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Abstract 

 Determining levels of adaptive molecular variation can be important in 

understanding the long-term viability of a population and can provide essential 

information for conservation efforts.  High levels of molecular variation are found at 

Major Histocompatibility Complex (MHC) genes, which code for cell-surface molecules 

that bind pathogen-derived peptides and help activate an adaptive immune response.  The 

goal of this study was to determine the level of variation at the peptide binding region 

(PBR) of MHC molecules by comparing it to other coding and non-coding regions in 

hopes of determining a footprint of selection.  Squalus acanthias, commonly known as 

spiny dogfish, was the species of interest in this study, and spiny dogfish populations all 

over the world have been declining due to overfishing.  These dramatic population 

declines have the ability to decrease molecular variation throughout the spiny dogfish 

genome; however, data showed that variation at the MHC loci in the form of nucleotide 

substitutions, substitutions leading to amino acid changes and heterozygosity was able to 

persist at levels much greater than in other coding and non-coding regions.  This suggests 

that balancing selection and heterozygote advantage are some of the selective 

mechanisms acting on the MHC.   
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Introduction 

 Adaptive molecular variation describes genetic polymorphisms within and 

between individuals at functionally important loci.  These loci are likely undergoing 

some form of natural selection (Beebee and Rowe, 2008).  Variation can be both 

increased and decreased by natural selection.  Mechanisms such as directional selection 

and purifying selection promote the persistence of one or a few alleles that are directly 

beneficial to the population, while other mechanisms such as balancing selection and 

heterozygote advantage promote the existence of many alleles within a population 

(Beebee and Rowe, 2008).  However, regardless of the mechanism for selection, the 

amount of adaptive variation within a population can be an indicator of its long-term 

viability, and variation must be maintained in order for the population to be able to 

respond to changes to its environment (Beebee and Rowe, 2008).  Understanding the 

level of variation within a population can also be important for conservation efforts for 

threatened or endangered species (Beebee and Rowe, 2008).   

This study focuses on the amount of adaptive molecular variation at the Major 

Histocompatibility Complex (MHC) in Squalus acanthias.   The MHC plays a key role in 

adaptive immune functioning and is thought to be one of the most polymorphic gene 

families in the genome (Sutton, et al., 2011).  While very little MHC research has been 

conducted in S. acanthias and sharks in general, the hypothesized selective mechanisms 

acting on the MHC in other species are those that maintain variation (ie. Spurgin and 

Richardson, 2010 and Sutton, et al., 2011).  S. acanthias also have many life history 

characteristics that make them extremely vulnerable to population declines due to 

overfishing (Franks, 2006).   These frequent demographic changes have the possibility of 
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leading to decreases in variation in the S. acanthias genome.  Decreases in variation can 

make it difficult for a species to respond to changes to its environment.  Due to the 

importance of variation at the MHC, this paper focuses on genes in that region.   

This introduction will begin by describing the role of the MHC in the immune 

system.  The theories describing the possible mechanisms of selection in previous studies 

will then be explained, as will further reasoning as to why S. acanthias is a good model 

organism.  Finally, the method of comparison for variation that was utilized will be 

described along with the expected results using that method.   

The Immune System 

The majority of vertebrates have two main defense systems against foreign 

pathogens—the innate immune system and the adaptive immune system.  The innate 

immune system acts as the body’s first line of defense.  It includes protective barriers 

such as the skin and mucosal layers, the release of cytokine proteins by damaged tissue 

and the activation of complement proteins.  The innate immune system is fast acting and 

the response is generally the same for all pathogens.  Alternatively, the adaptive immune 

system is slower to act, but creates a more long lasting response.  The adaptive immune 

response includes the activation of B and T Cells, types of white blood cells that become 

active only by coming in contact with their specified antigen type.  The innate immune 

system is necessary for preventing infection and the destruction of many infectious 

pathogens; however, the specificity and long-term protection caused by the adaptive 

immune system proved to be a very important addition to the immune system and is 

necessary for the health and survival of all vertebrates (Parham, 2009).  
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The activation of highly specified white blood cells is key to the adaptive immune 

system.  One such white blood cell, the B Cell, contains receptors called 

immunoglobulins which, along with other co-stimulatory molecules, bind directly to the 

surface of bacterial cells, allowing it to be engulfed and destroyed by the B Cell.  T Cells 

require a different method of activation.  This method involves the processing of 

pathogenic antigens and their presentation to the T Cell.  The molecules responsible for 

antigen presentation are major histocompatibility complex (MHC) molecules (Parham, 

2009).  Without the MHC, the adaptive immune response by T cells cannot be activated, 

and the effectiveness of the organism’s immune system as a whole is severely decreased.   

The MHC and Adaptive Immunity 

 MHC molecules are cell-surface proteins coded for by MHC genes, which make 

up an extensive gene family.  In humans, the MHC is found on chromosome 6, although 

the location varies among all vertebrate species containing the MHC.  The MHC region 

contains approximately 128 expressed genes, many of which are related directly to 

immune function (The MHC Sequencing Consortium, 1999).  In humans, the gene 

regions can be separated generally into three classes: human leukocyte antigen (HLA) 

class I, class II and class III.  Cell surface proteins arise mainly from class I and class II 

genes, although there are some exceptions (Parham, 2009).  Proteins resulting from class 

III gene expression serve other functions such as causing inflammation of infected areas 

and activation of phagocytes (Colten, 1984).   

The cell-surface proteins derived from MHC class I and class II act to 

differentiate self and non-self antigens and present pathogenic antigens to T Cells.  This 
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act of antigen presentation involves the assistance of many other cell types and co-factor 

proteins.  For this reason, there is about a seven-day lag time between the onset of the 

infection and the activation of the T Cells in the adaptive immune response.  During this 

lag time, the innate immune system remains at work causing immune system cells to 

invade the infected region and tagging pathogens with complement proteins for 

engulfment (Parham, 2009).  In the following paragraphs, the steps of both innate and 

adaptive immunity that lead to T Cell activation will be described.   

An infection begins when the barriers of the innate immune system allow a 

pathogen to enter the body.  The pathogen begins to attack nearby bodily cells, which 

respond by releasing small proteins called cytokines.  Cytokines bind to receptors of 

nearby cells and cells in the bloodstream, altering their behavior.  As a result, nearby cells 

that have not yet been attacked will also release cytokines, amplifying the response, and 

cells in the blood stream will congregate to the affected area.  Cytokines cause nearby 

blood vessels to undergo vasodilation making it easier for plasma and various immune 

system cells to enter the infected tissue.  The increased volume in the area can lead to 

inflammation and pain may be sensed in the region.  Three cells that enter the area are 

dendritic cells, macrophages and B Cells, which are together known as professional 

antigen-presenting cells. Professional antigen-presenting cells are so named because they 

play a key role in binding the correct antigenic peptide to the appropriate MHC molecule.  

The peptide can then be presented to naïve T Cells to activate them, causing the mature T 

Cells to begin performing their effector functions (Parham, 2009).   

 Naïve T Cells develop in the thymus and reside in secondary lymphoid tissues 

such as lymph nodes, the spleen and the tonsils.  Pathogens are transported from the site 
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of infection to secondary lymphoid tissue by dendritic cells, which are specialized for this 

kind of transport.  For activation of the naïve T Cells to occur, the T Cell Receptors 

(TCR’s) must bind not only to the antigen for which it is specialized, but to the 

MHC:antigen complex.  During the formation of naïve T Cells, the processes of positive 

and negative selection of TCR’s occur (Parham, 2009).  In positive selection, it is 

determined whether the cell will become a CD4 T Cell or a CD8 T Cell.  This occurs 

when the TCR of an undifferentiated T Cell binds to an MHC:self-peptide molecule.  If 

the MHC molecule is translated from the MHCI region, the T Cell expresses cell surface 

co-receptor CD8 and becomes what is known as a CD8 T Cell or a Cytoxic T Cell.  If the 

TCR is bound to an MHCII molecule, the T Cell expresses a different co-receptor, CD4, 

and becomes a CD4 T Cell, or a Helper T Cell.  Cells with TCR’s that are unable to bind 

either MHC molecule type die by apoptosis.  In the process of negative selection, TCR’s 

that are overly reactive to self-peptides are selected against, and they die by apoptosis, 

while those that bind to self-peptides with low affinity go on to form TCR’s on naïve 

CD4 or CD8 T Cells (Derbinski, Hogquist and McGargill, 2000). 

 Having a variety of different cell receptors and MHC molecules is advantageous 

to individuals and populations, although the process of their formation is highly different.  

