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1.1 Ryanodine Receptors (RyRs) 

1.1.1 Structure 

       Cytoplasmic Ca²
+
 plays essential roles in cell excitability, neurotransmitter 

release, muscle contraction and other biological processes. The concentration of 

cytoplasmic Ca²
+
 can be increased either by Ca²

+
 entry across the plasma membrane or 

by Ca²
+
 release from intracellular stores (Nakashima et al., 1997). Intracellular Ca²

+
 

release channels (ICRCs) form a superfamily of genes that include two subfamilies: 

the inositol triphosphate receptor (IP3R) and the ryanodine receptor (RyR) genes, 

which encode the largest ion channels known today (Sorrentino et al., 2000). RyRs are 

large homotetrameric proteins with a total molecular mass of approximately 2.2 ï 2.3 

million Daltons (Sharma and Wagenknecht, 2004). In mammals, the three RyR 

isoforms (RyR1, RyR2, and RyR3) are encoded by three different genes (Fill and 

Copello, 2002). While mammals encode three RyR genes, fish have duplicated genes 

e.g. RyR1a and RyR1b that are expressed in a tissue-specific manner (Franck et al., 

1998). 

        The RyR channel has two different domains:  the cytoplasmic assembly, 

consisting of loosely-packed protein densities and the transmembrane assembly that 

protrudes from the center of the cytoplasmic assembly (Fig. 1) (Schatz et al., 1999). 

The size and the shape of the ryanodine binding protein complex is similar to that of 

the óôfeetôô structures, which appear to physically link the transverse (T) tubule and 

sarcoplasmic reticulum (SR) (Fill and Copello, 2002).  The RyR1 channel has a four-
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fold symmetry that likely reflects its formation by four RyR protein monomers 

(Radermacher et al., 1994).  

 

Figure 1:  Ryanodine receptor structure RyR1 (blue) and RyR3 (green). (A) Solid 

body representations of the 3D reconstruction of RyR1 are seen from the T tubuleï

facing side (left), SR-facing side (middle), and from the side (right) with the 

cytoplasmic moiety of the receptor on top, and the transmembrane assembly at the 

bottom  (Samso et al., 1999). (B) 3D reconstructions of RyR3 are shown in three 

different views. On the left: top views of the cytoplasmic surface, which interacts with 

the transverse-tubule in muscle. In the center: bottom views of the surface that would 

face the sarcoplasmic reticulum lumen. On the right: side views. TA, transmembrane 

assembly; SR, sarcoplasmic reticulum (Zheng Liu et al., 2001). 
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1.1.2 RyR Role in Excitation Contraction Coupling 

Excitation contraction (EC) coupling is defined as the physiological process of 

converting an electrical stimulus (excitation) to a mechanical response (muscle contraction) 

(Sandow, 1952). RyRs are large intracellular channels that play an essential role in the EC 

coupling process (Protasi et al., 2000). Dihydropyridine receptors (DHPRs) are L-type Ca²
+
 

channels, which act as voltage sensors in skeletal type EC coupling (Fig. 2) (Protasi et al., 

2000). The primary role of the DHPR in vertebrate skeletal muscles is to act as a voltage sensor 

that directly modulates the activation gate of adjacent RyR1 channels (Fill and Copello, 2002). 

The skeletal DHPR in the T-tubules are arranged in clusters of four, known as tetrads. These 

tetrads are organized in distinct arrays. The RyR1 channels in the SR membrane are arranged in 

a corresponding fashion (Fill and Copello, 2002). Depolarization of the T-tubule membrane 

(i.e., excitation) induces conformational changes in the DHPR that ultimately leads to activation 

of the RyR channel in the SR membrane. The activation of RyR channels leads to massive Ca²
+
 

release from the SR, which in turn initiates contraction (Fill and Copello, 2002). Two distinct 

skeletal muscle ryanodine receptor (RyR1s) are expressed in a fiber type-specific manner in fish 

skeletal muscles: RyR1-slow (RyR1a) from slow-twitch skeletal muscle and RyR1-fast 

(RyR1b) from fast-twitch skeletal muscle (Franck et al, 1998; Hirata et al; 2007; Darbandi and 

Franck, 2009).  Interestingly, it has recently been discovered that zebrafish encodes two DHPR 

genes that are expressed differentially in superficial slow and deep fast musculature. Both 

subunits do not conduct Ca²
+
 but merely act as voltage sensors to trigger opening of the tissue-

specific RyR isoforms. Non- Ca²
+
 conductivity of both DHPR isoforms is found to be a 

common trait of all higher teleosts (Schredelseker et al., 2010).  Cardiac EC coupling processes 

require the presence of extracellular Ca²
+
. In cardiac muscle, the DHPR receptor (L-type 
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Ca²
+
channel) carries a small Ca²

+
 influx that activates the RyR2 channel (Fig. 2) (Fill and 

Copello, 2002).  

