (Rapid 

Amplification of cDNA Ends) PCR 

 

To facilitate the PCR amplification of the full SBT and YTK cDNA sequences, 

gene-specific primers were designed from the partial cDNA sequence obtained from 

SBT and YTK, using Primer3 software (http://wi.mit.edu) (Table 1). The 5’ end of the 

transcript was isolated with two rounds of 5’RACE-PCRs following the SMART
TM 

RACE PCR protocol (Clontech, Palo Alto, CA). The reverse primer, 5YSR2 (Table 1), 

was used for the first round of 5’RACE-PCR with the adapter primer, NUP. 

Components included in a 25µl reaction and thermal cycling conditions were as 

described in section 2.4.2. Semi-nested 5’RACE-PCR was carried out using 1µl of the 

primary PCR product as template. The second round of 5’RACE-PCR was performed 

using internal reverse primers 5SR1 and 5YR1 (Table1) for SBT and YTK respectively, 

and NUP. The reaction components and thermal cycling parameters are similar to those 

for the first round of 5’RACE-PCR.  
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Two rounds of 3’RACE-PCR were conducted to obtain the 3’-end of the cDNA. The 

primers for the first round of 3’RACE-PCR were forward primers, S54 3F1(b) and Y54 

3F1(b) (Table 1) for SBT and YTK, respectively, for the primary reaction. The 

corresponding primers for the second round of 3’RACE-PCR were forward primers, 

S54 3F2(b) and Y543F2(b) (Table 1) for SBT and YTK, respectively. Products obtained 

from the 5’ and 3’ RACE-PCRs were purified, sub-cloned and sequenced following the 

same protocol described in sections A2.4.2.2. to A2.4.2.6. 

 

A2.5. Degenerate primer design for isolation of reference gene, Hypoxanthine 

phosphoribosyltransferase 1, Hprt1, from SBT and YTK 

 

Degenerate Hprt1 PCR primers were designed from the Hprt1 mRNA sequences of 

salmon (Salmo salar BT043501) and zebrafish (Danio rerio, EU047917). The Hprt1 

DNA sequences for these species were aligned using Clustal W2 

(http://www.ebi.ac.uk/Tools/clustalw2/) which enabled primer (F1-F2 R1-R2) (Table 9) 

designed from homologous sections of DNA. 

In order to isolate the Hprt1 gene from both SBT and YTK, PCR was performed 

with all combinations of the primers F1, F2, and R1, R2, (Table 9) using cDNA from 

SBT and YTK gonadal tissues. The PCR cycling parameters and visualization were the 

same as described in sections A2.4 and A2.4.1. The isolated Hprt1 sequence was 

purified, cloned and sequenced following the same procedure described in sections 

A2.4.2.2. to A2.4.2.6. Hprt1 gene specific primers (Table 2) for RT-qPCR were 

designed using Primer3 software (http://wi.mit.edu).  

 

Table 9 

Degenerate primers used to isolate the SBT and YTK Hprt1 cDNA by RT-PCR. 

 
Primer name Direction 5’ to 3’ sequence TM (°°°°C) 

F1 Forward 5’GAKGAGCARGGTTWTGACCTGG 3’ 57 

F2 Forward  5’ ATGAAGGACATGGGKGGRCACC 3’ 57 

R1 Reverse 5’ AAGTCTGGTMTGTAYCCAACYCTCCT 3’ 60 

R2 Reverse  5’ TCGTTGTAGTCWAGYGCATATC 3’ 53 

Degenerate primers were designed from the conserved regions of salmon (salmon salar, 

BT043501) and zebrafish (Danio rerio, NM 212986) Hprt1 sequences available at the 

GenBank. A: Adenine, G: Guanie, T: Thymine, C: Cytosine. R: A/g  Y: C/T  M: A/C  

K: g/T  S: g/C  W: A/T  H: A/C/T  B: g/C/T  V: A/g/C  D: A/g/T  N: A/g/C/T 
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A3.1. Isolation of GPR54 cDNA 

A3.1.1. Isolation of SBT brain GPR54 cDNA 

 

Initial PCR amplification using all the degenerate primer combinations (Table 1 F6 

to R7) resulted in smeary products only. Semi-nested PCR using F6-R5 (lane 1) and 

F6-R6 (lane 2) were performed, using first round PCR products as template. From these 

reactions, single products were obtained (Fig. 5.1). The primer positions are shown in 

Fig. 5.10 

 
 

Figure 5.1: Semi-nested PCR amplification products using degenerate primer 

combinations F6-R5 and F6-R6, SBT GPR54. Arrows indicate products that were 

purified and sequenced. (M-1Kb DNA ladder).  
 

 

The sequences of the two isolated fragments overlapped when aligned. The larger 

product was a 240 bp sequence encoding for 80 amino acid residues. BLAST analysis 

indicated that the sequences were GPR54.  

 

Gradient PCR using gene-specific primers 3’SF1-3’R2 (Table 1; positions shown in 

Fig. 5.10), amplified the most intense single product at 56.7°C (Fig. 5.2, lane 6). 

Cloning and subsequent sequencing of this product yielded 824 bp partial SBT GPR54 

cDNA, corresponding to 294 amino acid residues. 

 

 

 M          1           2 

400bp 
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Figure 5.2: Gradient PCR (temperature range from 47°°°°C to 57°°°°C. Lane 1: 47°°°°C, 

lane 2: 48.6°°°°C, lane 3: 50.9°°°°C, lane 4: 53.0°°°°C, lane 5: 55.4°°°°C, and lane 6: 56.7°°°°C) 

amplification products using gene-specific primer combination 3’SF1-3’R2, SBT 

GPR54. Arrow indicates product purified and sequenced. (M-1Kb DNA ladder; 

N-Negative control).  

 

For the isolation of the 5’end sequences of GPR54, primers 5’YSR2- NUP (Table 1; 

positions shown in Fig. 22) amplified a single product at 48.6°C (Fig. 5.3, lane2), using 

5’RACE SBT brain cDNA as template. 

 

 

                         
 

Figure 5.3: Gradient PCR (temperature range from 47°°°°C to 57°°°°C. Lane 1: 47.3°°°°C, 

lane 2: 49.2°°°°C, lane 3 at 52.5°°°°C, and lane 4 at 56.2°°°°C) amplification products using 

gene-specific and universal primers, 5’YSR2- NUP, SBT GPR54. Arrow indicates 

product used for semi-nested PCR reaction. (M-1Kb DNA ladder; N-Negative 

control).  