TCR’s and immunoglobulins involve the processes of somatic recombination, which 

alters the assembly of regions of the molecule, somatic hypermutation, which changes 

individual nucleotides at binding sites, and junctional diversity, which different numbers 

of nucleotides to be placed between recombined gene segments.  These processes alter 

the formation of individual TCR’s and immunoglobulins creating many cell receptors 

that vary from one another.  MHC molecules do not undergo any of these processes, but 
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still maintain high levels of diversity within and between individuals.  The diversity is 

possible due to multigene families and high levels of genetic polymorphism (Parham, 

2009).  The gene families consist of many similar genes that code for MHC molecule 

parts.  Genetic polymorphism means that the population consists of many alleles of the 

same gene, which creates many forms of MHC molecules within populations.   

MHC Molecule Structure 

 MHC class I molecule structure differs from that of MHC class II molecules 

(Figure 1).  Class I molecules consist of four major domains—α1, α2, and α3, which are 

coded for in the MHC I gene region, and β2, a microglobulin, which in humans is coded 

for on chromosome 15, far from the MHC (Faber, et al., 1976 and Parham, 2009).  The α3 

domain has a transmembrane chain, and the α1 and α2  domains make up the peptide-

binding groove which is the section of the cell-surface protein that directly binds 

processes antigen.   MHC Class II molecules also have a four-domain structure, but all 

four domains are encoded by class II genes.  The α2 and β2 domains each contain 

transmembrane chains, while the α1 and β1  domains make up the peptide binding groove 

(Parham, 2009).   
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Figure 1- The structures of MHCI and MHCII molecules taken from pg. 135 (Fig. 5.13) of Parham, 2009.  

MHCI molecules contain three subunits coded for by MHC class I genes—α1, α2 and α3—and one coded 

for by another genomic region—β2.  The  α1 and α2 subunits coded for the peptide-binding groove, 

commonly known as the PBR (peptide-binding region).  The four subunits of MHCII molecules are all 

coded for by MHC class II genes, and the α1 and β1 subunits make up the PBR.   
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Further differentiation of MHC class I and class II molecules can be defined by 

the types of peptides they bind.  Class I molecules bind peptides derived from 

intracellular pathogens while class II molecules bind peptides that are broken down from 

extracellular pathogens (Figure 2).  The breakdown of antigens and binding of peptides to 

MHC molecules occurs in different compartments for intracellular pathogens than for 

extracellular pathogens.  Intracellular antigens are often the protein products translated 

from viral RNA or DNA.  The viral proteins are broken down in the cytosol by large 

protein complexes called immunoproteasomes which are specialized for the formation of 

peptides that can bind MHC molecules.  The peptides enter the endoplasmic reticulum 

(ER) via the transporter associated with antigen processing (TAP) protein.  TAP only 

allows the entry of peptides with around eight amino acids and a hydrophobic residue at 

the C-terminus—the same types of peptides that bind MHC class I molecules.  When 

class I molecules enter the ER, the three α chains, also known as the heavy chain, are 

assembled, but the β2 microglobulin remains unbound.  The highly unstable class I heavy 

chain is stabilized by the membrane-bound protein calnexin until β2 can partially attach, 

after which calnexin unbinds.  The six proteins of the peptide-loading complex then 

assemble and stabilize the partially formed class I molecule (Figure 3).  Peptides 

continuously enter the ER via TAP until a peptide with the proper binding capabilities is 

acquired.  Once bound, all peptide-loading proteins release and the MHC:peptide 

complex leaves the ER in a membrane bound vesicle to undergo further processing in the 

Golgi apparatus eventually be released into the plasma membrane (Parham, 2009).    
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Figure 2- Overview of the formation of the MHC:peptide complex and antigen presentation resulting in T 

Cells beginning their effector functions.  Viruses produce intracellular peptides which are bound by MHCI 

molecules.  MHCI molecules present to CD8 T Cells, causing them to release cytotoxins to induce 

apoptosis of virally-infected cells.  Bacteria produce extracellular peptides that are recognized by MHCII 

molecules.  MHCII molecules present to both TH1 and TH2 CD4 T Cells, which induce macrophages and 

B Cells, respectively to engulf the infectious bacterial cells.   
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Figure 3- Peptide loading of MHCI molecules taken from pg. 138 (Fig. 5.18) of Parham, 2009.  The 

peptide loading complex assists the formation of the MHC:peptide complex in the ER.   

 

 MHC Class II molecules bind peptides in a different manner. For binding to occur 

the antigen must move from the extracellular environment and into the cell for 

processing.  While any cell can be infected intracellularly, and can therefore express 

MHCI molecules, cells specialized for phagocytosis usually conduct the presentation of 

MHCII:peptide to T Cells (Parham, 2009).  Dendritic cells, macrophages, and neutrophils 

express cell surface molecules called pattern recognition receptors (PRR’s) that bind to 

pathogen-associated molecular patterns (PAMP’s).  PRR’s include a variety of cell 

surface molecules including toll-like receptors, C-binding lectins, and mannose receptors, 

each of which aids in the phagocytosis of the antigen (Iwasaki and Medzhitov, 2004).  

The antigen-containing phagosome moves further inside the cell and fuses with 

lysosomes which contain many protein-cleaving enzymes and forms a phagolysosome.  

While antigens are being processed, MHCII molecules are being formed in the ER and 

Golgi apparatus, as are MHCI molecules.  To prevent peptides derived from intracellular 
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pathogens from binding MHCII molecules an invariant chain binds to the PBR.  Once 

processing in the Golgi is complete, the MHCII molecule leaves in an endocytic 

compartment, which fuses to the phagolysosome containing processed antigen.  The 

invariant chain is cleaved from the MHCII molecule and other peptides, usually 

consisting of 15-24 amino acids, can attempt to bind.  The peptide that is able to bind to 

the PBR tightly is then translocated to the plasma membrane (Parham, 2009).   

Antigen Presentation and T Cell Activation 

 As eluded to above, when an MHC molecule is presenting antigen-derived 

peptides to TCR’s, the TCR binds not only to the peptide, but to the MHC:peptide 

complex (Parham, 2009).   TCR binding sites are made up of three loops—the less 

diverse CDR1 and CDR2, and the more diverse CDR3 (Garboczi, et al., 1996).  Through 

x-ray crystallography, it has been shown that CDR3 binds the area associated with the 

peptide and CDR1 and CDR2 bind the relatively less diverse MHC molecule regions 

(Garboczi, et al., 1996).  Once the TCR is bound to the MHC:peptide complex, the T Cell 

is able to perform its effector functions.   

 The effector functions of CD8 T Cells and CD4 T Cells vary (Figure 2).  CD8 T 

Cells function to destroy intracellular antigens.  When the TCR binds the MHCI:peptide 

complex, the CD8 T Cell releases cytotoxins that invade the infected cell (Parham, 2009).  

The cytotoxins include perforin, granzymes, and granulysin which function to induce 

apoptosis of the infected cell.  The overall goal is to sacrifice the infected cell in an 

attempt to prevent the spread of the infection (Parham, 2009).   
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 CD4 T Cells can be characterized into two groups—TH1 and TH2 cells.  TH1 cells 

physically move to the site of infection and release cytokines that activate macrophages 

in the region.  Activated macrophages can more effectively phagocytose and kill 

extracellular pathogens (Parham, 2009).  TH2 cells function to activate B Cells that 

recognize the same antigens.  This stimulates the production of antibodies against the 

infection, strengthening the immune response (Parham, 2009).   

Variation at the MHC 

 The MHC is clearly important for the initiation of an immune response by T 

Cells.  Diversity of genes at the MHC is also important so that a wide array of pathogen-

derived peptides can be recognized by the individual’s immune system (Borghans, et al., 

2004).  Variation at the MHC is also important at the population level, and evidence has 

shown that populations with low MHC diversity often have less immune success 

(Sommer, 2005).  The mechanism behind MHC variation is not entirely clear, and many 

theories have been put forth in the literature.  Many articles suggest that variation is 

driven by pathogen evolution (ie. Borghans, et al., 2004 and Spurgin and Richardson, 

2010).  Although, Spurgin and Richardson qualify that so many mechanisms are working 

alongside pathogen-mediated selection that determining its relative role is not possible at 

this time (2010).   

 Another theory that has been put forward is heterozygote advantage (Figure 4).  