 

Figure 2:  Regulation of excitation-contraction coupling. (a) A close contact of the 

transverse-tubule (TT) and sarcoplasmic reticulum (SR) membrane is essential for the 

coupling of extracellular Ca
2+

 entry and intracellular Ca
2+

 release. The 

dihydropyridine receptor (DHPR) located on the (TT) membrane functions as an L-

type Ca
2+

 channel, as well as the voltage sensor of the plasma membrane. The 

ryanodine receptor (RyR) located on the SR membrane functions as the Ca
2+

 release 

channel. (b) In calcium-induced calcium release (CICR), the depolarization of the 

sarcolemma activates gates in the L-type channels in the membrane permitting 

extracellular calcium to enter. The extracellular calcium then acts as a ligand on the 

ryanodine receptor (RyR) resulting in release of calcium from the SR. In 

depolarization-induced calcium release (DICR), the depolarization of the sarcolemma 

affects a conformational change in the L-type calcium channel which mechanically 

opens the RyR of the sarcoplasmic reticulum. (Adapted from Lodish et al, 2000). 
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1.1.3 RyR Expression 

      Recently, it has become clear that all three RyR isoforms are widely expressed in 

both excitable and non-excitable cells (Ta and Pessah, 2006).  RyR1 is expressed 

predominantly in skeletal muscle and at lower levels in cerebellar Purkinje cells, 

gastric smooth muscle and B lymphocytes, among others (Giannini et al, 1995). RyR2 

was originally purified from cardiac muscle (it is the major isoform expressed there), 

but is also robustly expressed in neurons, and in visceral and arterial smooth muscle. 

RyR3 is the least understood of the RyR isoforms and seems to play an essential role 

during development, while in mature cells RyR3 is found in the diaphragm, epithelial 

cells, brain, and smooth muscle (Lanner et al., 2010).  RyRs are expressed in variety 

of nonexcitable tissues, although the function of the RyRs expressed in nonexcitable 

cells is not fully established. They may contribute to the initiation of Ca
2+

  signals 

(pancreatic cells), or act as an agonist-specific (hepatocytes), or they may provide a 

subtle regulation of the magnitude and kinetics of hormone-evoked [Ca
2+

] responses 

(Deborah et al., 1996).  

       Two skeletal muscle ryanodine receptor (RyR1s) are expressed in a fiber 

type-specific manner in fish skeletal muscles: RyR1-slow (RyR1a) in slow-twitch 

skeletal muscle and RyR1-fast (RyR1b) in fast-twitch skeletal muscle (Franck et al, 

1998; Morrissette et. al., 2000).  A recent study performed by Darbandi and Franck 

found that RyR1b and RyR3 are co-expressed at equivalent levels in certain zebrafish 

tissues (2009).  In contrast, mammals express RyR3 at very low levels in skeletal 

muscle (Giannini et al, 1995). The co-expression of RyR1 and RyR3 genes in skeletal 

muscle has implications for EC coupling in fish skeletal muscle.  Recently, Murayama 
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and Kurebayshi (2010) proposed a model whereby RyR3 serves as an uncoupled 

CICR channel in non-mammalian vertebrates. According to their model, calcium 

release from RyR1b in a fast-twitch muscle myocyte would activate the parajunctional 

RyR3 via the CICR mechanism to trigger further release of Ca²
+ 

from the sarcoplasm 

(Fig. 3). 

 

Figure 3: Proposed mechanism of action for RyR3 in zebrafish. In EC coupling, 

acetylcholine is released from the spinal cord motor neurons which binds to the 

acetylcholine receptor and causes action potential in the transverse-tubule (TT). (1.) 

Depolarisation is sensed by the DHPR, which acts as a voltage sensor and triggers (2.) 

the opening of the junctional RyR1b on the sarcoplasmic reticulum (SR) membrane. 

Ca²
+
 released through RyR1b subsequently activates neighbouring parajunctional 

RyR3 and triggers further release of Ca²
+
 via (3.) Calcium induced calcium release 

(CICR) mechanism. The resulting (4.) amplified Ca²
+
  signal is believed to contribute 

to the myofibril organisation directly through obscurin and spontaneous contraction 

indirectly through Ca²
+
 activated contraction-dependent pathway (Adapted from 

Murayama and Kurebayshi, 2010;  Wu, 2011). 
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1.1.4 RyR Role in Disease 

      Two skeletal muscle diseases, malignant hyperthermia (MH) and central 

core disease (CCD) are linked to mutations in the RyR1 gene. The majority of RyR1 

mutations are associated with the MH cluster in the cytoplasmic domain, whereas 

most mutations linked to CCD are in the pore-forming domain 3 (Hamilton, 2005).  

MH is a human autosomal dominant disease with variable penetrance, characterized 

by muscle rigidity, metabolic acidosis, rhabdomyolysis, and/or increase in body 

temperature in response to inhalation anesthetics and depolarizing muscle relaxants 

(Hamilton, 2005). The prevalence of the MH genotype in humans is 1 out of 20,000 

anesthetized adults (Ta and Pessah, 2006). Central core disease (CCD) is a rare 

congenital myopathy, with high intra and interfamilial phenotype variability ranging 

from asymptomatic to severe symptoms. Patient symptoms include hypotonia, delayed 

motor milestones, proximal muscle weakness, and skeletal anomalies such as hip 

dislocation, scoliosis, and foot deformities (Kossugue et. al., 2006). 