 

Primers 5’SR1-NUP (Table 1; positions shown in Fig. 5.10) further amplified a 

single product at 48.6°C in a semi-nested PCR reaction (Fig. 5.4). Cloning and 

sequencing of this product revealed 276 bp sequence encoding the deduced 24 amino 

acid residues of the SBT GPR54 N-terminus plus the 5’ untranslated region of the 

transcript.  

M    1    2    3    4    5    6    N   

  M   1     2    3    4    N 

500bp 

400bp 
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Figure 5.4: Semi-nested PCR amplification products amplified using gene-specific 

and universal primers, 5’SR1 and NUP, SBT GPR54. Arrow indicates sequenced 

product. (M-1Kb DNA ladder).  

 

For the 3’ end isolation, primers S54 3F1(b)-NUP (Table 1; positions are shown in 

Fig. 5.10) amplified two products using a 3’RACE brain cDNA as template (Fig. 5.5). 

 

                   
 

Figure 5.5: Gradient PCR (temperature range from 58°°°°C to 68°°°°C. Lane 1: 58°°°°C, 

lane 2: 59.1°°°°C, lane 3: 61.9°°°°C, lane 4: 64.0°°°°C, lane 5: 66.4°°°°C, lane 6: 67.7°°°°C, and 

lane 7: 68°°°°C) amplification products using gene-specific and universal primers, 

S54 3F1(b)-NUP, SBT GPR54 Arrows indicate products used for semi-nested PCR 

reaction. (M-1Kb DNA ladder; N-Negative control).  
 

Primers S54 3F2(b)-NUP (Table 1; positions are shown in Fig. 5.10) further 

amplified two products in a semi-nested PCR reaction (Fig. 5.6). 

 

 

 

 

 

 M   1   2    3    4   5    6    N 

M    SBT  

500bp 

300bp 
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Figure 5.6: Gradient PCR (temperature range from 58°°°°C to 68°°°°C. Lane 1: 58°°°°C, 

lane 2: 59.1°°°°C, lane 3: 61.9°°°°C, lane 4: 64.0°°°°C, lane 5: 66.4°°°°C, lane 6: 67.7°°°°C, and 

lane 7: 68°°°°C) amplification products using gene-specific and universal primers, 

S54 3F2(b)-NUP, SBT GPR54, in a semi-nested PCR reaction. Arrows indicate 

products purified and sequenced. (M-1Kb DNA ladder; N-Negative control).  
 

 

A 455 bp SBT GPR54 3’end sequence was obtained from the larger isolated product. 

This longer product had a 238 bp 3’UTR. The shorter 244 bp SBT GPR54 3’end 

sequence, which was obtained from the shorter isolated product, had a 30 bp sequence 

after the stop codon that included a 20 bp poly A tail. The sequences of the two products, 

starting from the forward primer, matched.  

 

A3.1.3. Isolation of YTK brain GPR54 cDNA. 

The primers F6-R6 (Table 1) amplified a single product (Fig. 5.7; lane 5) while the 

primer combination F7 and R7 (Table 1) also yielded a single product in (Fig. 5.7; lane 

6) using YTK brain cDNA as template. The primers positions are shown in Fig. 5.11. 

 

 

Figure 5.7: PCR amplification products using degenerate primer combinations 

F6-R6 and F7-R7, YTK GPR54. Arrows indicate products purified and sequenced. 

(M-1Kb DNA ladder; N-Negative control).  

 

The sequences of the two isolated fragments overlapped when aligned. A 282 bp 

nucleotide sequences, corresponding to 94 amino acid residues, were obtained from the 

PCR products.  

  M   1   2    3    4    5    6   N 

1    2    3    4    5    6    7    N    M 

400bp 

500bp 
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Primers 3’YF1-3’R2 (Table 1; positions are shown in Fig. 5.11) did not yield any 

visible product (Fig. 5.8). However, when a nested PCR reaction was performed, using 

internal primers 3’YS F2-3’R1 (Table 1; positions are shown in Fig. 5.11), a single 

product was amplified at 56.7°C (Fig. 5.9). Cloning and sequencing of this product 

revealed 537 bp, corresponding to179 amino acid residues, of the YTK GPR54. 

 

 
 

Figure 5.8: Gradient PCR (temperature range: 47°°°°C to 57°°°°C. Lane 1: 47°°°°C, lane 2: 

48.6°°°°C, lane 3: 50.9°°°°C, lane 4: 53.0°°°°C, lane 5: 55.4°°°°C, and lane 6: 56.7°°°°C) 

amplification products using primers 3’YF1-3’R2, YTK GPR54. (M-1Kb DNA 

ladder; N-Negative control). Arrow indicates product used in nested PCR reaction. 

 

 

 
 

Figure 5.9: Nested PCR amplification products using primers 3’YS F2-3’R1, YTK 

GPR54. Arrow indicates product purified and sequenced. (M-1Kb DNA ladder).  

