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ABSTRACT 

 

 

 

CHARACTERIZING THE INTERSPECIFIC NUCLEOTIDE DIVERSITY AND 

RATES OF EVOLUTION OF RYANODINE RECEPTORS 

 

Patrick McKay      Advisor: 

University of Guelph, 2012     Professor Cortland Griswold 
 

This thesis is an investigation of the evolution of Ryanodine receptor (RyR) genes.  In 

this study, I characterized the interspecific evolution of RyRs by estimating their nucleotide 

diversity and dN/dS ratios to better understand their molecular evolution.  In the first part, I 

found evidence suggesting that divergent regions undergo positive selection and that mutation 

cluster regions undergo purifying selection.  In the second part, I found evidence suggesting that 

RyRs are under strong purifying selection.  In the third part, I found evidence suggesting that 

RyR1a and RyR1b in fish may have undergone neofunctionalization.  In the fourth part, I found 

evidence suggesting that RyR2 and RyR3 and RyR3 and DHPR have correlated rates of 

evolution.  I propose that this is may be a result of compensatory evolution between RyRs.  I 

tested for compensatory function by simulating mutations via a physiological model of RyR 

function, but did not find evidence for compensation.
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CHAPTER ONE  

 

GENERAL INTRODUCTION 

Ryanodine Receptors (RyRs) 

Overview of Ca
2+

 signaling 

Ca
2+

 is used as a secondary messenger signal to regulate a diversity of physiological 

functions across many different tissue types.  These include the propagation of action 

potentials and regulation of neurotransmitter release, heart contraction and skeletal 

muscle contraction (Berridge et al., 2000).   

Intracellular Ca
2+

 signaling involves fluctuations of Ca
2+

 in the cytosol, which is 

caused by two mechanisms. The first is influx through ion channels in the cell membrane, 

where Ca
2+

 enters the cell via the dihydropyridine receptor (DHPR).  The second is the 

release of Ca
2+

 from the endoplasmic/sarcoplasmic reticulum (ER), where it can be stored 

in high concentrations.  There are two well-document types of Ca
2+

 ion channels that are 

prevalent in the ER membrane (Berridge et al, 2000).  The first is the inositol 

trisphosphate receptor (IP3R); the second is the Ryanodine Receptor (RyR).  Both are 

expressed in the same types of tissue in animals, but in different proportions based on the 

respective roles of their associated tissues. IP3R is predominantly expressed in cells that 

are in need of less extreme fluctuations of Ca
2+

 influx, whereas RyRs are predominant in 

cells requiring frequent and sudden Ca
2+

 release in the form of a transient (Berridge et al., 

2000; Betzenhauser and Marks, 2010).  RyRs are abundant in cells involved in muscle 

contraction –namely, smooth, skeletal and cardiac muscle- but they also serve roles in 

other tissue such as the brain, pancreas and kidneys (Mackrill, 2010).  
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RyR Physiology 

In order to understand how RyRs create Ca
2+

 sparks, it is necessary to review their 

physiology (figure 1.1).  As they are made of four large monomers, RyRs are the largest 

ion channel in the human (Homo sapien) body (Berridge et al., 2000).  They are primarily 

kept in a closed state but when induced to open, they allow the large store of Ca
2+

 in the 

ER to diffuse rapidly into the cytosol.  The opening of a RyR is initiated either by Ca
2+ 

in 

the cytosol or by voltage-induced coupling with a Dihydropyridine receptor (DHPR- but 

it is also called the L-type voltage-dependent Ca
2+

 channel) on the plasma membrane 

(PM).  For Ca
2+

 mediated opening, a small influx of Ca
2+

 crosses the PM through DHPR 

and enters the cytosol, where it can bind RyRs and subsequently induce their opening and 

allow the large store of Ca
2+

 to leave the ER and enter the cytosol (Franzini-Armstrong & 

Protasi, 1997).  This process is known as calcium-induced calcium release (CICR) and is 

beneficial as a small Ca
2+

 signal can be rapidly amplified.  RyRs are often found in 

clusters in the junctional reticulum, which are outlying extensions of the ER in close 

proximity to the PM (Sobie et al, 2002).  The resulting narrow subspace that lies in 

between RyRs and the PM further increases the sensitivity of RyRs to Ca
2+

 ions passing 

through the cell membrane, further amplifying the Ca
2+

 signal.  Once the Ca
2+

 

concentration becomes high enough, Ca
2+

 becomes inhibitory for some RyR receptors, 

ending the transient. In the DHPR-mediated opening of a RyR channel, an electric 

potential across the DHPR receptor causes DHPR to physically interact with some RyRs, 

which further induces the opening of that channel.  Cytosolic Ca
2+

 concentrations return 

to normal levels by the active transport of Ca
2+

 out of the cell via the Na/K pump and 

back into the ER via the Sarcoplasmic/Endoplasmic Reticulum Ca
2+

 ATPase (SERCA). 

The Ca
2+

 can thus be quickly recycled for when the next Ca
2+

 transient is needed. 
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RyRs exist in different isoforms, each with a unique set of properties.  Mammals 

have three major isoforms, RyR1, RyR2 and RyR3.  Being isoforms, each of these are 

encoded by different individual genes. These genes are also expressed in other 

vertebrates and are termed α–RyR, cardiac-RyR and β –RyR, respectively.  Teleost fish 

have a second RyR1 and a second RyR2 that is thought to have been a result of gene 

duplication, nematodes have two variants of RyR and insects have only one copy of RyR 

(Darbandi and Franck, 2009; Franck et al., 1998; Kushnir et al., 2005). 

 Evidence suggests that these isoforms evolved from an ancestral RyR via gene 

duplication (Kushnir, et al., 2005).  This would have allowed for the functional 

divergence of RyRs and their rapid specialization to different tissue types.  (Berridge et 

al., 2003; Kushnir et al., 2005).  RyR1 diverged first and RyR2 and RyR3 share the more 

recent common ancestor (Darbandi and Franck, 2009).   

RyR1, RyR2 and RyR3 make different contributions to Ca
2+

 transients and their 

mixing and matching in different tissues results in different Ca
2+

 signals that are used for 

different functions unique to specific cell types (Berridge et al., 2003; Sutko and Airey, 

1996).  For example, RyR1 and RyR3 have a reduced open probability when a threshold 

cytosolic Ca
2+

 concentration is attained, whereas this reduction is absent for RyR2, a 

difference that ultimately results in different cytosolic Ca
2+

 concentrations (Conti et al., 

1996; Gianni et al., 1995).  Another difference is that, unlike other RyRs, some RyR1s 

physically interact with DHPR, which regulates their opening mechanically.  Some 

binding proteins only bind to specific RyRs and also contribute to their specific function 

(Betzenhauser and Marks, 2010).  It should be noted that RyR genes may undergo 

alternate splicing; however the differences in properties between the spliced variants are 
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negligible when compared to the differences between RyRs coded by different genes 

(Kushnir et al., 2005).  In humans, RyR1 is predominantly expressed in skeletal muscle 

tissue, RyR2 is expressed in cardiac tissue and RyR3 is widely expressed in a variety of 

tissues and has been shown to be a key gene in development (Conti et al., 1996; 

Griswold, 2011; Tarroni et al., 1997; Yang et al., 2001).  However, most tissue types 

express at least a small amount of all three subtypes.  For instance, neurons express 

significant amounts of all three isoforms.   

The large size of RyRs and its use as a convergence point for many intracellular 

pathways make it a tightly regulated control point via accessory proteins, which regulate 

its functions [figure 1.2] (Betzenhauser and Marks, 2010).  The FK506 binding protein 

(FKBP) family is heavily involved in RyR regulation by promoting the closed 

conformation of RyR and therefore decreasing its open probability.  There are two types 

of FKBPs involved in RyR regulation; FKBP12 binds to the RyR1 isoform, whereas 

FKBP12.6 binds to RyR2.  These binding proteins may bind up to two RyRs in a cluster, 

thus enhancing the cooperative contribution of RyRs to Ca
2+

 transients (Sobie et al., 

2002).  Protein kinases phosphorylate RyRs, a process that promotes the dissociation of 

FKBP from RyR and ultimately increasing the open probability of RyR. Protein 

phosphotases dephosphorylate RyRs, a process that promotes the association of FKBP to 

RyR and ultimately decreases their open probability.  Buffers are also involved in 

regulating RyR activity by binding to free Ca
2+

 ions. Calmodulin acts as a Ca
2+

 buffer in 

the subspace, whereas calsequesterin acts as a buffer in the ER.  These effectively 

decrease the Ca
2+

 concentration, preventing the spontaneous opening of RyR. 
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Interspecific Evolution of RyRs 

My thesis concerns the evolution of RyRs.  Although many empirical studies have 

addressed their evolution, most have not compared their evolution between species.  In 

this project, I characterize the molecular evolution of RyRs between species to answer 

key uncertainties.  More specifically, I estimate the interspecific nucleotide diversity of 

key regions that are of current interest to researchers and the rates of evolution of RyR 

genes to better understand their evolutionary context.  Below is a background of some of 

the key uncertainties of RyR evolution that I will address in my thesis. 

Uncertainty 1: Nucleotide Diversity of Key RyR Gene Regions between Species 

I begin my research by examining the nucleotide diversity between species.  In particular, 

I examine the nucleotide diversity between species for individual exons and for key 

regions of interest, including transmembrane regions, divergent regions (DRs) and 

mutation cluster regions, with the latter two being the focal point of many studies in the 

literature.  I describe these two gene regions below. 

Divergent Regions (DRs)  

The three main RyR isoforms share a sequence identity of 66-70% (Liu et al., 2004).  

Most of the sequence differences between them are concentrated within three DRs, DR1, 

DR2 and DR3, and there is physiological evidence suggesting that many of the major 

functional differences between RyR1, RyR2 and RyR3 result from this divergence.  For 

example, DR1 is responsible the inactivation of RyR1 and RyR3 but not RyR2, DR2 is 

responsible for different sensitivities to Ca
2+

 activation and DR3 contains a binding site 

of RyR1 for DHPR and allows for the specialized binding of a specific RyR to the 

appropriate type of FKBP, a regulatory RyR-binding protein (Hamilton, 2005; Liu et al., 
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2004).  Since interspecies variability in nucleotide sequence is indicative of positive 

evolution, I characterize the nucleotide diversity of these regions to see if these regions 

account for the unique specialization of DRs between species (Nielsen, 2005). 

Mutation Cluster Regions 

There are hundreds of mutations within RyR genes that are linked to human pathologies 

(Betzenhauser and Marks, 2010).  For instance, several mutations within RyR1 are linked 

to malignant hyperthermia and central core disease, several mutations within RyR2 are 

linked to catecholaminergic polymorphic ventricular tachycardia and arrhythmogenic 

right ventricular dysplasia and upregulation of RyR2 in neurons may lead to Alzheimer’s 

disease (Betzenhauser and Marks, 2010; Lanner, 2012; MacKrill, 2010).  These 

mutations are largely constrained to mutation cluster regions found within the N-terminal 

region, the central region and the transmembrane region, which is found at the C-

terminus of the gene (Yano et al., 2006).  Because mutations in RyR1 in fish, the most 

distantly related clade that I studied, are responsible for multi-minicore disease, a variant 

of central core disease , I believe that these mutation cluster regions are a source of 

deleterious mutations across species and that these areas should undergo strong purifying 

selection (Hirata et al., 2007).  I correspondingly expect these regions to be highly 

conserved between species (Nielsen, 2005). 

Uncertainty 2: Pleiotropic constraint of RyR genes 

As was previously mentioned, RyRs can be expressed in different proportions in different 

tissue types giving rise to various phenotypes across tissues [ie: they are pleiotropic] 

(Berridge et al., 2003).  One consequence of a gene being pleiotropic is that a mutation 

that is beneficial for one phenotype may be deleterious for another and so the gene is 
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constrained from evolving overall (Arnold, 1992; Hansen, 2003; Otto, 2004). Since most 

beneficial mutations are expected to have deleterious side effects, these genes tend to be 

under strong purifying selection as opposed to being under positive selection.  For 

example, a mutation in RyR1 can be beneficial for skeletal muscle tissue but deleterious 

for neural tissue and RyR1 would be expected to evolve at a slower rate.  Given that 

RyRs are pleiotropic, I expect to find evidence that RyRs undergo stronger purifying 

selection than other genes.  A related question is whether or not a particular RyR isoform 

may be under stronger pleiotropic constraint than the other two.  In such a scenario, I 

expect RyR isoforms to have different rates of evolution. 

Uncertainty 3: RyR Evolution in Teleosts 

As previously mentioned, teleost fish have two distinct RyR1 genes, RyR1a and RyR1b 

(Franck et al., 1998; Morrissette et al., 2000).  RyR1a is largely expressed in slow-twitch 

muscles and RyR1b is largely expressed in fast-twitch muscles.  Because RyR1 in other 

animals is generally expressed in all skeletal muscles, it is believed that RyR1a and 

RyR1b divided the original role of RyR1 via subfunctionalization (Darbandi and Franck, 

2009).   There is currently much research being conducted on molecular mechanisms 

behind this differential expression and the details of the history RyR1a and RyR1b. 

Although I do not doubt that at some point RyR1a and RyR1b specialized for 

different tissues, I propose that RyR1a and RyR1b instead underwent 

neofunctionalization shortly after duplication (He and Zhang, 2005; Ohno, 1970).  In this 

scenario, one of the RyR1 copies would have been under stronger purifying selection to 

conserve ancestral RyR1 function while the other copy would be free to evolve shortly 

after and would have undergone stronger positive selection.  If this model is correct, I 
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expect RyR1a and RyR1b genes to have considerably different rates of evolution, 

whereas if the subfunctionalization model is correct, I expect these rates to be similar. 