    RyR3 mutations results in changes in hippocampal synaptic plasticity, 

without disturbing hippocampal morphology, basal synaptic transmission or 

presynaptic function (Balschun et. al., 1999).  RyR3 knock-out mice show impairment 

of the performance in the contextual fear conditioning test, passive avoidance test, and 

Y-maze learning test (Kouzu et. al., 2000). 

Fish models have contributed significantly to our understanding of vertebrate 

development and, more recently, human disease (Storer and Zon, 2010). Zebrafish 

have organs and cell types similar to mammals.  Organogenesis occurs rapidly and the 
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entire organs are present in the larvae by 5 to 6 days post-fertilization (Robenstien, 

2003). Thus, zebrafish have attracted many researchers in fields of neuroscience, 

hematopoiesis, cardiovascular research, toxicology and drug research, and 

developmental research. Many diseases have been studied using zebrafish as a model 

organism including: muscular dystrophy, Duchenne muscular dystrophy, limb-girdle 

muscular dystrophy, neurodegenerative disease, Alzheimerôs disease, Huntington 

disease, hemophilia, thrombosis, leukemia, inflammation, diabetes and dilated 

cardiomyopathies (Robenstien, 2003; Guyon et al., 2003; Cheng et al., 2006).  The 

disease model can be generated by either knocking down the gene or using a chemical 

that can induce a disease state (Robenstien, 2003). Medaka have also been utilized as 

a disease model.  Medaka possesses several biological advantages over zebrafish 

(Table 2) which makes it a perfect organism for a disease model. Recently, medaka 

has been used as a model organism in the study of certain human diseases (e.g. 

oncology, endocrine, muscle dystrophy, and polycystic kidney disease), toxicological 

research, molecular genetics, organogenesis and developmental research (Kinoshita et 

al., 2009; Wittbrodt et al., 2002; Takeda et al., 2011). 
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1.2 Evolution of Duplicated Genes 

1.2.1 Overview 

Gene duplications are considered an essential driving force in the evolution of 

genetic diversity. Gene duplicates represent 8ï20% of the genes in eukaryotic 

genomes, and the gene duplication rate is estimated between 0.2% and 2% per gene 

per million years (Moore and Purugganan, 2003). Duplicate genes are important for 

acquiring new gene functions but to date, little is known about the early stages of the 

evolution of duplicated gene pairs (Moore and Purugganan, 2003). Two evolutionary 

forces drive the fixation and early evolution of duplicate loci: positive selection and 

neutral genetic drift (Moore and Purugganan, 2003). Theoretical studies suggest that 

the importance of these two evolutionary forces differs depending on the ultimate 

functional fate of the duplicate gene pair (Lynch et al., 2001). The fish-specific 

genome duplication (FSGD) hypothesis predicts that fish have more genes than other 

vertebrates that do not share this genome duplication (Ohno, 1970; Van De Peer et al., 

2001). The first round of genome duplication may have occurred shortly before the 

Cambrian explosion (about 590 million years ago) and the second genome duplication 

probably took place a surprisingly long time afterwards up to 150 million years later 

(Wang and Gu, 1999). According to this estimation, the majority of genes persisted 

without being lost for the 150 million years in between these two genome duplication 

events and most genes appear to have survived since the second genome-duplication 

in the Devonian more than 440 million years ago (Meyer and Schart, 1999). Large 

scale or whole genome duplications is evidenced by the conservation of gene order or 
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gene synteny surrounding duplicate genes. The RyR2 and RyR3 genes have conserved 

synteny and are believed to be the result of the second round (2R) of genome 

duplication (Franck et al., in preparation; Fig. 4).  The RyR2a/RyR2b and 

RyR3a/RyR3b paralogues found in fish are also believed to the result of the FSGD as 

they have conserved synteny (Franck et al., in preparation).  The RyR1a and RyR1b 

paralogues, however, do not show conserved synteny and are therefore believed to 

have resulted from a local gene duplication event.  Medaka has two paralogous copies 

of RyR1 (RyR1a and RyR1b) as do fugu and zebrafish. The RyR1 gene duplication 

likely occurred early in the evolution of teleost fish as the paralogues are encoded in 

the genome of bichir, a basal ray-finned fish (Fig. 4) (Darbandi and Franck, 2009; 

Darbandi, 2010).    
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Figure 4: Evolution of the Ryanodine receptor gene family (Adapted from Darbandi, 

2010). Medaka has two paralogues copies of RyR1 (RyR1a and RyR1b) as in fugu and 

zebrafish. The RyR1 gene duplication may be the result of a local or single gene 

duplication event that occurred at the base of the ray-finned lineage and multiple copies 

of RyR2 and RyR3 are results of Fish-Specific Genome-Duplication events during the 

evolution of teleosts. WGD, whole genome duplication; SGD, single gene duplication; 

FSGD, fish specific genome duplication. 
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1.2.2 Evolutionary Fate of Duplicate Genes 