Heterozygous individuals can present a higher number of peptide types to T Cells, 

inducing an immune response for a wider array of pathogens (Borghans, et al., 2004).  It 

has even been shown that high rates of heterozygosity at the MHC correlates negatively 
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with disease rates of HIV-infected humans (Borghans, et al., 2004).  Other examples 

include an increased CD8 T Cell response in heterozygous Mauritian cynomolgus 

macaques with immunodeficiency diseases (O’Connor, et al., 2010)  and a lower number 

of Chinook salmon heterozygous at MHCII loci being infected with a bacterial parasite 

common to the salmon population (Evans and Neff, 2009).  Other possible mechanisms 

are balancing selection, gene conversion and recombination, and sexual selection (Sutton, 

et al., 2011). 

 

Figure 4- The advantage of being heterozygous at MHC loci taken from pg. 151 (Fig. 5.32) of Parham, 

2009.  The grey area represents the total number of pathogen-derived peptides that are recognizable by the 

total population of MHC molecules.  Each of the haplotypes can recognize a subset of these peptides as 

marked by the white circles.  However, when combined, many more peptides are able to be recognized.  

Furthermore, Haplotypes 1 and 2 are more variable from one another than Haplotypes 3 and 4, potentially 

making the combination of 1 and 2 a more beneficial genotype than the combination of 3 and 4, because 

there is no overlap in the peptides that can be recognized.     
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 The mechanism of sexual selection has been shown to occur both pre- and post-

mating (Wedekind, et al., 1996).  Preferential mating on the basis of odor has been 

described in mice, and evidence supported that females preferred odors of males with 

different MHC alleles from themselves (Penn, 2002).  This mechanism would be likely to 

lead to heterozygous offspring, who could potentially have a more effective immune 

system.  Sexual selection can also occur after mating has already occurred and involves 

the egg’s choice of sperm for fertilization and selective abortions of offspring with highly 

similar MHC genes (Wedekind, et al., 1996).   

 The selective mechanism that causes the great amount of MHC variation is 

thought to be a combination of some or all of the above theories and maybe others as well 

(Spurgin and Richardson, 2010).  It is understood, however, that variation at the MHC is 

an important factor in the effectiveness of the immune response and the health of 

organisms and populations as a whole.  Maintaining MHC variation in populations can be 

an important factor for consideration in conservation efforts, and determining losses of 

MHC variation during bottleneck events can be necessary to rebuilding the population 

(Sutton, et al., 2010). 

Squalus acanthias 

 Squalus acanthias, or spiny dogfish, are the cartilaginous fish most commonly 

used in biomedical research and have many genes and gene regulation processes 

analogous to humans (Parton, et al., 2007 and Mattingly, et al., 2004).  They are one of 

the most ancient species known to contain the MHC gene family and can help provide 

insight to the evolution of the MHC (Wang, et al., 2003).  Cartilaginous, or jawed, fishes 
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are also the earliest ancestors known to have an adaptive immune system.  The immense 

advantage it caused in defense against pathogens lead to its continuation in all vertebrate 

species evolving afterwards (Janeway, et al., 2001).  For these reasons, spiny dogfish 

were chosen as the species of interest for this study.   

 Spiny dogfish are relatively small sharks (around 1m. in length) found living in 

demersal zones all over the world (Wang, et al., 2003).  The species is among the world’s 

most abundant sharks and often associates in size- and sex-specific schools (Franks, 

2006).  Life history traits include slow growth, late sexual maturity, long life spans and 

low fecundity rates, and these characteristics make them extremely vulnerable to the 

consequences of overfishing (Franks, 2006).  The significant declines even caused the 

species to be listed as vulnerable on the IUCN Red List of Threatened Species (IUCN, 

2013).   

The dramatic demographic changes experienced by spiny dogfish as a result of 

overfishing can cause decreases in genetic variation among individuals and reduce the 

long-term health of the species (Franks, 2006).  Other factors potentially decreasing 

levels of genetic variation are sharks’ naturally low rates of molecular evolution and the 

fact that spiny dogfish exhibit philopatry, meaning they return to their place of birth to 

mate (Lage, et al., 2008 and Franks, 2006).  Variation is essential for the long-term 

survival of a species, and spiny dogfish display some traits that do increase genetic 

variation.  Polyandry is thought to increase genetic variation and is seen in spiny dogfish 

by the mechanism of multiple paternity (Lage, et al., 2008).  Females are able to store 

sperm from multiple males; hence, pups in a single litter can be at different 

developmental stages and can have different fathers (Lage, et al., 2008).  Variation at 
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MHC loci is necessary for immune success.  The life history characteristics of spiny 

dogfish make the species interesting to study in this setting.  Understanding the level of 

variation and possible mechanisms for selection could also be necessary for conservation 

efforts.   

In order to determine the level of variation at spiny dogfish MHC loci, the PBR of 

the MHC class I and MHC class II were sequenced and analyzed for polymorphisms.  To 

determine the relative amount of variation, the MHC regions were compared to other 

coding and non-coding regions.  The regions used for comparison are described below.  

Regions for Comparison 

For a point of comparison in determining the amount of variation at MHC loci, 

four other coding regions and four noncoding regions were examined.  The four coding 

regions include exon 13 of CFTR, a gene coding for the cystic fibrosis transmembrane 

conductance regulator protein, and the only exon of three different melanocortin receptor 

(MCR) genes, which code for melanocortin 3 receptor protein (MC3R), melanocortin 4 

receptor protein (MC4R) and melanocortin 5 receptor protein (MC5R).  Both the CFTR 

and MCR regions were chosen arbitrarily as they were thought to represent typical 

protein-coding regions.  Mutations would generally be deleterious; hence selective 

mechanisms such as directional or purifying selection would work to maintain certain 

sequences.  The two noncoding regions flank short interspersed nuclear elements 

(SINE’s).  SINE’s are a kind of retrotransposons, which are RNA molecules that are able 

to use host machinery to reverse transcribe into DNA.  Once they exist in the form of 

DNA, they are able to insert into their host’s genome.  They are also mobile and 
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commonly duplicate and move throughout the genome (Schmitz, 2012).  One would 

expect such a dramatic insertion of bases to be deleterious if inserted into a protein-

coding region, preventing the sequence from being passed on to offspring.  Hence, it can 

be assumed that the SINE’s and the regions flanking them are non-coding regions of the 

genome.   

In humans, the CFTR gene is made up of around 200 kb on chromosome 7 and 

has 27 exons.  Over 1,100 mutations have been recorded, many of which lead to missense 

and nonsense sequences (Aznarez, et al., 2003).  The most common CFTR mutation 

leading to cystic fibrosis is a change of amino acid F508.  This affects the rate of 

glycosylation of CFTR, preventing the chloride ion  (Cl
-
) channel from translocating 

from the ER to the plasma membrane (Dalemans, et al., 1992).  Human and shark CFTR 

genes are 72% identical and the resulting protein is regulated in the same manner in each 

species; hence, sharks are often a model species used for determining the mechanism 

behind CFTR mutation (Lehrich, et al., 1998).   

Melanocortin receptors (MCR’s) are G-protein coupled receptors that aid in the 

production of melanocortin hormones (Takahashi and Kawauchi, 2006).  Five different 

MCR types are exhibited in tetrapod vertebrates—MC1R, MC2R, MC3R, MC4R, and 

MC5R—each of which demonstrates different functions or is localized to a particular 

tissue type (Baron, et al., 2009 and Takahashi and Kawauchi, 2006).  In mammals, 

MC1R specializes in pigment mediation, MC2R in adrenocorticoid biosynthesis, MC3R 

and MC4R in metabolic homeostasis, and MC5R in exocrine secretions.  Evidence 

suggests that these subsets of MCR’s derived from two separate gene duplication events 

in the history of chordates (Baron, et al., 2009).  In Squalus acanthias, only MC3R, 
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MC4R and MC5R have been detected (Baron, et al., 2009).  It is thought that MCR’s 

began to diverge before the emergence of vertebrates, but MC3R and MC4R began to 

differentiate via gene duplication events as late as after the appearance of jawed fish 

(Takahashi and Kawauchi, 2006).   

As mentioned above, regions flanking SINE’s can be assumed to be non-coding 

portions of the genome.  Retrotransposons replicate vertically in the genome and are 

passed from generation to generation once they are established in the germline (Schmitz, 

2012).  Their reverse transcription from RNA back to DNA depends entirely on the 

enzymatic machinery of the host cell (Schmitz, 2012).  Copies of SINE’s can be acquired 

in the genome in great numbers, for example one specific retrotransposon, Alu-SINE, 

which makes up approximately 13% of the human genome (Schmitz, 2012).  SINE’s and 

LINE’s (long interspersed nuclear elements) in general also make up as much as 28% of 

the genome of the cartilaginous fish species the elephant shark (Venkatesh, et al., 2007).  