In addition, if duplication should removes pleiotropic constraints and allows for 

stronger positive selection to take place, I expect the rates of evolution for RyR1a and 

RyR1b in teleosts to be higher than other RyR1 genes (Hansen, 2003; Jordan, Wolf and 

Koonin, 2004; Stearns, 2010).  If subfunctionalization occurs, I expect both genes to have 

significantly higher rates of evolution than other RyR1 genes as constraints are relaxed 

on for both RyR1 duplicates, whereas if only neofunctionalization occurs, I only expect 

one of these genes to have significantly higher rates as constraints are relaxed for only 

one RyR1 duplicate. 

Uncertainty 4: the Correlated Evolution of RyRs 

One way genes can escape pleiotropic constraint is through the use of compensatory 

mutations.  A compensatory mutation is a non-adaptive mutation that is subject to 

positive selection and restores a phenotype towards its original value after the occurrence 

of a deleterious mutation in another gene (Camps et al., 2007).  The role of compensatory 

mutations in regards to selection has been both theorized and empirically observed to 

occur at the population level (Camps et al., 2007; Kulathinal, et al., 2004; Pavlicev and 

Wagner, 2012; Poon & Chao, 2005; Stephan, 1996).  Although a compensatory mutation 

may be deleterious for a specific tissue were it to occur on its own, it may become 

beneficial if a mutation in another gene moves the phenotype in question away from its 

optimum (Camps et al., 2007; Tiller and Charlebois, 2009).  It is expected that there 

would be positive selection on this compensatory mutation as the original mutation is 

fixed, resulting in the subsequent fixation of the compensatory mutation.  Because both 
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mutations would be fixed at roughly the same time, the correlated evolution of both genes 

is expected to occur. 

In this study, I use a broader, pleiotropic interpretation of compensatory 

mutations, allowing for alleles to be beneficial overall but result in deleterious pleiotropic 

side effects in other tissues (Pavlicev and Wagner, 2012).  Since RyR1, RyR2 and RyR3 

each contribute to Ca
2+

 transients, I hypothesize that they evolved in such a way so that 

they can compensate for each other.  For example, a mutation in RyR2 may be beneficial 

overall due to its effects on heart function, yet still have a deleterious effect on neural 

function.  Given its overall benefits, the mutation may fix.  Once fixed, however, there is 

the opportunity for RyR1 and RyR3, both of which are also found in neural tissue, to 

compensate for the change in physiology in neurons via mutation. These mutations are 

then expected to be selected for and be fixed within a population.  I therefore expect that 

the rates of evolution between these genes would be correlated.  In addition, because 

DHPR is tightly couple to RyR function, I hypothesize that RyRs and DHPR –especially 

DHPR and RyR1, which directly interact with each other- would have correlated rates of 

evolution. 

Methods and Tools Used to Characterize RyR Evolution 

RyR and DHPR Genes 

This study makes inferences on the evolution of RyR and DHPR genes by analyzing the 

nucleotide sequences of the corresponding genes.  Much of the study is conducted by 

aligning various sequences for a given gene relative to that the sequence found within 

human.  For example, start and end positions of exons are calculated for each species 

based on where they are found within humans.  Specific information regarding RyRs and 
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DHPR sequences was obtained through GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/).  In humans, RyR1 is coded by the RyR1 gene 

located on chromosome 19, contains 15391 base pairs and is composed of 106 exons.  

RyR2 is coded by the RyR2 gene, located on chromosome 1, contains 16365 base pairs 

and is composed of 105 exons.  RyR3 is coded by the RyR3 genes, located on 

chromosome 15, contains 15563 base pairs and is composed of 104 exons.  DHPR is 

coded by the CACNA1S gene, located on chromosome 1, contains 6168 base pairs and is 

composed of 44 exons.  It is important to note that the details above pertain only to the 

transcripts used for this study and that alternate splicing may slightly vary the number of 

base pairs and the number of exons expressed within different tissues. 

Sequence Comparisons 

I use a historical approach to study the evolution of RyR1, RyR2 and RyR3 between 

species.  I use coding sequence data from various vertebrate species for all three genes. In 

my project, I compare two main categories of genes.  The first is orthologues; the second 

is paralogues.  Orthologues are genes that share a common ancestor prior to a speciation 

event.  For example, RyR1 in humans (Homo sapiens) and RyR1 in rabbits (Oryctolagus 

cuniculus) are orthologous.  Paralogues are genes that share a common ancestor prior to a 

duplication event.  For example, RyR1 in humans and RyR2 in humans are paralogous. 

Nucleotide Diversity 

In order to calculate nucleotide diversity between species, I used the following formula: 

   
 

      

 

     
 
   

 
    (1) 

In order to calculate  , I downloaded and aligned coding sequences from different 
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species.  For each nucleotide position, I calculate    , which is a measure of nucleotide 

diversity between any two of the aligned sequences.  Nucleotide positions that are the 

same are given a value of 0, whereas nucleotides that are different are given a value of 1.  

I add these values for all pairwise comparisons,      
 
   

 
    and find the average by 

multiplying this sum by the term  
 

      

 

, which is one over the total number of pairwise 

comparisons.  In my study, I calculate the average nucleotide diversity for RyR1, RyR2 

and RyR3 and average these diversity values for each exon and region of interest.  I then 

compare these intervals with an average nucleotide diversity estimate for the whole gene. 

Estimating Rates of Evolution 

Much of my study involves comparing the rates of evolution for RyR genes.  I do this by 

estimating dN/dS ratios ( ) for branch lengths of a phylogenetic tree.  I use the program 

PAML 4.4 (Yang, 2007) that uses a maximum likelihood approach to estimate  .  dN is a 

measure of the rate of non-synonymous mutations in a gene and dS is a measure of 

synonymous mutations in a gene.  Because synonymous mutations result in no change in 

phenotype, dS is a measure of the neutral evolution of the gene.  I therefore divide dN 

estimates by dS estimates as a means to standardize the rate of amino acid changes.  I 

chose this method over simply comparing rates of amino acid changes since branch 

lengths vary and longer branch lengths tend to have higher dN estimates.    is also useful 

as it represents the type of selection that a gene undergoes.    When   > 1, positive 

selection is occurring, when   < 1, purifying selection is occurring, and when    = 1, no 

selection is occuring.   

 In this study, I run several models that estimate dN/dS ratios. I compare some of 
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these models to each other as a means of assessing their significance.  For example, I may 

run two models, one of which constrains two genes to evolve at the same rate whereas the 

other allows for both genes to evolve separately.  I then use a likelihood ratio test (LTR) 

to assess which model is more likely to represent the genes’ history and to assess whether 

their likelihoods are significantly different or not.  

It is important to note that there are other types of test that I could have used that 

compare evolutionary rates, such as relative rate tests (Tajima, 1993).  A relative rates 

test, which compares the number of codon differences between lineages, is an 

informative method of assessing variability in substitution rates between lineages.  

However, I use dN/dS estimates as it presents a simple way of presenting the purifying 

selection and positive selection that a gene undergoes.  Future studies may use other 

methods such as the relative rates test as a way of more robustly testing for the evolution 

of RyRs. 

Griswold’s (2011) Model of Ca
2+

 Signaling 

In this study, I test for the compensatory function of RyRs at a physiological level by 

using a multivariate model of Ca
2+

 signaling developed by Griswold (2011).  In his 

model, traits that compose a multivariate phenotype correspond to different tissue types.  

These different tissue types are distinguished by their respective composition of RyR 

receptors.  Each RyR channel has a characteristic probability of opening, depending on 

the physiological state of a cell.  Generally, the rate of opening of a RyR receptor of type 

i                is given by the expression: 
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  (2) 

In his model , the term      
  is a rate constant governing channel opening, the term 

   
       

             
  governs the cooperative binding that exists between RyR channels 

due to their proximity within the ER, the term 
      

 

 

       
        

                
   governs the 

Ca
2+

 induced opening of RyR due to differential Ca
2+

 concentrations in the cytosol and 

inside the junctional reticulum, the term 
 

  
     
        

 

      
  

 

   governs the inhibition of RyR 

when Ca
2+

 concentrations are high and the term       
     

  
   governs voltage-induced 

channel opening for RyR1 channels.   

Griswold (2011) used this open probability to calculate the flow of Ca
2+

 from the 

ER to the cytosol by the equation: 

        
  

       
     

                         

     

    
 

            

 

+     
                

       
            

      
   

       
 

       
             (3) 

In this equation, the term       
     

                               governs the 

influx of Ca
2+

 from the ER into the cytosol subspace,       
     

    
 governs the influx of 

Ca
2+

 into the cytosol subspace via DHPR,      
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            incorporates the buffering effects of calmodulin and membrane 

buffers on Ca
2+

 concentrations within the subspace and 
      

   
       

 

       
 governs the 

efflux of Ca
2+

 from the subspace between the ER and plasma membrane to the bulk 

cytosol.  In addition, Griwold (2011) incorporated the effects of Ca
2+

 concentrations 

within the ER by measuring the rate of flow from the bulk network ER to the outlying 

junctional reticulum where RyR is predominantly found, as well as the buffering effects 

of calsequestrin and the refill rate of the junctional reticulum from the bulk ER. 

This model allowed for the simulation of Ca
2+

 transients for various tissue types, 

each of which contained different proportions of RyR subtypes. The corresponding 

amplitude, duration and integrated concentrations of simulations for each tissue type were 

calculated (Griswold, 2011).  Furthermore, by keeping the total number of receptors 

constant but changing their proportions, he was able to see the corresponding changes in 

Ca
2+

 transient properties.  This was then verified with experimental data, thus validating 

his model.  For instance, the model predicted that an increase in RyR3 would amplify 

Ca
2+

 transients, a prediction that has been shown empirically by Yang et al. (2001).  The 

covariance in calcium transient properties between tissue types that vary in their RyR 

composition was then calculated. 

Questions That Are Addressed in this Thesis 

Uncertainty 1: Nucleotide Diversity of RyRs 

Questions: 

What exons within RyR genes have high interspecific nucleotide diversity and which 

have low interspecific nucleotide diversity?  Do transmembrane regions, DRs and 
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mutation cluster regions have average diversity values that are higher or lower than the 

average diversity values for their respective genes? 

Hypothesis 1: 

Divergent regions (DRs) experience stronger positive selection compared to other regions 

because they are largely responsible for the specialization of RyRs for individual species. 

Prediction 1: 

The interspecies diversity values of DRs are significantly higher than the average 

nucleotide diversity for the corresponding gene.   

Hypothesis 2: 

Mutation cluster regions experience stronger purifying selection compared to other 

regions because mutations within these regions lead to various pathologies. 

Prediction 2: 

The interspecies diversity values of mutation cluster regions are significantly lower than 

the average nucleotide diversity for the corresponding gene.   

Uncertainty 2: Pleiotropic constraints of RyR genes 

Questions: 

Are RyR genes under strong purifying selection?  How does the extent of this purifying 

selection compare to that of other genes?  Which RyRs are under more pleiotropic 

constraint?  Which RyRs are under stronger purifying selection? 

Hypothesis 1: 

RyR are under stronger purifying selection when compared to other genes because they 



 

 16 

are under pleiotropic constraint. 

Prediction 1: 

I predict that RyR genes have low dN/dS estimates compared to other genes.   

Question 2: 

Do some RyR isoforms have larger dN/dS ratios than others? 

Hypothesis 2: 

RyR isoforms are under different amounts of purifying selection. 

Prediction 2: 

I predict that RyR isoforms have significantly different dN/dS estimates from one 

another. 

Uncertainty 3: RyR Evolution in Teleosts  

Questions: 

Is the evolution RyR1a and RyR1b more consistent with subfunctionalization or 

neofunctionalization?  Are their rates of evolution equal or do they differ from one 

another?  Did their duplication result in a relaxation of pleiotropic constraint? 

Hypothesis 1: 

RyR1a and RyR1b evolved at the same rate. 

Prediction 1: 

RyR1a and RyR1b do not have significantly different dN/dS estimates from one another.  

This result is consistent with the subfunctionalization mechanism. 
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Alternative Hypothesis 1: 

RyR1a and RyR1b evolve at different rates. 

Alternative Prediction 1: 

RyR1a and RyR1b have significantly different dN/dS estimates from one another.  This 

result is consistent with the neofunctionalization mechanism.  

Hypothesis 2: 

Both RyR1a and RyR1b evolve at a faster rate than other RyR1 genes. 

Prediction 2: 

Both RyR1a and RyR1b genes have higher dN/dS estimates than other genes.  This result 

is consistent with subfunctionalization because with subfunctionalization, both genes 

would be under relaxed pleiotropic constraint. 

Alternative Hypothesis 2: 

Either RyR1a and RyR1b, but not both, evolved at a faster rate than other RyR1 genes. 

Alternative Prediction 2: 

Either RyR1a or RyR1b, but not both, has a significantly higher dN/dS estimate than 

other RyR1 genes. This result is consistent with neofunctionalization, such that one gene 

copy experiences a mix of positive selection and relaxed pleiotropic constraint, while the 

other gene copy maintains ancestral function. 

Uncertainty 4: the Correlated Evolution of RyRs  

Questions: 

Are compensatory mutations a significant factor in RyR evolution?  Are the rates of 
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evolution of RyRs correspondingly correlated?  Is there evidence for compensatory 

evolution between specific pairs of RyRs, but not others?  Are DRs responsible for 

compensatory evolution between RyRs?  Is there evidence for correlated evolution 

between RyRs and DHPR?  Is there evidence of stronger compensation between specific 

RyR pairs compared to others at the level of the computer model? 