Gene duplication can lead to several functional relationships between duplicate 

gene copies, including: loss of gene function by pseudogene formation; redundancy 

(Nowak et al., 1997); diversification of gene function by means of 

neofunctionalization; or partitioning of ancestral gene function by the process of 

subfunctionalization (Lynch et al., 2001). Both pseudogenes and completely redundant 

unlinked genes are fixed by neutral genetic drift (Walsh, 1995). Gene preservation by 

neofunctionalization or functional divergence, however, appears to be driven by 

selective advantage of the duplicate locus (Walsh, 1995). The fixation mechanism of 

duplicated loci depends on several factors, including the relative levels of adaptive, 

neutral and deleterious mutations acting on duplicate gene pairs, the selection 

coefficients on duplicate loci, and the effective population size (Lynch et  al., 2001).  

       Lynch and Conery (2000) and Lynch (2002) estimate that the half-life of a 

duplicated gene is only of the order of 4.0 million years and the increase in the number 

of genes in genomes due to small-scale tandem duplications is counteracted by a short 

half-life and high rate of gene loss. The evolutionary rate can differ remarkably 

between gene paralogues; usually one of the paralogues evolves faster than the other 

one (Van de Peer et al. 2001). This phenomenon can lead to problems in phylogenetic 

reconstruction, and also lower the efficiency of degenerate PCR primers, and can 

therefore result in a biased ampliýcation of only one copy (Hoegg et al., 2004). 
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1.2.3 Contributions of Gene Duplication to Genomic and Organismal Evolution 

      Gene duplication allows each daughter gene to adopt one ancestral 

function, and further changes under positive selection can reýne the functions 

(Hughes, 1999). Both positive selection and relaxation of purifying selection are 

necessary in the functional divergence of duplicate genes (Zhang, 2003). Without gene 

duplication, the plasticity of a genome or species in adapting to changing 

environments would be limited, because no more than two variants (alleles) exist at 

any locus within a (diploid) individual (Zhang, 2003). Gene duplication has also 

contributed to the evolution of gene networks in such a way that advanced expression 

regulations can be established (Wagner, 1994). Gene duplication has promoted species 

divergence and the acquisition of species-speciýc features (Zhang, 2003). 

1.3 Evolution of Conserved Noncoding Elements (CNEs) 

1.3.1 Overview 

     Temporal and Spatial regulation of gene expression is important during 

vertebrate development (McEwen et al., 2006). This regulation is expected to be 

mediated by coordinated binding of transcription factors to specific noncoding DNA 

sequences, allowing the integration of multiple signals to regulate the expression of 

specific genes (McEwen et al., 2006). These sequences, known as cis-regulatory 

elements (CREs) are often located away from the transcription start site of the target 

gene sometimes in the introns of neighboring genes (Aparicio et al. 2002; Lettice et al. 

2003).  Conserved noncoding elements (CNEs) are usually detected around genes that 

regulate development and most of the discovered CNEs are found to act as tissue-
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specific enhancers during embryonic development (Vavouri and Lehner, 2009). After 

the upstream promoter regions, evolutionarily conserved introns are considered the 

second most common important site containing gene regulatory elements that control 

tissue-specific expression (gene enhancers or gene silencers) (Jegga and Aronow, 

2006).  Regulatory elements are short DNA sequences that determine the timing, 

location, and level of gene expression (Liu et al. 2004).  CNEs are only 5 to 20 bp in 

length, but are vital for understanding gene regulation (Liu et al. 2004).  3.5% of the 

human genome contains CNEs, which comprise the majority of the estimated 5% of 

the noncoding sequences that has been subject to purifying selection throughout 

mammalian evolution (Xie et al., 2006).  0.1% of mammalian CNEs are conserved in 

the genomes of fish, while none are recognized in invertebrates such as insects and 

worms (Xie et al., 2006).  Recently, it has been shown that 3.5% of noncoding DNA 

sequence is substantially conserved across diverse mammals (Siepel et al., 2005), and 

that a smaller amount of noncoding sequence is also shared with more distant 

vertebrates including chicken and fish (Bejerano et al., 2004). 

1.3.2 Cis-Regulatory Elements 

       Cis-regulation is a term used to describe the control of gene expression by 

elements on the same DNA molecule as the target gene, as opposed to trans-

regulation, which describes control by other molecules (Watson et al., 2007).  Cis-

regulation includes processes such as alternative splicing and the control of 

transcription initiation through the binding of transcription factors to DNA 

(Watson et al., 2007).  These noncoding elements contain binding sites for 

transcription factors that control the amount of transcription of the target genes 
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(Levine and Tjian, 2003). There are four functional classes of transcriptional cis-

regulatory elements: promoters, enhancers, repressors, and insulators (Levine and 

Tjian, 2003). They are named for their effect on the target gene: enhancers activate 

transcription, repressors repress transcription, and insulators prevent other cis-

regulatory elements from acting on the gene (Blackwood and Kadonaga, 1998). 

