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ABSTRACT

Ryanodine receptors (RyR) mediate the controlled release of intracellular stores
of calcium from the sarcoplasmic reticulum. This release of calcium, triggered by
membrane-depolarization, is responsible for initiating muscle contraction. Three RyR
genes have been identified in mammals, two of which are expressed in specific tissues;
RyR1 (skeletal muscle), RyR2 (cardiac muscle), and, RyR3, that is ubiquitously
distributed. The RyR1 and RyR3 isoforms are co-expressed at equal levels in teleost fish
skeletal muscle. Additionally, fish express fiber type-specific RyR1 paralogous genes in
fast-twitch and slow-twitch muscles, termed RyR1-fast (RyR1b) and RyR1-slow (RyR1a)
respectively. Bichir, (Polypterus ornatipinnis), a ray-finned fish, is considered to be one
of the most basal extant species of this lineage. Utilizing a genomic survey of the genome
of bichir for the presence of candidate RyR genes, 134 genomic clones were obtained.
These cloned sequences were grouped into four cognate groups representing four RyR
genes called RyR1a, RyR1b, RyR2, and RyR3 that phylogenetically cluster with their
vertebrate orthologs. Quantitative real-time PCR and in situ hybridization show fibre
type-specific expression of the RyR1la and RyR1b genes. However, the RyR3 gene is
down regulated in bichir in contrast to derived teleosts including zebrafish (Danio rerio)
in which the RyR1 and RyR3 genes are co-expressed at equivalent levels. Succinate
dehydrogenase staining revealed that bichir and zebrafish possess similar red muscle
fiber arrangements in their skeletal muscle; however, zebrafish possess a higher
concentration of red muscle fibers, which could have contributed to the further

diversification of the teleost lineage.
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CHAPTER 1: LITERATURE REVIEW

1.1 RYANODINE RECEPTORS (RYRS) STRUCTURE

Ryanodine receptors (RyRs) are intracellular calcium release channels that are
widely expressed, but are particularly prevalent in skeletal muscles (Williams et al.,
2001). In muscle cells, neuron-induced depolarization of transverse-tubules (t-tubules) is
translated into a signal for calcium release from the sarcoplasmic reticulum (SR) at
structures known as triad junctions, where RyRs respond to the signal (Fill and Copello,
2002). RyRs are large homotetrameric proteins with a total molecular mass of
approximately 2.2 — 2.3 million Daltons (Figure 1a; Sharma and Wagenknecht, 2004).
RyRs contain at least two distinct functional domains, which are referred to as the
cytoplasmic assembly (CA) and the transmembrane assembly (TA; Figure 1b; Frank,
1996). The cytoplasmic assembly was first recognized as a foot structure in electron
micrographs of sectioned muscle (Franzini-Armstrong and Jorgensen, 1994).
Radermacher and colleagues suggested that about half of the volume of the CA is
occupied by solvent and its characteristic square form is made up of reproducible,
interconnected globular proteins or domains (Radermacher et al., 1994). These domains
were allocated numerical designations 1 — 10 (Figure la and 1b; Radermacher et al.,
1994). The topology of the TA of RyRs has not been fully described. There is a
consensus agreement that most of the transmembrane helices occur in the amino terminal
region of the RyR subunits’ sequence. However, the number and locations of the helical

segments within the sequence are still debated (Zhao et al., 1999).



Figure 1: (a) Cryo-electron microscopy and 3D reconstruction of three RyR genes are
shown as viewed from the cytoplasmic face. RyR1 (yellow), RyR2 (red) and RyR3
(blue). Functional domains are numbered 1-10 in one subunit of the tetrameric molecule.
Structural differences among the isoforms could be due to functional differences in the
mechanism of E-C coupling (Sharma and Wagenknecht, 2004). (b) Surface representation
of RyR1 in three different orientations. Cytoplasmic assembly (CA) is presented in
yellow and transmembrane assembly (TA) is in red (Radermacher et al., 1994; Sharma
and Wagenkencht, 2004).




1.2 RYANODINE RECEPTORS GENES

The three RyR genes that have been identified in mammals have an overall amino
acid identity of 66-70% (Rossi and Sorrentino, 2002). The RyR gene that is expressed
primarily in skeletal muscle is referred to as RyR1, while RyR2 is predominantly
expressed in cardiac muscle. The RyR3 gene is widely expressed and has been found in
the diaphragm, skeletal muscle, and in non-contractile tissue such as brain, and is known
to play a role in developmental processes (Inoue et al., 2004). In mammals, the three
copies of RyRs are products of three different genes (Fill and Copello, 2002). The RyR
genes first identified in non-mammals (for instance, amphibians such as frog) were
originally designated as a-RyR and B-RyR, because the orthology of these genes to
mammals was uncertain (O’Brien et al., 1995). In a study conducted by O’Brien and
colleagues (1993) RyR expression was investigated by immunoblotting of RyR
antibodies to protein extracted from toad fish swimming muscles. This investigation
described the equal co-expression of RyR1 and RyR3 proteins in the skeletal muscles of
teleost fish. Further investigation by O’Brien and colleagues (1995) was performed
utilizing [*H]ryanodine binding properties of the two distinct non-mammalian RyR
channels, which was complemented with binding studies on single-channel conductance
of the two different channels in fish swimming muscle (O’Brien et al., 1995). The
presence of two RyR genes (RyR1 and RyR3) with different properties in most non-
mammalian vertebrate skeletal muscles has important implications for the mechanism of
Ca”" release (O’Brien et al., 1995) and evolution of E-C coupling. It has been determined
that these genes are homologous to RyR1 and RyR3 respectively (O’Brien et al., 1995).

Moreover, two distinct RyR1 genes have been shown to be discretely expressed in slow



and fast twitch muscle in fish. These have been designated as RyR1-slow (RyR1a) and
RyR1-fast (RyR1b), respectively (Franck et al., 1998; Hirata et al., 2007). Slow and fast
twitch muscles in fish are discretely compartmentalized which makes them a good model

organism to study expression of these genes.
1.3 GENOME DUPLICATION EVENTS

There is evidence that at least two rounds of whole-genome duplication took place
during vertebrate evolution. Supporting evidence comes from studies of the Hox gene
family (Amores et al., 2004; Blomme et al., 2006). Hox genes have a dynamic
evolutionary history hallmarked by tandem and whole-cluster duplications (Holland and
Garcia-Fernandez, 1996). These gene clusters possess the phenomenon of co-linearity, in
which the position of the gene and its spatiotemporal expression pattern in embryonic
development are related (Chiu et al., 2004). In a study directed by Chiu and colleagues, it
was suggested that bichir (Polypterus senegalus) contains one HOXA cluster that is
mosaic in its pattern of non-coding sequence conservation and gene retention relative to
the single HOXA cluster of human, and duplicated HoxAo and HOXAP clusters in
zebrafish and pufferfish (Chiu et al., 2004). Chiu and colleagues concluded that the
genome duplication leading to two copies of the HOXA cluster occurred after the
divergence of bichir (Polypteridae lineage) from the rest of the ray-finned fishes. Another
study conducted by Ledje and colleagues (2002) suggested that bichir (Polypterus
palmas) possesses five groups of nine Hox genes, indicating there are four Hox clusters in
the genome of bichir (Ledje et al., 2002), whereas teleosts including zebrafish and
medaka possess seven Hox clusters (Ledje et al., 2002). All Hox gene-mapping studies of

teleosts have revealed proof of at least one extra Hox gene duplication event in the teleost



lineage (Prohaska and Stadler, 2004). Loss of Hox genes is not a rare event (Stellwag,
1999). It is possible that the number of HOx clusters in zebrafish and medaka, seven
rather than eight, is due to secondary loss of a whole cluster. Mapping experiments have
identified the predicted adjacent chromosome fragments of an extra HoxD cluster in
zebrafish (Amores et al., 1998), which could confirm the hypothesis that one copy of Hox
cluster genes has been lost in the teleost lineage.

The first whole-genome duplication probably predates the Cambrian explosion
(530 MYA), and occurred during early chordate evolution coincident with the divergence
of cephalochordates (Meyer and Van de Peer, 2005; Xian-guang et al., 2002). This
original duplication gave rise to RyR2-like and RyR3-like genes from the invertebrate
ancestral RyR gene (Figure 2). Supporting evidence comes from previous work done by a
former honours student (Reimer, 2007) who surveyed the hagfish genome (representative
of Agnatha lineage) for the number of RyR paralogs. Utilizing a PCR-based approach, he
provided sufficient evidence that hagfish only possesses orthologs for RyR2 and RyR3
(Reimer, 2007). The second duplication is estimated to have occurred during the early
Devonian (359 MYA) prior to the divergence of teleosts and tetrapods (Figure 2). It is
believed that during the second whole-genome duplication followed by a gene loss, RyR3
diverged into RyRI-like and RyR3-like genes, early in the evolution of vertebrates
(Franck et al., in preparation). This hypothesis is supported by genomic survey of horn
shark (Heterodontus francisci; representative of the Chondrichthiomorphi lineage), done
by a previous honours student (Nguyen, 2009). Utilizing a PCR-based approach she
provided sufficient evidence that horn shark only possesses orthologs for RyR1, RyR2

and RyR3 in its genome. Additionally, strong evidence also exists for a third round of



whole-genome duplication (also referred to as the Fish-Specific Genome-Duplication;
FSGD) that occurred during the early divergence of teleost fish from sarcopterygians
(Figure 2; Finn and Kristoffersen, 2007; Meyer and Van de Peer, 2005). Comparative
synteny mapping by Franck et al. (in preparation) suggests that the RyRla and RyR1b
paralogs are the result of a local gene duplication event followed by transposition (Figure

2).
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Figure 2: Proposed History of RyR Gene Duplication. The proposed molecular evolution
of the RyR gene family is shown within a conventional vertebrate species tree. The
evolution of the fiber type-specific RyR1 genes is believed to be the result of a Fish-
Specific Genome-Duplication (FSGD); however, the timing of this event is debated. Also
since no work has been done on the genome of bichir, investigating the number of
paralogs copies of RyRs present in its genome would provide further evidence as for the
timing of duplication event that gave rise to multiple RyR copies within fish lineage.
WGD = Whole-Genome Duplication, 1R = first round of whole-genome duplication,
2R = second round of whole-genome duplication, and 3R = third round of whole-genome
duplication.



Gene duplication, whether due to a whole-genome or a local duplication event
leads to one of several potential outcomes. Duplicated genes may be subsequently lost
due to redundancy through selection, or may be retained as a backup with no change in
function (Force et al., 1999). Duplicate genes could also lose their function and become
non-functionalized resulting in the formation of a pseudogene (Lynch and Force, 2000).
The duplicated genes may also diversify to take on completely new roles; an outcome
known as neofunctionalization (Lynch and Force, 2000). Duplicated genes may also
undergo subfunctionalization, in which case duplicated copies partition the original
functions of the ancestral gene. The subfunctionalized genes are sometimes expressed at
different times (temporal separation) or in different tissues (spatial separation) (Figure 3;
Force et al., 1999; Lynch and Force, 2000). Subfunctionalization best describes the
divergence of the RyRla and RyR1b paralogs in red and white skeletal muscle fibers

respectively.
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Figure 3: Spatial subfunctionalization, illustrated here by the spatial expression patterns
of a hypothetical ancestor and two evolved duplicates. The expression level of the
duplicates has evolved such that the ancestral expression pattern is maintained in
complementary temporal domains via the combined expression of the two duplicates
(Figure adapted from MacCarthy and Bergman, 2007). RyR1la and RyR1b are classic
examples of spatial subfunctionalization in the fish lineage, since they share an ancestral
function, yet expressed differentially in red and white muscle fibers respectively.



1.4 RoLE OF RYANODINE RECEPTORS

Ryanodine receptors serve as an important channel responsible for the regulated
release of intracellular stores of calcium (Ca’") from the sarcoplasmic reticulum of
muscle cells. This release of Ca", triggered by membrane depolarization, is responsible
for initiation of the muscle contraction process. Excitation—contraction (E-C) coupling
describes the tight relationship between an excitatory nerve impulse and the resulting
muscular contraction (Sherwood et. al., 2005). The cytoplasmic concentration of calcium
in resting cells is much lower relative to extracellular and sarcoplasmic reticulum calcium
concentrations. In skeletal muscle the transverse tubules (t-tubules) of muscle cells allow
RyRs to directly contact with the dihydropyridine receptors (DHPRs) on the cell
membrane (Sherwood et al., 2005). Once a nerve impulse reaches the DHPR, it induces a
conformational change, leading to the mechanical opening of the RyR, a process referred
to as depolarization—induced calcium release (DICR). In cardiac muscle, calcium enters
via the voltage-gated calcium channels for extracellular stores and acts as a ligand to open
RyR channels. This is referred to as calcium—induced calcium release (CICR; Sherwood

et al., 2005).

1.5 EVOLUTION OF EXCITATION-CONTRACTION COUPLING

Genome duplications during the evolution of vertebrates were major steps that
allowed for the differentiation of muscle specific myosin II into separate cardiac and
skeletal genes and thus the appearance of a separate cardiac system (McGuigan et al.,
2004). The molecular evolution of the RyR gene family has been implicated as a critical
contributor to the divergence of the vertebrate lineage, particularly with respect to the

evolution of muscle activation (Di Biase and Franzini-Armstrong, 2005; Franzini-
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Armstrong and Kish, 1995). The divergence of vertebrates from ancestral invertebrates
included physiological changes in the E-C coupling mechanism in skeletal muscle tissues
(Inoue et al., 2002). The DHPR-RyR interaction is indirect in more ancestral organisms
such as invertebrates, and probably involves calcium as a short-range transmitter, which
is imported from extracellular fluids into the cell. Contraction, then, takes place via the
CICR mechanism (Sorrentino et al., 2000; Nabauer et al., 1989; Gyorke and Palade,
1993; Franzini-Armstrong and Protasi, 1997). Conversely, the RyRs in vertebrate skeletal
muscle (RyR1) are mechanically gated by the voltage sensitive DHPRs and do not
require extracellular calcium as a ligand; thus, the E-C coupling occurs via a
depolarization-induced calcium release (DICR; Sorrentino et al., 2000). Skeletal and
cardiac muscles of higher vertebrates differ in both the mechanism of muscle activation
(E-C coupling), and in the proteins involved. The evolution from a single mechanism of
E-C coupling for all muscle fibers to one that differentiates between cardiac and skeletal
muscles seems to have occurred at the transition between chordates and vertebrates in
parallel to the myosin II dichotomy (Inoue et al., 1994; Franzini-Armstrong et al., 1999).
This transition involved the appearance of separate calcium release channels for the two
types of striated muscles (Chugun et al., 2003), as well as the acquisition by skeletal
muscle of a novel mechanism for controlling the initiation of contraction.