Hypothesis 1: 

All RyR genes undergo correlated evolution because they all evolve at a molecular level 

to compensate for each other. 

Prediction 1: 

All RyR genes pairs have a significant positive correlation between dN/dS estimates.  If 

there are no significantly positive correlations, I must consider whether or not a lack in a 

molecular signal is the result of a lack of compensatory function.  I also predict to find 

evidence suggesting that all RyRs may compensate for each other at the level of the 

computational model. 

Alternative Hypothesis 1a: 

Some RyR pairs, but not others, have correlated rates of evolution because compensatory 

function only occurs between RyR pairs but not others. 

Alternative Prediction 1a: 

Some RyR genes pairs, but not others, have a significant positive correlation between 

dN/dS estimates.  I correspondingly expect to find evidence for stronger compensatory 

function at the level of the computational model between the gene pairs that experience 

correlated evolution compared to the ones that do not. 
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Alternative Hypothesis 1b: 

RyRs may compensate for each other at a functional level but there is no significant 

molecular signature because compensatory mutations only play a minor role in RyR 

evolution. 

Alternative Prediction 1b: 

There is evidence that RyRs may compensate for each other at the level of the computer 

model, but there is no significantly positive correlation between dN/dS estimates for RyR 

gene pairs.   

Alternative Hypothesis 1c: 

RyRs gene pairs do not undergo correlated evolution. 

Alternative Prediction 1c: 

None of the RyR gene pairs have significantly positive correlations between dN/dS 

estimates or show significant evidence for compensatory function at the level of the 

model. 

Alternative Hypothesis 1d: 

Some or all RyRs have correlated rates of evolution but there is no corresponding 

evidence for compensation at the level of the computer model because other effects may 

result in the observed correlated rates of evolution. 

Alternative Prediction 1d: 

Some or all RyRs have correlated rates of evolution, but there is no evidence for that at 

the level of the computational model or the evidence at the level of the model does not 

match my regression analysis.  In such an event, either the model must be updated or 
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alternative hypotheses for the correlated evolution of RyRs must be considered. 

Hypothesis 2: 

The divergent regions (DRs) of RyR genes undergo correlated evolution because they are 

largely responsible for the specialization of RyR genes and they undergo stronger 

adaptive selection. 

Prediction 2: 

Some, or all, DRs for RyR genes pairs have a significant positive correlation between 

dN/dS estimates.   

Hypothesis 3: 

RyR1 and DHPR genes have under stronger correlated evolution than RyR2 and DHPR 

or RyR3 and DHPR genes. 

Prediction 3: 

Only the RyR1 and DHPR gene pair has a significant positive correlation between dN/dS 

estimates or there is a stronger correlation between RyR1 and DHPR than RyR2 and 

DHPR and RyR3 and DHPR.  I correspondingly expect to find in the computational 

model a higher number of possible significantly compensatory mutations between RyR1 

and DHPR than RyR3 and DHPR.  If my prediction is supported, this is consistent with 

the physical interaction between RyR1 and DHPR facilitating the correlation. 

Alternative Hypothesis 3a: 

RyR1 and DHPR, along with RyR2 and DHPR and/or RyR3 and DHPR, gene pairs 

undergo correlated evolution. 
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Alternative Prediction 3a: 

RyR2 and DHPR and/or RyR3 and DHPR have a significantly positive correlation 

between dN/dS estimates, in addition to RyR1 and DHPR.  I also expect that RyR1-

DHPR, RyR2-DHPR and RyR3-DHPR gene pairs do not significantly differ from one 

another in their ability to compensate for each other at the level of the computer model.  

Equal levels of correlation may indicate that there are indirect causes of correlated 

evolution between RyR2 and DHPR and RyR3 and DHPR. 

Alternative Hypothesis 3b: 

RyRs and DHPR do not undergo correlated evolution as they are physically unable to do 

so. 

Alternative Prediction 3b: 

None of the RyR-DHPR pairs have significantly positive correlations between dN/dS 

estimates or show evidence for compensatory function at the level of the model. 
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FIGURES 

 

Figure 1.1.  The role of RyR in calcium signaling; in particular, RyR2 and its role in 

cardiac function.  Calcium enters the cell through the voltage-gated DHPR ion channel 

(L-type channel).  This calcium influx binds to RyR, which releases the stores of Ca
2+

 

from the endoplasmic/sarcoplasmic reticulum (ER) into the cytosol, thus amplifying the 

Ca
2+

 signal.  In the case of RyR1, DHPR may also bind to the RyR channel, further 

inducing its opening.  It is worth noting that, contrary to what this diagram leads one to 

believe, there are many RyR channels found in clusters that are involved in this process.  

Notice how RyR is found in the outlying extensions of the ER, known as the junctional 

reticulum, bringing the RyRs in close proximity to the DHPR and the Ca
2+

 ions that they 

allow into the cell (source: Berridge et al., 2003). 
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Figure 1.2.  RyR2 and some of its associated molecular components, found in the 

sarcoplasmic/endoplasmic reticulum (ER) of cardiac cells.  Calcium binds to RyR2, and 

induces its opening.  PKA (a protein kinase) and PP2A/PR130 (protein phosphatases) 

phosphorylate and dephosphorylate RyR2, respectively.  FKBP12.6 promotes the closed 

conformation.  CaM (calmodulin) and CSQ (calsequestrin) are buffers that bind to Ca
2+

.  

When induced to do so, Ca
2+

 enters exits the ER and enters the cytosol (source: Berridge 

et al., 2003). 
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CHAPTER TWO 

 

CHARACTERIZATION OF INTERSPECIFIC EVOLUTION OF RYANODINE 

RECEPTORS (RYRS) 

Ryanodine receptors are Ca
2+

 ion channels that allow Ca
2+

 to flow into the cytosol in the 

form of transients.  Vertebrates have three major RyR isoforms, RyR1, RyR2 and RyR3, 

which are mixed and matched between tissues resulting in the appropriate transients for 

each tissue.  In this study, I characterized the interspecific evolution of RyRs.  In this first 

part, I characterized the nucleotide diversity of key gene regions including divergent 

regions, which are believed to be responsible for the functional divergence between 

RyRs, and mutation cluster regions, which are responsible for RyR-related pathologies, 

within genes across species.  I found evidence suggesting that divergent regions undergo 

positive selection and that mutation cluster regions undergo purifying selection.  In the 

second part, I measured the amounts of purifying selection for RyR1, RyR2 and RyR3 by 

estimating dN/dS ratios.  As expected, I found them to be under strong purifying 

selection.  In the third part, I estimated dN/dS estimates for RyR1a and RyR1b in fish.  

RyR1b has a comparatively higher dN/dS ratio, suggesting that it may have undergone 

neofunctionalization.  In the fourth part, I tested for the correlated evolution of dN/dS 

ratios between RyR genes. I found that RyR2 and RyR3 and RyR3 and DHPR have 

correlated rates of evolution.  I propose that compensatory effects may explain their 

correlated evolution.  I tested for compensatory function by simulating mutations via a 

physiological model of RyR function, but did not find evidence for compensation. 

Introduction 

Ryanodine receptors (RyRs) are large Ca
2+

 ion channels found within the 
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endoplasmic/sarcoplasmic reticulum (ER) membrane (Sobie et al., 2002).  When induced 

to open, RyRs allow large stores of Ca
2+

 from within the ER to rapidly enter the cytosol 

and contribute to a variety of functions across many different tissue types (Berridge et al., 

2000).  In vertebrates, there are three main types of RyR, each encoded by different 

genes: RyR1, RyR2 and RyR3.  These genes arose from gene duplication, after which 

they diverged functionally (Kushnir, et al. 2005; Sutko and Airey, 1996).  Among the 

many intrinsic differences between RyR subtypes is the fact that RyR1 sometimes 

physically interacts with the Dihydropyridine receptor (DHPR) in certain tissues, which 

helps regulate RyR1 activity (Franzini-Armstrong & Protasi, 1997).  By estimating 

interspecific nucleotide diversity values and dN/dS ratios, this paper seeks to characterize 

the species-level molecular variation within RyRs to answer key uncertainties, which are 

described below, concerning their evolution. 

There are currently two major classes of gene regions within RyR genes that are 

being extensively studied: divergent regions (DRs) and mutation cluster regions.  

Previous studies have observed that there are three major regions of divergence between 

RyR genes within the common rabbit [Oryctolagus cuniculus] (Hakamata et al., 1992).  

These are termed divergent regions (DRs) and include DR1, DR2 and DR3 (Sorrentino 

and Volpe, 1993).  Studies have shown that these regions are accountable for many of the 

functional differences between RyR paralogues.  For example, DR1 is responsible the 

inactivation of RyR1 and RyR3 but not RyR2, DR2 is responsible for different 

sensitivities to
 
Ca

2+
 activation and DR3 contains a binding site of RyR1 for DHPR and 

allows for the specialized binding of RyRs to the appropriate type of FKBP, a regulatory 

RyR-binding protein (Hamilton, 2005; Liu et al., 2004).  I propose that the specialization 
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of DRs is also responsible for the functional divergence of RyRs between species 

following a speciation event.  Since nucleotide variability between species is indicative of 

adaptive evolution, I predict that the nucleotide diversity between species for these 

regions will be relatively high (Nielsen, 2005). 

This study also examines mutation cluster regions.  These are gene regions within 

RyR1 and RyR2 that contain a high concentration of mutations linked to diseases 

including malignant hyperthermia, central core disease, catecholaminergic polymorphic 

ventricular tachycardia and arrhythmogenic right ventricular dysplasia (Betzenhauser and 

Marks, 2010; Lanner, 2012; MacKrill, 2010).  It has been suggested that other vertebrates 

are susceptible to pathologies caused by mutations within these regions.  For instance, 

Hirata et al. (2007) found that RyR1b mutations for zebrafish (Danio rerio) lead to a 

form of central core disease.  Since these mutations can be highly deleterious, I expect 

mutation cluster regions to undergo strong purifying selection and for the nucleotide 

diversity for these regions to be relatively low.   

Another uncertainty concerns the possibility that RyRs are under pleiotropic 

constraint.  RyRs potentially have extensive pleiotropic effects because they are involved 

in several functions across a variety of tissues, including skeletal and cardiac muscle 

contraction and general neurotransmitter release (Berridge et al., 2003).  One can imagine 

a mutation for RyR1 being beneficial for skeletal muscle function but deleterious for 

neural function and, as a result, the gene is hindered from adapting and instead undergoes 

strong purifying selection (Arnold, 1992; Hansen, 2003; Otto, 2004).  I therefore predict 

that the rates of evolution for RyR genes to be low compared to other genes.  A related 

question one may ask is whether RyRs experience the same amount of pleiotropic 
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constraint and, correspondingly, the same amount of purifying selection or if these 

amounts differ between RyR isoforms. 

My study also examines the evolution of RyR1 in fish.  Teleosts have two copies 

of RyR1, RyR1a and RyR1b, that originated via gene duplication (Darbandi and Franck, 

2009).  RyR1a is expressed in slow-twitch muscle as it has a low affinity for Ca
2+

, 

whereas RyR1b is expressed in fast-twitch muscles as it has a higher affinity for Ca
2+

 

(Franck et al., 1998; Morrissette et al., 2000).  Because RyR1a and RyR1b are found in 

different tissues whereas only one form of RyR1 is found within the same tissues in other 

species, it is believed that these genes underwent subfunctionalization (Darbandi and 

Franck, 2009).  Under this hypothesis, gene duplication would have allowed RyR1a and 

RyR1b to become equally specialized for their respective tissues and their rates of 

evolution are expected to be similar.  Although I do not doubt this division of roles, I 

propose that directly after the gene duplication event, RyR1a and RyR1b may have 

instead undergone neofunctionalization, where one gene maintains more of an ancestral 

function whereas the other specializes more towards new functional roles (Ohno, 1970).  

Under this hypothesis, I would expect that gene duplicate that maintains the ancestral role 

to be under stronger purifying selection while the duplicate that gains new roles to be 

under positive selection.  Correspondingly, their rates of evolution should be different. 

In principal, gene duplication should decrease pleiotropic constraints and allow 

for diversifying selection as paralogues become more specialized (Hansen, 2003; Jordan 

et al., 2004).  Correspondingly, the gene duplicates would be freer to undergo positive 

selection and I would expect that their rates of evolution are higher than their orthologues 

in other species. This has been demonstrated in previous studies where paralogous genes 
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tend to undergo accelerated evolution directly after a duplication event (Jordan et al., 

2004).  If subfunctionalization occurs, I would expect both duplicates to undergo a 

relaxation of constraints and for their rates of evolution to be higher than other RyR1 

genes.  If only neofunctionalization occurs, I expect that one of the duplicates has a 

higher rate of evolution than other RyR1 genes.  I therefore predict that that the dN/dS 

ratios of RyR1a or RyR1b to be considerably higher than dN/dS ratios of other RyR1 

genes. 

Our study also looks at the compensatory effects of RyRs.  One of the ways genes 

can escape pleiotropic constraint is through the use of compensatory mutations between 

genes (Camps et al., 2007; Kulathinal, et al., 2004; Pavlicev and Wagner, 2012; Poon & 

Chao, 2005; Stephan, 1996).  Compensatory mutations may occur between genes that 

contribute to the same general function.   In principle, as a gene accumulates deleterious 

mutations and moves away from a phenotypic optimum, the number of possible 

mutations within other genes that can restore normal function increases and these 

mutations should be selected for (Poon & Chao, 2005).  I propose that genes involved in 

Ca
2+

 signaling may have evolved to compensate for each other. 