The promoter is the region immediately proximal to the transcription start site of a 

gene (Alberts et al., 2002). The proximal promoter region of a gene includes the 

region within a few hundred bases upstream of the transcription start site (Levine 

and Tjian, 2003).  The function of the promoter is to directly initiate the 

transcription complex RNA Pol II to the start site (Alberts et al., 2002). The 

remaining three classes of cis-regulatory noncoding elements are grouped together 

and are collectively referred to as distal cis-regulatory elements, due to the highly 

variable distance from their target genes (Blackwood and Kadonaga, 1998). For 

example some cis-regulatory elements can be found millions of bases away from 

their target genes (Lettice et al., 2003). The three-dimensional spaces of the 

nucleus can contribute to the regulation of gene expression. A dynamic role for 

chromatin in transcriptional regulation is materializing: enhancer elements interact 

with promoters forming loops that often bridge considerable distances and 

genomic loci, even located on different chromosomes, undergo chromosomal 

associations this associations form an extensive 'transcriptional interactome' 

(Schoenfelder et al., 2010). 
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1.3.3 Transcript ion Factors (TFs) 

There are three different eukaryotic RNA polymerases (RNA Pol), and each 

RNA polymerase is responsible for a different class of transcription: PolI 

transcribes ribosomal RNA (rRNA), PolII transcribes messenger RNA (mRNA), 

and PolIII transcribe transfer RNA (tRNA) and other small RNAs (Ait-si-ali et al., 

2002). Any protein that is required for the initiation of transcription is defined as a 

transcription factor. Transcription factors act by recognizing and binding to cis-

acting sites that are parts of promoters or enhancers (Ait-si-ali et al., 2002).  

Transcription factors have three major domains: the first one is the DNA-binding 

domain (recognition of particular DNA sequence), the second one is the trans-

activating domain (activates or suppresses the transcription of the gene), and the 

third one which is the protein-protein interaction domain that allows the 

transcription factorôs activity to be adjusted by other transcription factors (Gilbert, 

2000).  Functional diversification among paralogues is thought to be through 

alterations in their expression patterns (Singh and Hannenhalli, 2010). 

Transcription factor binding sites and nucleosome occupancy have an important 

role in explaining the mechanisms underlying expression divergence (Singh and 

Hannenhalli, 2010). Positive selection on gene expression patterns and protein 

sequence in duplicate genes seems to be of a higher magnitude compared to 

orthologues genes and is reflected by accelerated rates of both cis-regulatory 

element and protein evolution (Castillo-Davis et al., 2004). 
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1.3.4 Properties and Proposed Functionality of CNEs 

CNEs have been identiýed for groups of vertebrates and invertebrates 

separately. Although no sequence identity has been discovered so far between CNEs 

in vertebrates and CNEs in invertebrates, they share characteristics such as: 

Å High levels of identity (higher than that of protein-coding genes in most cases), 

across a wide range of species (Bejerano et al., 2004). 

Å Clustering around genes: The density of CNEs is higher in gene-rich regions in 

humans (Bejerano et al., 2004, Sandelin et al., 2004, Woolfe et al., 2005) and 

nematodes (Vavouri et al., 2007), with several CNEs clustered around each gene. 

Å Association with developmental genes: Gene association is determined by looking 

for the transcription start site nearest to each CNE. CNE-associated genes seem to be 

enriched for regulators of development such as transcription factors and signalling 

genes (Sandelin et al., 2004, McEwen et al., 2006). 

1.3.5 Evolution of Conserved Noncoding Elements in Duplicated Genes 

         Many CNEs discovered in vertebrate genomes are found to function as 

tissue-specific enhancers (Lee et al., 2011). Lee et al., (2011), reported that 78-83% of 

CNEs have diverged in teleost fishes and only 24% and 40% have been lost in chicken 

and mammalian lineages, respectively.   In comparison with bony vertebrates, teleost 

ýsh CNEs have been evolving at a remarkably higher rate and 68% of CNEs were lost 

before the divergence of the teleosts.  This rapid rate of CNEs evolution has had an 

effect on the expression pattern of their target genes (Lee et al., 2011). The ýsh-
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speciýc whole-genome duplication (FSGD) has a role in the accelerated evolution and 

the loss of a large number of both copies of duplicated CNEs in teleost ýshes (Lee et 

al., 2011).  Recent comparative analyses showed that many conserved sequences are 

often located in noncoding regions (Lee et al., 2011). Most of the conserved 

noncoding elements (CNEs) are located near genes responsible for the regulation of 

transcription and development (Sandelin et al. 2004; Woolfe et al., 2005). Functional 

analyses of many CNEs have shown that they function as cis-regulatory elements (or 

enhancers) of tissue-speciýc expression during early stages of development (Woolfe et 

al., 2005).  The FSGD in the ray-ýnned ýsh lineage has led to duplication of genes 

that are single-copy in mammals (Lee et al., 2011). Lee and colleagues (Lee et al., 

2011) showed that a similar proportion of CNEs were lost in both single and 

duplicated genes.  The loss percentage was (38ï41%) in singleton and (39ï42%) in 

duplicate genes in stickleback, medaka, and fugu. However, in zebraýsh, duplicate 

genes have lost a higher percentage (34%) of CNEs than singleton genes (27%) 

suggesting a relaxed constraint on both copies of duplicated CNEs (Lee et al., 2011). 