The two main components essential to E-C coupling are DHPRs and RyRs.
DHPRs are L-type channels that sense membrane voltage and are located in junctional
domains of the plasmalemma and its invaginations (t-tubules). RyRs are calcium release
channels of the endoplasmic reticulum or sarcoplasmic reticulum (SR) in muscle cells. Di

Biase and Franzini-Armstrong (2005) suggested that in muscle cells, both RyRs and
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DHPRs are strategically located within calcium release units (CRUs), so that RyRs can
receive a signal from the DHPRs; however, this is achieved by different mechanisms in
skeletal and cardiac muscle. In skeletal muscle direct RyR-DHPR interaction is mediated
by a specific link between the two molecules; whereas, in cardiac muscle, RyRs and
DHPRs interact indirectly and are only loosely associated (Di Biase and Franzini-
Armstrong, 2005). The structural arrangement of the specific RyR-DHPR association is
revealed by the presence of DHPR in tetrads, dictated by their link with the tetrameric
RyR structures, in which four DHPRs associate with the corners of the four equal
subunits of the RyR (Figure 4; Di Biase and Franzini-Armstrong, 2005; Franzini-
Armstrong et al., 1999; Protasi et al., 1997). Although DHPRs are distributed equally in
the CRUs of smooth muscle and cardiac muscle, DHPRs are not arranged in tetrad
structures, and there is no evidence for direct association between DHPRs and RyRs in
smooth and cardiac muscle fibers (Takekura and Franzini-Armstrong, 2002). Structural
and functional differences between skeletal and cardiac muscles are uniquely dependent
on the composition of CRUs (ratio of DHPRs:RyRs). The presence of tetrads gives an
explicit structural support for concerted expression of skeletal muscle-specific isoforms

of both DHPRs and RyRs (Di Biase and Franzini-Armstrong, 2005).
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cardiac

Figure 4: Structure/function correlation: lack of tetrads in cardiac cells explains the need
of Ca*" in DHPR/RyR communication. A and B) DHPRs clustered respectively in
peripheral coupling of BC3H1 cells (A) and in chicken ventricle (B). DHPRs form tetrads
in the first, while in the second are randomly disposed in the junctional domain. C and D)
both RyR1 (blue, C) and RyR2 (pale green, D) form ordered arrays. However, the
specific link that allows associations of tetrads to alternate RyR1s in skeletal muscle cells
is missing in the heart. The role and intracellular localization of RyR3 in skeletal muscle
fibers is still not completely clear: RyR3 (green, C) may occupy some of the uncoupled
positions of the RyR arrays. E and F) Cartoons illustrating the two different mechanisms
that allow DHPRs and RyRs to communicate in E-C coupling: mechanical coupling in
skeletal fibers and CICR in cardiac myocytes. Need of external Ca®" in heart (F) is the
result of lack of a direct link between the two molecules; this link probably involves the
II-III loop of the DHPR in skeletal fibers (E) (Figure used with permission from Sharma
and Wagenknecht, 2004).
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1.6 MODEL ORGANISMS

Bichir (Polypterus ornatipinnis), and zebrafish (Danio rerio) have been utilized as
vertebrate model organisms throughout this research. These organisms are valuable for
the study of the evolution of physiological and developmental processes. Bichir is a
representative of the most basal extant species of ray-finned (Actinopterygii) fish lineage
possessing ancestral morphological features (Chiu et al., 2004). Bichir is also an
interesting model organism for studying the timing of the third round of whole-genome
duplication (FSGD), which is hypothesized to have given rise to multiple RyR paralogs in
the fish lineage, since the number of paralogous copies of RyRs have not been
investigated in the genome of this organism.

Zebrafish (Danio rerio) represents a model species from the derived euteleost
lineage. Since the genome of zebrafish is sequenced and is available through various
databases, it provides additional insights on the evolution of the RyR multigene family. It
provides an opportunity to compare and contrast the molecular evolutionary and gene
expression data obtained from bichir (basal ray-finned fish) and to create a clearer image
of patterns of evolution in the RyR multigene family.

1.7 OBJECTIVES:

The first objective of this study was to survey the genome of bichir (P.
ornatipinnis) for the presence and number of RyR genes. This was of particular interest,
since it allowed me to further investigate the timing of the Fish-Specific Genome
Duplication, which was hypothesized to give rise to multiple copies of RyRs. The genes

were annotated by similarity searches against the GenBank database and analyzed using
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phylogenetic methodologies. Subsequent to this investigation, I was interested to compare
the expression levels of RyRs discovered from the genomic survey of bichir with
expression levels of RyRs in zebrafish in different tissue sources such as skeletal muscle,
cardiac muscle, and brain. This involved the use of quantitative Real Time PCR (qRT-
PCR) to determine the relative expression levels of the RyR orthologs in comparison to
actin and eukaryotic elongation factor 1 alpha (efla) housekeeping genes (HKG). The
results obtained from qRT-PCR will shed more light on the patterns of evolution of E-C
coupling throughout fish lineages. The third objective of this thesis was to examine the
spatial arrangement of red and white muscle fibers in the bichir and the zebrafish
transverse sections as revealed by succinate dehydrogenase (SDH) staining of the thin cut
transverse sections. Furthermore, spatial expression of RyR1 paralogs and RyR3 were
examined in different tissues of bichir and zebrafish, such as skeletal muscle and brain by
utilizing in situ hybridization of **P labelled oliognucleotide probes to thin cut sections.
Spatial expression of RyR1 and RyR3 were examined due to their significant contribution
to the evolution of E-C coupling. The results of this portion of the research was also used
to provide supporting evidence for the results obtained from previous sections of this
thesis, namely, qRT-PCR as well as muscle fiber arrangement observed in histological

staining methods .
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CHAPTER 2: MATERIALS AND METHODS

2.0 GENoMIC DNA EXTRACTION FROM FRESH SAMPLES:

Overall, 9 bichir fish were obtained from a local tropical fish store (Fish Gallery,
Winnipeg) and sacrificed following a protocol approved by the Senate Animal Care
Committee issued to Dr. Franck. The organisms were euthanized immediately after being
received in the lab by immersion in 0.6 mg/ml MS222 (Tricaine Sulfate; 300 mg MS222
dissolved in 500 mL of ddH,O; pH adjusted to 7.0 by adding 1 M NaOH) followed by
pithing. Tissues were dissected from the specimens using a dissecting microscope.
Skeletal muscle, cardiac muscle, and brain were carefully dissected and instantly frozen
in liquid nitrogen. 50 mg of tissue was cut into small pieces and incubated in 1 mL of
DNAzol reagent supplemented with 100 pg/mL of proteinase K (Invitrogen Life
Technologies). The mixture was incubated overnight at room temperature. Subsequently,
the mixture was centrifuged for 10 min at 10 000 xg at room temperature. DNA was
precipitated by adding 0.5 mL of 95% ethanol per ImL of DNAzol. After precipitation,
DNA was pelleted via centrifugation at 5 000 xg and washed with 0.8 — 1.0 mL of 75%
ethanol and centrifuged at 7 500 xg. Lastly DNA was dissolved in 0.2 — 0.3 mL of § mM
sodium hydroxide (8 mM NaOH) and neutralized utilizing 101 pL of 0.1 M HEPES to
pH 8.0.

2.1 RNA EXTRACTION FORM FRESH SAMPLES:

100 mg of tissue was homogenized in 1 mL of TRIzol reagent (Invitrogen Life

Technologies). The tissues were homogenized with a motorized Teflon pestle and glass

mortar. TRIzol reagent uses phenol chloroform to separate RNA from other cellular
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components (primarily protein; Chomczynski and Sacchi, 1987). Total RNA was
precipitated with 95% ethanol, pelleted by centrifugation at maximum speed (14 000 xg)
and dried by speed-vacuum evaporation. The dried RNA was resuspended in 50 puL

RNase free water, and quantified using a nanophotometer (UV,4 was measured; Birds,

2005).

2.2 CDNA SYNTHESIS FROM EXTRACTED RNA:

10 — 20 ug of total RNA was used as template to synthesize first strand cDNA. A
20 pL solution of the total RNA and 0.05 pg/uL of Oligo dT,s primer was heated to 95°C
for five minutes and immediately chilled on ice. Once the solution was chilled, 12 pL of
5X Oligo dT;s buffer, 2 pL of 10 mM dNTPs, 24 uL double distilled H,O (ddH,0), 1
uL RNAsin and 1 pL of reverse transcriptase (SS II RT) were added and mixed. The
solution was incubated at room temperature for 15 minutes, followed by 30 minutes
incubation at 37°C. The reaction was stopped by adding 40 pL of 10X TE buffer at room
temperature (pH 8.0). The first strand cDNA was precipitated by adding 10 uL of 3M
sodium acetate and 250 pL of 95% ethanol. The cDNA was precipitated at -20°C for
several hours in this solution and pelleted by centrifugation at 14 000 xg for 15 minutes,
washed with 95% ethanol and centrifuged again at 3 000 — 4 000 xg for 5 minutes. The
pellet was dissolved in 100 uL of distilled, RNase and DNase free water (Invitrogen Life
Technologies).
2.3 POLYMERASE CHAIN REACTION (DNA AMPLIFICATION):

Partial RyR sequences were amplified from both genomic DNA and cDNA using

degenerate primer pairs. The CODEHOP program (Rose et al., 1998) was used to design
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degenerate primers for highly conserved blocks of RyR sequence (Figure 5). The
conserved sequence blocks were identified from a multiple amino acid sequence
alignment of published RyR sequences using the Blocks Multiple Alignment Processor
(http://blocks.thecrc.org/blocks/process blocks.html).  The  forward (DGFS5;  5'-
GTGAACGGAACGATCGGAMRNCARATGGT-3") and reverse primer (DGR4; 5'-
TCTTGGCGGCTCCCADDATYTCDAT-3') pair amplified a partial RyR sequence
corresponding to amino acid position 4414 — 4555 in human RyRI1. In the primer
sequence, R donates G or A, Y donates C or T, M donates A or C, and N donates A, C, G
or T. The calculated melting points under standard conditions for DGF5 and DGR4 were
between 58°C and 61°C. Theoretically, the pool of degenerate PCR products represents a
survey of all RyR genes in the bichir genome; thus, these primers were then used to
amplify RyR messages from the genomic DNA. 22.5 pL of master mix and 2.5 pL of
template (equivalent of approximately 3 ng of DNA template) were used for each PCR
reaction. The master mix contained 2.5uL of 10X PCR buffer (Invitrogen Life
Technologies), 0.75 uL of 50 mM MgCl,, 0.5 pL of 10 mM dNTPs, 0.5 uM of each
primers, 0.2 pL recombinant Taq DNA Polymerase (0.5 U) and 18.05 pL of ddH20
(RNase free water). The initial denaturation step was 95°C for 9 minutes. The subsequent
denaturation step was 95°C for 1 minute, followed by an annealing step at 57°C for 1
minute and 30 seconds and an extension step at 72°C for 1 minute. These 3 steps were
cycled 35 times and a final extension step at 72°C for 7 minutes completed the reaction.
PCR reaction products were fractionated on a 1% low melting point agarose gel

containing 0.5 pg/uL ethidium bromide and viewed on a Bio-Rad UV transilluminator

(Universal Hood II), and purified by either gel purification (Wizard® PCR Preps DNA
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Purification System, Promega) or with S.N.A.P. Gel Purification Kit (Invitrogen Life

Technologies) following the manufacturer’s protocol.
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Amino acid alignment of published RyR sequences used to design degenerate

Figure 5

primer pairs. Highly conserved blocks of published RyR sequences (shown in green)

were used as target region for primer design.
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2.4 CLONING OF PCR PrRODUCTS:

Cloning was performed to separate the pool of PCR products amplified by the
degenerate primers; this step was essential since each PCR reaction tube would
presumably contain a mixture of partial RyR gene sequences present in the genome of the
organism. The purified PCR products were ligated with pGEM® — T Easy vectors
(Promega Biotech, Appendix 1). The ligated products were transformed into Escherichia
coli JIM109 strain (E. coli JM109; Promega Biotech) competent cells. The cells were then
plated on NZCYM growth media supplemented with 50 pg/mL ampicillin, 40 pg/mL X-
gal and 0.1 mM IPTG. IPTG acted as an inducer of the lac operon in E. coli while X-gal
was a visual indicator of B-galactosidase activity. The activity of IPTG in combination
with X-gal allowed for screening of colonies. Plates were incubated at 37°C overnight.
Colonies with a functional lac operon appeared blue; however, recombinant colonies
appeared white due to disruption of the B-galactosidase gene. Since pPGEM® — T Easy
vectors contain an antibiotic resistance gene, the media was supplemented with ampicillin
(50 pg/ml) to prevent the growth of non-transformed bacteria.

2.5 PCR DETECTION OF RECOMBINANTS AND PLASMID PURIFICATION:

Bacterial colonies were randomly selected for screening from each plate. Each
colony was touched with a sterile pipette tip and was allowed to incubate in a PCR tube
containing 15 pL of PCR master mix containing 1.5 uL 10X PCR buffer, 0.9 uL 50 mM
MgCl,, 0.075 pL of 100 uM M13 forward primer, 0.075 pL of 100 uM M13 reverse
primer, 11.925 pL ddH,O, and 1.5 uL Taqg DNA Polymerase, for approximately one

minute at room temperature. PCR was performed using M13 forward (5'-

GTTTTCCCAGTCACGAC-3") and M13 reverse (5'-CAGGAAACAGCTATGAC-3")

221 -



primer pairs to amplify the cloned insert. The PCR program consisted of an initial
denaturation step at 95°C for five minutes. The second step was 95°C for one minute,
followed by an annealing step at 55°C for thirty seconds and an extension step at 72°C
for one minute. The second, third and fourth steps were cycled 35 times. The reaction
products were fractionated on a 1% agarose gel containing 0.5 pg/uL ethidium bromide
and viewed on a Bio-Rad UV transilluminator (Universal Hood II). Bacterial cultures
corresponding to PCR products of expected size were grown overnight in NZCYM broth
containing 50 ug/mL ampicillin. Plasmids were purified from bacterial cultures using the
S.N.A.P. PureLink™ Quick Plasmid Miniprep Kit following manufacturer’s protocol
(Invitrogen Life Technology).

