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The Major Histocompatibility Complex (MHC) encodes proteins critical to 

the vertebrate immune response; therefore MHC diversity is an indicator of 

population health.  I have (1) Isolated exon 2 of the class II gene DQA in 

Tursiops truncatus in the North Indian River Lagoon (IRL) (n=17), South IRL 

(n=29) and adjacent Atlantic waters (n=20), (2) assessed genetic variability 

between groups, (3) developed a method to genotype individuals, (4) typed 11 

unique alleles in 66 individuals, (5) detected geographic patterns of diversity 

between estuarine and coastal individuals (FST=0.1255, p<0.05), (6) found 

evidence of positive selection centered in the binding pockets P1, P6 and P9 of 

the peptide binding region (ω=2.08), (7) found that patterns of polymorphism did 
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not closely match patterns of diversity in neutral markers, (8) performed a pilot 

study with Orcinus orca. The initial findings highlight the need for further 

comparative work and suggest that silent mutations are not neutral.
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INTRODUCTION 

Proteins encoded in the major histocompatibility complex (MHC) play 

influential roles in resistance and susceptibility to infectious disease, and are 

therefore of keen interest in conservation. The primary role of MHC proteins is to 

bind foreign proteins and present them to specialist immune cells that initiate an 

immune response (Klein, 1986). The MHC contains the most variable functional 

genes described in vertebrates, and is a model for how genetic diversity can be 

maintained by selection within populations (Piertney & Oliver, 2005). 

Characterizing the diversity seen at MHC loci is a genetic tool used to measure 

the health of vertebrate populations.  

The MHC is a multigene family that spans around 4 million base pairs 

encoding about 100 known genes (Morris et al., 1994); it contains two major 

subfamilies, known as class I and class II. In mammals, the class I and class II 

genes are separated by a third region, referred to as class III, which contains 

genes unrelated to class I and class II genes (Hughes & Yeager, 1998). Class I 

molecules are glycoproteins expressed on the surface of all nucleated somatic 

cells except sperm cells. They are critical to defense against intracellular 

pathogens, such as viruses, by presenting peptides derived from the breakdown 

of these pathogens to CD8+ cytotoxic T-cells. Class II molecules defend against 

extracellular pathogens, such as parasites, by presenting foreign peptides on the 
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surface of an antigen presenting cell, like macrophages, lymphocytes or dendritic 

cells, to CD4+ T-helper cells (Piertney & Oliver, 2005). The MHC class I or II 

molecule consists of an immunoglobulin stem anchoring the molecule to the cell 

surface, and the peptide binding region (PBR), which is the receptor responsible 

for antigen recognition (Piertney & Oliver, 2005). The PBR exhibits some degree 

of specificity, however, several different peptides that have common amino acid 

residues at crucial anchor positions can bind to a single MHC molecule (Altuvia & 

Margalit, 2004). The combination of the pairing between the PBR, the antigenic 

peptide and the T-cell receptor is what initiates the immune cascade within an 

individual (Piertney & Oliver, 2005).  

The human MHC, referred to as the human leukocyte antigen complex 

(HLA) (Horton et al., 2004), class II region contains three loci presumed to be 

involved with antigen presentation HLA-DP, HLA-DQ and HLA-DR. The three loci 

each encode an α and a β chain that combine to form hetero-dimeric proteins.  

These proteins have two defined extracellular domains: α1, α2, β1 and β2 

(Bondinas et al., 2007). The HLA-DQ locus is polymorphic, and the 

polymorphisms that span region α44-53 and β85-90 determine the αβ pairing of 

the hetero-dimeric protein (Bondinas et al., 2007; Kwok et al., 1993; Siebold et 

al., 2004). The intertwining of the αβ chains also forms the α1β1 domain, the 

location of the antigen binding, which is known as the peptide antigen-binding 

groove (Bondinas et al., 2007; Brown et al., 1993; Stern et al., 1994; Fremont et 

al., 1996; Murthy & Sterm, 1997; Latek et al., 2000). The antigen-binding groove 



3 
 

has five pockets, P1, P4, P6, P7 and P9 that hold an amino acid R group. Each 

pocket displays specificity for binding particular R groups based on size, polarity, 