M   SBT   YTK 

500bp 

 M    1   2    3    4   5    6   N 
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 actcagcggctgaacgcctcacatgcacacactcacacaaacacacactgtaaactctct 60 cccctaattgccatttcttcctcctcttgacacctgttctttcacctccctcactattat 120 ctctcccactccgtcacgATGTACTCCTCCGAGAGGTTCTGGAACTCCACCGAGCAGCTC 180                    M  Y  S  S  E  R  F  W  N  S  T  E  Q  L  TGGATCAACGGCTCTGAGGCAAACTTCTCTCTGGGAGGACGTGGAGGTGAGGAGGAGGAG 240  W  I  N  G  S  E  A  N  F  S  L  G  G  R  G  G  E  E  E  E              F6          5’SR1 /3’SF1 GAAGGGGATCAGCACCCTTTCTTCACAGACGCCTGGCTTGTCCCCCTCTTCTTCTCCCTA 300  E  G  D  Q  H  P  F  F  T  D  A  W  L  V  P  L  F  F  S  L                  T54F2           5’SR2 ATCGTGCTGGTGGGACTGGTGGGCAACTCTCTGGTTATTTATGTCATCTCTAAACACAGG 360  I  V  L  V  G  L  V  G  N  S  L  V  I  Y  V  I  S  K  H  R  CAGATGAGGACGGCGACCAACTTTTACATAGCAAACCTGGCTGCCACTGACATCATCTTC 420  Q  M  R  T  A  T  N  F  Y  I  A  N  L  A  A  T  D  I  I  F               R5                           T54R2        R6 TTGGTGTGCTGCGTCCCGTTCACTGCCACCCTCTATCCTCTGCCTGGATGGATCTTTGGC 480  L  V  C  C  V  P  F  T  A  T  L  Y  P  L  P  G  W  I  F  G  AACTTCATGTGCAAATTTGTTGCCTTTCTACAGCAGGTGACAGTTCAAGCCACATGTATC 540  N  F  M  C  K  F  V  A  F  L  Q  Q  V  T  V  Q  A  T  C  I  ACTCTGACCGCTATGAGTGGGGACCGCTGTTACGTCACAGTCTACCCTCTGAAATCCCTC 600  T  L  T  A  M  S  G  D  R  C  Y  V  T  V  Y  P  L  K  S  L  CGCCACCGCACCCCGAGAGTAGCCATGATTGTCAGCATCTGCATTTGGATCGGCTCCTTC 660  R  H  R  T  P  R  V  A  M  I  V  S  I  C  I  W  I  G  S  F  ATCCTGTCCACCCCGATTTTAATGTACCAGCGTATTGAGGAGGGTTACTGGTATGGCCCC 720  I  L  S  T  P  I  L  M  Y  Q  R  I  E  E  G  Y  W  Y  G  P  AGGCAGTACTGCATGGAGAGATTCCCCTCGAAGACACATGAGAGGGCTTTCATCTTGTAC 780  R  Q  Y  C  M  E  R  F  P  S  K  T  H  E  R  A  F  I  L  Y  CAGTTCATCGCCGCCTACTTGCTGCCTGTTCTCACTATCTCCTTCTGCTATACTCTGATG 840  Q  F  I  A  A  Y  L  L  P  V  L  T  I  S  F  C  Y  T  L  M  GTGAAGAGGGTGGGCCAGCCCACTGTAGAACCTGTTGACAACAACTATCAGGTCAACCTC 900  V  K  R  V  G  Q  P  T  V  E  P  V  D  N  N  Y  Q  V  N  L                                 S54 3F1(b) CTGTCTGAGAGAACAATCAGCATCAGGAGCAAGGTCTCCAAGATGGTGGTAGTGATCGTC 960  L  S  E  R  T  I  S  I  R  S  K  V  S  K  M  V  V  V  I  V  CTCCTCTTCGCCATCTGCTGGGGTCCCATCCAGATATTCGTCCTCTTCCAGTCTTTCTAT 1020  L  L  F  A  I  C  W  G  P  I  Q  I  F  V  L  F  Q  S  F  Y                                    S54 3F2(b)            3’R2 CCAAACTACCAGGCCAACTATGCCACGTACAAGATCAAGACATGGGCCAACTGCATGTCC 1080  P  N  Y  Q  A  N  Y  A  T  Y  K  I  K  T  W  A  N  C  M  S  TACGCCAACTCCTCAGTCAACCCCATCGTTTATGGTTTCATGGGAGCCAGCTTCCAAAAG 1140  Y  A  N  S  S  V  N  P  I  V  Y  G  F  M  G  A  S  F  Q  K  TCCTTCAAGAAAACCTTCCCCTTCCTGTTCAAGCACAAGGTCAGAGACAGCAGCATGGCT 1200  S  F  K  K  T  F  P  F  L  F  K  H  K  V  R  D  S  S  M  A  TCAAGGACTGTCAACGCTGAAATCAAATTTGTTGCTGCAGAGGAAGGCAACAATAATAAC 1260  S  R  T  V  N  A  E  I  K  F  V  A  A  E  E  G  N  N  N  N  GGAGTAAACTGAatcagattaaaaaaaaaaaaaaaaaaaaaatcgatgtttgtatccaca 1320 G  V  N  -   gtaacgataagcgaaagccatggttttaatagagcaactggctgattccaaatggactat 1380 gattgtggcaatgtttggcatacacattttatttatgttaatgaatgcaattaattagca 1440 aatttatgtgggtaaacactgactcataaaacacatggacacagaaaaaaaaaaaaaaaa 1500 aaaaaaaaaa                                                   1510 
      

 

Figure 5.10: Nucleotide and deduced amino acid sequence of SBT brain GPR54 

cDNA. The sequence contains an open reading frame of 1134bp encoding a 

predicted 378 amino acid peptide, a 138bp 5’UTR and 238 3’UTR. Numbers 

indicate the nucleotide position. The 5’ and 3’ UTR nucleotide sequences are in 
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lower case while the predicted coding nucleotide sequence from the start codon to 

the stop codon is in upper case. Positions of degenerate and gene-specific primers 

used to isolate the SBT GPR54 cDNA by RT-PCR and RACE RT-PCR are marked 

yellow and green, respectively. Gene specific-primers designed for RT-qPCR are 

underlined.    denotes a forward direction primer and     denotes a reverse 

direction primer. 

 

  F6           3’YF1                             F7 CACCCTTTCTTCACGGATGCCTGGCTGGTCCCCCTCTTCTTCTCCCTCATCATGCTGGTC 60  H  P  F  F  T  D  A  W  L  V  P  L  F  F  S  L  I  M  L  V                   3’YS F2                  Y54F2  GGACTCGTGGGCAACTCTCTGGTTATTTATGTCATTTCCAAACACAGGCAGATGAGGACG 120  G  L  V  G  N  S  L  V  I  Y  V  I  S  K  H  R  Q  M  R  T  GCAACTAATTTCTACATAGCAAACCTGGCTGCCACTGACATCATCTTCTTGGTGTGCTGT 180  A  T  N  F  Y  I  A  N  L  A  A  T  D  I  I  F  L  V  C  C                                     Y54R1  GTCCCCTTCACTGCCACCCTCTATCCTCTCCCTGGATGGATCTTTGGCAACTTCATGTGC 240  V  P  F  T  A  T  L  Y  P  L  P  G  W  I  F  G  N  F  M  C                                R7 AAATTTGTTGCCTTTCTACAGCAGGTGACAGTACAGGCCACCTGTATCACCCTGACTGCC 300  K  F  V  A  F  L  Q  Q  V  T  V  Q  A  T  C  I  T  L  T  A  ATGAGTGGAGACCGCTGTTATGTCACAGTCTACCCTCTGAAATCCCTCCGCCACCGTACC 360  M  S  G  D  R  C  Y  V  T  V  Y  P  L  K  S  L  R  H  R  T  CCGAGAGTAGCCATGATCGTCAGCATCTGCATATGGATCGGTTCCTTCATCCTGTCTACC 420  P  R  V  A  M  I  V  S  I  C  I  W  I  G  S  F  I  L  S  T  CCGATTTTAATGTACCAGCGTATAGAGGAGGGTTACTGGTACGGTCCAAGGCAGTACTGC 480  P  I  L  M  Y  Q  R  I  E  E  G  Y  W  Y  G  P  R  Q  Y  C  ATGGAGAGATTTCCCTCTAAAACACATGAGAGGGCTTTCATCCTCTACCAATTCATTGCT 540  M  E  R  F  P  S  K  T  H  E  R  A  F  I  L  Y  Q  F  I  A  GCCTACCTGCTGCCTGTCCTCACTATCTCCTTCTGCTACACTCTGATGGTGAAGAGGGTG 600  A  Y  L  L  P  V  L  T  I  S  F  C  Y  T  L  M  V  K  R  V  GGTCAGCCCACTGTGGAACCAGTAGACAACAACTATCAGGCCAACCTGCTGTCTGAGAGA 660  G  Q  P  T  V  E  P  V  D  N  N  Y  Q  A  N  L  L  S  E  R                                                        3’R1 ACTATAAGTATCAGAAGCAAAGTCTCCAAGATGGTGGTAGTGATCGTCCTCCTCTTCACC 720  T  I  S  I  R  S  K  V  S  K  M  V  V  V  I  V  L  L  F  T  ATCTGCTGG                                                    729  I  C  W   
 