Berridge et al. (2003) described Ca
2+

 signaling in terms of a ‘toolkit’ where Ca
2+

 

genes are mixed and matched between tissue types, resulting in the appropriate Ca
2+

 

signal for each tissue type.  There is evidence suggesting that tissues express various 

compositions of RyR1, RyR2 and RyR3 depending on the requirements for that particular 

tissue (Berridge at al., 2003; Griswold, 2011).  An important component of the Berridge 

et al. (2003) model is that physiological function is shared between tissue types as genes 

are often pleiotropic (ie: they are expressed in different tissues to serve different 
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functions).  In this study, I use a broader, pleiotropic interpretation of compensatory 

mutations, allowing for alleles to be overall beneficial but result in deleterious pleiotropic 

side effects in other tissues.  One can imagine a mutation within RyR2 to be beneficial to 

heart function but deleterious to neural function as RyR2 is expressed within both tissues.  

In principle, this pleiotropic constraint should hinder the evolution of RyR2.  However, a 

compensatory mutation could occur within RyR1 or RyR3 that restores the original 

phenotype of neural tissue and RyR2 would be free to evolve.  Pavlivec and Wagner 

(2012) argue that because most genes take part in multiple processes, compensatory 

mutations are more common than purely adaptive mutations and should leave a stronger 

molecular signature.  In my example, one can imagine a branch section of a phylogenetic 

tree where RyR2 undergoes strong positive selection and accumulates a large number of 

mutations.   Assuming that the use of compensatory mutations is a significant component 

of RyR2 evolution, I expect a corresponding large number of mutations within RyR1 or 

RyR3 for that branch.  I therefore predict that RyRs have correlated rates of evolution. 

Questions this Study Addresses 

This study addresses key uncertainties about the interspecific evolution of RyRs and 

consists of four major sections.  In the first, I estimate the interspecific nucleotide 

diversity for DRs and mutation cluster regions, as well as for individual exons and 

transmembrane regions for RyR genes.  I expect that DRs would have relatively high 

diversity estimates and that mutation cluster regions would have relatively low estimates.  

In the second part, I estimate dN/dS ratios for RyR1, RyR2 and RyR3 and compare them 

to see if any isoform undergoes stronger purifying selection and, hence, is under stronger 

pleiotropic constraint than the other two.  In this section, I also compare these rates to the 
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rates of evolution of other genes to see if RyRs are under particularly purifying selection 

overall.  In the third part of this study, I estimate dN/dS ratios for RyR1a and RyR1b in 

zebrafish, a teleost, and compare them to each other and to other RyR1 genes to see if 

they are more consistent with the subfunctionalization hypothesis or the 

neofunctionalization hypothesis. 

In the fourth part of this study, I see if there is a correlation in dN/dS estimates 

between RyR pairs and between RyRs and DHPR.  I also compare dN/dS estimates for 

DRs between RyRs.  Given that there is a correlation between evolutionary rates, I test 

whether compensation is a possible explanation for this correlation.  I do this using a 

theoretical model developed by Griswold (2011) to test for compensatory function 

between RyRs at a physiological level.  Griswold (2011) simulated Ca
2+

 transients by 

modeling the influx of Ca
2+

 into the cytosol via RyRs.  His model incorporates various 

RyR parameters that govern the rate of RyR channel opening.  These parameters differ 

between RyRs and mutations altering these parameters are partially responsible for the 

functional divergence of RyRs.  In this part, I simulate the effects of mutations by 

changing these parameter values and recording their compensatory effects on Ca
2+

 

transients. 

Methods 

Sequence Data 

Coding sequences for RyRs and DHPR were retrieved from GenBank through NCBI 

(http://www.ncbi.nlm.nih.gov/genbank/, see Appendix A for species and accession 

numbers).  All possible sequences were considered but coding sequences with unusually 

large gaps were suspected of being incomplete and excluded from the study.  Sequences 
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were aligned using ClustalX 2.1 (Larkin et al., 2007) with default parameters (see 

Appendix B for complete sequence alignments).  I accounted for stop codons as PAML 

does not function properly if they are present within sequence alignments.  Stop codons 

at the end of each sequence were removed manually in MEGA5 (Tamura et al., 2011).  

Because a few sequences within each alignment had insertions that resulted in frameshift 

mutations, stop codons sometimes appeared within the aligned genes.  I attempted to 

correct for this by removing insertion if the correction resulted in the sequence in 

question to remain properly aligned with the other sequences.  When this correction did 

not keep the sequence properly aligned, stop codons were accounted for by converting 

the nucleotides within stop codons to gaps. 

Nucleotide Diversity 

Using all valid complete coding sequences, I calculated 95% confidence intervals for 

nucleotide diversity values of individual exons, DRs, mutation cluster regions and 

transmembrane regions for RyR1, RyR2 and RyR3 using custom code in Mathematica 

(Wolfram Research, Inc., 2008).  Each species included within Appendix A for RyR1, 

RyR2 and RyR3 were sampled to calculate nucleotide diversity.  After aligning the 

sequences, I calculated all pairwise differences between all species for each nucleotide 

while excluding gaps and ambiguous characters that are within the sequence alignments.  

I sampled with replacement all pairwise differences 100 times for each nucleotide, giving 

me 100 estimates of their corresponding nucleotide diversity values.  For each of the 100 

replicates, I calculated the mean nucleotide diversity across for all nucleotides within the 

region of interest.  Using each of the 100 replicates, I calculated the mean nucleotide 

diversity and the corresponding confidence interval for each region.  Nucleotide positions 
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spanning the divergent regions for all three genes were obtained from Liu et al. (2004).  

All three genes have divergent regions DR1, DR2 and DR3, except for RyR3, which 

lacks DR2.  Only the divergent regions for RyR1 and RyR2 were given, so I used the 

corresponding homologous regions within RyR3 to calculate diversity values for DR1 

and DR3.  Mutation cluster regions span four distinct regions of RyR1 and RyR2 that 

have high concentrations of disease causing mutations.  Start and end positions for these 

regions were obtained from Yano et al. (2006). 

Estimating Rates of Evolution 

I preformed a maximum likelihood analysis with CODEML in the PAML 4.4 package 

(Yang, 2007) to estimate the ratio of global non-synonymous changes per site (dN) to 

synonymous changes per site (dS).  Multiple alignments were fitted to the F3x4 model of 

codon frequencies, which estimates the equilibrium codon frequencies used in the model 

by calculating the average nucleotide frequencies at the three codon positions (Yang, 

2007).  I used the most recently updated phylogeny of vertebrates for my analysis 

(Meredith et al, 2011).  A polytomy was allowed for branch sections for bovidae (Bos 

taurus), carnivora (Ailuropoda melanoleuca and Canis lupus) and equidae (Equus 

caballus) as their phylogeny is still disputed.  Zebrafish was used as an outgroup for each 

of the phylogenetic trees. 

When estimating dN/dS ratios for RyR1, RyR2 and RyR3, I constructed a gene 

tree containing all sequences for RyR1, RyR2 and RyR3 from Appendix A and ran a 

model allowing each RyR to evolve at different rates.  Using a log-likelihood ratio test, I 

then compared this model to a null model where RyRs were not allowed to evolve at 

different rates.  When estimating dN/dS ratios for RyR1a and RyR1b in teleosts, I used 
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zebrafish as a model species as it was the only species that had both RyR1a and RyR1b 

genes available.  I ran two models, each with their own dN/dS estimates.  The first model 

allowed for RyR1a and RyR1b to evolve at different rates; in the second RyR1a and 

RyR1b were constrained to evolve at the same rates.  Again using a log-likelihood ratio 

test, the significance of these models was calculated by comparing these models with a 

null model where all RyR1s, including RyR1a and RyR1b, are constrained to evolve at 

the same rate. 

To test for the correlated evolution of RyRs, I constructed unique gene trees for 

pairs of RyRs and DHPR (figure 2.1).  RyR1a in zebrafish was used as an outgroup for 

RyR1.  In order to compare rates of evolution for different genes, I needed the same 

species to occur in at least two different trees.  For example, if there was sequence data 

for RyR1 and RyR2 for a given species, these sequences were used in the gene tree 

comparing dN/dS estimates between the two genes.  Estimates were derived using a free 

ratio model, which allows for independent dN/dS estimates for each branch.  I then 

performed a linear regression on the log10 dN/dS estimates for each branch between RyR 

genes.  Branches with dN/dS estimates of infinity, which are a result from a dS estimate 

of zero, and branches with dN/dS estimates of zero, which are a result of a dN estimate of 

zero, were also excluded from the study.  I also observed that shorter branch lengths tend 

to have unreasonably high dN/dS estimates, possibly because shorter branch lengths have 

more sampling error as there are fewer codons undergoing mutations.  Branches with 

dN/dS estimate larger than 2 were therefore excluded. 

I fitted four regression models to the data and then compared how well they fit the 

data via the corrected Akaike information criterion (AICc), which accounts for finite 
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sample sizes (Akaike, 1974).  I selected the model that gave the more negative estimate 

as it fits the data better.  I tested the significance of these estimates by estimating the 

relative likelihood for each of the less accurate models relative to the relative likelihood 

for most accurate model by calculating   to the power of half of the pairwise difference 

between the corresponding AIC scores. The first regression model was from Martins and 

Housworth (2002), which accounts for the shared common ancestry between species.  

One can imagine a confounding variable –for example, effective population size (Ne) -

resulting in a bias for dN/dS estimates between clades.  For example, small mammals 

may have an Ne that affects dN/dS estimates a certain way, whereas large mammals have 

an Ne that affects dN/dS estimates another way.  This could result in large estimates for 

paired genes in one group and lower estimates for paired genes in the other and lead to a 

positive correlation even if the evolution of both genes is not correlated.  Under this 

model, the slope of the regression is estimated by applying a G-matrix to the data that 

accounts for shared common ancestry and shared branch lengths.  I used the mean 

estimated divergence times, obtained from TimeTree, to calculate branch lengths (Hedges 

et al., 2006).  I found that this model fit the data poorly.   

The second and third models applied a G-matrix that accounts for unequal branch 

lengths in the data.  Longer branches have smaller variances because there are a higher 

number of nucleotide substitutions between sequences, resulting in a low sampling error 

when estimating dN/dS.  Longer branches therefore have less variance in estimates.  We 

accounted for this variance by giving more weight to the points with corresponding to 

longer branch lengths. The second model assumed covariance between branches, whereas 

the third model did not.  I compared both models to a fourth model that uses an ordinary 
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least squares (OLS) approach where I assumed equal variance in residuals and 

independence for all branches.  My AICc comparisons revealed that all models had 

significantly lower relative likelihoods when compared to the ordinary least squares 

approach model [ie: the OLS model assuming independence between branches had much 

more negative AICc scores than the first, second or third models] (Akaike, 1974).  I 

therefore used this OLS model in my analysis.  In addition to estimating slopes, I 

estimated correlations to the data and measured their by calculating a t-statistic (Tables 

2.1 and 2.2).  The significance of slopes and correlations was measured by conducting a 

two-sided t-test. 

Testing for Compensatory Function 

I tested for compensatory function of RyRs and DHPR using the model developed by 

Griswold (2011), which simulates Ca
2+

 transients in skeletal muscle, neural and heart 

tissue types.  In this model, transients are formed by the opening and closing of RyRs of 

various combinations, based on the tissue type.  For example, in mammals, skeletal 

muscle is composed of various combinations of RyR1 and RyR3, cardiac tissue is 

composed of only RyR2 and neural tissue is composed of various combinations of RyR1, 

RyR2 and RyR3 (Griswold, 2011).  In skeletal muscle tissue, DHPR binds to RyR1, 

whereas it does not in neural and cardiac tissues.  The rate of channel opening for each 

isoform is governed by the equation: 
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In this model , the term      
  is a rate constant governing channel opening, the term 

   
       

             
  governs the cooperative binding that exists between RyR channels 

due to their proximity within the ER, the term 
      

 

 

       
        

                
   governs the 

Ca
2+

 induced opening of RyR due to differential Ca
2+

 concentrations in the cytosol and 

inside the ER, the term 
 

  
     
        

 

      
  

 

   governs the inhibition of RyR when Ca
2+

 

concentrations are high and the term       
     

  
   governs voltage-induced channel 

opening for RyR1 channels.  Griswold (2011) used this open probability to calculate the 

flow of Ca
2+

 from the ER to the cytosol subspace, a small area of the cytosol between the 

ER and the plasma membrane.  In addition, Griswold (2011) modeled the influx of Ca
2+

 

into the subspace via DHPR, the efflux of Ca
2+

 from the subspace to the bulk cytosol, the 

effects of Ca
2+

 concentrations within the ER by measuring the rate of flow from the bulk 

network ER to the outlying junctional reticulum where RyR is predominantly found, the 

effects of various buffers and the refill rate of the junctional reticulum from the bulk ER. 

This model allowed for the simulation of Ca
2+

 transients for various tissue types, 

each of which contained different proportions of RyR subtypes. The corresponding 

amplitude, duration and integrated concentrations of simulations for each tissue type were 

calculated (Griswold, 2011).  Furthermore, by keeping the total number of receptors 

constant but changing their proportions, he was able to see the corresponding changes in 

Ca
2+

 transient properties.   

Parameter values from the model that differ between RyRs and are subject to 

mutation include      
 ,       

 ,       
 ,        

  and      .  Mutations within RyRs were 
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simulated by either increasing or decreasing parameter values by ten percent.  Mutations 

within DHPR were simulated by increasing or decreasing the parameter  , a measure of 

the sensitivity of DHPR to voltage differences between the inside and outside of the cell 

membrane, by an order of magnitude. 