and charge; together the pocket specificities create affinity for binding to certain 

peptides (Bondinas et al., 2007; Rammensee et al., 1995). MHC diversity at 

class II loci may reflect the pathogen environment of a given species (Hoelzel et 

al., 1999; Potts & Slev, 1995). Within class II genes, most of the focus is on the 

second exon, as it codes for parts of the functionally important antigen binding 

sites (Sommer, 2005). In 2007, Bondinas et al. proposed a novel numbering 

system attempting to unify MHC class II alleles across all animal species, which I 

adhered to for this analysis (Koutsogiannouli et al., 2009). Within DQA, exon 2 

encodes the α1 domain, which contains 15 residues that contribute to the 

conformation of pockets P1, P6 and P9 (Koutsogiannouli et al., 2009). I chose to 

analyze exon 2 of DQA, as it is one of the most polymorphic loci in class II genes 

and encodes the PBR.  

Genes of the MHC are among the most polymorphic loci known in 

mammals (Hedrick, 2002). This polymorphism leads to an unusual amount of 

alleles that cannot be explained by neutral theory. It is proposed that MHC class 

II loci polymorphism reflects the pathogen environment of a given species 

(Hoelzel et al., 1999; Potts and Slev, 1995). Within class II genes, most of the 

polymorphism and research focus is on the second exon because it encodes the 

functionally important α1 β1 domains (Sommer, 2005). 
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The polymorphism found in the MHC is believed to be maintained by 

balancing selection (Piertney & Oliver, 2005; Bernatchez & Landry, 2003; 

Sommer, 2005; Koutsogiannouli et al., 2009; Hughes & Nei, 1988; Hughes & Nei, 

1989; Amills et al., 2008), which both sustains a large number of alleles in a 

population and maintains the allelic diversity over long periods of time when 

compared to neutral variation (Sommer, 2005). Generally, two types of balancing 

selection are debated in the literature as being important mechanisms for 

maintaining high levels of genetic variation: heterozygote advantage and rare 

allele advantage. Heterozygote advantage, or more appropriately, 

overdominance (heterozygote superiority), arises when heterozygotes are more 

fit. This could be the case if different MHC class II alleles differ in ways that lead 

them to bind and present different antigens. In the second model of balancing 

selection, pathogens adapt to the most common host genotypes, giving rare 

alleles a fitness advantage. This suggests that the fitness of an allele changes 

over time due to its frequency (Sommer, 2005; Bernatchez & Landry, 2003; 

Richman, 2000; Hughes & Nei, 1989; Doherty & Zinkernagel, 1975).  

One way of detecting whether selection acts to maintain MHC 

polymorphism is to examine the ratio of synonymous to non-synonymous 

substitutions. The most commonly applied method for detecting positive 

selection, proposed in 1987 by Hill and Hastie, and then again by Hughes and 

Nei in 1988, is referred to as the dN/dS  ratio test (Bernatchez & Landry, 2003). If 

ω=dN/dS  >1 within the PBR, then evidence suggests that positive selection is 
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acting on the exon (Amills et al., 2008; Hughes & Nei, 1988). Detecting selection 

at a gene is valuable when choosing loci suitable for functional studies (Ford, 

2002); However, identifying how variation is influenced by selection and gene 

function is difficult, and the mechanism behind the operation of selection is often 

unclear (Spurgin & Richardson, 2010; Ford, 2002). 

In marine environments, infectious diseases are being recognized and 

identified, particularly now as anthropogenic intrusion alters chemical and 

microbial environments, exposing marine mammals to novel pathogens (Harvell 

et al., 1999; de Swart et al., 1996; Yang et al., 2007). Variation at the MHC is 

proposed to be maintained by exposure to pathogens or infectious disease; 

therefore, functionally important immunological genes like the MHC, have been 

examined in marine species of conservation concern (Hedrick, 2002; Yang et al., 

2007). While DQA has been well studied in terrestrial mammals, studies at this 

locus in marine mammals remain inconclusive. Like all mammals, marine 

mammals are warm blooded and breathe air, yet they also rely on the aquatic 

environment to fulfill their life needs, exposing them to both terrestrial and aquatic 