In the Lee et al. study, the authors showed that 68% of CNEs had disappeared in the 

ray-ýnned ýsh lineage before the divergence of zebraýsh and the three 

acanthopterygians (stickleback, medaka, and fugu). These ýshes are closely related 

species and their subdivisions together include 95% of living teleosts (Nelson 2006).  

68% of CNEs have disappeared in the common ancestor of these ýshes which could 

be explained by the majority of the CNEs diverging before the diversiýcation of 

teleost ýshes (Lee et al., 2011). There is now evidence that the FSGD occurred in the 

ray-ýnned ýsh lineage before the diversiýcation of teleost ýshes (Hoegg et al. 2004; 
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Jaillon et al. 2004; Crow et al. 2006).  The FSGD that occurred in the ancestor of 

teleost ýshes is therefore believed to be a contributing factor in the diversiýcation of 

teleost ýshes (Hoegg et al. 2004; Meyer and Van de Peer 2005; Crow et al. 2006; 

Santini et al. 2009). The whole-genome duplication event allows relaxed constraint on 

one or both copies of duplicated genes resulting in loss of a large number of 

duplicated genes and an asymmetric rate of evolution of genes retained in duplicate 

(Lynch and Conery 2000; Semon and Wolfe 2007). Consistent with this prediction, 

analysis of the evolutionary rate of protein-coding genes has indicated that both 

singleton and duplicate genes in teleost ýshes have been evolving at a faster rate than 

their orthologues in mammals (Jaillon et al. 2004; Steinke et al. 2006). The accelerated 

rate of nucleotide substitution in teleosts is triggered by the ýsh-speciýc genome 

duplication and led to rapid divergence of protein-coding sequences and CNEs 

(McEwen et al., 2006). The higher substitution rate in some CNEs could be due to 

positive selection acting on these CNEs (McEwen et al., 2006). Evolutionary changes 

have been observed in the duplicated conserved noncoding elements (CNEs) within a 

genome in both nucleotide sequence and length than orthologous CNEs between 

genomes (McEwen et al., 2006). This indicates that 50ï150 Mya following the 

duplication of these cis-regulatory elements and their associated genes, there was an 

increased rate of change within both the protein coding (Hughes and Friedman 2004) 

and regulatory sequences reflecting a possible relaxation of evolutionary constraint in 

one of the gene copies  (McEwen et al., 2006) (Fig. 5). 
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Figure 5:  Evolution of CNEs in vertebrates. Modern bony vertebrates evolved from 

the chordate lineage between 650 and 450 Mya, during a period of rapid 

morphological change (represented here in blue). During this period an early ancestral 

vertebrate underwent one, or possibly two, whole genome duplications. The 

appearance of CNEs in vertebrate genomes (red boxes adjacent to gene loci, depicted 

as dark boxes) can be dated prior to these large-scale duplication events. This 

evolution must have occurred rapidly following duplication (orange arrows) over a 

relatively short evolutionary period (Ḑ50ï150 Mya) In contrast, in the period since the 

teleostïtetrapod divergence (Ḑ450 Mya) (blue arrows), duplicated CNEs have had a 

remarkably slow mutation rate and have remained practically unchanged (green 

arrows) (Adapted from McEwen et al., 2006). 

 

1.4 Comparative Genomics 

     Distinguishing between orthologues and paralogues is necessary to compare 

genome organization in different organisms. Orthologues are homologous genes in 

different species that encode a protein with the same function and which have evolved 

by direct vertical descent (Primrose and Twyman, 2003).  Paralogues are homologous 

genes within an organism encoding proteins with related but non-identical functions. 
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Orthologues evolve simply by the gradual accumulation of mutations, whereas 

paralogues arise by gene duplication followed by mutation accumulation (Primrose 

and Twyman, 2003).  Comparative genomics is the study of the similarities and 

differences between genome sequences of different species (Koonin, 2005). The 

structure of a protein determines its function (Hegyi and and Gerstein, 1999), and 

protein coding genes with shared ancestry but highly divergent sequences can have 

very similar structure and function (Wilson et al., 2000).  Similar to protein-coding 

genes, noncoding sequences and their associated secondary structure information can 

help to deýne their homologies (Gardner et al., 2009; Meynert, 2010).  Functional 

noncoding elements are more likely than non-functional DNA sequences to be under 

selective pressure to remain the same over time, as mutations might change or destroy 

their functionality (Miller et al., 2004). It is frequently assumed that noncoding 

elements with a high degree of sequence similarity between different genomes are 

likely to be homologous and functional (Miller et al., 2004). 