I conducted simulations for seven types of neural tissue, approximating the 

composition of various areas of the brain found by Mori et al. (2000). I also conducted 

simulations for three types of skeletal muscle tissue, two of which are predominantly 

composed of RyR1 with low amounts of RyR3, as has been observed in nature (Conti et 

al., 1996).  The third simulation for skeletal muscle had equal amounts of RyR1 and 

RyR3.  To measure the changes resulting from mutations, I compared each simulation to 

a simulation without mutations.  I ran simulations with one mutated parameter and 

simulations with two mutated parameters.  After conducting these simulations, I recorded 

the amplitude, duration, integrated concentration and D50 value for each resulting 

transient.  Each simulation was conducted 100 times.  Replicates were sampled with 

replacement 100 times and the corresponding confidence intervals of the mean were 

calculated. 

To test for compensation, I used the following equation: 

   
        

       
 (2) 

where     is the mean phenotype for transients with two mutations,    is the mean 

phenotype for transients with one mutation and    is the mean phenotype for transients 

with no mutations.  Statistics greater than 1 suggest that the secondary mutations are 

decompensatory, statistics less than 1 suggest that the secondary mutations are 
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compensatory and statistics equal to 1 suggest that the secondary mutations are neutral.  

After verifying for normality via the Kolmogorov-Smirnov test, I tested to see if test 

statistics were larger or smaller than 1 at the 5% significance level using a t-test. 

 I calculated statistics for the amplitude, duration, integrated concentration and 

D50 values for every possible set of mutations for all simulated tissues (see Appendix C 

for full output).  Table 2.3 is a sample table listing test statistics for various parameters 

for the amplitude of a sample neural tissue.  One can imagine an original mutation in 

RyR2 that alters neural function, which may or may not be compensated by a second 

mutation in RyR1.  Table 2.3 lists four parameters that can be affected by sequence 

mutations within RyR2 including      
 , which governs the rate of channel opening in 

RyR2.  Each column corresponds to a different original mutation within RyR2.  For 

example, the first column of numbers in this table corresponds to all original mutations 

involving an increase of 10% in      
  and the second column corresponds to all original 

mutations involving a decrease of 10% in      
 .  Each row corresponds to a secondary 

mutation within RyR1 parameters.  Each cell within the table corresponds to test statistics 

that are calculated using the phenotypic effects of these mutations on Ca
2+

 transients.  For 

example, the top-left cell of this table, which contains “1.2249~”, is the statistic for 

simulations involving an increase in the original mutation      
  in RyR2 and an increase 

in the secondary mutation      
  in RyR1.  Mutations that are compensatory at the 5% 

significance level are denoted by “*” and mutations that are decompensatory at the 5% 

significance level are denoted by “~”.  In my example, the top-left cell is 

decompensatory.  It is important to note that an original mutation can experience 

compensation, decompensation or neither.  For instance,      
  in my example can be 
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compensated for by one mutation in RyR1, decompensated for by one mutation in RyR1 

and experience no significant change for eight mutations in RyR1. 

 Once I calculated all test statistics, I counted the number of compensatory and 

decompensatory mutations for each RyR pair and calculated the corresponding 

proportions (table 2.4).  I then compared these proportions to see if any particular RyR 

pair has higher levels of compensatory function (table 2.5).  I also tested for the 

independence of compensatory mutations between RyR pairs (table 2.6).  One can 

imagine an original mutation occurring within RyR1 that can be compensated by either 

RyR2 or RyR3, both RyR2 and RyR3 or neither RyR2 or RyR3.  If RyRs evolved to 

compensate for different mutations, I predict that RyR2 and RyR3 will compensate for 

different sets of mutations within RyR1.  Correspondingly, I would expect the functional 

overlap between RyR2 and RyR3 to be minimal.  I therefore expect that the probability of 

compensation between RyR2 and RyR3 to be dependent of one another.  More 

specifically, I expect the proportions of RyR1 mutations that are compensated by RyR2 

exclusively or RyR3 exclusively to be higher than what I expect due to chance.  I created 

contingency tables categorizing the types of mutations and used a chi-square test to see if 

compensatory function between RyR pairs is independent.  Lastly, I tested to see if RyR1 

or RyR3 better compensates for RyR2 function.  One can imagine a mutation in RyR2 

being selected for its benefits in heart function, which results in a deleterious effect in 

neural function.  If RyR2 is better compensated by either RyR1 or RyR3, I would expect 

the proportions of compensatory mutations to be different between the two. 
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Results 

Nucleotide Diversity 

I calculated the nucleotide diversity for each exon of RyR1, RyR2 and RyR3 and 

compared these values to the average diversity value calculated for each gene (figure 

2.2).  I also calculated the nucleotide diversity for divergent regions DR1, DR2 and DR3, 

mutation cluster regions and transmembrane regions for RyRs (figure 2.3).  As predicted, 

each divergent region has diversity values significantly higher than average.  Each 

mutation cluster region has diversity values that are significantly lower than average as 

predicted, except for the N-terminal mutation cluster region which has a diversity value 

higher than predicted.  I found the transmembrane region for all three RyRs to have larger 

diversity values than average. 

Rates of Evolution of RyR Genes 

I compared a model that allowed for RyR1 (dN/dS = 0.0352), RyR2 (dN/dS = 0.0240) 

and RyR3 (dN/dS = 0.0473), to evolve separately to a null model that restricted all RyRs 

to evolve at the same rate (dN/dS = 0.0338).  I found that the first model best represents 

RyR evolution, compared to the equal rates model (p-value = 5.420×10
-39

).   RyR3 had 

the highest dN/dS ratio and RyR2 had the lowest.  This suggests that RyR2 undergoes the 

strongest purifying selection, whereas RyR3 undergoes the weakest. 

Evolution of RyR1 in Fish 

I ran two models, both of which allowed RyR1, RyR2 and RyR3 to evolve at their own 

rates with RyR1a and RyR1b evolving at separate rates from other RyR1 genes.  The first 

model allowed for RyR1a (dN/dS= 0.0224) and RyR1b (dN/dS= 0.0535) to evolve at 

different rates, whereas the second restricted RyR1a and RyR1b to evolve at the same 
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rate (dN/dS= 0.0330).  The first model is significantly more representative of RyR1 

evolution in fish than the second model (p-value= 2.862×10
-4

), supporting the hypothesis 

that RyR1a and RyR1b evolve at different rates.  RyR1b (dN/dS= 0.0535) appears to 

evolve at a considerably faster rate than RyR1a (dN/dS= 0.0224).  This result is more 

consistent with the neofunctionalization model of evolution than the subfunctionalization 

hypothesis.  I also compared this model to the model from the previous section that 

allowed RyR1, RyR2 and RyR3 to evolve at different rates, with RyR1a and RyR1b 

restricted to evolve at the same rate as other RyR1 genes (dN/dS= 0.0352).  Again, the 

first model is significantly more representative of RyR1 evolution than the null model (p-

value= 7.736×10
-4

), suggesting that RyR1a and RyR1b evolve at different rates than 

other RyR1 genes.  When comparing dN/dS ratios between RyR1 in zebrafish with the 

dN/dS ratio for RyR1genes (0.0352) from this null model, RyR1b evolves faster RyR1 

genes, whereas RyR1a evolves at a slower rate.   This result is also consistent with the 

neofunctionalization hypothesis, which predicts that at least one of the duplicates evolves 

faster than other RyR1 genes. 

Testing for the Correlated Evolution of RyR Genes 

Correlated Evolution between RyRs 

In order to test for the correlated evolution between RyRs, I performed a linear regression 

of the log10 dN/dS estimates for individual branches between pairs of RyRs (figure 2.4).  

I found that RyR2 and RyR3 have a significant positive slope (0.5965, p-value= 0.0142) 

and correlation (0.6372) at the 5% significance level.  RyR1 and RyR3 did not have a 

significant positive slope although it is close to significance (0.5417, p-value= 0.0689) at 

the 5% significance level.  None of the comparisons between DRs had significant 
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positive slopes or correlations (figure 2.5).  The comparisons for the whole genes and 

DRs between RyR1 and RyR2 also have correlations that are almost significant (table 

2.1). 

Correlated Evolution between RyRs and DHPR 

I performed a similar analysis to test for the correlated evolution between DHPR 

and RyRs.  The log10 dN/dS estimates for DHPR were compared to the estimates for 

RyR1, RyR2 and RyR3 (figure 2.6).  I estimated DHPR and RyR3 to have a significant 

positive slope (0.7456, p-value= 0.0389) and correlation (0.5206) at the 5% significance 

level, whereas DHPR and RyR1 and DHPR and RyR2 do not (table 2.2). 

Testing for Compensatory Function between RyRs 

I found that there were significantly more decompensatory mutations than 

compensatory mutations (table 2.4).  I tested for stronger compensation between RyR 

pairs by comparing the proportion of compensatory mutations between pairs.  I did not 

find significant evidence for compensation between pairs of RyRs in neural tissue (see 

Table 2.5 for p-values).  I also tested for compensatory function between RyR1 and 

DHPR and RyR3 and DHPR in skeletal muscle tissue.  Again, I did not find significant 

evidence for stronger compensation between any of the gene pairs (table 2.5).  I also 

tested for compensation by analyzing the proportions of compensatory mutations between 

RyR pairs by looking exclusively at the amplitude, duration, integrated concentration and 

D50 of Ca
2+

 transients.  I did not find evidence for stronger compensation between RyR 

pairs for any exclusive transient property (data not shown). 

I also tested for compensation between RyR pairs by seeing if the compensatory 
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effects of RyRs are independent of each other.  Table 2.6 lists the p-values for this test for 

each RyR.  The first row of Table 2.6 represents an original mutation in RyR1 that can be 

compensated for by mutations in either RyR2 or RyR3.  In this example, compensatory 

mutations in RyR2 and RyR3 are not independent of each other as they tend to 

compensate for the same mutations in RyR1.  I found strong evidence that all three RyRs 

are not independent from each other at the 5% significance level, indicating that there is 

much overlap in compensatory function between RyRs.  I also tested to see if either 

RyR1 or RyR3 can better compensate for RyR2 function.  I did not find significant 

evidence for stronger compensation in either RyR1 or RyR3 (p-value = 0.3453).  Overall, 

I did not find evidence that compensation is the cause of the correlated evolution of 

RyRs. 

Discussion 

Nucleotide Diversity of RyR Genes 

The high interspecific diversity found within each of the DRs suggests that relatively 

high amounts of positive selection may take place within those regions between species. 

This is consistent with my hypothesis DRs are responsible for differences in the 

functional specialization of individual RyRs between species, in addition to being 

responsible for the functional divergence of RyR1, RyR2 and RyR3. Conversely, the 

purifying selection of mutation cluster regions is supported by the relatively low diversity 

found for all but one of these regions.  The only mutation cluster region that had higher 

diversity than average was the N-terminus region of RyR2, which is found within the first 

exon.  This outlier can be explained by the high diversity that was found within the first 

exons of RyR2 and RyR3.  Future studies may examine interspecific variability by 
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calculating nucleotide diversity at the population level.  Although both interspecific and 

intraspecific levels of variation are expected to show similar conclusions regarding 

specific gene regions, the ratio between the two may tells us more about these regions.  

When positive directional selection is occurring, the ratio of interspecifc to intraspecific 

variability is increased, whereas when purifying selection is taking place, this ratio is 

reduced (Nielsen, 2005).   In my study, the divergent regions, which appear to undergo 

stronger positive directional selection, are expected to have a higher ratio of interspecific 

to intraspecific variation than the mutation cluster regions, which appear to undergo 

stronger purifying selection.  In my analysis, regions with higher diversity values tend to 

have larger confidence intervals.  This can be accounted for by the fact that the more 

highly conserved regions would have more pairwise differences that are the same value, 

whereas more diverse regions would have greater variation in pairwise differences.  This 

would result in higher variation for the 100 estimates of nucleotide diversity for gene 

regions.  In addition, regions of higher divergence have more gaps, resulting in fewer 

sites being sampled for these regions.  Each pairwise difference would therefore have 

more weight on the overall mean nucleotide diversity for each region and any variance 

between pairwise differences would be amplified with a smaller number of pairwise 

differences being sampled. 

Evolutionary Rates of RyR Genes 

The fact that RyRs largely undergo purifying selection is not surprising given that very 

few genes have dN/dS values greater than one as most genes undergo purifying selection 

(Kimura and Ota, 1974).  However, I suspect that the pleiotropy of RyRs make it undergo 

stronger purifying selection than most genes as mutations with beneficial phenotypes in 
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one tissue type are likely to have deleterious side effects in others (Otto, 2004).  A study 

involving yeast conducted by Salathé et al. (2005) found that the number of physiological 

processes that a gene takes part in is inversely correlated with its rate of evolution.  When 

comparing my results with the results of this study, my dN/dS estimates for RyR1, RyR2 

and RyR3 fall below the 95% confidence intervals of genes that are involved in five or 

fewer cellular processes, which account for 97.25% of the genes that they studied.  This 

suggests that RyRs are under comparatively strong purifying selection.  This comparison 

must be taken lightly, however, since I only examined animal genes within my study 

whereas Salathé et al. (2005) examined genes within fungi.  When browsing the 

literature, I found that my dN/dS estimates were lower than most dN/dS estimates for 

other animal genes as expected.  For example, the dN/dS ratio for all RyRs fell below the 

95% confidence intervals of the mean dN/dS ratios for Allocentrotus fragilis (purple sea 

urchin) and Strongylocentrotus purpuratus (pink sea urchin) genes that were sampled by 

Oliver et al. (2010). 