SINE insertions have the capability to alter gene regions which can increase genetic 

variation in species and act as building blocks to evolution; however, it is much more 

common that a SINE insertion into a coding region is deleterious to the organism 

(Shmitz, 2012).  For this reason, the majority of SINE’s that are established in the 

genome can be assumed to be inserted into non-coding regions.  Evidence for this can be 

seen in a study completed by Duret, et al. shows that retrotransposon insertions are more 

likely to be found in chromosomal regions with high recombination rates (2000).   
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Hypothesis 

 Although the selective mechanism is not entirely understood, the MHC is made 

up of some of the most diverse genes in the genome (Sutton, et al., 2011).  In comparing 

the spiny dogfish MHCI and MHCII PBR’s to four other coding regions and four non-

coding regions, it was expected that variation at the MHC regions, in the form of 

nucleotide substitutions, substitutions leading to amino acid changes and levels of 

heterozygosity, would be greater than in all other regions for comparison.  Mutations in 

coding regions are often deleterious, so levels of variation are generally lower in order to 

keep the beneficial alleles in the population.  Mutations in non-coding regions are 

presumably undergoing a neutral rate of mutation with no forms of selection acting to 

either decrease or preferentially retain any polymorphisms obtained.  If there are indeed 

selective forces increasing variation at the MHC, polymorphisms would be retained in the 

region at a higher rate than in coding regions undergoing purifying or directional 

selection and at a higher rate than non-coding regions regions under neutral assumptions.  

In determining the relative level of variation at the MHC, it is anticipated that a footprint 

for selection can be inferred, which is expected to be a form of balancing selection acting 

to maintain many alleles in the population.   

 

Materials and Methods 

Squalus acanthias Sampling 

 S. acanthias tissue was collected as a part of the National Marine Fisheries 

Service’s groundfish survey of 2006 (NOAA).  Frozen tissue samples of 10 pregnant 
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females and their pups (n between 3 and 6) were collected in total from a single trawl and 

frozen at -80°C.  For additional data, tissue of four additional dogfish were utilized.  

Tissue was collected from a previous National Marine Fisheries Service cruise (NOAA, 

2006).  All tissue collected was muscle. 

DNA Extraction 

DNA from all pregnant females and their pups was extracted by Ashley Jennings 

(2007) using the DNAeasy Blood and Tissue Kit (Qiagen, Inc., Valencia, CA).  DNA 

samples were diluted to 10 μM and frozen at -80°C.   

Identification of Genomic Regions and Primer Selection 

 Ten genomic regions were chosen for amplification in this study.  The two MHC 

loci—MHCI PBR and MHCII peptide binding regions (PBR’s)—were the gene regions 

of interest, and they were compared to four coding—cystic fibrosis transmembrane 

conductance regulator (CFTR), and three melanocortin receptors (MC3R, MC4R and 

MC5R)—and two supposed non-coding regions—SacSINE1, SacSINE3, Sac SINE9 and 

SacSINE10.  The four coding regions were chosen arbitrarily from the S. acanthias EST 

library (NCBI) and were selected based on availability of EST data and the size of exons.  

The four non-coding regions were presumed to be non-coding based on the SINE 

insertion to the region that was not selected against in the population.  The methods in 

which the ten primer sets were designed are explained below.  (See Table 1 for primer 

sequences.) 
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Table 1- List of primers, the expected fragment sizes, and the annealing temperatures for each genomic 

region.   

Genomic 

Region 

Primers (5’-3’) Exp. 

Size 

(bp) 

Anneal-

ing 

Temp 

(°C) 

CFTR SacCFTRx13F3: TGTAAACTGATGGTGAACAAAACTC 

SacCFTRx13R3: TTTAGATCCTCTTCATTTATTTCTTCA 

740 52 

MC3R SacMC3RF1: TGATGAATTCCACCCATTCT  

SacMC3RR1: CAACGCAAGTTGAGATTCATACA 

973 58 

MC4R SacMC4R_F1: TGAACTCCTCGTTTCATCACA 

SacMC4R_R1: TCACTTGTCAGGTCACACAGC 

996 58 

MC5R SacMC5RF1: TTTAACAGGCCTACAGTCACG 

SacMC5RR1: TGCCAGAAAGTCCACAAGC 

965 58 

MHCI SacMHCIx2F2: GGCACTCACTCTCTCCGGTA 

SacMHCIx2R1: CCGCCAGTCAGGTTGGTC 

250 58 

MHCII SacMHCII.E2.F2:  TCGCAGGTGTATTTTGTCCA 

SacMHCII.E2.R2:  CGCGCGACAGGTTCATGTAAA 

250 55 

SacSINE1 SacSINE1.F1: ACCATTGTTTTCAAGCACACC 

SacSINE1.R1: AAACGTGAACACTCCCATACAA 

960 55 

SacSINE3 SacSINE3.F1: TACAGTACAAAAATCCAAGTTAAAAGG 

SacSINE3.R1: CGGCTGAGATCACCCAAT 

950 52 

SacSINE9 SacSINE9.F1: GGCCACTTAGTCAATATTTGCAT 

SacSINE9.R1: TCCAATGTGGTGAAGAGCAG 
923 52 

SacSINE10 SacSINE10.F1: TTCTAAAATGTGCCTGATTGC 

SacSINE10.R1: CTCACCCCCTCACAGCAT 
856 52 

 

The PBR region of MHCI molecules is found in exon 2 (Castillo, et al., 2010).  

The primers were designed with the intent of amplifying the entire second exon.  Primer 

design was based on Squalus acanthias MHC class I antigen mRNA (Accession number: 

AY150811.1) which was aligned with the MHCI regions of two other shark species: 

Triakis scyllia (Accession number: AF034355) and Ginglymostoma cirratum (Accession 

number: AF220359) DNA sequences to determine putative exon 1 and exon 2 regions. 

Primers were designed to flank exon 2 in its entirety using Primer 3 (Rozen and 

Skaletsky, 2000).  
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 The MHCII PBR region was amplified from the Ginglymostoma cirratum MHC 

class II alpha-chain, exon 2 sequence on NCBI (Accession number: M89950).  Primers 

were designed using Primer 3 (Rozen and Skaletsky, 2000) to amplify around a 250 bp 

section containing the PBR.    

 The CFTR region in humans consists of 27 exons with only exon 13 containing 

more than 200 bp.  Squalus acanthias CFTR mRNA (Accession number: M83785.1) was 

aligned with human CFTR (Accession number: NC_000007) to determine the 

approximate exon 13 location using Geneious (Biomatters, Ltd. Auckland, New 

Zealand). Primers were designed using Primer3 (Rozen and Skaletsky, 2000) to span 

almost the entire exon region—6 bp from the 5’ exon boundary and 1 bp from the 3’ 

exon boundary. 

 MC3R, MC4R and MC5R were the other coding regions chosen.  In humans all 

three of these MCR’s are composed of a single exon.  Primers were designed to amplify 

as much of the exon regions as possible.  Human mRNA sequences were used to develop 

primers using Primer3 (Rozen and Skaletsky, 2000).  Primers for MC4R (Accession 

number: AY169401.1) and MC5R (Accession number: AY562212.1) targeted the regions 

5 bp from the corresponding 5’ends and 5 bp from the 3’ ends.  Primers designed for 

MC3R (Accession number: NM_019888.3) targeted the exon region 1 bp from the 5’end 

and 6 bp from the 3’ end.   

 To amplify the presumed non-coding regions, unique BAC sequences were 

downloaded from NCBI and using RepeatMasker, the locations of retrotransposon 

SacSINE#1 were determined (Smit, et al., 2012).  The resulting regions containing 

http://www.ncbi.nlm.nih.gov/nuccore/NC_000007
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SacSINE#1 were ranked by size and complete SINE’s were arbitrarily chosen for primer 

design.  Primers were designed to amplify the regions containing SacSINE#1 along with 

approximately 200 bp flanking regions on both the 5’ and 3’ ends.  All flanking regions 

were input into blastn and tblastx at NCBI to verify that they did not match any protein 

coding regions in S. acanthias or other vertebrates.  The arbitrarily chosen SINE’s used in 

this study were designated SacSINE1 designed from SA_Bc-76E3 (Accession number: 

AC173467.4), SacSINE3 designed from SA_Bc-134G21 (Accession number: 

AC171772), SacSINE9 designed from SA_Bc-76E3 (Accession number: AC173467.4) 

and SacSINE10 designed from SA_Bc-133E21 (Accession number: AC169159).   