Figure 5.11: Partial nucleotide (729 bp) and deduced amino acid (243a.a) 

sequences of YTK brain GPR54 cDNA. Numbers indicate the nucleotide position. 

Positions of degenerate and gene-specific primers used to isolate the YTK GPR54 

cDNA by RT-qPCR are marked yellow and green, respectively. Gene-specific 

primers designed for RT-qPCR are underlined.      denotes a forward direction 

primer and      denotes a reverse direction primer. 
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 SBT                   METYSSERFWNSTEQL---WINGSEANFSLGGR---GGEEEEEGDQHPFFTDAWLVPLFF 54 YTK                   ----------------------------------------------HPFFTDAWLVPLFF 14 Grey_Mullet           --MHSSEEPWNSSEHV---WVNGSEANFSLGRRRVDEEKEEEEGGQHPFLTDAWLVPLFF 55 Zebrafish_GPR54a      --MFSGED-WNSSE-----LLNGSFRNSS---------MEDSEDGEHPFLTDAWLVPLFF 43 Bullfrog              --MALGEGMLDEMLNLSWEYVNGSFLGNASRIN--ESLVNRTETGPPPFLTDAWLVPLFF 56 Zebrafish_GPR54b      --MAETNSTGDAAEHIMCNYDANIYQCNQ---------TDLMRFQSPVPLTDTWLVPLFF 49 Human                 --MHTVATSGPNASWGAPANASGCPGCGAN---------ASDGPVPSPRAVDAWLVPLFF 49 Rat                   --MAAEATLGPNVSWWAPSNASGCPGCGVN---------ASDGPGSAPRPLDAWLVPLFF 49                                                                          *:*******                        TM I                               TM II SBT                   SLIM--LVGLVGNSLVIYVISKHRQMETRTATNFYIANLAATDIIFLVCCVPFTATLYPL 112 YTK                   SLIMETLVGLVGNSLVIYVISKHRQMETRTATNFYIANLAATDIIFLVCCVPFTATLYPL 74 Grey_Mullet           SLIM--LVGLVGNSLVIYVISKHRQMRT--ATNFYIANLAATDIIFLVCCVPFTATLYPL 111 Zebrafish_GPR54a      SLIM--LVGLIGNSLVIYVISKHRQMRT--ATNFYIANLAATDIIFLLCCVPFTATLYPL 99 Bullfrog              ALIM--LVGLIGNSLVIYVISKHRQMRT--ATNFYIANLASTDIMFLVCCVPFTATLYPL 112 Zebrafish_GPR54b      TLIM--FVGLVGNLIVIYVVIKNQQMKT--VTNLYIVNLATTDILFLVCCVPFTATVYVL 105 Human                 AALM--LLGLVGNSLVIYVICRHKPMRT--VTNFYIANLAATDVTFLLCCVPFTALLYPL 105 Rat                   AALM--LLGLVGNSLVIFVICRHKHMQT--VTNFYIANLAATDVTFLLCCVPFTALLYPL 105                       : :*  ::**:** :**:*: ::: *.*  .**:**.***:**: **:******* :* *                                            TM III SBT                   PGWIFGNFMETCKFVAFLQQVTVQATCITLTAMETSGDRCYVTVYPLKSLRHRTPRVAME 172 YTK                   PGWIFGNFMETCKFVAFLQQVTVQATCITLTAMETSGDRCYVTVYPLKSLRHRTPRVAME 134 Grey_Mullet           PGWIFGNFM--CKFVAFLQQVTVQATCITLTAMS--GDRCYVTVYPLKSLRHRTPKVAM- 166 Zebrafish_GPR54a      PGWIFGDFM--CKFVAFLQQVTVQATCITLTAMS--GDRCYVTVYPLKSLHHRTPRVAM- 154 Bullfrog              PSWVFGDFM--CKFVAYLQQVTVQATCITLTAMS--ADRCYATLYPLRSLRHRTPRVAM- 167 Zebrafish_GPR54b      PSWIFGDFM--CRLVNYLQQVTAQATCITLSAMS--VDRFYVTVYPLQSLHHRTPQMALS 161 Human                 PGWVLGDFM--CKFVNYIQQVSVQATCATLTAMS--VDRWYVTVFPLRALHRRTPRLALA 161 Rat                   PTWVLGDFM--CKFVNYIQQVSVQATCATLTAMS--VDRWYVTVFPLRALHRRTPRLALT 161                       * *::*:**  *::* ::***:.**** **:**.   ** *.*::**::*::***::*:                              TM IV SBT                   TIVSICIWIGSFILSTPILMETYQRIEEGYWYGPRQYCMETERFPSKTHERAFILYQFIA 232 YTK                   TIVSICIWIGSFILSTPILMETYQRIEEGYWYGPRQYCMETERFPSKTHERAFILYQFIA 194 Grey_Mullet           -IVSVCIWIGSFILSTPILM--YQRIEEGYWYGPRQYCME--RFPSKTHERAFILYQFIA 221 Zebrafish_GPR54a      -IVSICIWIGSFILSIPIFL--YQRLEDGYWYGPRKYCME--RFPSKTHEKAFILYQFIA 209 Bullfrog              -IVSMCIWIGSLLLSTPIIP--YQKIQKGYWYGPRTYCIE--QFPTDTMKKACILYQFLA 222 Zebrafish_GPR54b      --VCTTIWICSSLLSVPIAL--YQHTESSYWFGPQTYCTE--TFPSVIHKRVYLLYSFLA 215 Human                 --VSLSIWVGSAAVSAPVLA--LHRLSP----GPRAYCSE--AFPSRALERAFALYNLLA 211 Rat                   --VSLSIWVGSAAVSAPVLA--LHRLSP----GPHTYCSE--AFPSRALERAFALYNLLA 211                         *.  **: *  :* *:     :: .     **: ** *   **:   ::.  **.::*                          TM V SBT                   AYLLPVLTISFCYTLMETVKRVGQPTVEPVDNNYQVNLLS--ERTISIRSKVSKMETVVV 290 YTK                   AYLLPVLTISFCYTLMETVKRVGQPTVEPVDNNYQANLLS--ERTISIRSKVSKMETVVV 252 Grey_Mullet           AYLLPVLTITFCYTLM--VKRVGQPTVEPVDNNYQVNLLS--ERTISIRSKVSKM--VVV 275 Zebrafish_GPR54a      VYLLPVITISFCYSFM--LKRVGQASVEPVDNNHQVHLLS--ERTISIRSKISKM--VVV 263 Bullfrog              VYLLPLLTICLCYSLM--LKRVGRPVVEPMDNNYQVQLLS--ERTIAMRSKISKM--VIV 276 Zebrafish_GPR54b      VYLLPLITICMCYTFM--LKRMAQATVQPVQGCNQISLQTSSERAEAVRSRVSRM--VVV 271 Human                 LYLLPLLATCACYAAM--LRHLGRVAVRPAPADSALQGQVLAERAGAVRAKVSRL--VAA 267 Rat                   LYLLPLLATCACYGAM--LRHLGRAAVRPAPTDGALQGQLLAQRAGAVRTKVSRL--VAA 267                        ****:::   **  *  ::::.:  *.*             :*: ::*:::*::  * .                                                                                      TM VI                                     TM VII SBT                   IVLLFAICWGPIQIFVLFQSFYPN---YQANYATYKIKTWANCMETSYANSSVNPIVYGF 347 YTK                   IVLLFTICW--------------------------------------------------- 261 Grey_Mullet           IVLLFAVCWGPIQIFVLFQSFYPN---YQPNYATYKIKTWANCMS--YANSSVNPIVYGF 330 Zebrafish_GPR54a      IVVLFTICWGPIQIFVLFQSFYPN---FKANYATYKIKTWANCMS--YANSSINPIVYGF 318 Bullfrog              IVLLFTICWGPIQLFSLFQGFYPG---FQANYATYKIKTWANCMS--YANSSINPIVYGF 331 Zebrafish_GPR54b      MVLLFLLCWGPIQILILLQAFCAED--VSRSYTLYKLKIWAHGMS--YSNSSINPVIYAF 327 Human                 VVLLFAACWGPIQLFLVLQALGPAGSWHPRSYAAYALKTWAHCMS--YSNSALNPLLYAF 325 Rat                   VVLLFAACWGPIQLFLVLQAL-PLGGLAPSKLCAYALKIWAHCMS--YSNSALNPLLYAF 324                       :*:**  **                                                    
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 SBT                   METGASFQKSFKKTFPFLFKH-KVRDSSMETASRTVNAEIKFVAAEEGNNNNGVN----- 401 YTK                   ------------------------------------------------------------ Grey_Mullet           MG--ASFQKSFRKTFPFLFKH-KVRDSSMAS--RTANAEIKFVAAEEGNNNNAVN----- 380 Zebrafish_GPR54a      MG--ASFRKSFRKTFPFLFRH-KVRDSSVAS--RTANAEIKL------------------ 355 Bullfrog              MG--ASFRKSFKKAFPFMFRN-KVRDGSITS--GTVNNEMKFVAMESTNNELK------- 379 Zebrafish_GPR54b      MG--ANFRKAFRSVCPLIFKR-RSTEP-----LATYNREMNFLSS--------------- 364 Human                 LG--SHFRQAFRRVCPCAPRRPRRPRRPGPSDPAAPHAELLRLGSHPAPARAQKPGSSGL 383 Rat                   LG--SHFRQAFCRVCPCGPQRQRRPHASAHSDRAAPHSVPHSRAAHPVRVRTPEPGNP-- 380                                                                                     SBT                   --------------- YTK                   --------------- Grey_Mullet           --------------- Zebrafish_GPR54a      --------------- Bullfrog              --------------- Zebrafish_GPR54b      --------------- Human                 AARGLCVLGEDNAPL 398 Rat                   VVHSPSVQDEHTAPL 395 
 