2.6 SEQUENCING AND PHYLOGENETIC ANALYSIS:

Plasmids were sequenced on both strands with M 13 forward and reverse primers
by The Centre for Applied Genomics (The Hospital for Sick Children, University of
Toronto). The cloned bichir PCR products were aligned using the CLUSTALX program
(Thompson et al., 1997) and grouped into four cognate classes based on sequence
identity. The consensus sequence from each cognate class was searched against the
GenBank database using the BLASTx program (Altschul et al., 1990) to determine
putative orthology to the published RyR sequences. Phylogenetic analysis of the bichir
RyR sequences was performed using programs from the PHYLIP package (Felsenstein,
1993). A multiple sequence alignment of the deduced amino acid sequences from the four
bichir consensus sequences with selected published RyR sequences was generated using
the program CLUSTALX (Thompson et al., 1997). In addition to the RyR consensus

sequences from bichir, the alignment included human, (Homo sapiens) RyR1 (Hsa RyR1,
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GenBank accession number NM_001042723), bullfrog (Rana catesbeina) RyR1 (Rca
RyR1, D21070), mouse (Mus musculus) RyR1 (Mmu RyR1, NM 009109), zebrafish
(Danio rerio) RyRla (Dre RyRla, XM 001923259), zebrafish RyR1b (Dre RyR1b,
NM 001102571), human RyR2 (Hsa RyR2, NP _001026), mouse RyR2 (Mmu RyR2,
NM 023868), zebrafish RyR2a (Dre RyR2a, XM 001922082), zebrafish RyR2b (Dre,
XM 001921102), human RyR3 (Hsa RyR3, NM 001036), mouse RyR3 (Mmu RyR3,
NM 177652), frog RyR3 (Rca RyR3, D21071), zebrafish RyR3 (Dre RyR3,
XM_001922078), and the nematode Caenorhabditis elegans (Cel RyR, BAA08309). The
aligned RyR sequences were used as input for the Boot program of PHYLIP to generate
100 pseudo-replicate alignments. The Protdist program was then used to generate 100
distance matrices using the Dayhoff PAM distance matrix (Dayhoff et al., 1972). The
Neighbor program of PHYLIP generated 100 neighbour-joining trees and a majority rule
consensus tree was generated using the Consense program. The consensus tree was

viewed using the Treeview program (Page, 1996).
2.7 QUANTITATIVE REAL-TIME PCR (qRT-PCR):

Quantitative real time PCR was performed with a MiniOpticon real time cycler
(Bio-Rad Technologies). The actin and efla sequences were amplified using degenerate
primers designed using CODEHOP program (Table 1). PCR products were cloned and
sequenced, which yielded one cognate class for each gene. Gene-specific primers for the
four bichir RyR sequences and the actin and efla housekeeping gene sequences were
designed using the Primer 3 program (Table 2; Rozen and Skaletsky, 2000). Specificity
of the primers was confirmed by performing reverse transcriptase PCR and direct

sequencing of the PCR products (appendix 2 and 3). The expression level of the bichir
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and zebrafish RyR genes were measured relative to the expression of actin and efla
housekeeping genes (Appendix 4 and 5).

Table 1: Degenerate primer pair sequence used to amplify actin and eflo HKG from
genomic DNA of bichir and zebrafish.

Gene Forward Primer Reverse Primer
Actin 5'-TGATGGTGGGCATGGGNCARAA-3' 5'-CGTAGCCCTCGTAGATGGGNACRTTRTG-3’
eflo 5'-CACCGGCCACCTGATCTAYAARTGYGG-3" 5 -GATGCCGCCGATCTTGTANACRTCYTG-3’

Table 2: Gene-specific primers used for quantitative real-time PCR (qQRT-PCR) analyses.

P. ornatipinnis

Forward Primer

Reverse Primer

Actin

5'-AGC TCA GAG CAA GAG GGG TA-3'

5'-ACC GGT TGT ACG ACC AGA AG-3'

efla 5'-AAT GGT GGT GAC CTT TGC TC-3' 5'-GCT GAT CTG TCC AGG ATG GT-3'
RyRla 5'-CGG ACG ACA GAT GGT TGA TA-3' 5'-TGG CTT TCC ATA GCT TTC TGA-3'
RyR1b 5'-TCC TGC TCA GAA GCA GAT GA-3' 5-ATC TGC CTG CTC CAA AAA GTT-3’
RyR2 5'-TTC GAT ACG ACC CAG GAA AG-3' 5-CCA TGA ACC TGC AAA AGA CA-3'
RyR3 5'-GCT ATG GAA AGC CAA AAG CA-3' 5'-GGC CTA GGT AGG GCT CAA AG-3'
D. rerio Forward Primer Reverse Primer

Actin 5'-ACT GGG ACG ACA TGG AGA AG-3' 5-ACA TAG CGG GGA CAT TGA AG-3’
efla 5'-GAT GCA CCA CGA GTC TCT GA-3' 5'-TGA TGA CCT GAG CGT TGA AG-3'
RyRl1a 5'-ATC CAT GGA CAG CCA GAA AC-3" 5'-CAT GTT CGG AGA GGT TGG TT-3'
RyR1b 5'-CTT TCA AGA GCC TGC CAA AG-3" 5'-AGC ACC CAT GAT CTC GAT TC-3'
RyR2a 5'-GGC ACT ATT GGC AAG CAG AT-3" 5-ATT GCC TTG TGG AAA TCT CG-3'
RyR2b 5'-GTT TTC ACG AAC CGG CTA AA-3"  5-TCC TTC CAA GAT GAG GAT GG-3'
RyR3 5'-AAG GAC AGT GGG ATC GTT TG-3" 5'-AAA GTC CAG CGC ACT CTT GT-3'

A 15 uL total reaction volume was used for each qRT-PCR reaction, consisting of

7.5 uL SYBR Green master mix, 1.5 pL each of forward and reverse primers at 10 uM

concentration, 1 uL. cDNA template and 3.5 pL ddH,O. The initial denaturation step was

95°C for 9 min, followed by a subsequent denaturation step of 95°C for 1 min, an

annealing step at 60°C for 60s and a 90s extension step at 72°C. The reaction was cycled

35 times. The PCR plate was read after each cycle to measure the signal intensity emitted

from the reaction. After the final cycle, a melting curve was monitored by gradually

heating the plate from 55°C to 95°C and measuring expression at 0.5°C intervals. A
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single peak was determinant of a single PCR product in the test tube. In case of DNA
contamination in the PCR tube, the peak corresponding to the contaminant would appear
upstream in the melting curve analysis. The results of the qRT-PCR analysis were
collected and analyzed using the Opticon Monitor 2.1 software (Bio-Rad). For all
replicates, the threshold value was manually set at 0.010. In order to determine the
relative expression of each RyR gene, the efficiency of designed primers in binding and
amplifying the target gene was determined by generating a standard curve from undiluted
and 107, 1072, 10~ and 107* dilutions of cDNA template. Trials were run in triplicates
and the average concentration threshold (Ct) value was plotted against the log(dilution).

The slope of the best-fit line was used as a parameter to determine the efficiency (E)

-1

value (E = 10ﬁ; thus a lower slope, implies greater primer efficiency in binding to and
amplifying the target). The actual E value for each primer pair did not vary significantly
and was very close to 2. The RyR mean normalized expression (MNE) levels in different
tissues of bichir and zebrafish were also calculated in triplicate runs (3 biological and 3

experimental sets) since it is statistically more robust than normalized expression; MNE =

(ERe f )Ctref

= Subsequently the standard error of MNE (SEMNE) was calculated as an
(ETarget) e

estimate of standard deviation, computed from the data sample being analyzed.

(Ere)™
Cliarg
(ET arget) e

SEMNE = ( )X(J(N(Epgg ) X (SECt g )* + (In(Ey ) ¥ (SECt, 1)) ),

" (% —X)’?
where SE = \/ (Z:.=1((—1))) . The tissue with the lowest expression level (i.e. highest
nx(n-—

Ct value) was chosen as the control or calibrator tissue.
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2.8 EMBEDDING AND CRYOSECTIONING OF FRESH TISSUE SAMPLES

One bichir and one zebrafish were immediately euthanized by immersion into an
overdose concentration of MS222 (0.6 mg/ml MS222, pH = 7.0), followed by pithing
prior to the embedding procedure. Specimens were dissected carefully to remove internal
organs and then cut into 5 mm thick cross-sections. Fresh sections were embedded using
cryomatrix embedding medium (Thermo Shandon; Fisher Scientific). A thin layer of
cryomatrix was applied to the embedding mold and placed on a cold glass petri dish,
which was chilled in liquid nitrogen. Tissue was positioned onto the mold and pressed
lightly in order to eliminate entrapped air. Additional cryomatrix was added to provide a
supporting coat for the tissue section. Lastly, the mold and the chilled glass petri dish
were floated back on liquid nitrogen and the matrix was allowed to harden. Molds were
stored at -80°C until ready for sectioning. 10 um sections were obtained from the
embedded specimen, utilizing a LEICA CM3050S cryostat-microtome. The chamber
temperature was set at -21°C and the blade temperature was adjusted to -18°C in order to
optimize the quality of sections.

2.9 SUCCINATE DEHYDROGENASE STAINING:

Sections of bichir and zebrafish were collected immediately after being produced;
using superfrost™/plus microscope slides (Fisher Brand). Once sections were successfully
obtained from the embedded specimen, slides were incubated at room temperature for 30
minutes in a cocktail of 10 mg NADH, 4 mL ddH,0, 2 mL of 0.145 M saline solution, 10
mL of 2 mg/mL Nitro Blue Tetrazolium (NBT), and 2 mL phosphate buffer (for detailed

composition of solutions refer to Appendix 6). Following incubation, slides were rinsed
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with ddH,O and mounted using Immu-mounting media. Stains were visualized using a
Nikon Stereoscopic Zoom Microscope (SMZ1500).
2.10 IN SITU HYBRIDIZATION:

Tissue sections were obtained as per section 2.8 in triplicates for each gene
(RyR1a, RyR1b and RyR3) and organism (bichir and zebrafish) respectively. 50 bp gene-
specific oligonucleotide probes were designed based on RyR gene sequences amplified
from bichir and zebrafish. Slides were stored in an RNase-free slide box and were
shipped on dry ice along with the designed oligonucleotide probes. In situ hybridization
was performed by Dr. Eileen Denovan-Wright, Department of Pharmacology at

Dalhousie University.
2.10.1 PROBE PREPARATION:

Lyophilized oligonucleotide probes (Table 3) were reconstituted in sterile, RNase-
free TE buffer (10 mM Tris pH=8.0, 1 mM EDTA pH=8.0) to a final concentration of
100 uM. Working solutions of probes were obtained from a 10-fold dilution of the 100
uM stock solution using RNase-free distilled water (10 uM final concentration). Both
stock and the working solution of probes were stored at -20°C until use. Probes were
radioactively labelled in a 25 pL reaction, consisting of 12.5 pL ddH,O, 5 pL of 5X TdT
buffer, 1.0 uL of 10 pM oligonucleotide probes, 1.5 pL TdT enzyme, and 5.0 pL *°P-
dATP. Reactions were incubated at 37°C for 90 minutes. Subsequent to incubation, 5 uL
0.5 M EDTA and 20 pL of ddH,0O were added to each reaction. Mixture was loaded onto
a 25 spin column and centrifuged for 2 minutes at 2 800 rpm and stored at -20°C until
use. In order to ensure the quality of probes, 1 uL of the labelled probes were added to

the scintillation fluid. Utilizing a liquid scintillation counter, counts (cpm) were measured

_27 -



(2 x 10° counts per slide or per 200 uL of hybridization buffer is indicative of a
successful labelling reaction).

Table 3: Gene-specific oligonucleotide probes used for in situ hybridization of RyR
genes in bichir (Bi) and zebrafish (ZF).

Label Probe sequence

Bi-RyR1a 5'-ATTGATGCTGTCCATGCTGGAGGGCAACGTTGTGAATGGTACCATTGCTCGA-3'
Bi-RyR1b 5'-GAAGGTGCCTCTGGTCATCTTTAAGCGAGAGAAGGAACTGGCTCGTAAACTTGA-3'
Bi-RyR3 5'-TCCCAGGATCTCGATGCGGCCTAGGTAGGGCTCAAAGTAACTGAGGACACTTTC-3'

ZF-RyRla  5-CAAGCTGAAGGACATTGTTGCGTCTGACGCGTTTCGTGACTACGTGACCGACCC-3'
ZF-RyRlb  5-GGATGGTGCGCAGGGTTTTGACACCCATGGCAATGTCCAGCAGGTGACAGGCGA-3'
ZF-RyR3 5-GACATCAAAGGACAGTGGGATCGTTTGGTCATTGCAACTCCGTCCTTCCC-3'

2.10.2 SLIDE PREPARATION:

Once slides were thawed, tissue sections were fixed by incubating the slides in 4%
paraformaldehyde for 5 minutes. Subsequent to fixation, slides were washed twice in 1X
PBS for 5 minutes, and once in 2X SSC for 20 minutes. Slides were air dried for 30
minutes and rinsed with MilliQ water.

2.10.3 HYBRIDIZATION:

For each slide, hybridization buffer consisting of 50% formamide, 5X SSC, 1X
Denhardt’s solution, 0.02 M sodium phosphate (pH=6.8), 0.2% SDS, 5 mM EDTA, 10
pg/mL Poly(A)n and 10% (w/v) Dextran sulphate was mixed thoroughly and denatured
for 10 minutes in boiling water. Subsequent to denaturation, the solution was chilled on
ice for at least 10 minutes. Appropriate amount of probe (2 x 10° cpm/ 200 pL reaction)
was added to the hybridization buffer solution for each reaction. 200 puL of hybridization
buffer was carefully added to the slide to avoid introducing air bubbles to the buffer.
Once the hybridization buffer was added to the slide, the slide was covered with a piece

of parafilm and placed in a frigoseal box with the filter paper containing formamide.
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Frigoseal boxes were incubated at 42°C overnight. Following incubation overnight, slides
were placed into the 1X SSC in order to remove the parafilm cover from the slides and
then were transferred to a 55°C hot waterbath for subsequent washes. Slides were washed
four times in 1X SSC for 30 minutes at 55°C followed by four washes in 0.5X SSC for
30 minutes at 55°C. Subsequently, slides were washed twice in 0.25X SSC for 30
minutes at room temperature. Lastly, slides were placed in RNase and DNase-free water
to remove residual salt from the slides and were air dried overnight at room temperature.
Once air dried, slides were aligned and placed in the cassette. Slides were exposed for 2-4
weeks before images were developed.