I found that RyR3 undergoes the weakest purifying selection.  This is consistent 

with the hypothesis that RyR1 and RyR2 undergo stronger purifying as a result of their 

susceptibility to disease-causing mutations.  RyR3, which has not been strongly linked to 

life-threatening pathologies, appears to be exempt from this selection pressure.  I also 

found that RyR2 has a considerably lower dN/dS estimate than RyR1 or RyR3, 

suggesting that it is under stronger purifying selection and possibly under stronger 

constraint.  Future studies can be conducted to discover why RyR2 has a lower rate of 

evolution than RyR1.  One explanation is that perhaps the heart undergoes stronger 

purifying selection, and so genes largely expressed in heart tissue would have lower 
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dN/dS estimates than genes largely expressed in other tissues.  To the best of my 

knowledge, however, there are no studies that compare levels of purifying selection 

between tissue types.  Another explanation is that RyR2 may be under stronger 

pleiotropic constraint than RyR1 and RyR3.  RyR2 is the only RyR isoform expressed in 

heart, whereas RyR1 and RyR3 are generally expressed in tissues with other RyRs. One 

can imagine RyR2 mutations that are deleterious to heart function having stronger effects 

than RyR mutations in other tissues.  Whereas RyR1 and RyR3, which are expressed in 

tissues with multiple RyR isoforms, may rely on compensatory mutations within other 

RyR genes, RyR2 in heart may not have that luxury.  Future molecular studies, such as 

relative rate tests comparing the number of substitutions across lineages, may be used to 

better compare the evolution of RyRs (Tajima, 1993). 

Evolution of RyR1 in Fish 

My results are consistent with the predictions of Ohno’s (1970) model of 

neofunctionalization.  One may conclude that RyR1b, which appears to evolve faster than 

RyR1a, gained new functional characteristics as constraints were removed after 

duplication whereas RyR1a was more constrained and maintained the function of the 

ancestral RyR1 gene.  In addition, given that both genes are expressed in the same 

organism, confounding variables such as effective population size and differences in 

branch lengths would not affect the dN/dS ratios between both genes.  Although other 

studies have found support for neofunctionalization within duplicated genes by looking at 

substitution rates, He and Zhang (2005) have expressed reservations regarding this 

method (Kellis et al., 2004; Kondrashov et al., 2002; Van de Peer et al., 2001).  They 

argue that gene duplicates may have undergone subfunctionalization but they may have 
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divided the number of ancestral roles unequally. Consequently, the copy with the larger 

number of ancestral roles would be under stronger functional constraints and have a 

lower dN/dS.  Another alternative explanation is that slow-twitch muscles, where RyR1a 

is largely found, and fast-twitch muscles, where RyR1b is largely found, are under 

different selection pressures.  A future study comparing the selection pressures on slow-

twitch muscles and fast-twitch muscles may explain these results. 

Upon first glance, these findings seem to contradict previous studies suggesting 

that RyR1a and RyR1b diverged via subfunctionalization as each gene is generally 

expressed in different skeletal muscle fibers, whereas the ancestral form of RyR1 was 

expressed in both (Darbandi and Franck, 2009; Kondrashov et al., 2002; Lynch et al., 

2001).  It is important to note that subfunctionalization and neofunctionalization often 

occur in conjunction as opposed to occurring as two separate processes (He and Zhang, 

2005).  He and Zhang (2005) proposed the sub-neofunctionalization hypothesis where 

duplicated genes are subject to both subfunctionalization and neofunctionalization after 

finding evidence suggesting that most duplicated genes undergo both processes.  They 

concluded that genes may initially undergo subfunctionalization and the corresponding 

relaxation of pleiotropic constraints would allow for the neofunctionalization of these 

genes to occur afterwards.  Under this model, it is possible for one gene to gain new 

functional roles at a faster rate than the other, possibly as a result of the unequal division 

of ancestral roles or of different selection pressures between tissue types.  This could 

account for the differences between the evolutionary rates of RyR1a and RyR1b.  

Although both RyR1a and RyR1b probably underwent subfunctionalization and both 

probably gained some new roles as they evolved with their respective tissues, RyR1b 
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may have gained acquired more roles whereas RyR1a maintained more ancestral roles.  

We should also consider the reverse possibility where RyR1b would have immediately 

undergone neofunctionalization while RyR1a would have maintained the ancestral role, 

after which they subfunctionalized for different tissues.  However, this scenario is 

unlikely because, given the pleiotropic nature of RyRs, it would be much easier to gain 

new roles once pleiotropic constrains were removed, which could have occurred had 

subfunctionalization occurred prior to neofunctionalization.  

In principal, gene duplication should result in the relaxation of pleiotropic 

constraints and evolutionary rates should correspondingly be higher than other genes 

(Hansen, 2003; Searls, 2010).  When comparing the rates of evolution for RyR1a and 

RyR1b to the average rate of evolution of other RyR1 genes, RyR1a is under relatively 

stronger purifying selection.  Although RyR1a appears to have maintained the ancestral 

role of RyR1, it is interesting that its dN/dS ratio is considerably lower than other RyR1 

genes.  A study conducted by Jordan et al. (2004) found that gene duplicates tend to have 

lower rates of evolution than other genes.  They found that there are two major processes 

that occur after gene duplication.  The first takes place just after duplication where both 

genes undergo accelerated evolution as pleiotropic constraints are relaxed.  The second is 

that these genes undergo rigorous purifying selection afterwards, so in the long-term 

these dN/dS estimates are lower than average.  They argue that duplicated genes where 

both copies are not lost in time must be very useful for proper function of the organism 

and would naturally be under strong functional constraints and undergo strong purifying 

selection regardless.  In my example, RyR1, RyR2 and RyR3 each duplicated in fish but 

a copy of RyR3 was lost in time (Darbandi and Franck, 2009).  It is possible that RyR1 
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had more useful function than RyR3 within fish, so conservation of both duplicates of 

RyR1 was overall beneficial (Jordan et al., 2004).  A side effect of its functional 

usefulness is that it would already be under strong purifying selection and its rate of 

evolution would be low.  Since RyR1 is thought to have duplicated during the fish 

specific genome duplication approximately 350 million years ago, prior to the origin of 

teleosts, there would have been plenty of time for the gene duplicates to initially undergo 

accelerated evolution until their ancestral role was divided and then have their rates 

subside as both genes continue to under purifying selection (Darbandi and Franck, 2009; 

Meyer and Van de Peer, 2005).  Ranking the usefulness of specific RyRs is difficult as 

RyR1, RyR2 and RyR3 are all important for an organism’s survival, but perhaps it was 

more vital to maintain the ancestral function of RyR1 in fish compared to other 

organisms.  It is possible that in other vertebrates, the ancestral function of Ca
2+

 signaling 

is maintained by depending more heavily on other Ca
2+

 ion channels such as RyR2, 

RyR3 and IP3, and that RyR1 is under less functional constraint
 
(Berridge et al., 2003).  

However, Tiitu and Vornanen (2003) have found that there is stronger a RyR-DHPR 

interaction within mammals than fish, suggesting that endotherms depend more on the 

contribution of RyRs than ectotherms.  Although RyRs do play more important roles in 

some fish species compared to others, it appears that they play a considerably more 

important role in mammals.  I would correspondingly predict that this relative lack of 

functional importance in fish would further decrease the pleiotropic constraints of RyR1a 

and RyR1b and result in weaker purifying selection within those genes.  The low dN/dS 

ratios that I have found during this study are inconsistent this.  Future studies could 

examine the role of RyRs specifically within zebrafish to better understand their 
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evolution. 

Testing for the Correlated Evolution between Genes 

The dN/dS ratios for RyR3 had significant positive slopes and correlations with the 

dN/dS ratios for RyR2 and DHPR, whereas the slope and correlation between dN/dS 

ratios for RyR3 and RyR1 were almost significantly positive.  The correlated evolution 

between RyR3 and DHPR, but not between RyR1 and DHPR, is surprising given that 

RyR1 and DHPR, but not RyR3 and DHPR, interact physically.  RyR3 and DHPR may 

still, however, compensate for each other indirectly.  Overall, these results suggest that 

one of the major roles of RyR3 is to compensate for Ca
2+

 signaling function.  RyR1 is 

predominantly expressed in skeletal muscle tissue and RyR2 is predominantly expressed 

in cardiac tissue and neural tissue (Conti et al., 1996; Mori et al., 2000).  RyR3, although 

it is expressed in both skeletal muscle and neural tissues, has fewer isoforms in those 

tissues compared to RyR1 and RyR2.  Instead, RyR3 is more widely expressed 

throughout the body.  One can therefore conclude that RyR1 and RyR2 may have 

specialized for their respective tissues while RyR3 may have evolved to compensate for 

RyR1 and RyR2 and to fine-tune Ca
2+

 transients within a wide variety of tissues.  As was 

found in section 2, RyR3 appears to be under weaker purifying selection than RyR1 and 

RyR2.  A possible reason for this is that, given that RyR1 and RyR2 are specialized for 

their respective tissues, they do not have the luxury to compensate for other RyRs as any 

compensatory mutation is likely to have pleiotropic side effects within the tissues they 

specialize for.  Instead, the evolution of tissue-specific Ca
2+ 

transients to may depend on 

the compensatory effects of RyR3, which appears to be under relatively fewer pleiotropic 

constraints.   
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None of the slopes or correlations between dN/dS ratios of DRs were significantly 

positive.  This may seem surprising because, given the functional importance of DRs as 

well as their higher rates of evolution, one may expect that a significant proportion of 

compensatory mutations occur within these regions.  When it comes to explaining the 

observed correlations for RyR3 at the level of the entire gene, the lack of a correlation at 

the DR level between RyR3 and other RyR genes can be explained by the fact that RyR3 

lacks DR2 (Sharma et al., 2000).  This region may be crucial in compensating for RyRs 

and its lack could result in the limited use of RyR3 compensating for RyR1 and RyR2 

within DRs.  As mentioned in Chapter 1, DR2 is responsible for different sensitivities to
 

Ca
2+

 activation for RyR1 and RyR2.  This may be an area used for compensation by 

RyR1 and RyR2, but RyR3 would not have the luxury to use it.  Because I did not find 

significant evidence that RyR1 and RyR3 and RyR2 and RyR3 compensate for each other 

within DRs, any compensatory effects that may exist between RyRs are likely to be 

found within other gene regions. 

 Although I found evidence suggesting that RyR3 may compensate for other Ca
2+ 

genes, it is important to examine other explanations for the observed correlations.  For 

example, the correlated evolution between RyR2 and RyR3 is not surprising as it may be 

a result of their recent common ancestry.  RyR2 and RyR3 share the most recent common 

ancestor for all RyRs and would have less time to diverge at a functional level (Darbandi 

and Franck, 2009).  This functional overlap may allow for RyR2 to RyR3 to compensate 

with each other.  Future studies can also more robustly test for the correlated evolution of 

specific regions between RyR1 and DHPR, just as I did when comparing DRs of RyR1, 

RyR2 and RyR3.  Although some regions of DHPR and RyR1 have been found to 



 

 55 

directly bind to one another, additional regions that are either directly or indirectly 

affecting the coupling of RyR1 and DHPR are still being discovered (Bannister, 2007; 

Carbonneau et al, 2005; Sheridan et al., 2006).  Once we understand more about the 

interaction between RyR1 and DHPR, I may have a large enough sample of codons to 

conduct a reliable analysis testing for the correlated evolution only between the sites 

within RyR1 and DHPR that are important in their interaction. 

Although the computational model did not show evidence for stronger 

compensation between RyR pairs, it is possible that a more thorough analysis would 

reveal compensation between RyRs.  For instance, it is possible that some of the 

mutations that I simulated are more likely to occur in nature than others and that if we 

look at these mutations exclusively, we would find evidence for compensation. A starting 

point would be to look at which original mutations are heavily compensated for by 

mutations in other RyRs.  If these mutations are linked to RyR regions that undergo 

strong positive selection, such as DRs, it would suggest that RyRs are specialized to 

compensate for deleterious mutations within those regions.  Similarly, one may link these 

mutations to individual exons.  One would expect the compensatory function of RyRs to 

specialize towards exons undergoing stronger positive selection.  If we find a correlation 

between a mutation’s ability to be compensated for and the strength of positive selection 

it undergoes, we would have evidence suggesting compensation between RyRs. 

Although I did not find evidence for compensatory pairs of RyRs it is possible 

that RyRs compensate for each other in equal amounts.  One of the features from the 

model presented by Berridge et al. (2003) is that genes may be mixed and matched in 

whichever way results in the appropriate phenotype.  Assuming that all RyRs can 
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physically compensate for each other, the appropriate RyR experiencing a compensatory 

change may change on a case by case basis.  For example, RyR2 could have specialized 

to compensate for a specific set of RyR1 mutations whereas RyR3 could have specialized 

to compensate for a specific set of different RyR1 mutations.  However, I did not find 

evidence for this within my analysis as I found significant functional overlap between 

RyRs.  In my example, RyR2 and RyR3 are found to often compensate for the same 

mutations in RyR1.  However, this functional overlap may be a result of the original 

mutation in RyR1 being more likely to occur in nature.  If RyRs compensate for each 

other equally, I would expect all RyRs to undergo correlated evolution.  However, 

because a RyR may be compensated by two genes equally, I would expect these 

correlations to be weaker.  Correspondingly, these correlations may not be strong enough 

to stand out from the background noise within my study. 

Another explanation for the lack of compensation via the computational model is 

the possibility of strong selection acting on weak physiological effects.  One can imagine 

the compensatory effects of RyRs to not differ greatly, but if these small differences are 

strongly beneficial or strongly deleterious, selection would act on them regardless.  

Although this model may not have a strong enough resolution to detect these subtle 

effects, natural selection may still favour these compensatory effects if the selection 

pressures are great enough. 