Figure 5.12: Alignment of the deduced amino acid sequences of the SBT and YTK 

GPR54 cDNA sequence with those of mullet (GenBank Accession No. DQ683737), 

zebrafish-GPR54 1 (EU047917), zebrafish-GPR54 2 (EU047918), bullfrog 

(EU681171), human (NM 032551), and rat (NM 023992). The predicted TMDs are 

marked green. The number on the right represents the number of amino acid; “*” 

denote conserved amino acid residues; “:” denote conserved substitutions between 

related amino acid family; “.” denote semi-conserved substitution. Sequences were 

aligned by Clustal W2 (http://www.ebi.ac.uk/Tools/clustalw2/). 
                                    

 

Fig. 5.12 shows the homology of the deduced amino acid residues of SBT and YTK 

GPR54 to other vertebrate GPR54 cDNAs. The SBT GPR54 shared more than 90% 

homology with YTK, 79-89% homology to zebrafish GPR54-1 and mullet GPR54, 37% 

homology to zebrafish GPR54-2, 76% homology to bullfrog GPR54 and 70-71% 

homology to its rat and human homologues. Analysis of the predicted amino acid 

sequences of SBT GPR54 revealed seven putative transmembrane (TM) domains. 

TM1-7 showed 82-100% identity to other fish species. Comparisons with the TM 

domain of amphibian, GPR54 revealed 71-93% identity in TM1-7. SBT GPR54 TM1-7 

shared only 43-86% homology with mammalian GPR54. 

 

A3.4. RT-qPCR validation assays  

A3.4.1. Isolation of SBT and YTK partial Hprt1 cDNA sequences 

 

In order to develop a real-time quantitative PCR (RT-qPCR) for the determination of 

relative expression levels of GPR54 in SBT and YTK, partial SBT and YTK Hprt1 

cDNA sequences of the reference gene, Hprt1, were isolated.  
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For SBT, primers F1-R1 and F1-R2 (Table 9) amplified a single product, using SBT 

gonad cDNA as template (lane 1 and 3, respectively; Fig. 5.13). The primer positions 

are shown in Fig. 5.21. 