2.11 CRESYL VIOLET STAINING:

Slides were stained following the in situ hybridization experiment with cresyl
violet. Frozen slides were let to thaw and were hydrated by incubating the slides in 95%
ethanol for 15 min, followed by 70% ethanol for 1 min, 50% ethanol for 1 min.
Subsequent to the rehydration steps in ethanol, slides were incubated in distilled water for
2 min followed by an extra 1 min incubation in distilled water. After the hydration step
was completed, slides were incubated in cresyl violet solution (2.0 g cresyl violet, 300
mL ddH,O, 30 mL 1M sodium acetate, and 170 mL 1M acetic acid, pH = 3.7 — 3.9) for 5
min, and then rinsed with distilled water for 1 min. After the staining procedure was
done, slides were dehydrated by a series of ethanol washes consisting of incubating slides
in 50% ethanol for 1 min, 70% ethanol for 2 min, 95% ethanol for 2 min, followed by
final incubation in 100% ethanol for 1 min. Following the dehydration step, slides were
mounted using Immu-mounting media and visualized using a Nikon Stereoscopic Zoom

Microscope (SMZ1500).
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CHAPTER 3: RESULTS

3.1 PCR AMPLIFICATION AND GEL PURIFICATION:

PCR products from genomic and first-strand cDNA were amplified using RyR
degenerate primer pair DGF5 and DGR4. All lanes showed amplified bands of the
expected size and the negative controls were clean, which implies absence of any

contaminating template (Figure 6).
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Figure 6: PCR products amplified using DGF5 and DGR4 primers on bichir genomic DNA
(lane 2), bichir cDNA (lane 3), zebrafish cDNA (lane 5), and zebrafish genomic DNA (lane 6).
Lane 4 is the negative control for bichir and zebrafish PCR reactions. Since negative lane for the
above primer pair shows no contamination or presence of any PCR products, amplicons were
identified. 1 Kbp DNA ladder is loaded on the left-hand side of the gel (lane 1; unit = bp).
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3.2 DETECTION OF RECOMBINANTS

The PCR amplicons were purified from low melting-point agarose gel and cloned
into pGEM®-T Easy vector. Recombinants were detected by amplifying plasmid inserts
utilizing M13 forward and M13 reverse primer and using transformed colonies as
template. Figure 7 shows the result of gel electrophoresis, with PCR amplicons in the
expected size range present in lanes 1-8 and 10. The white color of colonies, which were
used for single-colony PCR in lanes 1-8 and 10, also confirmed the presence of an insert

in the vector, which indicates a successful recombination and subsequent transformation.
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bad ™ 1< Recombinant|

Non-recombinant

Figure 7: Gel electrophoresis showing the PCR detection of recombinants from E. coli
JM109 colonies utilizing M13 forward and M13 reverse primers. Lanes 1-8 and 10 show
the expected size of the insert of amplified RyR gene sequence. 1 Kbp ladder is located

on the left hand-side of the image (unit = bp).
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3.3 SEQUENCING AND PHYLOGENETIC ANALYSIS

The degenerate primer pair, DGF5 and DGR4, designed to anneal to conserved
sequence blocks in all RyR gene sequences, was used to survey the genomic DNA of the
primitive ray-finned fish, bichir (P. ornatipinnis). 134 genomic cloned sequences were
obtained from this region (using the same primer pair). All 134 cloned sequences shared
sequence identity with published RyR sequences based on BLASTx analysis. BLASTx
searches of GenBank databases tentatively identified the sequences as orthologs of the
RyR1a, RyR1b, RyR2 and RyR3 genes (Figure 8). A multiple sequence alignment of the
bichir consensus sequences and orthologous RyR sequences from selected vertebrate
species (human, mouse, frog, zebrafish) was generated (Figure 9) and used to construct a

neighbour-joining phylogenetic tree (Figure 10).
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RyRla : - 59
RYR2 : AGA‘TCTTC : 59
RyR1lb : i Aa : 59
RyR3 : Als : 59
100 * 120
RyRla : CHIYYX\eAPTCTACE & e - 119
RYR2 : HAALNITGAAAG TGACHTCCTCTGA : 119
RyR1lb : CTGAAAGACATTGT”GCCTCTGA : 119
RyR3 : TTGAAAGACCT“CCTCTTCTGA 119
180
RyRla : ACTTATCTCT“““GACTTC avl - 179
RYR2 : 179
RyR1b : 179
RyR3 : - 179
RyRla : - 239
RYR2 : : 239
RyR1b : 239
RyR3 : 239
RyRla : 299
RyR2 : 299
RyR1lb : 299
RyR3 : 299
320 340 360
RyRla : A@CCAETCTEANCTG = 359
RyR2 :© T[E@ALVNTACI N mEciclos mEPVA T GLIG CTUATUCRSTMATCYTUS T TN A[EeE® - 359
RyR1b : AejeChAVA:er\yuicicloammpyVACALIT C HACRAASII TG TCAGAACATIE T GCClmeiste)
RyR3 : TEeTNAGCENINRICCRRYATG CT] T TCLICLI® A CACOLCALLEM® - 359
* 380 * 400 * 420
RyRla : GTGTCCTCAAGTATT T(GCICHmm-u: X Re)
RyR2 : AARTAIRTTI : 419
RyR1lb : CQUCGTCGTCCTCAAGTATTT(® : 419
RyR3 : GTURCITGA :© 419
RyRla :
RyR2 :
RyR1b :
RyR3 : C CCTMGGCCGCATCG CATESTGCGGAGCCEGECAA 458

Figure 8: Alignment of bichir consensus nucleotide sequences based on genomic survey
using degenerate PCR. Identical nucleotides are presented in black and less conserved
nucleotides are in shades of grey.
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VTV IE/N G T 1 €< QMVDL VESSNNVEM I LKFEDMFLKLKDLIESSDYF - 3988
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VeI BEV/ING T 1 €KQMVDYIL VESSIINVEM I LKFEDMFLKLKDLIESSDRF - 3903
SIS =< M/ G T 1 €K QMVDRIL VESSENVEM I LKFEDMFLKLKDLIESSDAF - 3867
] < VN GIT 1 €KQMVDRIL VESSENVEM I LKFEDMFLKLKDLIESSBYF - 3870
16T 3 23V =X I/ G T 1 (€K QMVDIL VE SSENVEM I LKFEDMFLKLKDLEESSD - 50

o [V NGS 1 €< oMVDIL VESEIERVER | LKFEDMFLKLKDLIRISE) - 4148

60 * 80

SRR NG L | SKKDFeKANMBSeKeFSE=EIQFL LSCEENDEN= - 4133
VNIV G L 1 SKKDFOKAMBISe K FTE=ENIQFL L SCEEADEN= - 4137
NI L | KK F oK ANVBSeK Y THISENGF L | SCRE \DEN= - 4927
DreRyR1a: & NI D EORS YD ORON Pos (ORI eS =AY = E - 4223
PG L | SKKF oK MoK Y SESENGF L | SCSE DEN= - 100

e TRGL | SKKFRKAMBSeK Y TIRSENGF L L SCRE \DEN= - 4150
ATl | SKKbFSKAVNEE K Y SESEIOFL | SCRE DENE - 100

HsaRYR2 : G EDEHMNEHMHNIQS =T S RB®A =T = ETLONE - 4089
MmuRYR2 : G EDEHINESHEHNGIOS =T ==MR8A =TI ETLNE - 4088
PorRyR2 : G =DEHMVESHMHNQS = T == RB(8A =P b= EBL D) E - 99

] E GV | SKREFRKAM=SEKEY IO SEYEFL L SCREYDEN=LEDY(= - 260

DreRyR2b: €IS ADEQRANEY FURN=0 =1 | ==l oA =MA=SENLBN{PD - 4026
SR IR G 1| SKK(EFOKAM 0K Y IO SEIBFL L SCIENDENMENY - 3985
MMURYR3 - & T1S: e O TEGLINON 105 (DRI TEA = DIF VD - 4003
RcaRyR3 - & 1T (e O ECONONAQT S (=R A A = DI F N - 3967
TR G | SKRFOKSMESEK Y TOSEIEFLLSC EADENBMEN YD) - 3970
NI\ | SKK(EFOKANESe K8y TNSENEFL L SCIE DENES - 100

CelRyR S PEEQRANES QLY EDL THARUME T DVINBGKVENM - 4248

Figure 9: Multiple sequence alignment of the deduced amino acid translations from the bichir
consensus partial RyR sequences with GenBank accession number presented in braket (PorRyR1a
(FJ976726), PorRyR1b (FJ976727), PorRyR2 (FJ976728), and PorRyR3 (FJ976725)) are aligned with
the orthologous RyR sequences of human (HsaRyR1 (NM 001042723), HsaRyR2 (NP _001026),
HsaRyR3 (NM_001306)), mouse (MmuRyR1 (NM_009109), MmuRyR2 (NM_023868), MmuRyR3
(NM_177652)), bullfrog (RcaRyR1 (D21070), RcaRyR3 (D21071)), zebrafish (DreRyRla
(XM _001923259), DreRyR1b (NM_001102571), DreRyR2a (XM_001922082), DreRyR2b
(XM _001921102), DreRyR3 (XM 001922078)), and the nematode C. elegans (CelRyR
(BAA08309)). The alignment is shaded to highlight conserved amino acids. Positions of amino acid
sequences are given at the right-hand-side of the figure.
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Figure 9: Continued.
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Figure 10: Bootstrapped neighbor-joining tree based on Dayhoff PAM distance matrix
(Dayhoff et al., 1972). The multiple sequence alignment in Figure 9 was used to generate
the phylogenetic tree. The consensus tree is based on the output of 100 bootstrap
pseudoreplicates from the Neighbor program of PHYLIP (Felsenstein, 1993). The C.
elegans RyR sequence was used as a designated outgroup and bootstrap values are given
on the major nodes of the tree.
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3.4 EXPRESSION LEVELS OF RYR GENES IN BICHIR AND ZEBRAFISH

The relative expression levels for the four bichir and five zebrafish RyR genes
were determined by qRT-PCR in four tissue sources: slow twitch skeletal muscle, fast
twitch skeletal muscle, cardiac and brain tissues. In all tissues the expression levels were
assayed relative to the expression of two housekeeping genes, actin (Appendix 4) and
elongation factor la (efla [Appendix 5]; Figure 11). In zebrafish, the expression ratio
measured relative to the actin housekeeping gene of RyR3 to RyR1a and RyR1b was 0.77
for both slow twitch (red) and fast twitch (white) muscle respectively (Table 4) while the
RyR3 to RyR1a and RyR1b expression ratio for bichir slow twitch and fast twitch muscle
was 0.16 and 0.18 respectively. These values are consistent with the ratios calculated
relative to the efla housekeeping gene with a ratio of RyR3 to RyRla and RyR1b
expression of 0.75 and 0.64 in zebrafish slow twitch and fast twitch muscle respectively
and 0.27 and 0.18 for the same comparison in bichir. A two-tailed t-test indicated that the
RyR3 to RyR1 expression ratios are significantly different between bichir and zebrafish

(Table 5).
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Table 4: Relative expression levels® + SE of RyR multigene family in selected

tissues of bichir (P. ornatipinnis) and zebrafish (D. rerio).

Relative to actin expression (£SE)

Relative to efla expression (+SE)

P. ornatipinnis

D. rerio

P. ornatipinnis

D. rerio

Red
Skeletal
Muscle

RyRla
RyR1b
RyR2a
RyR2b
RyR3

1.106 £ 0.3756
0.171+ 0.0576
0.034 + 0.0140
N/A®

0.176 £ 0.0752

1.444 + 0.0641
0.553 £0.0234
0.230 £ 0.0102
0.276 £ 0.0107
1.106 £ 0.0428

1.231 +£ 0.2432
0.322 £ 0.0503
0.023 £ 0.0045
N/A®

0.331 £0.1013

1.181 +0.0183
0.323 £ 0.0071
0.312 £ 0.0048
0.425 £ 0.0107
0.886 = 0.0223

White
Skeletal
Muscle

RyRla
RyR1b
RyR2a
RyR2b
RyR3

0.085 + 0.0138
1.699 + 0.1605
0.052 + 0.0252
N/A®

0.307 £0.1018

0.702 £ 0.943

2.378 £0.1075
0.597 £ 0.0281
0.603 £ 0.0238
1.847 £ 0.1042

0.085 + 0.0205
1.699 + 0.0719
0.052 £ 0.0182
N/A®

0.307 £ 0.0854

0.644 + 0.0290
1.510 £ 0.0112
0.293 £ 0.0081
0.449 £ 0.0265
0.973 £ 0.0405

Cardiac
Muscle

RyRla
RyR1b
RyR2a
RyR2b
RyR3

0.483 £ 0.1895
0.453 £ 0.1644
2.024 + 0.1855
N/A®

0.182 + 0.0405

0.422 £ 0.0203
0.485 £ 0.0122
1.659 + 0.0406
1.932 £ 0.0576
0.062 + 0.0028

0.472 £0.2141
0.370 £ 0.1536
2.372 +0.1340
N/A®

0.236 + 0.0952

0.444 + 0.0222
0.986 + 0.0387
1.784 + 0.0657
1.986 + 0.0779
0.067 £ 0.0019

Brain
Tissue

RyR1la
RyR1b
RyR2a
RyR2b
RyR3

0.524 + 0.1526
0.561 £ 0.2369
0.594 + 0.1040
N/A®

2.124 + 0.1540

0.431 £0.1380
0.590 £0.1871
0.354 £ 0.0140
0.475£0.0274
2.412 £ 0.4493

0.468 + 0.0935
0.454 + 0.1011
0.538 +£ 0.0973
N/A®

1.999 + 0.2063

0.432 £0.0134
0.481 +£0.1819
0.485 + 0.0084
0.476 £0.1883
2.181 +0.1320

*The expression levels were determined by qRT-PCR using gene-specific primers (Table 1) and are relative
to the expression of the housekeeping genes, actin and elongation factor 1-alpha (efla). Standard error (SE)
values were determined from triplicate runs of the qRT-PCR assay.
®The RyR2b gene was not found in the bichir genome.