The model presented by Berridge et al., (2003) includes other Ca
2+

 regulating
 

genes.  Although it is difficult to imagine other genes compensating for RyR function 

better than other RyRs, it is possible that compensation between genes may occur at 

another level.  In particular, one may extend this study by incorporating the many 
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accessory proteins that bind to RyRs and regulate their function (Betzenhauser and 

Marks, 2010).  Compensation could also occur through other ion channels, such as IP3R 

or SERCA, as they are part of Ca
2+ 

signaling (Berridge et al., 2003).   Future studies may 

expand the model by Griswold (2011) to incorporate these other Ca
2+

 signaling 

molecules.  Once this is accomplished, one may find compensatory function between the 

various other proteins.  In particular, it would worth looking at accessory proteins that 

bind exclusively to RyRs.  Pavlicev and Wagner (2012) argue that “private genes”, genes 

that have low levels of pleoitropy, should be better candidates for compensatory function 

as a compensatory mutation within them would result in a lesser amount of deleterious 

pleiotropic effects.  RyR-accessory proteins that bind exclusively to RyRs would 

therefore be good candidates for having compensatory function if they have fewer 

pleiotropic effects. 

One of the ways of identifying genes that potentially compensate for RyR 

functions is by using population level data to find relationship quantitative trait loci 

(rQTLs) within the Ca
2+

 signaling system (Pavlicev and Wagner, 2012).  rQTLs are 

genes that are shown to affect the level of pleiotropic association between characters.  For 

example, rQTLs may change the level of association between RyR1-related phenotypes. 

Some alleles for one rQTL may suppress specific phenotypic effects of RyR1, thus 

decreasing its level of pleitoropy, whereas other alleles for the same rQTL may not 

suppress the pleiotropic effects of RyR1 as much.  One can imagine an association study 

searching for rQTLs in RyR-binding proteins that may affect their level of pleiotropy.  

For example, one may find that one allele of the FKBP12 gene may be associated with 

increased pleiotropy in RyR1 function across tissues, whereas another allele of the 
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FKBP12 gene may be associated with decreased pleiotropy across tissues.  In my 

example, a particular FKBP12 allele may compensate for a mutation in RyR1 in one 

tissue, but not in another, thus decreasing the association between the phenotypic effects 

of RyR1 between tissues.  Since a decrease in pleiotropic effects is one way that 

deleterious effects can be compensated for, this would suggest that FKBP12 may play a 

role in compensating for RyR function.  Future studies may test for the correlated 

evolution of RyRs at the population level.  For instance, one can look at SNPs and 

measure levels of linkage disequilibrium between RyRs.  If a SNP within a particular 

region of a RyR is linked to another SNP within a particular region in another RyR, we 

would have evidence consistent with the hypothesis that compensation takes place 

between very specific regions of RyRs.  If these SNPs are associated to functional areas 

within RyRs, such as regulatory protein binding sites, we will have a broader picture of 

RyR physiology and their evolution.  

Although the correlated evolution of RyRs and DHPR may be caused by 

compensatory function between RyRs, alternative hypotheses must be considered.  One 

such hypothesis is that the genes in question undergo independent selection.  For 

example, a species may undergo strong purifying selection for much of its history and its 

corresponding phylogenetic branch might have low dN/dS estimates for multiple genes.  

In this example, a branch from a phylogenetic tree comparing dN/dS estimates for RyR2 

and RyR3 would have low dN/dS estimates for both genes.  Conversely, one can also 

imagine a species specializing for a particular environment and for its RyR genes to 

evolve quickly as it is adapting.  In this case, each of its RyR genes would each undergo 

positive selection and its dN/dS estimates to be relatively high.  These effects may drive a 
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positive slope that is not caused by compensatory function.  For example, previous 

studies have found that RyRs play a larger role in cold-acclimated fish than in cold-

dormant fish (Tiitu and Vornanen, 2003).  We would expect RyRs to have undergone 

stronger positive selection within lineages that have adapted to colder climates.  If this 

occured, RyR1, RyR2 and RyR3 may each have undergone stronger positive selection for 

a period as the species adapted.  Similar adaptations may have occurred within other 

species and this may drive the observed correlations. 

A second factor that may drive a correlation is that my study included sequences 

from both ectotherms and endotherms.  Ectotherms must maintain crucial physiological 

functions over a larger temperature range.  In theory, this may act as a pleiotropic 

constraint on these genes.  Consequently, RyRs within ectotherms may under stronger 

purifying selection and have relatively low dN/dS ratios. To the best of my knowledge, 

there are no studies that have compared the levels of purifying selection between 

endotherms and ectotherms. However, we found no evidence for this hypothesis as 

ectothermic lineages within my study had dN/dS ratios that were within the range of what 

was normal for RyRs.  In addition, one may argue that different temperatures may result 

in different dN/dS ratios.  Other studies have found that temperature is positively 

correlated with substitution rates within genes.  However, these studies have found no 

significant difference in dN/dS ratios between species living in different climates 

(Gillman et al., 2009; Wright et al., 2011).  This suggests that although substitution rates 

may be higher in warmer species, they affect dN and dS equally and would not affect 

dN/dS ratios between species. 

A third factor that may drive the correlation is different effective population sizes 
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(Ne) between species (Counterman et al., 2004).  A species with a higher Ne generally 

undergoes stronger selection.  Given that these genes undergo purifying selection (dN/dS 

estimates < 1), this strong selection might result in relatively low dN/dS estimates for 

both genes being compared.  Overall, high dN/dS estimates would be paired with each 

other and low dN/dS estimates would be paired with each other, potentially driving the 

observed correlation.  However, I found evidence against this hypothesis as I found that 

the model accounting for shared phylogenies is a poor fit relative to the model assuming 

independent evolution between branches.  Other studies involving dN/dS ratios have 

compared species in different climates (Gillman et al., 2009; Wright et al., 2011).  It was 

proposed that because species richness is relatively high in warmer areas, the effective 

population sizes of populations for a given species are lower than those in colder 

climates.  Both studies compared dN/dS ratios for living in warmer climates to species 

living in colder climates to see if Ne is a significant factor in determining dN/dS.  They 

found no significant evidence for a difference in dN/dS ratios for both climates, 

suggesting that Ne does not significantly affect dN/dS ratios.  Overall, these analyses, 

along with my analysis, suggest that this was unlikely that different effective population 

sizes between lineages are responsible for the observed correlations. 

A fourth hypothesis to consider concerns concerted evolution, where paralogous 

genes share greater homology than orthologous genes (Chen et al., 2007; Liao, 1999).  

One can imagine a hypothetical scenario where RyR1 and RyR3 in humans are more 

similar to each other than RyR1 in humans and RyR1 in mice, even if the divergence of 

RyR1 and RyR3 occurred prior to the speciation event of humans and mice.  This gene 

conversion may occur through a recombination event of two genes within a species.  
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Although the functional constraints of RyRs make such a conversion difficult to imagine, 

this may have occurred for a small region within a RyR gene.  Once this region is 

introduced into another RyR gene, the same mutations would be found within both genes, 

possibly resulting in their correlated evolution. 
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TABLES 

Table 2.1.  Estimates of the slope and correlations for the comparison of dN/dS estimates 

between whole RyR genes and divergent regions.  Significant estimates are in bold. 

RyR Gene Pairs Whole Gene Divergent Regions 

Slope (p-value) Correlation 

(p-value) 

Slope (p-value) Correlation 

(p-value) 

RyR1-RyR2 0.5015 (0.1676) 0.4257 (0.1676) 0.6290 (0.1426) 0.5296 (0.0713) 

RyR1-RyR3 0.1537 (0.0689) 0.5417 (0.0689) 0.5100 (0.1041) 0.5767 (0.1041) 

RyR2-RyR3 0.5965 (0.0142) 0.6372 (0.0142) -0.4255 (0.2272) -.04198 (0.2272) 
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Table 2.2.  Estimates of the slope and correlations for the comparison of dN/dS estimates 

between RyR genes and the DHPR gene.  Significant estimates are in bold. 

Gene Pairs Slope (p-value) Correlation (p-value) 

DHPR-RyR1 -0.0912 (0.5717) -0.1731 (0.5717) 

DHPR-RyR2 0.0930 (0.8241) 0.0531 (0.8241) 

DHPR-RyR3 0.7456 (0.0389) 0.5200 (0.0389) 
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Table 2.3.  Sample table showing the effects of compensatory mutations in RyR1 

parameters on amplitude in neural tissue after the occurrence of an original mutation in 

RyR2. 

25 RyR1s 

20 RyR2s 

5 RyR3s 

RyR2 

(original mutation) 

RyR1 

(secondary 

mutation) 

Simulated 

Mutations 

     
       

          
        

+10% -10% +10% -10% +10% -10% +10% -10% 

     
  

+10% 1.2249 ~ 1.2442 0.726566 * 1.09104 0.905363 1.01094 0.948355 0.796173 

-10% 1.13638 1.22437 ~ 0.951141 1.0923 0.921695 1. 0.84047 0.850012 

     
  

+10% 1.02131 1.17365 ~ 1.24337 ~ 0.806199 1.14987 1.03891 1.13655 1.2559 

-10% 1.13913 1.07106 0.668036 * 1.12715 0.833431 1.06129 1.00069 1.07048 

     
  

+10% 1.21973 1.07341 1.00375 1.00375 0.896683 1.09314 0.856429 1.0186 

-10% 0.939764 0.875103 0.991743 1.01838 0.901488 1.05031 0.791461 * 0.953411 

      
   

+10% 0.987101 1.59017 ~ 1.06212 1.03762 1.06338 1.05976 0.883793 * 1.05891 

-10% 1.20976 1.2436 0.986976 1.02209 0.870266 1.08392 0.944901 0.797868 

      
+10% 1.09147 1.1358 0.732813 1.12895 0.792878 1.02085 1.08261 0.914775 

-10% 1.09954 1.28301 1.05629 1.06491 1.08228 0.943524 1.07 0.957256 
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Table 2.4.  Proportion of mutations that are compensatory and decompensatory between 

RyR pairs in neural and skeletal muscle tissue and between RyR and DHPR in skeletal 

muscle tissue. 

Tissue RyR pairs Proportion that are 

compensatory 

Proportion that are 

decompensatory 

p-values 

Neural RyR1-RyR3 0.02995 0.04268 1.7526×10
-4 

 RyR1-RyR2 0.04152 0.06920 3.8561 ×10
-9 

 RyR2-RyR3 0.04375 0.07634 2.3585×10
-11 

 Total 0.03757 0.06120 1.1856×10
-20 

Skeletal RyR1-RyR3 0.02083 0.06750 2.3917×10
-15 

 RyR1-DHPR 0.07917 0.36250 1.7076 ×10
-15 

 RyR3-DHPR 0.09583 0.35000 2.1328 ×10
-12 

 Total 0.08750 0.35625 3.3440×10
-26 

  



 

 70 

Table 2.5.  p-values for the comparison of proportions of compensatory mutations from 

Table 2.4 between RyR pairs in neural tissue and between RyRs and DHPR in skeletal 

muscle tissue. 

Comparisson of RyR pairs p-values 

RyR1-RyR2 vs. RyR1-RyR3 0.2547 

RyR1-RyR2 vs. RyR2-RyR3 0.0972 

RyR1-RyR3 vs. RyR2-RyR3 0.6026 

RyR1-DHPR vs. RyR3-DHPR 0.5278 
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Table 2.6.  p-values for the testing of independence in compensatory function between 

RyRs. 

Original Mutation Compensatory Mutations p-values 

RyR1 RyR2, RyR3 1.3620×10
-12 

RyR2 RyR1, RyR3 2.1779×10
-15 

RyR3 RyR1, RyR2 3.0999×10
-13 
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FIGURES 

 

Figure 2.1.  Phylogenetic trees used for comparing dN/dS ratios between RyR1 and 

RyR2 (a), RyR1 and RyR3 (b), RyR2 and RyR3 (c), RyR1 and DHPR (d), RyR2 and 

DHPR (e) and RyR3 and DHPR (f).  Taxa used in this section include zebrafish (Danio 

rerio), bullfrog (Rana catesbeiana), lizard (Anolis carolinensis), turkey (Meleagris 

gallopavo), chicken (Gallus gallus),horse (Equus caballus), bull (Bos taurus), panda 

(Ailuropoda melanoleuca), dog (Canis lupus), boar (Sus scrofa), mouse (Mus musculus), 

rat (Rattus norvegicus), rabbit (Oryctolagus cuniculus), marmoset (Callithrix jacchus), 

rhesus (Macaca mulatta), orangutan (Pongo abelii), chimp (Pan troglodytes) and human 

(Homo sapiens).  In this figure, the RyR1a gene is used for RyR1 in zebrafish.