Polymerase Chain Reaction     

 The ten regions were amplified using the polymerase chain reaction (PCR) 

technique for 23 individuals.  From the recommendations of the GoTaq Colorless Master 

Mix (Promega Corp, Madison, WI) standard protocol, 25 μl reaction mixtures were 

formed, consisting of 12.5 μl of Go Taq Colorless Master Mix, 1.25 μl of the forward 

primer, 1.25 μl of the reverse primer, 8 μl of nuclease-free water and 2 μl of template 

DNA.   

PCR reactions were performed using a MyCycler thermal cycler (Bio-Rad 

Laboratories, Hercules, CA) using varying annealing temperatures (Refer to Table 1).  

Samples were heated to just above the appropriate annealing temperature in a hot start, 

then removed from the thermal cycler and spun down in a GeneMate Minifuge 

(BioExpress Online).  The samples were then denatured at 95°C for two minutes, and 

underwent a cycle repeated 34 times consisting of 30 seconds at 95°C, 30 seconds at the 
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appropriate annealing temperature, and 60 seconds at 72°C for denaturing, annealing, and 

elongation, respectively.  After the 34 cycles were completed, the samples underwent a 

final elongation stage for 5 minutes at 72°C.  Ideally, the final PCR product would 

consist of millions of copies of the target DNA sequence.   

Gel Electrophoresis 

 The success of the PCR can be determined by gel electrophoresis.  0.5 μl of 5x 

loading buffer with blue dye was added to 4.5 μl of PCR product.  The resulting 5 μl 

product was loaded into and run on a 1.2% agarose gel in the presence of ethidium 

bromide.  A 100 base pair (bp) DNA ladder was run alongside each row of samples in 

order to determine fragment size of the sample DNA.  The gels were then photographed 

under ultra-violet light using a Kodak Gel Logic 100 Imaging System (Eastman Kodak 

Co., Rochester, NY) and viewed on Kodak’s Molecular Imaging Software 4.0.3 (Eastman 

Kodak Co., Rochester, NY).  Expected fragment sizes were known and can be seen in 

Table 1; hence, band position for each sample was compared with the 100 bp DNA 

ladder to approximate the size of the amplified fragment.  Other signs of contamination 

or an unsuccessful amplification were also observed in images of gels. If PCR appeared 

unsuccessful, PCR and gel electrophoresis were repeated until proper banding was 

observed.  

Purification of PCR Product  

Successful PCR products were purified using ExoSap-IT enzyme (Affymetrix, 

Inc., Cleveland, OH).  The ExoSap system uses Exonuclease I, which removes primers 

and any extraneous single-stranded DNA produced in PCR, and Shrimp Alkaline 
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Phosphotase, which removes excess nucleotides.  The purification mixture was created 

using the Mount Desert Island Biological Laboratory protocol, which called for 5 μl of 

successful PCR reaction and 2 μl of ExoSap-IT enzyme.  The mixture was then placed in 

the thermal cycler for 15 minutes at 37°C followed by a second 15 minutes at 80°C.   

Direct Sequencing 

 Purified PCR product were prepared for sequencing by mixing 3 μl of purified 

PCR product, 2 μl of 4 mM forward primer, and 19 μl of sterile water.  The prepared 

products were then sent to either the Mount Desert Island Biological Lab Core Facility or 

Yale University’s DNA Analysis Facility on Science Hill for sequencing using the Big 

Dye Terminator System (Applied Biosystems, Foster City, CA).   

Sequence Analysis 

  The resulting sequences were input into Sequencher 4.6 (Gene Codes 

Corporation, Ann Arbor, MI) or Geneious (Biomatters, Ltd. Auckland, New Zealand), 

edited and aligned using the “dirty data” algorithm and optimized gap placement with 

ReAligner (Anson and Myers, 1997).  Base positions containing substitutions and 

possible heterozygous sites were noted.  Any sequences that were edited and aligned in 

Sequencher 4.6 (Gene Codes Corporation, Ann Arbor, MI) were also input into Geneious 

6.1.4 (Biomatters, Ltd. Auckland, New Zealand) in order to determine if base 

substitutions led to amino acid changes.   

   

 For each genomic region, the individuals experiencing base substitutions at 

particular positions were recorded.  Other types of mutations, such as deletions, were also 
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recorded at each genomic region.  The percentages of sites containing polymorphisms 

were calculated, and the number of alleles in the sample population was approximated if 

possible.  Percent heterozygosity was also calculated at each region by dividing the 

number of ambiguous sites by the total number of nucleotide sites in all individuals at 

that region.  Finally, the number of segregated alleles at each region was approximated by 

careful analysis of the position of substitutions.    

 

Cloning and Colony PCR 

 Due the poor results produced from direct sequencing of MHCI and MHCII 

regions, cloning was performed.  Two individuals, SA010 and SA011, were chosen 

arbitrarily for cloning.  Cloning was completed using the pGEM®-T and pGEM®-T Easy 

Vector Systems (Promega Corp., Madison WI) following manufacturer recommendations 

for using 2 μl of PCR product.  200 μl of each transformation culture was plated onto 

LB/ampicillin/IPTG/X-gal dishes and incubated at 37°C for 24 hours to assist bacterial 

growth.  Colonies that were able to grow in the presence of ampicillin and were white in 

color were selected for colony PCR and sequencing because it meant they contained the 

incorporated DNA fragment.  Pipets were used to obtain as much of the white-colored 

colonies as possible for the PCR reaction.  Eight colonies for each individual at both 

MHC regions were chosen for separate reactions for a total of 32 reactions.  12.5 μl of 

GoTaq Colorless Master Mix (Promega Corp, Madison, WI), 6.5 μl of nuclease free 

water and 2.5 μl of each the forward and reverse universal M13 primers were added to 

the cloning products.  Samples were then denatured at 94°C for 5 minutes, and then 
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underwent 34 cycles of 94°C for 30 seconds, 52°C for 30 seconds and 72°C for 60 

seconds.  The final step included 2 minutes at 72°C.   

 The products were run out on a gel by the same methods as above.  The MHC 

regions of interest were approximately 250 bp in length.  However, an additional 100 bp 

of plasmid sequence is amplified as well with M13 primers; hence, we expected to see 

fragments of approximately 450 bp in length.  Successful colony PCR products were then 

cleaned using ExoSap-IT enzyme by the previously mentioned protocol and sent out for 

sequencing.  

Results 

 In total 180 sequences were analyzed from ten different genomic regions and 

twenty-three individuals (Table 2).  Direct sequencing produced successful results for the 

majority of individuals for all gene regions except MHCI and MHCII.  Two individuals 

were then cloned for MHCI and MHCII from which eleven and twelve sequences were 

obtained, respectively.  The number of base pairs at each region was recorded (Table 2) 

and used in calculations of the percentage of variable nucleotide sites, percentage of 

variable amino acid sites, and the percentage of heterozygosity (Table 3).   For 

comparison Table 3 was condensed to show the three values of interest at the MHCI and 

MHCII regions and as an average for the other coding and for the non-coding regions 

(Table 4). 
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Table 2- The number of successful sequences obtained.  One star (*) indicates that good sequencing results 

were produced in one direction, while two stars indicates that both the forward and reverse sequences were 

successful.  The MHCI an MHCII regions produced unsuccessful sequences; hence both regions were 

cloned for two individuals producing 12 successful MHCI sequences and 11 successful MHCII sequences.  

The total number of successful sequences was counted, and the number of base pairs in each alignment was 

recorded. 

     

Individual ID CFTR MC3R MC4R MC5R MHCI MHCII SINE1 SINE3 SINE9 SINE10 

SA001 ** ** ** * 
  

** ** * ** 

SA002 
 

** 
 

* 
    

** ** 

SA002A * 

 

* * 

  

* * * 

 
SA003 

 

* 

    

** 

   
SA003D * * * * 

  

* * * * 

SA004 ** ** ** 

   

** ** ** ** 

SA005 ** ** ** * 

  

** ** * ** 

SA005A * * 

 

* 

  

* * * * 

SA006 ** ** ** * 

  

** ** ** ** 

SA006D * * * * 

  

* * * * 

SA008 ** ** ** * 
  

** ** ** ** 

SA008F * 
 

* 
   

* * 
 

* 

SA009 ** ** ** * 
  

** ** * 
 

SA009B * * * * 
   

* * * 

SA010 ** ** ** * 
Cloned 

(6) 

Cloned 

(6) ** ** ** 

 
SA010B * * * 

   

* * 
  

SA011 * * * 

 

Cloned 

(5) 

Cloned 

(6) * 

 

* * 

SA012 * * * * 

  

* * * * 

SA013 * 

 

* * 

  

* * * * 

1 * * * * 

  

* * * * 

2 * * * * 
  

* * * 
 

3 * * * * 
  

* * * ** 

4 * * * * 
  

* * * * 

           Total # of 

Sequences 21 20 20 18 11 12 21 20 20 17 

 # of Base Pairs 

(maximum) 734 883 940 895 263 217 902 887 822 869 

 

  

 

 

Coding Regions Non-Coding Regions MHC loci 
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Table 3- Percentage of variable nucleotide, variable amino acid sites, and heterozygosity at each genomic 

region.  See Appendix A for description of variable sites, and Appendix B for the MHCI and MHCII 

alignments from which this data was obtained.   