Table 5: Two-tailed t-test examining the significance of co-expression differences of
RyR3:RyR1a and RyR3:RyR1b between zebrafish (D. rerio) and bichir (P. ornatipinnis)

(0=0.03).
P. ornatipinnis D. rerio Z-value® Confidence
Interval
RyR3:RyR1a ratio 0.16 0.77 -1.83286341  (0.133, 1.037)
Actin HKG
RyR3:RyR1b ratio 0.18 0.77 -1.89308697  (0.288, 0.892)
RyR3:RyR1a ratio 0.27 0.75 1.58875289 (0.238, 0.792)
efla HKG -
RyR3:RyR1b ratio 0.18 0.64 0.87415821 (0.156, 0.652)

* A Z value falling between —1.96 and +1.96 indicates significance at the 0.05 level.
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Figure 11: Relative expression levels of RyR genes in (a) red muscle (slow twitch), (b)
white muscle (fast twitch), (c) cardiac and (d) brain tissue samples of bichir (P.
ornatipinnis; red) and zebrafish (D. rerio, blue). The gene expression levels are
quantified by qRT-PCR relative to the expression of the housekeeping genes actin (actin
HKG) and elongation factor 1-alpha (efla). Error bars are standard error of the mean of
three biological replicates for each fish species.
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3.5 SUCCINATE DEHYDROGENASE STAINING

10 um transverse sections of bichir and zebrafish were obtained utilizing a LEICA
CM3050S cryostat-microtome (Figure 12a, 12¢). Following staining, slides were viewed
under a Nikon Stereoscopic Zoom Microscope (SMZ1500; Figure 12b, 12d). The SDH
histological method darkly stained the red muscle fibers in both zebrafish and bichir. The
disposition of the red muscle in the two species is different. In zebrafish, the red muscle
forms a triangular wedge that does not penetrate to the center of the fish (Figure 12d)
while in bichir the red muscle tissue starts as a triangular wedge and then tapers to a

narrow band of tissue that extends to the center of the body (Figure 12b).
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a: Bichir (unstained) b: Bichir (stained

c: Zebrafish (unstained) d: Zebrafish (stained)

Figure 12: Cross-sections obtained from fresh embedded specimen. (a) bichir and (c)
zebrafish prior to SDH staining. (b) bichir and (d) zebrafish after SDH staining. White
arrows point at the red skeletal muscles in the transverse sections of bichir and zebrafish.
In this staining method (SDH staining) red muscle fibers are stained dark, which
determines the position, quality and quantity of red muscle fibers in bichir and zebrafish.
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3.6 CRESYL VIOLET STAINING (CVS):

From SDH staining, 10 um cross-sections of bichir and zebrafish were obtained
utilizing a LEICA CM3050S cryostat-microtome (Figure 13a, 13c). Subsequent to
staining, slides were viewed under a Nikon Stereoscopic Zoom Microscope (SMZ1500;
Figure 13b, 13d). The cresyl violet staining provides a much greater contrast as for the
disposition of different muscle fiber types in the transverse sections of bichir and

zebrafish (Figure 13b and d).
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a: Bichir (unstained) b: Bichir (stained

c: Zebrafish (unstained) d: Zebrafish (stained)

Figure 13: Cross-sections obtained from fresh embedded specimen. (a) bichir and (c)
zebrafish prior to CVS staining. (b) bichir and (d) zebrafish after CVS staining. Cresyl
Violet staining provides a greater contrast as for the disposition of different muscle fiber
arrangement in the transverse sections of bichir and zebrafish. White arrows point at the
position/location of the red skeletal muscles in bichir and zebrafish.
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3.7 INSITU HYBRIDIZATION (ISH):

The spatial expression levels for bichir RyR1a, RyR1b, RyR3 (Figure 14) and
zebrafish RyRla, RyR1b and RyR3 genes (Figure 15) were determined by in situ
hybridization of *P radioactively-labelled probes to thin sections of brain, heart, and
skeletal muscle of bichir. For zebrafish, the anterior half of the body including the head
(brain) and thorax (heart) were embedded and sagittal sections were obtained for in situ
hybridization. Also, transverse sections through the body were used for differentiation of
spatial expression of fast and slow twitch muscle fibers. As depicted in Figure 14a and
15a RyRla probes hybridized to the red muscle fibers of bichir and zebrafish
respectively. Accordingly, RyR1b probes hybridized to the white muscle fibers of bichir
and zebrafish (Figure 14b and 15b). RyR3 probes hybridized predominantly to the brain
sections of both bichir and zebrafish (Figure 141 and 151). RyR1a, RyR1b show subtle
expression in cardiac muscle of bichir (Figure 14d-14f), whereas in zebrafish, in addition
to RyRla and RyR1b, RyR3 is also expressed in cardiac muscle (Figure 15d-15f).
Quantitative analyses of in situ images were performed by utilizing Imagel] software
(Figure 16), in which the mean numbers of pixels were used as a measure of signal
intensity. For zebrafish the expression ratio of RyR3 to RyR1la and RyR1b is 0.84 and
0.97 for slow twitch and fast twitch muscle respectively (Table 6), while the expression
ratio of RyR3 to RyR1a and RyR1b for bichir slow twitch and fast twitch muscle is 0.17
and 0.21 respectively.

In comparison, Figure 17 and 18 depict the expression pattern of in situ
hybridization results with the histological staining (SDH and CVS) from bichir and

zebrafish respectively. According to Figure 17b and 17c, bichir RyR1a probes have not
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hybridized to the red muscle fibers present deep in the core of the muscle section.
However, expression of RyR1a in zebrafish is consistent with the data obtained from
SDH staining, regarding the disposition of red muscle fibers and location of probes
hybridized to the red muscle fibers (Figure 18b and 18c). Expression of RyRI1b is
consistent between histological staining and in situ hybridization for both bichir (Figure
17e and 17f) and zebrafish (Figure 18e and 18f). Histological staining shows a distinct
staining pattern in brain of bichir and zebrafish which coincides with the expression

pattern of RyR3 probes to the brain sections (Figure 17g-17i and 18g-181).
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/ Arteriosus

Figure 14: In situ hybridization of radioactively labelled probes to the transverse sections
of bichir (Polypterus ornatipinnis). Images were taken under 300X magnification
utilizing a Nikon Stereoscopic Zoom Microscope (SMZ1500). (a) White arrows point at
the spatial expression of slow-twitch muscle fibers in bichir. (b) Expression of RyR1b in
fast-twitch muscle fibers. (¢) Lack of expression of RyR3 in bichir skeletal muscle. (d,e,f)
Expression of RyR genes present in cardiac muscle fibers. (g) RyR1a and (h) RyR1b do
not show any expression level in brain; however, the RyR3 gene (i) is highly expressed in
the brain transverse sections of bichir.
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Figure 15: In situ hybridization of radioactively labelled probes to transverse sections of
zebrafish (Danio rerio). Images were taken under 300X magnification utilizing a Nikon
Stereoscopic Zoom Microscope (SMZ1500). (a) White arrows point at the spatial
expression of slow-twitch muscle fibers in zebrafish cross section. (b) Expression of
RyR1Db in fast-twitch muscle fibers. (c) Presence of expression of RyR3 in zebrafish
skeletal muscle confirms equal co-expression of RyR1 and RyR3 in fish skeletal muscles.
(d,e,f) Expression of RyR genes present in cardiac muscle fibers. (g) RyR1a and (h)
RyR1b do not show any expression level in brain; however, RyR3 gene (i) is highly
expressed in the brain transverse sections of zebrafish.
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Table 6: Quantification of in situ hybridization signal intensity in transverse sections of
selected tissues of bichir (P. ornatipinnis) and zebrafish (D. rerio).

Mean Number of Pixels + SE

P. ornatipinnis D. rerio
RyRla 122.13+17.71 128.65 +13.07
RyR1b 101.18 £17.28 110.04 £ 6.91
RyR3 (brain) 136.04 +22.11 143.14 + 16.35
RyR3 (skeletal muscle) 21.19 £13.78 107.66 +9.05

*The spatial expression levels were determined by in situ hybridization of **P radioactively labelled
oligonucleotide probes onto cross sections, through brain and skeletal muscles of fish. Mean values and
standard error were calculated based on the analysis of three slides for each probe.
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Figure 16: Quantification of in situ hybridization signals in bichir (P. ornatipinnis; red)
and zebrafish (D. rerio; blue). The signal intensity was quantified using ImageJ software,
via applying a grey scale in order to remove the background noise. Mean number of
pixels was utilized as a measure to quantify the signal intensity of in situ hybridization.
Error bars are standard error of the mean of 3 experimental replicates for each hybridized
probe.
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Figure 17: Comparison of bichir (P. ornatipinnis) in situ hybridization (ISH) expression
pattern with the histological staining (Cresyl Violet (CVS) and Succinate Dehydrogenase
(SDH) staining) performed on the transverse sections. (a,d) CVS of bichir section
provided a greater contrast as per disposition of different muscle fibers. (b) SDH staining
confirms presence of slow twitch (red) muscle fibers in bichir. (¢)Expression pattern of
RyR1a in slow twitch muscle fibers of bichir (white arrows) (¢) SDH does not stain white
muscle, thus is appears in a lighter shade. (f) Expression pattern of RyR1b in fast twitch
muscle fibers of bichir (dark area) (g) CVS stains nissl substance present in the
endoplasmic reticulum of cell bodies of neural tissue dark purple (white arrows) (h) SDH
stained mitochondria present in the cell body of brain tissue (white arrows) (i) RyR3
probes have hybridized to the brain transverse section of bichir (white arrows).
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Figure 18: Comparison of zebrafish (D. rerio) in situ hybridization (ISH) expression
pattern with the histological staining (Cresyl Violet (CVS) and Succinate Dehydrogenase
(SDH) staining) performed on the transverse sections. (a,d) CVS of zebrafish section
provided a greater contrast as per disposition of different muscle fibers. (b) SDH staining
confirms presence of slow twitch (red) muscle fibers in zebrafish. (c)Expression pattern
of RyR1a in slow twitch muscle fibers of zebrafish (white arrows) (¢) SDH does not stain
white muscle, thus is appears in a lighter shade. (f) Expression pattern of RyR1b in fast
twitch muscle fibers of zebrafish (dark area) (g) CVS stains nissl substance present in the
endoplasmic reticulum of cell bodies of neural tissue dark purple (white arrow) (h) SDH
stained mitochondria present in the cell body of brain tissue (white arrow) (i) RyR3
probes have hybridized to the brain transverse section of bichir (white arrow).




CHAPTER 4: DISCUSSION

4.1 PHYLOGENETIC ANALYSIS OF RYR GENE FAMILY IN BICHIR

Degenerate PCR utilizes degenerate primers for DNA amplification, which
provides an opportunity to amplify a pool of target sequences representing all members of
a gene family in an organism. Utilizing this approach, I characterized 134 genomic clones
from bichir (P. ornatipinnis) that share sequence identity with published RyR sequences
based on BLASTx searches of GenBank databases. 134 clones were considered sufficient
based on the DNA saturation studies performed on the ultracentrifugation analysis of two
hundred fish genomes (Bucciarelli et al., 2002) and analysis of eukaryotic genomes by
density gradient centrifugation (Thiery et al., 1976). DNA saturation analysis considers
the size of genome of the organism, number of chromosomes as well as GC content of
DNA. GC-rich genomes were of particular interest in these two studies because fish, in
contrast to birds and mammals, possess DNA that is characterized by a lower
heterogeneity, which implies that GC-rich sequences in fish is less GC-rich and less
abundant than warm-blooded vertebrates, such as birds and mammals (Bucciarelli et al.,
2002; Bernardi and Bernardi, 1990b; Thiery et al., 1976). In contrast, the distribution of
genes is similar in all vertebrates, in that about half of the genes are located in the GC-
rich sequences of the genomes, even if these sequences are less GC-rich in fishes
compared to mammals and birds (Bernardi and Bernardi, 1990b). The bichir genomic
clones sort into four cognate alignment groups (Appendix 2). The consensus sequences
from each of the four cognate groups putatively identified the sequences as orthologs of
the RyR1a, RyR1b, RyR2 and RyR3 genes based on BLASTx searches of the GenBank

database (Appendix 2). The neighbour joining tree (Figure 10) identified three
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monophyletic clades corresponding to the RyR1, RyR2, and RyR3 gene subfamilies. The
putative orthology of the bichir sequences suggested by the BLASTx analysis is
confirmed by the phylogenetic analysis as the four bichir sequences, RyR1a and RyR1b,
RyR2, RyR3 are clustered within the RyR1, RyR2, and RyR3 clades respectively (Figure
10). Additionally, the bichir RyRla and RyR1b sequences identified in the genomic
survey also cluster with their zebrafish orthologs indicating that the gene duplication
event of the RyR1 gene predates the divergence of the Polypteridae and Teleostei
lineages. Since the bootstrap values at the node of divergence of RyRla and RyR1b is
85%, it implies that this branch is statistically robust. Support for the orthology of the
bichir RyR1a and RyR1b sequences is supported by a strong 85% bootstrap value (Fig.
10). The bichir RyR1a and RyR1b sequences cluster with their orthologs from zebrafish.
The confirmation of fibre type-specific gene expression could be explained by the
discrete compartmentalization of red and white muscle fibers in bichir transverse sections
(Figure 12). Red muscle fibers utilize oxidative phosphorylation, which generates
significantly more energy in fish skeletal muscle and is mainly used for prolonged,
enhanced swimming pattern, whereas, white muscle fibers use glycolysis as the main
source of energy to generate quick bursts of energy and are mainly used for quick
responses to environmental stimuli. The different physiological properties of the two
muscle masses could account for different selective pressure on the duplication and
divergence of the RyR1a and RyR1b genes before the divergence of the Teleostei and
Polypteridae lineages. The bichir RyR2 sequence is basal to the RyR2 sequences from
human and mouse but is not basal to the zebrafish RyR2a and RyR2b sequences. This

could be due to the relaxed selection on RyR2a and RyR2b in zebrafish, which resulted in
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these genes to be more basal to other RyR2 sequences including bichir RyR2 sequence.
The single bichir RyR3 gene clusters with, and is basal to, the RyR3 genes from
zebrafish, human, mouse, and rabbit (Figure 10). However, as depicted in Figure 19,
neighbour-joining phylogenetic analysis of full-length published RyR amino acid
sequences from human, frog, mouse, and zebrafish revealed a different clustering pattern
of RyR clades when compared to the neighbour-joining tree deduced from partial RyR
sequences. According to Figure 19, RyR1 and RyR3 cluster together, whereas, the RyR2
clade clusters separately as a basal clade. Also, the branch length of the RyR1 clade is
significantly longer than those for RyR2 and RyR3, respectively (Figure 19). This could
be due to the fact that RyR1 has acquired the DICR mechanism of calcium release and
has diverged functionally from RyR2 and RyR3, which utilize CICR mechanism of
calcium release in the muscle and brain cells. It could also be that RyR1 is under stronger
selection due to its DICR nature. Conversely, for the tree based on partial sequences (Fig.
10), RyR2 and RyR3 cluster together and RyR1 seems to have diverged separately. Also,
from Figure 10, it can be deduced that even though RyR1 has acquired a different
mechanism of calcium release (namely DICR) branch lengths in this clade are very short
when compared to the RyR2 and RyR3 clades. Theoretically, when a gene (in this case
RyR1) has diverged from the ancestral gene and has undertaken a different mode of
function, a much longer branch length is expected, which would imply that those genes
are more distant from other paralogous copies. The discrepancy between the tree based
on full-length RyR sequences and the phylogenetic tree based on the partial RyR
sequences, in which RyR2 and RyR3 cluster to the exclusion of RyR1 is likely due to the