1.5 Model Organism 

1.5.1 Overview 

Medaka (Oryzias latipes) is a small egg-laying freshwater teleost fish that is 

primarily endemic to Japan, Korea, Taiwan, and China (Wittbrodit et al., 2002). The 

adult fish are approximately 3 cm long, and the female lays a cluster of eggs (10-30 

eggs) every day (Wittbrodit et al., 2002). The embryos develop externally and both the 

embryo and chorion are transparent.  Medaka embryos hatch eight days after 

fertilization at 26 °C and grow to sexual maturity within 2 to 2.5 months (Takeda and 
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Shimada, 2010). Medaka is hardy and tolerates a wide range of temperatures (10- 40 

°C); it is easy to breed and highly resistant to common fish disease (Wittbrodit et al., 

2002). Male and females are easily distinguished by a clearly dimorphic dorsal fin. 

Because the eggs are connected to the female body by attachment filaments, 

reproductively active females can be easily identified and propagated (Witbrodit et al., 

2002). Medaka is perfect for genetic studies because its genome is estimated to be 800 

Mb, one quarter of the human genome and one half of the zebrafish genome and it is 

the first fish to prove that Mendelian laws are valid in vertebrates as early as 1913 

(Wittbrodt et al., 2002). 

1.5.2 Developmental Stages 

The natural breeding season of Oryzias latipes extends from mid-April to late 

September in Japan. Oocyte maturation occurs at night (Iwamatsu, 1965 and 

Iwamatsu, 1974), and ovulation occurs at dawn (Egami, 1954 and Iwamatsu, 1978). 

Under regular daily photoperiod with more than 13 hours of artificial lighting 

(Yoshioka, 1963), ovulation occurs about 1 hour before the onset of the light period, 

and oviposition occurs for 1 hour before and after the onset of the light period 

throughout the year. Careful observation of the process of embryonic development by 

light microscopy identified 39 stages based on diagnostic features of the developing 

embryos (Iwamatsu, 2004) (Fig. 6). The principal diagnostic features are the number 

and size of blastomeres, form of the blastoderm, extent of epiboly, development of the 

central nervous system, number and form of somites, optic and otic development, 

development of the notochord, heart development, blood circulation, the size and 
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movement of the body, development of the tail, membranous fin (fin fold) 

development, and development of such viscera as the liver, gallbladder, gut tube, 

spleen and swim (air) bladder (Iwamatsu, 2004). After hatching, development of the 

larvae (fry) and young can be divided into six stages based on such diagnostic features 

as the fins, scales and secondary sexual characteristics (Iwamatsu, 2004). Table 1 

describes the developmental process occurring in each stage.  
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Figure 6: Medaka (Oryzias latipes) embryos developmental stages (Iwamatsu, 2004).  

Medaka embryos go through 45 developmental stages and they usually hatch within 9 

days. Day1: stage1-stage 24, Day2: stage 25- stage 28, Day3: stage 29- stage 31, 

Day4: stage 32- stage 34, Day5: stage 35, Day6: stage 36, Day7: stage37, Day8: 

38,and Day9: stage 39- stage 45 (Photographs by author). 
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Table 1: Developmental processes occurring during different developmental stages in Medaka 

(Oryzias latipes) embryos (Iwamatsu, 2004). 

Days Stage Developmental processes 

First 21 hours 

(stage 1 ï stage 16) 

Stage 1 Activated egg stage  

Stage 2 Blastodisc stage : formation of 

zygot nucleus appearance and 

division of chromosomes  

Stage 3 ï stage 7 Blastomeres formation and 

cell cleavage (2 cell stag ï 32 

cell stage) 

Stage 8 ï stage 9 Morula stage 

Stage 10 ï stage 11 Blastula stage 

Stage 12 ï stage 16 Gastrula stage  

Day 1 

(stage 17 ï  stage 24) 

Stage 17 ï stage 18  Neurula stage 

Stage 19 ï stage 21 Somite stage: optic and 

auditory differentiation  

Stage 22 ï stage 24  Somite stage: formation  of 

tubular heart and start of heart 

beating 

Day 2 

(stage 25 ï stage 28) 

Stage 25 18 ï 19 somite stage: 0nset of 

blood circulation 

Stage 26 22 somite stage: development 

of notochord and 

differentiation of eye. 

Stage 27 24 somite stage: appearance 

of pectoral fin bud. Formation 

of liver and gut. 

Stage 28  30 somaite stage: onset of 

retinal pigmentation  

Day 3 

(stage 29 ï stage 31) 

Stage 29 34 somite stage: internal ear 

formation, atrium and 

ventricle differentiation. Aorta 

formation 

Stage 30  35 somite stage: blood vessels 

development to supply gills, 

kidneys, brain,muscle and 

liver. Formation of swim 

bladder.  

Stage 31 

 

 

 

 

 

 

Gill blood vessels formation 

stage. Formation of 

gallbladder  
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Table 1 Continued 

Day 4 

(stage 32 ï stage34)  

Stage 32  

 

 

Somite completion stage: 

formation of pronephros and 

air bladder. 

Stage 33 Stage at which notochord 

vacuolization is completed. 

Stage 34 Pectoral fin blood circulation 

stage. 

Day 5 

(stage 35) 

Stage 35 Formation of visceral blood 

vesseles 

Day 6 

(stage 36) 

Stage 36  Heart development stage. 

Day 7 

(stage 37) 

Stage 37 Pericardial cavity formation 

stage. 