 

 

 
 

Figure 5.13: PCR amplification products using degenerate primers F1-R1 and 

F2-R1, SBT Hprt1. Arrows indicate products purified and sequenced. (M-1Kb 

DNA marker; N-Negative control). 

 

 

The sequences of the two isolated fragments overlapped when aligned. A 555 bp of 

partial SBT Hprt1 cDNA sequences were obtained from these PCR products.  

 

Partial YTK Hprt1 cDNA sequence (555 bp) was amplified with primers F1-R2 

(Table 9; positions are shown in Fig. 5.22), using YTK gonad cDNA as template (Fig. 

5.14, lane 3).  

 

                     
 

Figure 5.14: PCR amplification products using degenerate primers F1-R2, YTK 

Hprt1. Arrow indicates product purified and sequenced. (M-1Kb DNA marker; 

N-Negative control). 

 M    1   2    3    4    N   

500bp 

 1    2    3    4    N    M 

400bp 
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A3.4.2. SBT and YTK GPR54 and Hprt1 RT-qPCR standard curves 

 

The gene-specific primers used for the RT-qPCR amplification of target and 

reference genes are shown in Table 3. The primers, tested on plasmid clones of the 

genes, showed product specificity (Figs 5.15-5.18).  

For SBT target gene, GPR54, primers T54F2-T54R2 yielded a single product with 

expected size of 164 bp (Fig. 5.15). For the reference gene, Hprt1, primers 

ThprtF1-ThprtR1 amplified a single product of 196 bp (Fig. 5.16).  

For YTK GPR54 gene, primers Y54F2-Y54R1 yielded a single product with 

expected size of 130 bp (Fig. 5.17). Primers YhprtF2-YhprtR2 amplified a single 

product with 144 bp in length for the Hprt1 cDNA (Fig. 5.18). 

 

 

 
 

Figure 5.15: Gradient PCR (temperature range from 47°°°°C to 63.5°°°°C. Lane 1: 47°°°°C, 

lane 2: 48.9°°°°C , lane 3: 53.6°°°°C , lane 4: 57.2°°°°C, lane 5: 61.3°°°°C, and lane 6: 63.5°°°°C). 

SBT GPR54 target amplification products (164 bp) using RT-qPCR gene-specific 

primers T54F2-T54R2 are shown in lanes 1-6. (M-1Kb DNA marker; N-Negative 

control). 

 

 

 

M    1    2    3     4     5     6    N   

100bp 
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Figure 5.16: Gradient PCR (temperature range from 49.8°°°°C to 64°°°°C. Lane 1: 49.8°°°°

C, lane 2: 55.5°°°°C , lane 3: 60.8°°°°C , and lane 4: 64°°°°C). SBT Hprt1 target 

amplification products (196 bp) using RT-qPCR gene-specific primers 

ThprtF1-ThprtR1 in lanes 1-4. (M-1Kb DNA marker; N-Negative control).  
 

 

 

 

Figure 5.17: Gradient PCR (temperature range from 47°°°°C to 64°°°°C. Lane 1: 47°°°°C, 

lane 2: 48.9°°°°C , lane 3: 53.6°°°°C , lane 4: 57.2°°°°C, lane 5: 61.3°°°°C, and lane 6: 63.5°°°°C). 

YTK GPR54 target amplification products (130 bp) using RT-qPCR gene-specific 

primers Y54F2-Y54R1 are shown in lanes 2-8. (M-1Kb DNA marker; N-Negative 

control). 
 

 

 

M      1      2      3      4      N       

200bp 

N   2    3    4    5    6    7    8    9   10   M 

100bp 
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Figure 5.18: Gradient PCR (temperature range from 49.8°°°°C to 64°°°°C, Lane 1: 49.8°°°°

C, lane 2: 55.5°°°°C , lane 3: 60.8°°°°C , and lane 4: 64°°°°C). YTK Hprt1 target 

amplification products (144 bp) using RT-qPCR gene-specific primers 

YhprtF2-YhprtR2 are shown in lanes 1-4. (M-1Kb DNA marker; N-Negative 

control). 

 

A3.4.3. Agarose gel electrophoresis of RT-qPCR products 

 

RT-qPCR amplification products from brain and gonad templates from both SBT 

and YTK were visualized on ethidium bromide stained agarose gel (Figs 5.19-5.20). 

Within each fish species, the target gene, GPR54 and the reference gene, Hprt1 were 

amplified from brain and gonad templates using the species-specific primer pairs (Table 

2) during qRT-PCR. 

 

 
 

Figure 5.19: RT-qPCR amplification of target gene, GPR54. Lane 1: SBT brain 

(164 bp); lane 2: SBT gonad (164 bp); lane 3: YTK brain (130 bp); lane 4: YTK 

gonad (130 bp). (M-1Kb DNA ladder; N-Negative control). 
 

 

 
Figure 5.20: RT-qPCR amplification of reference gene, Hprt1, Lane 1: SBT brain 

(196 bp); lane 2: SBT gonad (196 bp); lane 3: YTK brain (144 bp); lane 4: YTK 

gonad (144 bp). (M-1Kb DNA ladder; N-Negative control). 

1      2     3      4      N     M 

100bp 

M    1     2     3     4    N 

100bp 

M    1     2     3     4    5 

100bp 
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F1                                             ThprtF1 

TGAGGAGCAAGGATATGACCTGGACCTTTTCTGCATACCAAAGCACTACGCCACCGATTTGGAGAAGGTCTACATCCC

ACATGGACTCATCTTGGACAGGACAGAGAGACTGGCCAGAGAGATTATGAAGGAAATGGGGGAACACCATATCGTGGC 

                                                                                   ThprtR1 
CCTCTGTGTGCTCAAAGGGGGCTACAAGTTCTTTGCAGACCTGCTGGACTACATCAAGGCCCTGAACAGGAACAGTGA

CCGCTCCATCCCAATGACAGTGGACTTCATCCGCCTGAAGAGCTACTGTAATGACCAGTCGACAGGTGAAATCAAAGT

AATTGGAGGAGATGACCTGTCTACGTTGACAGGCAAGAATGTCTTGATTGTGGAGGACATTATCGACACAGGGAAGAC

AATGAAGACACTATTGCAACTCCTCAAACAGTACAATCCCAAAATGGTTAAAGTAGCAAGTTTGTTGGTGAAGAGAAC 

                 R1                                                                     R2 
ACCAAGGAGTGTTGGCTACCGACCAGACTTTGTAGGATTTGAGGTCCCTGACAAATTTGTGGTGGGATATGCGCTAGA

CTACAACGA  

                

 

Figure 5.21: Isolated partial SBT Hprt1 cDNA sequence (555 bp) and primers 

positions. Positions of degenerate primers are marked in yellow. Gene-specific 

primers designed for RT-qPCR are underlined.    denotes a forward direction 

primer and    denotes a reverse direction primer. 