particular region selected in the partial sequence analysis. The block of sequence
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amplified in bichir is from the C-terminus of RyR gene sequence, which plays a role in
the TA domain which could be under a different selection pressure. Alternatively, it can
be hypothesized that this short block of sequence, representing RyR multigene family in
bichir, has undergone gene conversion (non-homologous recombination) which resulted
in a different clustering pattern than the phylogenetic tree constructed based on the full-

length amino acid sequences of published RyRs.
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Figure 19: Bootstrapped neighbor-joining tree based on Dayhoff PAM distance matrix
(Dayhoff et al., 1972). The multiple alignment of full-length published RyR amino acid
sequence with GenBank accession numbers presented in bracket of human RyR1
(NM_001042723), human RyR2 (NP _001026), human RyR3 (NM _001036), mouse
RyR1 (NM _009109), mouse RyR2 (NM_023868), mouse RyR3 (NM 177652), frog
RyR1 (D21070), frog RyR3 (D21071), zebrafish RyRla (XM _001922082), zebrafish
RyR1b (NM_001102571), zebrafish RyR2a (XM _001922082), zebrafish RyR2b
(XM_001921102), and zebrafish RyR3 (XM _001922078) was used to generate the
phylogenetic tree. The consensus tree is based on the output of 100 bootstrap
pseudoreplicates from the Neighbor program of PHYLIP (Felsenstein, 1993). The C.
elegans RyR sequence (BAA08309) was used as a designated outgroup. Bootstrap values
are given on the major nodes of the tree.
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A survey of other genome databases has revealed that in addition to zebrafish,
other teleost species including medaka (Oryzia latipes) and fugu (Takifugu rubripes)
possess duplicate copies of the RyR2 and RyR3 genes (Franck et al., in preparation). The
apparent absence of RyR2 and RyR3 duplicates in the bichir genome can be explained by
gene loss following the fish-specific whole-genome duplication event. The most
parsimonious explanation for the paralogous RyR copies could be that the RyR1 gene
duplication is 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 event during the evolution of teleosts (Figure 20). Previous
studies on Hox gene clusters in bichir indicate that the HoxAa and HOoxXAS duplicate
clusters found in zebrafish and other derived teleosts are not present in the bichir genome,
lending support for the FSGD event occurring after the divergence of the Polypteridae

lineage (Chiu et al., 2004).
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Figure 20: Proposed History of RyR Gene Duplications. The proposed molecular evolution of the
RyR gene family is shown within a conventional vertebrate species tree. Based on the genomic
survey of bichir, there is sufficient evidence that bichir possesses orthologs for RyR1a, RyR1b, RyR2
and RyR3 in its genome. The evolution of the fiber type-specific RyR1 genes is believed to be the
result of local or single gene duplication at the base of ray-finned lineage. Multiple copies of RyR2
and RyR3 genes in the Euteleostei lineage are believed to be the result of Fish-Specific Genome-
Duplication (FSGD; 3R). WGD = Whole-Genome Duplication, SGD = Single/Local Gene
Duplication.
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4.2 RELATIVE EXPRESSION LEVELS OF RYR GENES IN BICHIR AND
ZEBRAFISH

The relative expression levels for the four bichir and five zebrafish RyR genes
were measured by qRT-PCR in four tissue sources: slow twitch (red) skeletal muscle, fast
twitch (white) skeletal muscle, cardiac and brain tissues. In all tissues the expression
levels were assayed relative to the expression of two housekeeping genes, actin and
elongation factor la (efla). Figure 11a and 11b shows the relative expression levels for
the RyRla and RyR1b paralogs in bichir and zebrafish. The expression study results
indicate the tissue specific expression pattern for the RyR1 paralogs is present in the
basal ray-finned bichir with marked higher expression levels for RyR1a and RyR1b in the
slow twitch and fast twitch muscles respectively (Figure 11a). The expression of fiber
type-specific RyR1 genes in teleost fish was first reported by Franck and colleagues
(Franck et al., 1998). The slow twitch RyR1 and fast twitch RyR1 specific gene
transcripts are now referred to as RyRla and RyR1b respectively since the recent
publication of a full-length RyR1b fast twitch sequence from zebrafish (Hirata et al.,
2007). The bichir RyR2 gene and both RyR2a and RyR2b paralogs in zebrafish are
expressed at the highest level in cardiac tissue with low levels for both species in slow
twitch and fast twitch skeletal muscle fibres and brain tissues (Figure 11c¢). The zebrafish
RyR2a and RyR2b paralogs are co-expressed with a ratio of 0.86 RyR2a to RyR2b. The
RyR3 gene in both species is predominantly expressed in brain tissue (Figure 11d). The
relative gene expression level for the RyR3 gene in the skeletal muscle tissues of bichir
and zebrafish differs markedly. In bichir the RyR3 gene is expressed at low levels in both
slow twitch (Figure 11a) and fast twitch (Figure 11b) skeletal muscle whereas it is up

regulated in zebrafish skeletal muscle fibres. In zebrafish, the expression ratio measured
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relative to the actin housekeeping gene of RyR3 to RyR1a and RyR1b is 0.77 for both
slow twitch and fast twitch muscle, respectively (Table 4) while the RyR3 to RyR1a and
RyR1b expression ratio for bichir slow twitch and fast twitch muscle is 0.16 and 0.18,
respectively. These values are consistent with the ratios calculated relative to the efla
housekeeping gene with a ratio of RyR3 to RyR1a and RyR1b expression of 0.75 and
0.64 in zebrafish slow twitch and fast twitch muscle and 0.27 and 0.18 for the same
comparison in bichir. Previous studies of RyR expression based on immunoblot analyses
describe the equal co-expression of RyR1 and RyR3 proteins in skeletal muscles of
teleost fish (O’Brien et al., 1993; Sutko et al., 1996). Exceptions to this condition are
highly specialized super high frequency muscle fibres such as extraocular eye muscle and
toadfish swimbladder muscle in which RyR3 expression is not detected (O’Brien et al.,
1993). A Low RyR3 expression level in skeletal muscle is the normal condition in the
sarcopterygian lineage (Fill et al., 2002). The increased expression of RyR3 in the
teleostei lineage which includes zebrafish is therefore likely due to a divergence of
regulatory domains in the RyR3 gene.

4.3 HISTOLOGICAL STAINING

The dissection of the skeletal slow twitch (red muscle) and fast-twitch (white
muscle) tissues for the qRT-PCR analyses relied solely on identifying the difference by
colour. In order to more precisely determine the disposition of the two muscle masses in
bichir and zebrafish I utilized a histological technique — Succinate Dehydrogenase
Staining — that specifically differentiates slow-twitch oxidative from fast-twitch
glycolytic tissues. Succinate dehydrogenase (SDH) is a bound inner mitochondrial

membrane enzyme. SDH catalyses the conversion of succinate to fumarate in the citric
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acid cycle (TCA cycle) accompanied by the formation of a reduced flavin moiety (Rustin
et al., 2002; Horak, 1983). The histochemical assay for SDH is used to distinguish
between oxidative and non-oxidative muscle fibers. Sherwood and colleagues (2005)
showed that fibers with a high oxidative capacity generate ATP via oxidative
phosphorylation in the mitochondria. Thus, muscle cells which contain more
mitochondria will have a higher oxidative capacity. It is generally accepted that muscle
fiber types can be broken down into two main types. The first category is slow-twitch
oxidative (Type I) muscle fibers, which utilize oxidative phosphorylation and are used
during continuous, extended muscle contractions over a long period of time. Due to their
slow-twitch nature, these muscle fibers can twitch for a longer period of time before
fatigue is induced from continuous contraction. The second category of muscle fiber
classification is fast twitch glycolytic (Type II) muscle fibers. Since fast-twitch muscles
utilize anaerobic metabolism to create energy, they are much better at generating short
bursts of strength than slow-twitch muscles. In mammals, fast twitch fibers can be further
categorized into Type Ila (fast twitch oxidative-glycolytic; FOG) and Type IIb (fast
twitch glycolytic; FG) fibers (Sherwood et al., 2005).

SDH staining is a convenient method to differentiate between fast and slow-twitch
muscle fibers. As depicted in figure 12b and 12d, SDH staining stains slow-twitch (Type
I) muscle fibers dark. Red muscle fibers are arranged quite differently in bichir when
compared to zebrafish (Figure 12b and 12d). Bichir possesses a significantly lower
concentration of red muscle fibers, which are positioned in a very thin sliver-like shape
which expends deep into the muscle section (Figure 12b). Conversely, zebrafish

possesses a higher concentration of red muscle fibers, which are more concentrated on
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the peripheral side of the fish skeletal muscle in a triangular-like shape (Figure 12d). This
could be explained by the fact that bichir is a nocturnal predator and feeds on smaller
fishes, fresh water crustaceans, snails, and amphibians larvae (Budgett, 2001), which
would require quick bursts of energy to capture its prey. Thus it is expected that bichir
might possess a greater proportion of white muscle mass in its skeletal cross-sections. In
contrast, zebrafish uses more time and energy to maintain a steady swimming pattern,
which could be explained by the higher concentration of red muscle fibers in the cross
section (Figure 12d).

4.4 INSITUHYBRIDIZATION

The qRT-PCR and histological analyses indicate that bichir and zebrafish have
discrete red and white muscle masses with fiber type-specific expression of the RyR1
paralogs. To accurately determine the spatial expression of the RyR genes in both
species, I performed in situ hybridization using gene-specific oligonucleotide probes. The
3P-labeled probes were hybridized directly to 10 um thin sections of skeletal muscle and
brain tissue of bichir and zebrafish. Figure 14a, 14b and 15a, 15b show the spatial
expression pattern for the RyR1a and RyR1b paralogs in bichir and zebrafish. The spatial
expression analyses indicate that the tissue specific expression pattern for the RyRI
paralogs is present in the basal ray-finned bichir with notably higher expression levels for
RyR1a and RyR1b in the slow twitch and fast twitch muscles, respectively (Figure 14a,
14b). This expression pattern confirms the results obtained from the qRT-PCR
investigation of expression analysis for the RyR multigene family in bichir and zebrafish
(Figure 11a and 11b; Darbandi and Franck, 2009). The expression of muscle specific

RyR1 was originally discovered by Franck and colleagues (Franck et al., 1998). The slow
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twitch RyR1 and fast twitch RyR1 specific gene transcripts are now referred to as RyR1a
and RyR1b respectively (Hirata et al., 2007). The in situ hybridization results are
consistent with the expression profile revealed by qRT-PCR. A qualitative assessment of
the in situ hybridization results in bichir indicates that the expression of RyR3 compared
to both RyR1la and RyR1b is markedly lowered in both fast twitch (white) and slow
twitch (red) skeletal muscles (Figure 14c). In zebrafish, there is evidence for a
significantly stronger signal for RyR3 in the skeletal muscle cross section (Figure 15c¢).
The RyR3 gene in both species is predominantly expressed in brain tissue (Figure 141,
151). However, bichir shows a lower expression profile of RyR3 gene in its cardiac tissue
when compared to zebrafish (Figure 14f, 15f). This evidence is further supported by the
qRT-PCR analysis of relative gene expression of RyRs in both species (Figure 11c). In
order to support the qualitative observations of in Situ hybridization results, quantitative
analyses of the in situ expression study were performed using ImagelJ software. Image]J is
a public domain, Java-based image processing program developed at the National
Institutes of Health (Collins, 2004). Imagel software applies a grey scale to minimize the
background noise of the image and utilizes the mean number of pixels as a measure to
quantify the signal intensity. Thus, the higher mean number of pixels represents a higher
signal intensity, which implies a higher expression profile. Based on the results compiled
in Figure 16 and Table 5, it is apparent that the expression ratio of RyR3 to RyR1a and
RyR1b is 0.17 and 0.21 in slow twitch and fast twitch skeletal muscle of bichir,
respectively. Conversely, zebrafish possesses a significantly higher expression profile, in
which the expression ratio of RyR3 to RyR1a and RyR1b is 0.84 and 0.97, respectively.

These data confirm the fact that RyR3 gene is expressed in lower levels in bichir skeletal
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muscle, which strengthens the results gathered from qRT-PCR depicted in figure 11a and
11b. Additionally, such low expression ratio in bichir compared to zebrafish, provides
further evidence that bichir does not equally co-express the RyR1 and RyR3 genes in
skeletal muscle. This marked difference in the expression profile for the RyR3 gene
would suggest that the two component mode of E-C coupling is not essential in the
skeletal muscles of primitive fish, in which activation of DICR mechanism, where RyR1
gene is the principle regulator of pattern of calcium release into the cytoplasm of muscle
cells, is not paired with the CICR mechanism associated with the activity of RyR3 in
skeletal muscle cells. Data gathered from qRT-PCR as well as in situ hybridization, also
suggests that the two component mode of E-C coupling may be an important contributor
to the diversification of teleost fishes by providing a greater ability to response to the
environmental stimulus, which would provide a greater chance of survival for teleosts in
their habitat. Quantitative analyses also validate the result obtained from qRT-PCR
presented in Figure 11d, in which RyR3 is predominantly expressed in brain tissue (Table
6; Figure 16). RyR1 and RyR3 co-expression at equivalent levels may allow for
flexibility or increased modulation in the control of calcium release properties in muscle
cells, due to different calcium release properties of RyR1 and RyR3 as well as different
regulatory potentials of these two genes (O’Brien et al., 1993). Rios and Pizarro (1991)
suggested that this phenomenon (RyR1-RyR3 co-expression) could be under the
influence of several factors. The first and most important contributing factor is the mode
of E-C coupling by each of the RyR1 and RyR3 genes. In teleost skeletal muscle, RyR1
uses DICR via mechanical association of DHPRs and RyRs in triad junctions. However,

not all RyRs in triad junction are able to make direct mechanical connections (Block et
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al., 1988). RyRs are arranged in an alternating pattern with the DHPRs so that only half
of the RyRs can make direct contact (O’Brien et al., 1993; O’Brien et al., 1995; Rios and
Pizarro, 1991). RyRs that are not directly associated with DHPRs (namely RyR3) utilize
the CICR mechanism of calcium release. The presence of two RyR genes allows for
greater flexibility in the calcium release response (Block et al., 1994). The second
contributing factor is the control of calcium regulation by ligands including intracellular
calcium, magnesium, adenine nucleotides, and other ligands (Tripathy et al., 1995). The
presence of two RyR genes (namely RyR1 and RyR3) with potentially different
sensitivities to calcium and other ligands also contributes to the flexibility of the calcium
release response in the skeletal muscles of teleost fish (Tripathy et al., 1995; Block et al.,
1994). The co-expression of equivalent levels of RyR1 and RyR3 may be more suited for
meeting the physiological demands of teleost muscles than one. For bichir, in which
RyR3 is expressed at significantly lower levels, it can be hypothesized that bichir, similar
to mammals, recruits its muscles at relatively high contraction speeds (O’Brien et al.,
1993; O’Brien et al., 1995). This may be the reason why the RyR3 gene is not co-
expressed at equivalent levels with RyR1 in bichir skeletal muscles. Interestingly, results
of in situ hybridization show a very distinct expression pattern of RyRla, RyR1b and
RyR3 genes in the eye of zebrafish, more specifically in the extraocular muscles and
retina (Figure 15d — 151). Previous studies of retinal RyR expression based on
immunoblotting with specific and pan-antibodies showed that the majority of retinal RyR
protein has a mobility similar to RyR3 (Shoshan-Barmatz et al., 2007), which could
explain the unique expression pattern of RyR3 to the eye of zebrafish (Figure 15f and

151). An investigation conducted by O’Brien and colleagues (1993) demonstrated that
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extraocular eye muscles are highly specialized super high frequency muscle fibers, which
possess a mixed fiber type of fast twitch and tonic (slow twitch) fiber types (O’Brien et
al., 1993). In addition, fast contracting extraocular muscles, which are believed to have
given rise to the heater phenotype, express a single RyR1 gene similar to the one in the
non-mammalian skeletal muscles (Block et al., 1994). The expression of a single RyR
gene in the heater and extraocular muscle is a specialized condition, presumably linked to
the super fast contraction capabilities of extraocular muscle. The expression pattern for
the heater and extraocular eye muscle is in sharp contrast to the slow and fast-twitch
skeletal muscles of teleosts based on immunoblot analyses (Block at al., 1994; O’Brien et
al., 1995). These facts could explain the hybridization pattern of RyR1a, RyR1b to the
sagittal sections of the eye of zebrafish, since RyRla and RyR1b share a common
ancestral function. Additionally, there is sufficient evidence that RyR1a and RyR1b are
expressed in low levels in cardiac tissues of bichir and zebrafish (Figure 14d, 14e and
15d, 15e), which is further supported with the results obtained from the qRT-PCR from
both species (Figure 11c).