Gene # of 

nucleo-

tides 

# of 

variable 

sites 

% of 

variable 

nucleo-

tide sites 

# of 

amino 

acids 

# of 

amino 

acid 

variable 

sites 

% of 

variable 

amino 

acid 

sites 

% 

hetero-

zygosity 

CFTR 734 4 0.55% 244 2 0.82% 0.24% 

MC3R 883 0 0.00% 294 0 0.00% 0.00% 

MC4R 940 2 0.21% 313 0 0.00% 0.0007% 

MC5R 895 3 0.34% 298 1 0.34% 0.0005% 

MHCI 263 122 46.4% 87 53 60.9% 1.42%* 

MHCII 217 20 9.22% 72 15 20.8% 0.81%* 

SINE1 902 2 0.22% N/A N/A N/A 0.02% 

SINE3 887 22 2.48% N/A N/A N/A 0.54% 

SINE9 822 8 0.92% N/A N/A N/A 0.12% 

SINE10 869 20 2.43% N/A N/A N/A 0.21% 

*Percent heterozygosity calculated by counting all variable sites in clones and dividing by total of 

nucleotide positions in all individuals.  For MHCI, value had to be divided by three, because it was 

suspected that three separate gene regions were amplified.   

 

 

Table 4- Condensed version of Table 3 with percent variable nucleotide sites, variable amino acid sites and 

heterozygosity averaged for the four coding and four non-coding regions.   

Region % Variable 

Nucleotide Sites 

% Variable Amino 

Acid Sites 

% Heterozygosity 

MHCI 46.4% 

 

60.9% 1.42% 

MHCII 9.22% 

 

20.8% 0.81% 

Other Coding 

Regions 

0.28% 

 

0.29% 0.06% 

Non-Coding 

Regions 

1.51% 

 

-- 0.22% 
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 Table 4 allows for values to be compared with ease.  MHCI showed the highest 

values in percent variable nucleotide sites, variable amino acid sites and heterozygosity.   

MHCII followed with the second highest values in all categories.  The other coding 

regions used for comparison exhibited the lowest values in all three categories, and while 

the non-coding regions showed low values as well, they were slightly higher than those 

that were coding. Percent variable amino acid sites could not be calculated for Table 3 or 

Table 4 in the non-coding regions because they do not code for an amino acid sequence.   

 

Figure 5- Amino acid sequences as seen in Geneious (Biomatters, Ltd. Auckland, New Zealand) of the 

cloned MHCI region for individuals SA010 and SA011.  Two 3 bp deletions occur at the beginning of the 

highlighted sequence, severely altering the altering the highlighted sequences.  No stop codons resulted 

from the deletion and the last six amino acids of all the sequences are the same.   

 

In addition to substitution polymorphisms, deletion and insertion events were also 

present in some gene regions.  One 2 bp deletion and one 2 bp insertion was seen in 

SINE1, four single nucleotide deletions were seen in SINE9, and one 15 bp deletion was 

seen in SINE10.  Two 3 bp deletions were also seen in MHCI (Figure 5).  One of the 

deletions was in frame (Colony 5) and other was out of frame (Colony 8), but both highly 

altered the sequence without leading to the appearance of any stop codons.   

Cloning the MHC regions allowed for approximations of the number of alleles 

amplified in the two individuals.  Polymorphisms in MHCII sequences suggested that 
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four alleles had segregated among the two individuals.  MHCI sequences were much 

more complicated, and the approximation of the number of alleles had to be determined 

by forming a Neighbor-Joining tree (Figure 6).  From the tree, nine distinct alleles can be 

viewed.   

 

Figure 6- Neighbor-Joining tree created in Geneious 6.1.4 (Biomatters, Ltd., Auckland, New Zealand) 

showing MHCI sequences.  Sequences were derived from two individuals, and nine distinct alleles can be 

seen.  Colonies 1-8 are from SA010 and 9-16 are from SA011.  Hence, it can be seen that 6 alleles were 

amplified in SA010 and 4 in SA011. 
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Determining the phase of all other gene regions proved to be much more difficult 

due to the presence of ambiguous bases.  Segregated alleles could not be determined 

because the number of possibilities of alleles of individuals containing multiple 

heterozygotes would be too large.  While algorithms can generally solve this problem, 

more data would be necessary in order for the algorithm outputs to be reliable.   

 

Discussion 

 The goal of this study was to determine the level of variation at MHC loci in 

comparison to other coding and non-coding regions.  In determining levels of variation, it 

was expected that a footprint for selection could be inferred.  It was hypothesized that 

MHC loci would show high levels of variation, suggesting the mechanism of balancing 

selection, and other types of selection that promote allelic diversity were at work.  Due to 

the poor quality of the MHC sequences produced from direct sequencing, the hypothesis 

could not be supported through direct quantitative data; however, high diversity of MHC 

loci can be inferred from the data that was retrieved from cloning.  

MHCI   

 The MHCI region exhibited the highest amounts of substitution polymorphisms, 

substitutions resulting in amino acid changes, and a relatively high level of 

heterozygosity in this study (Table 3).  The high degree of polymorphism can be seen by 

looking at the alignment of the sequences (Appendix B.1).  Of the 263 bases in the 

sequence, 46.4% of them were variable, and that caused 60.9% of the amino acids to be 

altered in the amino acid sequence.  That means that only 39.1% of the amino acid 
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sequence at MHCI is similar across the alleles amplified from the two individuals.  

Heterozygosity levels of 1.42% the likelihood of each individual nucleotide site being 

heterozygous.  This value is more than twice as high as any of the other coding and non-

coding regions.  This suggests that strong selective forces are driving the differentiation 

of many alleles in the population.  The deletions observed at MHCI also support selection 

driving the existence of many diverse alleles, because the sequences following the 

deletion do not lead to the appearance of any stop codons, but they do lead to sequences 

that are highly different than those that did not have deletions (Figure 5).  Furthermore, 

the last six amino acids are the same across all the sequences.  This provides no evidence 

that this is a pseudogene and could suggest that selection favored these highly diverse 

alleles and maintained them in the population. 

 It was also seen noticed that nine different alleles at the MHC region had 

segregated in a population of two individuals (Figure 6).  Since six of the alleles were 

seen in one of the individuals, the most parsimonious conclusion was to assume that three 

distinct MHC class I gene regions had been amplified by the primer set.  While this could 

have skewed the values for variable nucleotide and amino acid sites, it also shows the 

complexity of the MHC region and the potentially highly diverse MHC molecules that 

could result.    

MHCII 

 The MHCII regions showed the second highest values for all of the observed 

categories (Table 3).  The high level of polymorphisms can be seen by looking at the 

aligned sequences (Appendix B.2).  The percent variable nucleotide value of 9.22% and 
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amino acid value of 20.8% were still substantially larger than the other coding and non-

coding regions, as was the percent heterozygosity value of 0.81%.  The number of alleles 

segregating amongst the two individuals was also estimated.  By comparing variable 

nucleotide sites by hand four distinct alleles could be seen.  The most parsimonious 

assumption from this data is that one gene region had been amplified with two distinct 

alleles in each individual.   

Coding Regions for Comparison 

  The four coding regions showed slight variability amongst the three categories of 

interest (Table 3) although when averaged, the coding regions had the lowest values 

(Table 4).  CFTR showed 0.55% variable nucleotide sites, 0.82% variable amino acid 

sites, and a heterozygosity value of 0.24%, the highest of the coding regions (see 

Appendix A.1 for description of variable sites).  MC3R showed absolutely no variation in 

all 883 nucleotides.  MC4R has 0.21% variable nucleotide sites, but all of the 

substitutions were synonymous and heterozygosity value of nearly zero.  MC5R 

exhibited the most variation of all the melanocortin receptors with 0.34% variable 

nucleotide sites, all of which were non-synonymous.  However, the heterozygosity value 

at MC5R was also nearly zero.   