 

 73 

 
Figure 2.2.  Bar charts depicting the mean and 95% confidence intervals for the 

interspecific nucleotide diversity (π) of all exons within RyR1 (a), RyR2 (b) and RyR3 

(c).  The average nucleotide diversity across all species for each gene is represented by 

the horizontal line.
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Figure 2.3.  Bar charts depicting the mean and 95% confidence intervals for the 

interspecific nucleotide diversity (π) of divergent regions (DRs), mutation cluster regions 

(MCRs) and transmembrane (TM) regions within RyR1 (a), RyR2 (b) and RyR3 (c).  The 

average nucleotide diversity across all species for each gene is represented by the 

horizontal line. 
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Figure 2.4.  Plots comparing log10 dN/dS estimates between the entire genes of RyR1 

and RyR2 (a), RyR2 and RyR3 (b) and RyR1 and RyR3 (c) with a simple linear 

regression line fitted.  The comparison between RyR2 and RyR3 is the only one with a 

significant positive slope and correlation at the 5% significance level.
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Figure 2.5.  Plots comparing log10 dN/dS estimates between divergent regions DR1, DR2 

and DR3 of RyR1 and RyR2 (a), RyR1 and RyR3 (b) and RyR2 and RyR3 (c) with a 

simple linear regression line fitted.  None of the comparison had a significant positive 

slope or correlation at the 5% significance level.
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Figure 2.6.  Plots comparing log10 dN/dS estimates between RyR1 and DHPR (a), RyR2 

and DHPR (b) and RyR3 and DHPR (c) with a regression line fitted.  The comparison 

between DHPR and RyR3 is the only one with a significant positive slope at the 5% 

significance level. 
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CHAPTER THREE 

 

CONCLUSION 

Concluding Remarks 

Summary and Significance 

In this thesis, I conducted a descriptive study of the interspecific evolution of RyRs.  I 

found evidence suggesting that divergent regions (DRs) are relatively diverse between 

species, which supports my hypothesis that DRs are responsible for the functional 

divergence of RyR1, RyR2 and RyR3 across species.  I also found evidence that mutation 

cluster regions are relatively conserved between species, consistent with findings that 

mutations in these regions lead to disease in across vertebrates.  In support of my 

predictions regarding pleiotropic genes, I found evidence suggesting that RyRs undergo 

strong purifying selection.  It seems that RyR2 undergoes the strongest purifying 

selection, which may be a result of its inability to be compensated by other RyRs in the 

heart.  I found evidence suggesting that RyR1b undergoes less purifying selection than 

RyR1a, and that RyR1a and RyR1b may have undergone neofunctionalization.  I found 

that RyR3 has correlated rates of evolution with RyR2 and DHPR, which may or may not 

be caused by compensatory function between RyR and DHPR genes.  If this hypothesis is 

correct, my results suggest that a major role of RyR3 is to compensate for the pleiotropic 

effects of RyR1, RyR2 and DHPR between tissues.  This study is unique in that I test for 

compensatory mutations by looking at the history of genes, whereas most empirical 

evidence for compensatory mutations does not involve the use of gene sequence history 

(Camps et al., 2007; Kulathinal, et al., 2004; Pavlicev and Wagner, 2012; Poon & Chao, 

2005).  I also tested for compensatory function between RyRs and between RyRs and 
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DHPR by simulating mutations using a model developed by Griswold (2011).  I found no 

evidence for compensation at the level of the model.  Although it is possible that 

compensation may occur at a physiological level, other reasons for the correlations of 

dN/dS estimates include the effects of independent selection and concerted evolution. 

Limitations of Research 

There are still many uncertainties regarding RyRs.  For instance, a larger sample number 

of complete and reliable RyR sequences would make my results more robust.  Another 

uncertainty is that RyRs may compensate for each other despite not finding evidence for 

this at the level of the model.  Compensation may occur through other aspects of Ca
2+ 

signaling including the many accessory proteins that bind to and regulate RyRs, as well 

as other Ca
2+

 ion channels such as the inositol triphosphate receptor (IP3R) and the 

sarco/endoplasmic reticulum Ca
2+

 ATPase (SERCA) (Berridge et al., 2000).  Another 

limitation is that I used nucleotide diversity as a measure of genetic conservation to test 

for purifying selection (Durand and Coetzer, 2011).  Although conservation is often 

associated with purifying selection, the latter is not necessarily the cause of the former.  

We can test this by measuring the levels of dN/dS for smaller regions of RyRs as opposed 

to the entire gene.  For instance, one may also want to conduct a sliding window analysis 

to estimate dN/dS ratios for different regions of RyR genes to identify specific areas of 

positive selection, but a larger data set is required (Choi and Lahn, 2003). 

Areas of Future Study 

Testing Hypothesis at Population Level 

Some of the uncertainties that I explored may be looked at using population level data 
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such as single nucleotide polymorphisms (SNPs), many of which are found within RyR 

genes in humans (Thorisson et al., 2005).  Because of physical linkage, it is expected that 

many of the SNPs within the same gene are statistically associated with each other, a 

phenomenon termed linkage disequilibrium.  Since RyR genes are found on different 

chromosomes and segregate independently, I do not expect to find such an association 

between SNPs from different RyR genes.  However, such an association could occur if 

regions from two RyRs compensate for each other.  In such an event, a specific 

nucleotide may alter RyR function by changing its protein structure.  A polymorphism 

within another RyR gene may alter its protein structure in such a way that its function 

compensates for the first RyR, resulting in a statistical association between these SNPs.  

This would allow us to make predictions regarding RyR alleles.  For instance, a 

population with a high frequency of one SNP would have an increased chance of having 

a high frequency of an associated SNP.  In addition, we are getting a better picture of 

which regions within RyR genes correspond to functional areas of RyR proteins (Liu et 

al., 2004; Serysheva et al., 2008; Wagenknecht and Samso, 2002; Zhang et al., 2003).  If 

one associates polymorphic nucleotides to specific areas of the 3D structure of RyRs, we 

may be able to understand how RyRs compensate for each other at a functional level.  

SNPs can also be used to characterize intraspecific nucleotide diversity of regions of RyR 

genes.  Although I would expect many of the interspecific polymorphisms to be fixed 

within a species, I would also expect a higher number of polymorphisms within DRs than 

other areas of RyR genes.  I could also compare the levels of interspecific and 

intraspecific diversity.  As stated in Chapter 2, this comparison would allow us to further 

test the type of selection that occurs within RyR regions (Nielsen, 2005). 
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 Another way of testing for compensation at population levels within Ca
2+ 

signaling genes is by searching for relationship quantitative trait loci (rQTL), loci that 

affect the phenotypic association between characters, within the Ca
2+

 signalling system 

(Pavlicev and Wagner, 2012).  rQTLs are genes whose alleles affect the pleiotropic 

effects of other genes differently.  If the pleiotropic effects of a RyR gene are dependent 

on the alleles expressed for another Ca
2+

 gene, it would suggest that these two genes can 

compensate for each other physiologically.  Future studies can then test for the correlated 

evolution between those two genes. 

One of the uses of the Ca
2+

 signaling model is that one can make predictions at 

the population level.  One may expect that pairs of alleles within a population that 

compensate for each other would be more prevalent than pairs of alleles that 

decompensate for each other.  Although the simulations do not account for mutations at 

the nucleotide level, one can imagine an association study linking specific SNPs to 

specific RyR parameters.  This would allow one to make nucleotide predictions at the 

population level. 

Explaining the Correlated Evolution of RyRs 

As was previously mentioned, one can further test for compensation between RyRs and 

between individual RyRs and DHPR by expanding the model or by testing for linkage 

disequilibrium between genes.  Assuming that we can rule out the compensatory effects 

between RyRs, further testing will need to be done to test for alternative hypotheses that 

explain the correlated evolution of RyRs.  Some of these hypotheses include the 

independent evolution of genes within a species, concerted evolution, and sampling error. 
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Pharmacological Studies 

Because mutations within RyRs have been linked to various diseases, the study of RyR-

targeting pharmaceuticals is important (Betzenhauser and Marks, 2010; MacKrill, 2010).  

In particular, my recent understanding of evolutionary processes makes the use of 

molecular data in the development of drugs a promising area of research (Searls, 2003).  

The vast majority of drugs that undergo development do not get used commercially for a 

variety of reasons and a better understanding of RyR biology can prevent the 

development of non-effective drugs (Durand and Coetzer, 2011). 

Most drugs that potentially affect RyR activity are Ca
2+ 

channel blockers that are 

not very specific to individual RyRs.  The only widely available drug that specifically 

binds to RyRs is dantrolene, which compensates for the effects of malignant hypothermia 

in RyR1 by binding to and decreasing the open probability of RyR1 and RyR3 (MacKrill, 

2010).  This is potentially problematic as RyRs serve many functions across tissue types 

and it may be useful to target a specific RyR so as to minimize negative side effects in 

other tissues (Durand and Coetzer, 2011).  Developing drugs specific to individual RyRs 

is also useful if one seeks to compensate for deleterious function of a particular RyR by 

altering the function of another RyR.  This can be difficult, however, because RyR1, 

RyR2 and RyR3 are structurally similar and share a considerable amount of redundancy.  

It would therefore be beneficial to develop drugs that target areas of high diversity 

between RyRs.  Another goal of developing drugs is to target regions of functional 

importance, which are often areas of high conservation (Durand and Coetzer, 2011; 

Searls, 2010).  In my example, this would include mutation cluster regions.  There is 

therefore a trade-off for a drug between targeting core RyR function and its specificity.  



 

 83 

Researchers would likely decide on which area to target based on the requirements of 

individual drugs.  An alternative way of resolving this trade-off is by using 3D structures 

of RyR proteins to better identify areas of RyR proteins that are both functionally 

important and specific to individual RyRs.  Candidate functional sites within the 3D 

structure of RyRs have been identified and a better understanding of this structure, along 

with the nucleotide diversity of RyR isoforms conducted in this study, would help 

researchers in developing future drugs that target these optimal sites (Liu et al., 2004; 

Serysheva et al., 2008; Wagenknecht and Samso, 2002; Zhang et al., 2003).  In my 

example, potential candidate regions include DRs because they are relatively unique to 

individual RyRs and they are regions of functional importance. 

The use of molecular biology in the drug development of RyRs also includes the 

identification of species that share similar homology to humans (Durand and Coetzer, 

2011; Searls, 2003).  This is important for target validity, where a drug that is tested in 

one species is useful for another species.  Many drugs fail to work effectively in humans 

after working effectively for other species during tests because gene sequences have 

diverged too greatly.  For example, one can test the effects of a drug on mutation cluster 

regions in mouse (Mus musculis) with a good degree of certainty that it would similarly 

affect humans because mutation cluster regions are largely conserved between species.  

However, one would have less faith in a drug affecting DRs of RyRs within mouse given 

that DRs are highly diverse between species.  This should give researchers a preference 

to test drugs in that target highly conserved areas when testing drugs in other species.  

One could use the estimated dN/dS ratios and nucleotide diversity values to identify RyR 

orthologues that have diverged the least from humans.  A species with a lower dN/dS 
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ratio would have a more conserved sequence and is expected to be more similar 

functionally (Durand and Coetzer, 2011).  Whether it is beneficial to develop drugs that 

target either conserved regions or diverse regions is likely to be at least partially based on 

the ultimate goal of the researchers. 

Researchers may also be interested in targeting proteins that bind to and regulate 

RyRs as they sometimes bind to uniquely to individual RyR isoforms (MacKrill, 2010).  

For example, FKBP12 binds uniquely to RyR1 and RyR3 whereas FKPBP12.6 binds 

uniquely to RyR2.  Finally, one can test the effects of RyR-targeting drugs across various 

tissues by using the model developed by Griswold (2011).  At this time, there is little 

understanding of how drugs that are currently used to alter RyR function affect the RyR 

parameters of his model, but as our understanding of increases, this experiment is a 

possibility. 
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Appendix A: List of accession numbers for each gene used in this 

study 
 

Gene  Species  Accession Number  

RyR1 Ailuropoda melanoleuca  XM_002925854  

 Bos taurus  NP_001193706  

 Danio rerio (RyR1a)  XM_001923259  

 Danio rerio (RyR1b)  AB247454  

 Homo sapiens  NM_000540  

 Meleagris gallopavo  EU177005  

 Mus musculus  NM_009109  

 Oryctolagus cuniculus  NM_001101718  

 Pan troglodytes  XM_003316314  

 Pongo abelii  XM_002829168  

 Rana catesbeiana  D21070  

 Rattus norvegicus  XM_001078539  

 Sus scrofa  NM_001001534  

RyR2 Ailuropoda melanoleuca  XM_002923657  

 Anolis carolinensis  XM_003215845  

 Bos taurus  XM_002698813  

 Callithrix jacchus  XM_002760878  

 Canis familiaris  XM_536330  

 Danio rerio  XM_001921102  

 Equus caballus  XM_001916456  

 Gallus gallus  XM_419553  

 Homo sapiens  NM_001035  

 Macaca mulatta  XM_002808264  

 Monodelphis domestica  XM_001378263  

 Mus musculus  NM_023868  

 Oryctolagus cuniculus  NM_001082757  

 Pan troglodytes  XM_514296  

 Pongo abelii  XM_002809261  

 Rattus norvegicus  XM_001078539  

 Sus scrofa  XM_001924768  

 Taeniopygia guttata  XM_002192734  

RyR3 Ailuropoda melanoleuca  XM_002925210  

 Bos taurus  XM_002690724  

 Callithrix jacchus  XM_002807197  

 Danio rerio  XM_001922078  

 Equus caballus  XM_001918256  

 Gallus gallus  NM_206874  

 Homo sapiens  NM_001036  

 Macaca mulatta  XM_002804709  

 Meleagris gallopavo  EU177006  

 Mus musculus  NM_177652  

 Oryctolagus cuniculus  NM_001082762  

 Rana catesbeiana  D21071  

 Rattus norvegicus  XM_342491 

DHPR Ailuropoda melanoleuca  XM_002914626  
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 Anolis carolinensis  XM_003220412  

 Bos taurus  XM_002694242  

 Callithrix jacchus  XM_002807726  

 Canis lupus  XM_843592  

 Danio rerio  NM_001146150  

 Equus caballus  XM_001916128  

 Homo sapien  NM_000069  

 Macaca mulatta  XM_002802000  

 Meleagris gallopavo  XM_003212830  

 Mus musculus  NM_014193  

 Oryctolagus cuniculus  NM_001101720  

 Pan troglodytes  XM_525018  

 Rattus norvegicus  NM_053873  

 