The results obtained from the histological staining and the in situ hybridization
experiments support the presence of fiber type-specific RyR1 paralogs in basal ray-finned
bichir. As depicted in Figure 17b, red muscle fibers of bichir penetrate deep into the body
section but interestingly the in situ hybridization (Figure 17c¢) does not show any
hybridization signal from deep portions of the skeletal muscle. This could be due to
several factors. First, the lack of expression, deep into the body section of bichir could
simply be due to lower red muscle fiber cell density in this area. Alternatively, it could

imply that bichir possesses two different types of red muscle fibers in its muscle mass.
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The in situ hybridization experiment indicates that the RyRla and RyR1b genes are
discretely expressed in the red and white muscle tissue respectively in bichir and
zebrafish. These results along with the data obtained from the molecular evolutionary and
qRT-PCR analysis of the RyR multigene family in bichir and zebrafish strengthens the
hypothesis that RyRla and RyRl1b are likely the result of a single or local gene
duplication of the ancestral RyR1 at the base of ray-finned lineage before the divergence
of Polypteridae from the Teleostei lineage. Additionally, cresyl violet stains nissl
substance — which are commonly referred to as rough endoplasmic reticulum (RER)
mainly present in the cell bodies of neural tissue — dark purple (Snell, 2009). As depicted
in Figure 18g cresyl violet staining produces a light and dark colouring pattern in the
brain of zebrafish, which could be due to the different concentrations of cell bodies in the
different parts of brain. When histological staining of zebrafish brain (Figure 18g and
18h) is compared to the in situ hybridization of RyR3 gene in brain (Figure 18i) it is
apparent that probes have hybridized mostly to the frontal portion of the brain, which
could hypothetically be designated as telencephalon, epiphysis and optic tectum based on
the magnetic resonance imaging of zebrafish brain (Figure 21). This observation
coincides with the SDH staining pattern (Figure 18h), which supports the qualitative
observation, where the hybridization has occurred in the frontal portion of brain tissue

(olfactory bulb, telencephalon and optic tectum).
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Figure 21: Magnetic Resonance Imaging (MRI) of zebrafish brain. (A) Coronal view at
the midline (Adapted from Bryson-Richardson et al., 2007), and (B) ISH of zebrafish
coronal section.
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4.5 EVOLUTION OF EXCITATION-CONTRACTION COUPLING

The comparison of the expression profile of the RyR multigene family between
the basal ray-finned bichir and the derived euteleost zebrafish provides important insight
into the evolution of E-C coupling. The evolution of the depolarization induced calcium
release (DICR) mode of calcium release is a vertebrate innovation (Inoue et al., 2002; Di
Biase et al., 2005). The RyR1 channel utilizes the DICR mechanism of calcium release
and is the predominant gene expressed in skeletal muscles of mammals involved in the E-
C coupling. The RyR3 channel which utilizes the calcium induced calcium release
(CICR) mechanism of calcium release is expressed at low levels in mammalian skeletal
muscle but is co-expressed at equal levels with RyR1 in the skeletal muscle fibers of
teleost fish (O’Brien et al., 1993; O’Brien et al., 1995). The co-expression of the RyR1
and RyR3 genes in teleost fish has led to the proposal of a two component mode of E-C
coupling (O’Brien et al., 1995). In this model, the RyR1 channels are directly opposed
and mechanically gated open by the DHPR voltage sensors resulting in the release of
calcium that then activates the adjacent ligand-gated RyR3 channels. This effectively
results in the amplification of the original signal (Figure 22). The model is based on
ultrastructural studies showing every second DHPR tetrad opposed by a RyR channel
(Yin et al., 2008). The unopposed RyR channels are presumed to be the RyR3 channels
(Di Biase et al., 2005). The ultrastructural arrangement of RyRs and DHPRs has not been
investigated in bichir but based on the low relative expression of RyR3; it would be

unlikely that the two channels are arranged in the alternating pattern found in teleost fish.
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Figure 22: Schematic representation of a two component model for the calcium release
process in non-mammalian vertebrate skeletal muscle. The presence of two
physiologically distinct Ca*" release channels in skeletal muscle of non-mammalian
vertebrates suggests a model in which two different forms of E-C coupling are present.
Direct, mechanically coupled channels are depicted making contact with the overlaying
T-tubule DHPR, which acts as a voltage sensor. Ca®" release in a depolarization-induced
coupling event triggers Ca®" release from the close neighbour or "slave" RYR channel.
The RyR1 isoform occupies the directly coupled position, and the RyR3 isoform the
Ca*"-coupled position (Block et al., 1988). The physical dimensions of the RyR array in
toadfish triad junctions are such that adjacent RyRs may actually touch one another and
deliver localized Ca*" currents or transmit conformational changes (Figure used with
permission from O’Brien et al., 1995).
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CHAPTER 5: CONCLUDING REMARKS

The PCR genomic survey and phylogenetic analysis indicates that bichir possess
orthologs for the RyR1a, RyR1b, RyR2, and RyR3 genes. This implies that the RyR1
gene was duplicated at the base of the ray-finned fish lineage before the divergence of the
Polypteridae and Teleostei lineages. Subfunctionalization of the two daughter genes,
namely RyR1a and RyR1b, resulted in their discrete expression in slow twitch and fast
twitch muscle fibres respectively. In situ hybridization and qRT-PCR gene expression
analysis of the RyR multigene family in bichir and zebrafish revealed that the RyR1a and
RyR1b genes of bichir and zebrafish are both expressed discretely in the slow and fast
twitch skeletal muscle fibers, respectively in bichir and zebrafish. However, the
comparison of expression levels for the RyR genes of bichir and zebrafish reveals that the
co-expression of RyR1 and RyR3 genes is a teleost-specific condition as the RyR3 gene
is expressed at lower levels in bichir. The marked difference in expression profile for the
RyR3 gene would suggests that the two component mode of E-C coupling is not essential
in the skeletal muscles of primitive fish. Also, equal co-expression of RyR1 and RyR3 in
skeletal muscles of teleosts allows for flexibility or increased modulation in the control of
calcium release in muscle cells. It is believed that flexibility or increased modulation is
due to the unique calcium release properties of the RyR1 and RyR3 genes as well as the
different regulatory sensitivity of RyR1 and RyR3 to the intracellular ligands. These
factors may be important contributors to the diversification of teleost fishes over other
evolutionary lineages. This hypothesis is further supported by the results obtained from
SDH staining, in which zebrafish, representative of teleosts, possesses a higher

concentration of slow twitch oxidative (red) muscle fibers than bichir. The higher volume
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of red muscle fibers could contribute to the enhanced swimming ability of the Teleostei
lineage, which would consequently contribute to further diversification of teleosts. Lastly,
the lack of co-expression of RyR1 and RyR3 in the skeletal muscles of bichir, is similar
to the mammalian groups. This might be hypothesized that bichir, similar to mammals,
recruits its muscles at a higher contraction speeds and under homeostatic temperature
condition at all times. This might be the reason why RyR3 expression is not up regulated

in bichir skeletal muscles.
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APPENDICES

APPENDIX 1: pGEM® - T Easy Vector Map
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APPENDIX 2: Nucleotide alignment of RyR sequences amplified via genomic survey
of bichir using degenerate PCR. Alignment shows that bichir sequences grouped into four

separate cognates of RyR1a (red), RyR1b (yellow), RyR2 (blue), and RyR3 (green).

RyR1b-2 :
RyR1b-3 :
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RyR2-2 - [@CCTCTGCACATGAPJAACAAGAATTCAATTT®TGATTGAGTGTAC
RyR2-3 : [@CCTCTGCACATGAPJAACAAGAATTCAATTTEOTGATTGRGTGTAC
RyR2-4 : [@CCTCTGCACATGAPJAACAAGAATTCAATTTOTGATTGRGTGTAC

RyR3-1 : [€TTGGGT--TGAAGHCCAGAGCACTTTTGTCO®AAACCCIRAGA-——-
RyR3-2 : GTTGGGT——TGAAGECCAGAGCACTTTTGTCCAAACCCEAGA————

RyR3-3 : [@TTGGGT--TGAAG
RyR3-4 - [@TTGGGT--TGAAG

*

: ATCEATGGCYTTCHGGRAGI®TTTTYTAG
. ATCEATGGCYTTCUGGRAGIE® TTTTYTAG
> ATCEATGGCYTTCUGGRAGISTTTTTAG
> ATCEATGGCYTTCUGGRAGISTTTTYTAG
: CCGOTCTCGUCCAIAGATAII®ACCAIACT
RyR1b-2 : CCGETCTCGLCCAPACRTALI®ACCAIACT
RyR1b-3 : CCGETCTCGUCCAUAGRTALI®ACCAIACT
RyR1b-4 : CCGETCTCGLCCAPAGRATAI®ACCAIACT
RyR2-1 : TTCEATAGCYHTTCHUG TTTCHYTGG
RyR2-2 : TTCEATAGCYHTTCUG TTTCHYTGG
RyR2-3 - TTCEATAGCHT TCUG TTTCYTGG
RyR2-4 - TTCEATAGCHT TCUG TTTCYTGG
RyR3-1 : TCTETCAGCYCCAIAGRG CCCAHIATT
RyR3-2 - TCT@TCAGCUCCAIAGRG CCCAHIATT
RyR3-3 - TCTETCAGCYCCAIAGRG CCCAIJATT
RyR3-4 - TCT{ETCAGCYCCAIAGRG CCCAIJATT

CCAGAGCACTTTTGTCE®AAACCCI
CCAGAGCACTTTTGTC®AAACCCH

320

TCGAGG
TCGAGG
TCGAGG
TCGAGG
CTTCCG
CTTCCG
CTTCCG
CTTCCG
CTTTCC
CTTTCC
CTTTCC
CTTTCC
CTTACG
CTTACG
CTTACG
CTTACG

AGA--—-
AGA---—¢

220

ATTC
ATTC
ATTC
ATTC
TTC

TTC

TTC

TTC

ATTC
ATTC
ATTC
ATTC
AGTC
AGTC
AGTC
AGTC

O 00000000000

ATCT :
ATCT :
ATCT :
ATCT :
TCAT :
TCAT :
TCAT :
TCAT :
ATCA :
ATCA :
ATCA :
ATCA :
TTCT :
TTCT :
TTCT :
TTCT :

280

TCTGAC]
TCTGAC
TCTGAC
TCTGAC
CAGCA
CAGCA
CAGCA
CAGC
TTTGGC]
TTTGGC]
TTTGGC]
TTTGGC
CAGC

CAGCA :
CAGCA :
CAGCA :

CTGTCAC
CTGTCAC
CTGTCAC
CTGTCAC
TGACAAA
TGACAAA
TGACAAA
TGACAAA
CAGGATC
CAGGATC
CAGGATC
CAGGATC
TCACAAAC
TCACAAAC
TCACAAAC
TCACAAAC

213
215
214
214
222
222
222
222
215
215
215
215
221
221
221
221

: 269
- 271
: 270
: 270
274
- 274
274
274
- 271
- 271
- 271
- 271
- 271

271
271
271

- 325
> 327
: 326
: 326
: 330
: 330
: 330
: 330
: 327
: 327
327
> 327
: 327
: 327
327
327



RyR1b-2 :
RyR1b-3 :
RyR1b-4 :

RyR2-1
RyR2-2
RyR2-3
RyR2-4
RyR3-1
RyR3-2
RyR3-3
RyR3-4

RyR1b-2
RyR1b-3 :
RyR1b-4 :

RyR2-1
RyR2-2
RyR2-3
RyR2-4
RyR3-1
RyR3-2
RyR3-3
RyR3-4

RyR1b-2

RyR1b-3 :
RyR1b-4 :

RyR2-1
RyR2-2
RyR2-3
RyR2-4
RyR3-1
RyR3-2
RyR3-3
RyR3-4

- AAC
- AAC
- AAC
- AAC
: CCC
: CCC

o AAT
o AAT
T AAT
o AAT
: TCCCUTGATGTCCU®ICLUGACGG

: TCCCUTGATGTCGANIC
. TCCCUTGATGTCGLIC
. TCCCUTGAGGTCG¥AIC

340 *

CccC
CccC

* 460
. CTGTCGAGCAATGGTAC
: CTGTCGAGCAATGGTAC
: CTGTCGAGCAATGGTAC
: CTGCCYTECGATCGTIC
o AAGT GAGCCAG
o AAGT GAGCCAG
AAGT GAGCCAG
AAGT GAGCCAG
: CTGCTRGECAATTGTIIC
: CTGCTRIGECAATTGTIIC
. CTGCTHGECAATTGTIIC
. CTGCTHGECAATTGTIIC
: CAAC TGGCAA
: CAAC TGGCAA
: CAAC TGGCAA
: CAAC TGGCAA

O 0000

O 0 00

GACGG
GACGG
GACGG

T A 0000000000 *

* 380 *
CIAGCTTCAGEAAC
CIAGCTTCAGEAAC
CAGCTTCAGEAAC
CAGCTTCAGEAAC

AAGGACGAECCT.