Non-Coding Regions for Comparison 

 The presumably non-coding SINE regions also exhibited varying values of 

variable nucleotide sites and heterozygosity (Table 3).  Values for percent nucleotide 

variation were as low as 0.22% in SINE1 and as high as 2.48% in SINE3.  Percent 

heterozygosity values also ranged from 0.02% to 0.54%.  Despite the variance, all values 
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were substantially lower than the values for the MHC regions.  Non-coding regions are 

assumed to be under neutral selection, meaning no selection is acting on the region 

because there would be no result since it does not code for proteins.  Since MHC values 

are higher, it can be assumed that some sort of selection is acting to increase variation at 

MHC loci.   

 Deletion polymorphisms were also observed in SINE 1, SINE9 and SINE10.    

Since the SINE regions are presumed to be non-coding, deletion polymorphisms should 

not affect the region, because there is no amino acid sequence that could be altered.  

Therefore, the deletion occurred and was maintained in the population without the force 

of selection.  No deletions were observed in the other coding regions, suggesting that 

selection acted against sequences with deletions.  Since two separate deletions were 

maintained in MHCI, it could be assumed that selection was acting to maintain them in 

the population because of the highly variable alleles that resulted.   

Variable Nucleotide Sites 

It is known that the MHC is one of the most polymorphic regions in the entire 

genome (Sutton, et al., 2011); hence one would expect that the MHC regions would have 

more variable sites than typical protein coding regions.  The MHCI and MHCII regions 

exhibit substantially higher values for variable nucleotide sites than both the average 

percentages of the coding and non-coding regions (Table 4).  Since non-coding regions 

are presumably not undergoing any type of selection, mutations are able to accumulate 

because no deleterious effects occur as a result of them.  The dramatically higher values 
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for percentage of variable nucleotide sites suggests that some source of selection is acting 

to increase the amount of variability at MHC regions.   

Variable Amino Acid Sites 

 The percentages of variable amino acid sites at MHCI and MHCI were also 

substantially higher than the values for the coding and non-coding regions (Table 4).  The 

rate of synonymous nucleotide substitutions greatly exceeds the rate of non-synonymous 

substitutions for the vast majority of genes (Beebee and Rowe, 2008); however the 

percentage of amino acid changes from nucleotide changes increases dramatically for 

MHCI and MHCII.  Previous studies have also shown that the MHC PBR has high rates 

of non-synonymous substitutions when compared to other protein coding regions 

(Borghans, et al., 2004).  The average percentage for the other coding regions also 

increases from variable nucleotide sites to variable amino acid sites; however, the 

increase is only by 0.01%.  Further testing would have to be conducted to determine if 

these values were significant.  Non-synonymous substitutions are ultimately what change 

the resulting protein.  The fact that so many of the nucleotide substitutions are non-

synonymous suggests that selection is acting to increase the molecular variation that leads 

to changes in the protein structure.   

Heterozygosity 

 The percentage of heterozygous sites shows a similar trend to the nucleotide and 

amino acid change percentages (Table 4).  MHCI and MHCII has 1.42% heterozygosity 

and 0.81% heterozygosity, respectively, while the average for the other coding regions is 
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0.06% and for non-coding regions is 0.22%.  While the trend is not as obvious as in the 

other two categories, there is still a substantial difference between the values.   

It must also be taken into account that the heterozygosity values had to be 

calculated differently for the direct sequencing data and the cloned data.  Direct 

sequencing data allowed for heterozygous sites to be counted directly.  That value was 

then divided by the total number of nucleotide sites that were analyzed at each region.  

For the cloned data, ambiguous sites were not present due to the separation of alleles into 

different colonies during the cloning process.  The calculations for the MHC regions 

included taking the number of nucleotide substitution sites and dividing it by the total 

number of nucleotide sites for the gene region.  For MHCI the value then had to be 

divided by three because three gene regions were thought to have been amplified.  By 

dividing the heterozygosity value by three, it is anticipated that the average 

heterozygosity of all three genes was found.  No extra calculation was necessary for 

MHCII, because only four alleles segregate among the two individuals, suggesting that 

only one gene region was amplified.   

Footprint of selection 

 Heterozygote advantage is very commonly suggested as one of the mechanisms 

behind variation at the MHC; although it is understood that heterozygote advantage alone 

is not enough to explain the high degree of polymorphism (Borghans, et al., 2004).  

Heterozygosity percentages at the MHC loci are higher than that of the other coding 

regions, but also higher than the non-coding regions which would presumably gaining 
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polymorphisms neutrally.  This suggests that being heterozygous at MHC loci is 

advantageous and selection is acting to increase heterozygotes in the population.   

 Heterozygote advantage at the MHC is apparent across the animal kingdom.  It is 

seen at the MHC class II region in the migrating bird species Gallinago media, whose 

immune system must often respond to parasitic infections (Ekblom, et al., 2007).  As in 

this study, Ekblom, et al. compared the heterozygosity at the MHC to the heterozygosity 

of non-coding regions and found the MHC values to be higher relatively (2007).  

Heterozygote advantage can also be inferred from the opposite viewpoint in polar bears, 

whose arctic environment was never suited to a wide array of pathogens (Weber, et al., 

2013).  Selection did not need to act on diversifying the MHC loci because relatively 

fewer pathogens existed in the harsh environment; however, global warming has the 

potential to increase and diversify the pathogens present in the arctic (Weber, et al., 

2013).  Weber, et al. also mention that the balancing selection acting at the MHC in polar 

bears is diversifying only to a certain point, and while multiple alleles are favored, the 

total allelic diversity is much lower relative to similar species in different environments 

(2013).  The possible influx of other species and pathogens in the arctic due to global 

warming could pose a great risk for polar bears and other arctic species with low MHC 

variation (Weber, et al., 2013).   

 Fish species have also been shown to exhibit heterozygote advantage and 

balancing selection at the MHC.  The Chinook salmon shows evidence for heterozygote 

advantage at the MHCII loci (Evans and Neff, 2009).  The main pathogenic concern for 

these salmon is bacteria, and heterozygote advantage was only apparent in the MHCII 

region, which codes for the molecules that present extracellular pathogens generally 
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deriving from bacteria (Evans and Neff, 2009 and Parham, 2009).  The MHCI region did 

not show signs of heterozygote advantage or balancing selection (Evans and Neff, 2009).  

This could imply that more variation exists at the MHC class that corresponds to the type 

of pathogen most commonly affecting the population.  Future studies with spiny dogfish 

could include looking at the types of pathogens common to the species, since the MHCI 

and MHCII regions showed substantially different values from one another.  

 Our data correlates with much of the literature in that heterozygote advantage and 

balancing selection appear to be selective mechanisms at work at the MHC, even though 

some species thrive with low MHC variation, such as the Northern elephant seal and a 

population of Chillingham caddle (Acevedo-Whitehouse and Cunningham, 2006).  It is 

clear; however, that some form of diversifying selection is acting on the MHC loci of 

spiny dogfish, and our evidence suggests that heterozygote advantage is playing a role.   

Future Research 

 While data collected did support the hypothesis that high levels of nucleotide 

substitutions, amino acid changes, and heterozygosity would be higher at MHCI and 

MHCII loci than other coding and non-coding regions, some changes in the experiment 

could have made the results more reliable.  Larger sample sizes could have helped make 

results more trustworthy.   Limited availability of DNA also caused some of the mothers’ 

pups to be used when the mothers had already been used in the experiment.  This could 

have skewed the data at all loci because variation between mother and pup is likely to be 

lower than between two unrelated individuals.  It also could have been helpful to clone 

individuals at all of the genomic regions in order to approximate the number of alleles 
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across the sample population at each region.  This value would have been a useful tool 

for comparison. 

 Due to some of the data being from direct sequencing of PCR product and some 

being from cloning products, statistical tests could not be used to determine the 

significance of the values obtained for percent of variable nucleotide sites, percent of 

variable amino acid sites, and percent heterozygosity.  Furthermore, percent 

heterozygosity was calculated in a different manner in the direct sequence data than in the 

cloning data.  While the heterozygosity values should be reliable for the direct 

sequencing data, heterozygosity values for the clone data relies on estimations of the 

number of gene regions that the primers amplified. 

 It was also previously mentioned that nine alleles segregated in MHCI and four in 

MHCII for just two individuals.  Because six alleles segregated in one individual and 

spiny dogfish are a diploid organism, it was determined that three separate gene regions 

had been amplified.  Future studies could focus on determining the number of alleles at a 

single locus across a large number of individuals.  While this would have been useful 

data to this study, to get successful results approximately sixteen clones from at least 20 

individuals at the MHCI locus and 20 from the MHCII locus would have had to be 

amplified and sequenced.  The MHC gene family is potentially very complicated due to 

high levels of gene duplication (Parham, 2009).  Very large data sets would be necessary 

to determine if multiple genes are being amplified.    