 
     F1 
TGAGGAGCAGGGTTATGACCTGGACCTTTTCTGCATACCAAAGCACTATGCTGCAGACCTGGAGAGGGTCTACAT 

    YhprtF2 
ACCCCATGGACTCATCTTGGACAGGACAGAGAGACTGGCCAGAGAGATCATGAAGGAAATGGGAGGGCACCACAT 

                                                                 YhprtR2 
TGTGGCCCTCTGTGTGCCAAAGGGGGGTACAAGTTCTTTGCAGACCTGCTGGACTACATCAAGGCTCTGAACAGGAAC

AGTGACCGCTCCATCCCAATGACAGTGGACTTCATTCGTCTCAGGAGCTACTATAATGACCAGTCGACAGGTGAAATC

AAAGTTATTGGTGGAGATGACTTGTCTACATTGACGGGAAAGAATGTCTTGATCGTGGAGGATATAATTGACACAGGG

AAGACGATGAAGACATTACTGCAGCTCCTCAAACAGTACAATCCCAAAATGGTTAAAGTAGCAAGTTTGTTGGTGAAA

AGAACACCAAGAAGTGTGGGCTACCGACCAGACTTTGTGGGATTCGAGGTCCCCGACAAATTTGTGGTGGGATATGCG 

           R2 
CTAGACTACAACGA 

 

Figure 5.22: Isolated partial YTK Hprt1 cDNA sequence (555 bp) and primers 

positions. Positions of degenerate primers are marked in yellow. Gene-specific 

primers designed for RT-qPCR are underlined.    denotes a forward direction 

primer and    denotes a reverse direction primer. 
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A 3.7. Statistical analysis of YTK brain and gonad expression relative to the 

experimental variables 

 

A frequency plot using descriptive statistical analysis (Fig. 5.23) including tissue 

types, genders, sampling points and fish groups suggested that the brain and gonad 

GPR54 expression levels data were not normally distributed.  

 
 

Figure 5.23: Histogram of GPR54 expression levels from all YTK collected 

samples. 

 

The distribution of data was tested for normality by Kolmogorov-Smirnov test, 

which confirmed that the distribution was not normal (K-S statistic= 0.292 [91] P<0.001). 

The distribution of GPR54 expression level was statistically significantly skewed 

(skewness = 1.648 ± 0.253, P<0.001) and significantly kurtotic (kurtosis = 2.317 ± 

0.500, P<0.001). Natural log and log10 transformations of GPR54 expression level failed 

to normalize the data. Therefore Kruskal-Wallis, K-independent non-parametric test was 

applied. The YTK brain and gonad relative GPR54 expression levels, raw GPR54 Cq 

and Hprt1 Cq, between sampling points, developmental stage (immature vs. pubertal) 

and sex were tested. The results are presented in Tables 10. the table shows that some of 

the results obtained by non-parametric analysis of the raw data (not normalised against 

the reference gene) are the same as the relative expression levels, while others differ 

significantly (P<0.05). 
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Table 10. Summary of statistical analysis of sampling data for RT-qPCR 
 

 

P V.S. I P V.S. I P V.S. I P V.S. I P V.S. I P V.S. I 

 Brain Hprt1 Cq Gonad Hprt1 Cq Brain GPR54 Cq Gonad GPR54 Cq Brain GPR54 relative 

expression 

Gonad GPR54 

relative expression 

 ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ 

S1 P=0.006* P=0.715 P=0.150 P=0.004* P=0.006* P=0.715 P=0.262 P=0.004* P=0.770 P=0.222 P=0.004* P=0.042* 

S2 P=0.810 P=0.715 P=0.144 P=1.000 P=0.749 P=0.465 P=0.144 P=0.873 P=0.004* P=0.006* P=0.006* P=0.285 

 

 S1 V.S. S2 S1 V.S. S2 S1 V.S. S2 S1 V.S. S2 S1 V.S. S2 S1 V.S. S2 

 Brain Hprt1 Cq Gonad Hprt1 Cq Brain GPR54 Cq Gonad GPR54 Cq Brain GPR54 relative 

expression 

Gonad GPR54 

relative expression 

 P I P I P I P I P I P I ♂ P=0.004* P=0.631 P=0.262 P=0.361 P=0.006* P=0.631 P=0.337 P=0.465 P=0.004* P=0.686 P=0.004* P=0.006* ♀ P=0.273 P=0.361 P=0.016* P=0.873 P=0.273 P=0.361 P=0.016* P=0.873 P=0.006* P=0.018* P=0.053 P=0.746 

 

 ♂V.S.♀ ♂V.S.♀ ♂V.S.♀ ♂V.S.♀ ♂V.S.♀ ♂V.S.♀ 

 Brain Hprt1 Cq Gonad Hprt1 Cq Brain GPR54 Cq Gonad GPR54 Cq Brain GPR54 relative 

expression 

Gonad GPR54 

relative expression 

 P I P I P I P I P I P I 

S1 P=0.337 P=0.100 P=0.004* P=0.150 P=0.337 P=0.100 P=0.004* P=0.150 P=0.145 P=0.081 P=0.037* P=0.157 

S2 P=0.361 P=0.522 P=0.262 P=0.068 P=0.361 P=0.631 P=0.200 P=0.144 P=1.000 P=0.920 P=0.003* P=0.044* 

* Statistically significant. Differences were accepted as significant at P<0.05.  

P: Pubertal; I: Immature 

S1: Sampling 1 (Dec 08); S2: Sampling 2 (Jan 09) 

♂: Male; ♀: Female 
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Table 11. Average crossing point (Cq) of reference gene, Hprt1, in the YTK brain (mean 

± SD). 

 
 Pubertal Fish Group Immature Fish Group 

 Male (n=6) Female (n=6) Male (n=6) Female (n=6)  

Sampling 1 

(Dec 08) 

30.13±0.77 30.66±1.07 34.45±0.52 31.62±1.39 

Sampling 2 

(Jan 09) 

34.19±0.30 32.62±1.12 33.79±0.88 33.26±0.79 

 

Table 12. Average crossing point (Cq) of reference gene, Hprt1, in the YTK gonad 

(mean ± SD). 