Day 8 

(stage 38) 

Stage 38 Spleen development stages. 

Differentiation of caudal fin 

begins. 

Day 9 

(stage 39 ï stage 45) 

Stage 39 Hatching stage 

Stage 40  First fry stage 

Stage 41 Appearance of fin rays of 

dorsal and anal fins. 

Stage 42 Vascularization of the artery 

and the vein and extend to 

formation of shape of all fins. 

Stage 43 Appearance of ray nodes of 

dorsal and venteral fins. 

Stage 44 Formation of single 

dichotomous blanching at the 

distal end of fin ray of fins. 

Appearance of secondary sex 

characteristics such as 

urogenital protuberance and 

papillar processes on fin rays.  

Stage 45 Three rotations of the gut and 

formation of double 

dichotomus blanching of the 

distal end of fin rays of all 

fins. 
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    1.5.3 Anatomy and Dissection  

       In the lateral view, the anterior portion of the abdominal cavity is occupied 

by three prominent organs: the heart, liver and kidney (Fig. 7D. I).  The heart is 

surrounded by the pericardial cavity, which is separated from the abdominal 

cavity (Fig. 7D). The heart is positioned slightly to the right of the ventral 

midline. The liver is pink and stretches from the anterior one-third to one-fourth 

of the abdominal cavity (Fig. 7I). The reddish kidneys are located most dorsal 

in the abdominal cavity, just ventral to the spinal cord. Gonads are seen 

antroventral to the transparent air bladder (Fig. 7G). The oocytes in the ovary 

are discernible clearly from the right in females. The gut can be observed from 

both lateral and ventral sides (Fig. 7E, F).  

       In the dorsal view, the brain and spinal cord appears as a yellowish 

structure in the midline (Fig. 7A, C). In the gill, the fine comb-like structure of 

the branchial arches and their associated primary lamellae can be viewed 

through the operculum (Fig. 7H). 
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Figure 7: Dissected adult male medaka (Oryzias latipes) (A). Top view showing 

dissected medaka belly from anus to the chest (B). Dissected brain and eyes in ventral 

view (C). Top view showing dissected open chest with arrow pointing to the heart (D). 

Dissected belly showing gut (E). Surgically removed gut and pancreas (F). Dissected 

testis (G). Top view showing dissected gills (H). Opened abdomen showing liver and 

spleen (I).  sc, spinal column; b, brain; e, eyes; h, heart; gu, gut; t, testis; g, gills; s, 

spleen; li, liver; p, pancreas (Photographs by author).    
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1.5.4 Advantage of Medaka as a Model Organism  

       There are three main fish model organisms commonly used, zebrafish 

(Danio rerio); medaka (Oryzias latipes); and fugu (Takifugu rubripes). Their major 

features and evolutionary relationship are compared in Table 2 and Fig. 8, 

respectively.  

Recently, medaka has been used as a model organism in the study of certain 

human diseases (e.g. oncology, endocrine, and muscle dystrophy), toxicological 

research, molecular genetics, organogenesis and developmental research. The fact that 

medaka and zebrafish were separated from their common ancestor 110 Mya positions 

them as important models for comparative studies (Fig. 8).  This evolutionary distance 

is reflected in many aspects of their biology, including early development and sex 

determination. Both fish models offer several advantages and both combine the power 

of genetics with experimental embryology and molecular biology (Wittbrodit et al., 

2002). Early medaka development is rapid; whereas zebrafish larvae hatch after 2ï3 

days, medaka embryos are enclosed in a tough chorion that protects them in their 

natural habitat until they hatch as feeding young adults after 7 days. All zebrafish 

techniques including single-cell injections, transplantation and morpholino 

knockdown technology, also apply to medaka (Wittbrodit et al., 2002). 

         Medaka is the most genetically polymorphic vertebrate (3-4 % sequence 

divergence among regional populations).  This large genetic polymorphism among 

regional populations is not found in other vertebrate models (Kinoshita et al., 2009). 
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The estimated genome size of medaka is about 800 million base pairs (Mbp) and that 

of zebrafish is 1700 Mbp (Kinoshita et al., 2009). 

 

Table 2: Biological characteristics and availability of experimental tools in three teleost fish 

model organisms (Ishikawa, 2000). 

Biological 

Characteristics  

Zebrafish Medaka  Fugu 

Genome size 1700 Mb 800 Mb 400 Mb 

Chromosome number 

of 2n 

50 48 - 

Sex determination  - XY type - 

Life cycle 3 month 3 month - 

Outdoor breeding  no yes yes 

Crossing in 

laboratories 

yes yes No  

Linkage map  yes yes no 

The number of inbred 

strain  

0 12 0 

The number of mutant 

strains 

2000 120 0 

Transgenic fish yes yes no 
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Figure 8: Evolutionary relationships among fish models. This evolutionary tree 

illustrates that the last common ancestor of medaka and zebrafish lived more than 110 

million years ago (Mya). Notably, medaka is a much closer relative to fugu than it is 

to zebrafish, or than zebrafish is to fugu (Wittbrodit et al., 2002). 

 

 

 

 

 

 