 Multiple paternity is a trait demonstrated by spiny dogfish and it is thought to 

increase genetic variation (Lage, et al., 2008).  Future studies could involve looking 
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specifically at variation at the MHC of the mother versus her pups.  This could help 

determine if sexual selection plays a role in variation at the MHC.  If the pups contained 

many different alleles than their mother, it could be assumed that mates are being chosen 

in part based on MHC or that eggs are selecting sperm that have diverse MHC genes as 

suggested by Wedekind, et al., 1996.   

Conclusion 

 While spiny dogfish exhibit many life history characteristics that make them 

extremely vulnerable to overfishing and the possible consequences of decreased 

variation, it appears that the individuals in this study have maintained high levels of 

variation at the MHC relative to other coding and non-coding regions.  Maintenance of 

adaptive molecular variation is necessary for populations to be able to adapt to changes in 

their environment and key to the long-term success of a species (Beebee and Rowe, 

2008).  It is especially important for genetic variation to be maintained at the MHC 

because of the importance of variation in recognizing different antigen types.   

 From a conservation standpoint, maintaining diversity at the MHC is important in 

protection against foreign pathogens.  Entire populations could be devastated if it comes 

into contact with a new pathogen and there is no MHC allele in the population that could 

help initiate an adaptive immune response against it.  It does appear, however, that 

adaptive molecular variation has been maintained in the individuals in this study and that 

selective forces are working to increase the number of alleles in the population.   
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Appendices 

 

Appendix A- The description of substitution polymorphisms seen at each of the regions.  

For each table, the position is relative to the consensus sequence.  MC3R is not 

shown because no substitution polymorphisms were observed.  MHCI and MHCII 

are not shown because of the extremely high level of polymorphisms and 

complicated amino acid changes that resulted.   

 

A.1- CFTR   

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

311 CM* SA005, SA006, SA006D, SA010B, 

SA013, 1, 4 

1 PT/P 

340 AG SA001, SA004, SA009, SA009B 3 none 

“ AR SA002A, SA003D, SA005, SA006, 

SA006D, SA008, SA013, 2, 3 

“ “ 

410 GR SA006, SA006D, SA010B, 3, 4 1 AT/A 

613 TC SA011 3 none 

“ TY SA005, SA005A, SA006, SA006D, 

SA010B, SA012, SA013, 1, 2, 3, 4,  

“ “ 

*See Appendix C for list of ambiguity codes. 

 

A.2- MC4R 

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

105 GR SA002A, SA004 3 none 

309 GR SA001, SA004, SA005, SA005A, 

SA006, SA008, SA009, SA009B, 

SA010, SA010B, 1, 4 

3 none 

 

A.3- MC5R 

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

389 CY SA001,  SA003D, SA005A, SA006D, 

SA008, SA013, SA009B, 4 

3 None 

461 CY SA009B 3 None 

686 CR SA001 3 IM 
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A.4- SINE1 

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

172 AM SA012 N/A N/A 

186 TK 2 N/A N/A 

 

A.5- SINE3 

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

89 AM SA002A, SA003D, SA004, SA005, 

SA005A, SA006, SA008F, SA009B, 3 

N/A N/A 

95 GR SA005A N/A N/A 

159 AW SA009, 4 N/A N/A 

160 CM SA009, 4 N/A N/A 

262 AC SA003D, SA008F, SA009, SA012 N/A N/A 

“ AM SA005A, SA006D, SA009B, SA010, 

SA010B, 2, 4 

N/A N/A 

274 CY SA009B N/A N/A 

279 AM SA009, 4 N/A N/A 

299 CY SA009, 4 N/A N/A 

449 CS SA012 N/A N/A 

451 CY SA009B N/A N/A 

456 GR SA013 N/A N/A 

553 AR SA001, SA003D, SA005A, SA008, 

SA009B, SA010, SA012, 1, 3, 4 

N/A N/A 

574 TY SA012, 3 N/A N/A 

582 GR SA012, 3 N/A N/A 

587 GR SA002A, SA003D, SA004, SA009B, 

SA010B, SA013 

N/A N/A 

591 TY 1 N/A N/A 

593 GR 1 N/A N/A 

601 GR SA012, 3 N/A N/A 

622 TY SA002A, SA005, SA006D, SA008, 

SA008F, SA010, SA010B, SA013, 1, 3 

N/A N/A 

678 CA SA008, SA010, 1 N/A N/A 

“ CM SA005A, SA006D, SA008F, 3 N/A N/A 

864 CT SA008, SA010, 1 N/A N/A 

“ CY SA005A, SA006D, SA008F, 3 N/A N/A 

866 AG SA008, SA010, 1 N/A N/A 
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A.6- SINE9 

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

26 CA SA006, SA009B N/A N/A 

253 CY 2 N/A N/A 

267 TC SA001 N/A N/A 

402 CT SA005, SA003D, 2 N/A N/A 

493 GR 2 N/A N/A 

649 GR SA006, 2, 3 N/A N/A 

706 AM SA001, SA002, SA003D, SA004, 

SA009B, 2 

N/A N/A 

“ AC SA006 N/A N/A 

724 GR SA001, SA009B N/A N/A 

“ GA 4 N/A N/A 
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A.7- SINE10 

Position Base 

Change 

Individuals Codon 

Position 

Amino Acid 

Change 

132 CT SA001 N/A N/A 

224 GA SA001 N/A N/A 

226 GA SA008 N/A N/A 

“ GR SA003D N/A N/A 

333 GA 4 N/A N/A 

362 CY SA002, SA004, SA005, SA011, 1 N/A N/A 

“ CT SA005A, SA006D, SA009B, SA012, 

SA013 

N/A N/A 

457 CY SA002, SA003, SA003D, SA008F N/A N/A 

“ CT SA008, SA001 N/A N/A 

458 AW SA002, SA003, SA003D, SA008F N/A N/A 

“ AT SA008, SA001 N/A N/A 

595 TK SA006, SA003D N/A N/A 

“ TG SA008 N/A N/A 

623 YT SA003D, SA008, SA013, 4 N/A N/A 

“ YC SA001, SA003D, SA013 N/A N/A 

635 GS SA002, SA006, SA008F, SA011 N/A N/A 

“ GC SA003D, SA008 N/A N/A 

663 TK SA002, SA004, SA005, SA006 N/A N/A 

“ TG SA006D, SA013 N/A N/A 

684 CY SA005, SA011 N/A N/A 

693 CY SA003D, SA006, SA008F N/A N/A 

“ CT SA008 N/A N/A 

724 CT SA012 N/A N/A 

737 CY SA003D, SA006 N/A N/A 

“ CT SA008 N/A N/A 

753 GT SA008F N/A N/A 

769 GK 1 N/A N/A 

789 CY SA003, SA004, SA005, 1 N/A N/A 

“ CT SA001, SA012, 4 N/A N/A 

798 YT SA001, SA004, SA012, 4 N/A N/A 

“ YC SA003D, SA008, SA008F, SA011, 

SA013 

N/A N/A 

802 YT SA001, SA004, SA012, 4   

 YC SA003D, SA008, SA008F, SA011, 

SA013 
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Appendix B-  

B.1- The alignment of MHCI sequences.  The first row of dots for each colony signifies 

nucleotides that do not vary from the consensus sequence.  Nucleotide substitutions 

varying from the consensus sequence are marked as the letter of the base to which they 

switch.  The second row of dots for each colony signifies amino acids that do not vary 

from the consensus sequence.  Varying amino acids are marked as their letter 

abbreviation as well. 

 

(Geneious, Biomatters, Ltd. Auckland, New Zealand) 
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B.2- The alignment of MHCII sequences.  The first row of dots for each colony signifies 

nucleotides that do not vary from the consensus sequence.  Nucleotide substitutions 

varying from the consensus sequence are marked as the letter of the base to which they 

switch.  The second row of dots for each colony signifies amino acids that do not vary 

from the consensus sequence.  Varying amino acids are marked as their letter 

abbreviation as well. 

 

(Geneious, Biomatters, Ltd. Auckland, New Zealand) 
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Appendix C- IUPAC Ambiguity Codes (IUPAC, Research Triangle Park, NC) 

 

Code Bases Description 

R A or G puRine 

Y C or T pYrimidine 

M A or C aMino 

K G or T Keto 

S C or G Strong 

W A or T Weak 
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