 
 Pubertal Fish Group Immature Fish Group 

 Male (n=6) Female (n=6) Male (n=6) Female (n=6)  

Sampling 1 

(Dec 08) 

22.97±0.70 18.19±0.59 24.81±1.07 23.92±2.07 

Sampling 2 

(Jan 09) 

23.97±0.56 22.44±1.25 25.48±0.87 22.48±1.41 

 

Tables 11 and 12 present the raw Cq data for YTK brain and gonad. These data are also 

presented and discussed in the manuscript (Fig. 3.8). 

 

Future work: 

 

Further work is required in order to obtain a more comprehensive understanding of the 

role of GPR 54 in the puberty onset of YTK and SBT. The following are some of the 

subsequent research that need to be carried out. 

1. A number of alternative reference genes should be tested and the samples reanalysed 

using an appropriate reference gene, which does not change significantly in 

response to the experimental conditions and developmental stage. Likely candidates 

are RPS4, UBQ, and eEF1A1. 

2. Cloning the GPR54 transcript from the gonads of YTK and SBT. During this study 

only the brain GPR54 cDNA was isolated. There is a precedent in Senegalese Sole 

(Mechaly et al., 2008) that gonad contains two types of GPR54, one of which 

displays intron retention that resulted from alternative splicing. Other species, such 

as zebrafish (Biran et al., 2008) displays two different GPR54 transcripts, which are 

encoded by two genes. The gonadal GPR54 in YTK and SBT should be examined in 

order to establish whether GPR54 isoforms or multiple genes are present in these 

species. 

3. Examining the expression profile of GPR54 across more time points, especially 
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covering the time when the fish enter puberty. This would contribute to elucidating 

the role of GPR54 in puberty onset in YTK and SBT. 
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can then be indicated. See further under Electronic artwork. Ensure that high-resolution 

graphics files are provided, even if the graphic appears as part of your normal 

wordprocessed text file. 
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Tables  

 

Number tables consecutively in accordance with their appearance in the text. Place 

footnotes to tables below the table body and indicate them with superscript lowercase 

letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data 

presented in tables do not duplicate results described elsewhere in the article. 
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Please ensure that every reference cited in the text is also present in the reference list 

(and vice versa). Any references cited in the abstract must be given in full. Unpublished 

results and personal communications are not recommended in the reference list, but may 

be mentioned in the text. If these references are included in the reference list they 

should follow the standard reference style of the journal and should include a 

substitution of the publication date with either "Unpublished results" or "Personal 

communication" Citation of a reference as "in press" implies that the item has been 

accepted for publication. 
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As a minimum, the full URL should be given. Any further information, if known (DOI, 
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Text: All citations in the text should refer to:  

1. Single author: the author's name (without initials, unless there is ambiguity) and the 

year of publication;  

2. Two authors: both authors' names and the year of publication;  

3. Three or more authors: first author's name followed by "et al." and the year of 

publication.  

Citations may be made directly (or parenthetically). Groups of references should be 

listed first alphabetically, then chronologically.  

Examples: "as demonstrated (Allan, 1996a, 1996b, 1999; Allan and Jones, 1995). 

Kramer et al. (2000) have recently shown ...."  

List: References should be arranged first alphabetically and then further sorted 

chronologically if necessary. More than one reference from the same author(s) in the 

same year must be identified by the letters "a", "b", "c", etc., placed after the year of 

publication.  

Examples:  
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Journal Abbreviations Source  

 

Define abbreviations that are not standard in this field at their first occurrence in the 

article: in the abstract but also in the main text after it. Ensure consistency of 

abbreviations throughout the article. 

 

Supplementary material  

 

Elsevier accepts electronic supplementary material to support and enhance your 

scientific research. Supplementary files offer the author additional possibilities to 

publish supporting applications, movies, animation sequences, high-resolution images, 

background datasets, sound clips and more. Supplementary files supplied will be 

published online alongside the electronic version of your article in Elsevier Web 

products, including ScienceDirect: http://www.sciencedirect.com. In order to ensure 

that your submitted material is directly usable, please ensure that data are provided in 

one of our recommended file formats. Authors should submit the material in electronic 

format together with the article and supply a concise and descriptive caption for each 

file. Video files: please supply 'stills' with your files: you can choose any frame from the 

video or make a separate image. These will be used instead of standard icons and will 

personalize the link to your supplementary information. For more detailed instructions 

please visit our artwork instruction pages at 
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One Author designated as corresponding Author:  

• E-mail address  

• Full postal address  
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All necessary files have been uploaded  

• Keywords  
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• Manuscript has been "spellchecked" and "grammar-checked"  
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• References are in the correct format for this journal  

• All references mentioned in the Reference list are cited in the text, and vice versa  

• Permission has been obtained for use of copyrighted material from other sources 

(including the Web)  

• color figures are clearly marked as being intended for color reproduction on the Web 

(free of charge) and in print or to be reproduced in color on the Web (free of charge) and 
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The Digital Object Identifier (DOI) may be used to cite and link to electronic 

documents. The DOI consists of a unique alpha-numeric character string which is 
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assigned DOI never changes. Therefore, it is an ideal medium for citing a document, 

particularly 'Articles in press' because they have not yet received their full bibliographic 

information. The correct format for citing a DOI is shown as follows (example taken 
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will be provided in the e-mail so that authors can download the files themselves. 
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http://www.adobe.com/products/acrobat/readstep2.html. Instructions on how to annotate 

PDF files will accompany the proofs (also given online). The exact system requirements 
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http://www.adobe.com/products/acrobat/acrrsystemreqs.html#70win.  

If you do not wish to use the PDF annotations function, you may list the corrections 

(including replies to the Query Form) and return them to Elsevier in an e-mail. Please 

list your corrections quoting line number. If, for any reason, this is not possible, then 

mark the corrections and any other comments (including replies to the Query Form) on 

a printout of your proof and return by fax, or scan the pages and e-mail, or by post. 

Please use this proof only for checking the typesetting, editing, completeness and 

correctness of the text, tables and figures. Significant changes to the article as accepted 

for publication will only be considered at this stage with permission from the Editor. We 

will do everything possible to get your article published quickly and accurately. 

Therefore, it is important to ensure that all of your corrections are sent back to us in one 

communication: please check carefully before replying, as inclusion of any subsequent 

corrections cannot be guaranteed. Proofreading is solely your responsibility. Note that 
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