SAGGACGAECCT

SAGGACGAECCT

AAGGACGAECCT.

CIACTTGAGEAAC

CIACTTGAGEAAC

CIMACTTGAGEAAC

CIMACTTGAGEAAC

G TIRATCACCAECCGG

G TIRATCACCAECCGG

G TIRATCACCAECCGG

G TIRATCACCAECCGG

420 * 440
CTACATLECHTCAGGRCTCAACCINECATIAYIMNVACCAT
CTACATLLECHTCAGGRCTCAACCINECATIRYIMVACCAT :
CTACATIEECUTGAGGRCTCAACCINECATINIMVACCAT :
ClUITGAGGRCTCAACCINECATINIMYACCAT :
CAGTGATGCTAA--INEACCIYE®IVIATTC -
CAGTGATCTAA--INEACCAYE®VIATTC -
CAGTGATCTAA--NEACCIYIMVAATTC
CAGTGATGTAA--INEACCINI®VAATTC :
CPAGATGRATTCTACCIAEGG TIYMVACCAT
CPAGATGRATTCTACCIAEGG TIYMVACCAT
CPAGATGRTTCTACCIREGG T CCAT :
CPAGATGRTTCTACCIREGC TIRYIMLVACCAT :
CAGTTIRATGTAG--NEGCCIYI®YAACTC

CAGTTIRATGTAG--RNECCCAYRMVIACTC :
CAGTTIATGTAG--AECCCAYRMAIACTC :
CAGTTIRTGTAG--[RECCCAYE®AAACTC

480 * 500

AACGIlI--GCCCTCCAGWATGEAFAGE -— =
AACG ——ACCCTCCnG A TCEAPLGE -— =
AAC ——ACCCTCC&G A TGEAGLGEAII®AA -
A

Ale;

GCGCIRI--AAAGATGIC

CCGCp ——AAAGATGEC Ale
MCKCIRI--AAAGATGLCEAG
TCTCH ——GAAGATGnC Ale
AACGS ——CCCCTCC”G ATG
AACGS ——CCCCTCC”G ATG
AACG]E ——CCCCTCCEG ATG
AACGINI--CCCCTCCAGE®ATG
CCGCl) ——GAAGATGnC Ale
CCGCls ——GAAGATG”C Ale;
GCGCImI--AAAGATGAC®AG
TCGCIRITTAAAGATGAC®AG

-84 -

: 381
: 383
- 382
- 382
- 385
: 385
: 385
: 385
: 383
: 383
: 383
: 383
- 382
: 382
: 382
: 382

434
436
435
435
439
439
439
439
436
436
436
436
436
436
436
436

486
488
489

: 460
491
491
491
491
: 488
: 488
- 488
- 488
: 490
: 488
- 488
490



APPENDIX 3: Nucleotide alignment of RyR sequences amplified via genomic survey
of zebrafish using degenerate PCR. After plasmids were sequenced, zebrafish RyR gene
specific primers were designed and used to amplify the target for qRT-PCR. Subsequent
to amplification, PCR products were directly sequenced.
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D CYrer——---—- AGTE[E€G--ATCAAAG CCAGCGCACEETTG CC&GGCCA

: COG——————- ACACIEAGAG GALCT(eCe---JIC
D QUCeG-—-—--- ACAE[EATA, G CALSEET(®

: CAAATYTGlEeCC AGTTENTCEGGAL CGETGT.

2 40 *
A

* o *
OAIIA TCA®G el AAGAATTETASGEAGEGHCTTAACACCCIYTGCCATETC -
CANGTEGETT ATERCAGGATGETCEGEAGEGUTT ‘CACCCATGGCAE TC :
C el Tl TC AACIICAGGATGETC JACGUCTTELAGCCCIYIGGCGATETC
OTCYTGECECTGECCRATERTCTCGATECGECET AGGECTGGAALRYIAATTCAECA :

a1 TTCGATCCTTC: GAGEATGGAAINJIACTTIAAECA -

60 * 80 * 100 *
1GCAGGIEACAAGCAANEAR
AccllcofAciGees
Anchl GCAGCG

GLAGIRIATT
nctaTciecT e TTe NS TTIREE - -CATGCRGGEATC TR

120 * 140 * 160 *

GAGIG SN TIEAATA C e UAI®STTCGRC -
AcrroaTce e - cccli--iTcAcken---——- NALeTTTAG
180 * 200 * 220 *
ASTIEATG GEBAGTGAARCA CAﬁG ATACRETTGESTGGCPCTTCTGG -
TTUEATCUOGCAIALICGTCAASCATETGACAT TEMAGGAI®AGGCYGACGCTT -
GTG GeAGCTCANSCAGEAG CRAGGEAEGC TIRECT-THACCACAG -
GLIERAAL®C THCECGAACTETTCETAGTOTAAEINE - - CLIBATTCICATCTGT -

GLIgAAAASGTGTCICAAAGT® TGGETAAT®CAGCAE

240 * 260 * 280 *
TTGTCTGTETGTTETTTGE TEAC/NICHAEAGAIIGCEATYICCATACCCE®
TCATGTGT@-ATEEC--GETEACNICANCAGAIGCTAEL CC‘TACCCAGCH

300 320 * 340
T

*
CTGCGITCTETCJCTTECAPA
CAGCGNITCTTTCLUCTACCAPAGRT
CAGCANIGCGETClIGCTECGYACRIGG

C
a

TATGGCICTCEATIIGCCTTGYG TGGALATGACGC
TGAACACTTCEATGGCTEGCUGGAAGIKECT TCYTGGALATGAGTC

Q000

CAQICGG
GOTGLCTG

* 360 * 380 * 400
CAAATTGIeCC AATTECTGECAARACAGCEAGTGIRICRACACCRETCT-GICC
AGGACTIETCG-GICC

. CAAATYTGLEeCC AATTENITAEGCGARNGEACCEAGT TGCARTGACCIIAACG-AQICC
GGTCGYACY®TT AGGCENICCEACCRCETCAEGTC AGTTTCRAEGAACALG
I GGTCAJIATII®ATGEARGGCTLCTEACGRCETGAEGTCTIRIGAGTTTARQEGAACALIG

-85 -

NAGIRIETTGTAATEETCEAAGAAGGEAMNICACTEHG :
IEARGAAG TTA#%G GCECGAGCAGAEAGIAACCGYA :

GTAATETCECAGPATACAMNIGGTGCYG :
ACG --GAGGCEAGAATCATGCEGHANI-GTGCUC -
-GTGClIC :

®C :

--ClISACTTIICTGCCAT :

ATTTATCCRGAASCIRITEGCETCA -

ACTTCTCTRGCACCIRIT®GTYTTA -

TTTATTARTGASCIICOTCTCA -
G

58
58
58
58
58

116
116
116
113
113

174

CORCACCACCIRACEMAE TATTGIC TECACABARC TCCANS RIS PAGRTET -
AC ‘AaCC GIYACETATTIIC Ggﬂ ‘CTCC“AETTCCAAE M :
ACIG \TCACGHRCIYAAEAGTT NICCRIC TCASPACCCCCATIRINEPACACGT -

\SAIRTEGUTAGARGA

174
174
162
162

232
232
231
218
218

: 290
- 287
: 281
> 264
. 264

348
345
339

: 322
: 322

: 405
: 402
: 396
: 380
: 380



* 420 * 440 * 460

- ACTEGCEITAATG® KA TE TGCCCECYET TCAGLGATGTAARGGCC JNAGTC - 463
' GCOCHTGATGLOCLI®ATET TCTGETPETTCAGUTACATACIGACC JAGTC - 460
TCOIITCATGL® \LI®A TIAGACGECHETTCAG AAT”TAC‘AACC SNAGTC - 454
©IICAGGALL-1k® TCE®ACGT TATRCGAGGACTCCAC-TIACATGLIOCIACE®AT - 437

AA
GAGGAL[®. I8 TCACATTEC GATGAﬁTCCﬁC—C‘GCATG ACOAT - 437

GAABAA
* 480
: GAEC TCGCCAAC C : 487
o C GGGCCAGCTeCIHIC 1 484
. GACCIRICE®TCGCCATCTECIMIT > 478
I OTECIRIGE®CAATAGTGC C : 461
o C G@CAATGGTTC : 461

- 86 -



APPENDIX 4: Nucleotide alignment of bichir (Bi) and zebrafish (ZF) actin gene
amplified from genomic DNA and used as one of the housekeeping genes during qRT-
PCR. Blue colouring represents the binding site of bichir actin HKG qRT-PCR primers,
and red colouring is the annealing site of actin HKG primers in zebrafish.

* 20 * 40 * 60
VAR T GATGG ACAAAGACTCOTA® AGGAEGCTCAGAGCAAGAGAGHEE-EENG10]
ST T GATGGTEGGE ECAMAAAGACTCIATA ALIGAIAGCTCAGAGCAAGAGGGE-EEG10]
SSSS>SS>>>>
* 80 * 100 SSSSSSSSSSSS>>>
VARG TAT® ®CTGAAGTACCCCAT®GAE ®ATCATCACCAACTGGGCACGACAT GG wd0)
Bi : [CHKA CTGAAGTACCCCA A ATCATCACCAACTGGGALIGAIATGG - v}
>>>
>>>>> * 140 * 160 * 180
AN\ GAAGATCTGGCACCACACOTT[®TACAATGAGCTECGE: ®CCTGAGGAECACCCAAR-INES]0]
S Il A GAAGATCTGGCACCACAC TACAATGAGCT[®CG ACCTGAGGAACACCCAA-ENES]0]
* 200 * 220 * 240
/F - ™ ®AC C ®AACCCCAAE AACCGEGACAAGATGACCCAGATCA-Z10]
Bi : [® ©AC ®CTIEAACCCCAA (®AACCGIIGAINAAGATGACCCAGATCARIZ:T0)
FLLLLLLLLLLLLLLLLLLLL 280 * 300
VAR T GTTTGAGACCTTCAATGTCCCCGCTATGTATGTGGCCATCCAGGCTGTE®CTE cy - 300
ST TGTTTGAGACCTTCAAGGTIICCIAGCTATGTATGTGGCCATCCAGGCTGT] Gl : 300
* 320 * 340 * 360
AN\ CGCOTCTGGEBCGTACCACCGGTATTGTGCTHGA [BACCCACAA : 360
STl ACGCTTCTGGTCGTACAACCGGTATTGTGCTHIGA ClegICANKANNVCE - 360

<<<LLLLLLLLLLLLLLLLLKL
380

*
[ECCCATCTA C - 382
@CCCATCTA® C A 1 382

o N
= T

-87 -



APPENDIX 5: Nucleotide alignment of bichir (Bi) and zebrafish (ZF) eflo. gene

amplified from genomic DNA and used as one of the housekeeping genes during qRT-
PCR. Blue colouring represents the binding site of bichir actin HKG qRT-PCR primers,
and red colouring is the annealing site of actin HKG primers in zebrafish.

@ N @ N W0 N 0 N 0 N o N @ N @ N

* 20 * 40 * 60
o TRGeEE ®GACAAGCCeCT[® ACGATCTGTAGAARATTGGAGCES
e AOCCGE GACAAGCC G OCARGATCTGTAIJAAEBATTGGAGCHES

* 120

* 80 * 100
S T ATIIGGAAC] L® EGAGACTGGYGTECT® HGCUATCG TG TS
Sl TATIGGAAC OAGEGTICGAGACTGG GCG AGGAATGGTGGT |

SSS>S>>>>>
140 * 160 SSSSSSSSSSSS>>>

*
S GACCTT[®GCI®CCTGOCAATETAACCAC CAAETCIGTTGAGATGCACCACGAGT Cls
CACCTTTGCTCCTGCAATIATAACCAC GlaYa AGTTGARATGCACALIGAGECHS

SSS>>55>5>5>5>>

>S>>>> * 220 *

200 * 240
F : AGTGACGCCIL® ABAACG CAAGGTIIAAGAACGT(E Al
: AEITGA CTG AIJAACG A ®AAGAACG A

260 280 * 300

* *
S GGA® AATGTGE®TGGAGACAGCAAGAABGAE AT(elerelele :
S GGA C SAATGTCLEETGGAGACAGCAAGAARIGA OCCC®AGGAGGCE :

<LLLLLLLLLLLLLLLLLLL * 340 * 360

S OAACT TCAACGCTCAGGTCATCATCETGAACCAGCCTGGCAGAT Clji¥AE Gl :
e AC T TIICARIGCTCAGGTEATCATCIITGAACCATCCTGGACAGATCAGCEHMIGGE :

<<<LLLLLLLLLLLLLLLLLKL
380 * 400 * 420

*
F : Cee O TECA ®CACACIGCTCACAT®GCCTGCAAGTTTGCTGAGCTE®AABGAGAA
ECC AOTGICACACEGCTCACATIIGCCTGCAAGTTTGCTGAGCTRAARGAGAA S

* 440 460 480

* *
S GATOGACOGUICGTTCTGGCAABAACGCTTGAAGACAACCCIOAACECT(®T®AA C A\
CA ACGTTCTGGCAARAARCTTGAAGACAACCCHAAL A A\

*

520 540

* 500 *
S T GCOGCCATTG A OCCTGGEAAEGCCCATGTGTGCTEGAGAGCTTCTCRyA®e T A
ol T GCIAGCCATTGT[EGA ECCTGGYAAACCCATCTGTGCTIAGAGAGCTTCTCIN®AET Ajs

560 * 580 * 600

F - [oeeTeeTC CGCTTTGC OGLUGACATGAGECAGACHE CleleCieniC :
CCCIRCCAYTIEGGECGCTTTGCE AGACATGCOGACAGACIAGTE Gi€ :

* 620 660

* 640 *
SN C AACAC®G TIHIGAGAAGAAALNICGE Ae JAAGTC ACAGAAGGCH
S CAARANIC TIEGAGAAGAAAE®CG® G A OAAGTCOGC®CAGAAGGCH

- T - 661
: A : 661

- 88 -

60
60

120
120

180
180

240
240

300
300

360
360

420
420

480
480

540
540

600
600

660
660



APPENDIX 6: Composition of Media and Reagents

SALINE SOLUTION
0.85 g Sodium Chloride in 100 ml of distilled water.

PHOSPHATE BUFFER, pH=7.4
19.5 mL of Sodium phosphate, monobasic (0.69 g/50 mL distilled water)
80.8 mL of sodium phosphate, dibasic (1.41 g/ 100mL distilled water)
Store at 4 C.

NITRO BLUE TETRAZOLIUM (NBT) SOLUTION
100 mg NBT in 50 mL distilled water.
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