pathogens. In the last 20 years, epizootics from viral infections have claimed 

thousands of marine mammals (Van Bressem et al., 1999; Vassilakos et al., 

2009). A morbillivirus was first identified in 1988 as being a cause for mass 

mortality seen in marine mammals (de Swart et al., 1996). Since then, newly 

recognized morbilliviruses have been implicated in serious disease outbreaks 

seen in seals and dolphins (de Swart et al., 1995). Mass mortalities seen in these 
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species have led to speculation about the possibility of contaminated marine 

environments having an effect on the individual, particularly immunosuppression 

associated with environmental pollution (de Swart et al., 1996). Parasite load 

information is difficult to obtain for cetaceans, suggesting that examining class II 

loci might be a useful alternative to understand how parasites affect health of 

individuals. 

The bottlenose dolphin (Tursiops truncatus) is found in estuarine, coastal 

and pelagic environments and is comprised of resident and migrant populations 

(Klinowska, 1991; Connor et al., 2000; Caldwell & Caldwell, 1972; Rodgers, 

2013). Bottlenose dolphins are considered a sentinel species, implying that they 

are sensitive to slight changes in the environment that could alter their behavior 

and physiology, allowing them to serve as a warning signal for possible risks 

occurring in the ecosystem where they live (Reddy et al., 2001; Wells et al., 

2004; Bossart, 2006). As human colonization increases along the east coast of 

Florida, the quality and quantity of dolphin habitat continues to decline. Many of 

the same health hazards are shared with humans, including mercury 

contamination, which can be acquired through ingestion, exposure to brevetoxins 

and other respiratory ailments, and exposure to lobomycosis, a fungus 

contracted through environmental contact under natural conditions. These health 

problems add to the conservation concerns for the species (Woodward & Clyde, 

1994; Culliton, 1998; USCB, 2012; FLDEP, 2011; Rodgers, 2013; Durden et al., 

2007; Murdoch et al., 2008; Kirkpatrick et al., 2004; Glibert et al., 2005).  
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The Indian River Lagoon (IRL), which extends 250km along Florida’s east 

coast, is dolphin habitat that is strongly influenced by human activities. It is a 

unique shallow coastal ecosystem that constitutes a major portion of inshore 

dolphin habitat (Murdoch et al., 2008). The water quality within the IRL has been 

altered due to issues such as: chemical contamination, high nutrient input, 

decreased salinity, loss of sea grass habitat, and eutrophication, which can be 

attributed to intense agricultural activity and expanding human development 

along the coast, exacerbated by limited flusing and tidal exchange with the 

Atlantic Ocean (Murdoch et al., 2008; Sigua et al., 2000; Sime, 2005). High 

concentrations of PCBs and mercury are found in the blubber and skin of IRL 

dolphins, respectively, (Houde et al., 2006; Stavros et al., 2007), and both are 

known to suppress immune function (Lahvis et al., 1995; Moszczynski, 1997; 

Murdoch et al., 2008). Infusions of water from flood control drainage canals, run-

off from agricultural watersheds and freshwater releases from Lake Okeechobee 

impact the central and southern segments of the IRL (Sime, 2005; Murdoch et 

al., 2008). Murdoch et al. (2008) found that dolphins in the southern region of the 

IRL had a higher prevalence of lobomycosis than the northern dolphins, by 

almost 40 times. Dolphins with lobomycosis were described to have significant 

impairment of adaptive immunity by Murdoch et al. (2008), suggesting that those 

individuals might be immune-compromised hosts (Reif et al., 2008).  

Atlantic bottlenose dolphins seen within 7.5km of shore are considered 

coastal and those beyond 7.5km are considered offshore (Mazzoil et al., 2011). 
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In some areas, they have been observed to be year-round or seasonal residents, 

migratory or transient. However, the spatial extent, site fidelity, and degree of 

overlap between the bordering estuarine populations and the Atlantic bottlenose 

dolphins remain unclear (Torres et al., 2003; Mazzoil et al., 2011; Barco et al., 

1999). Due to lack of dolphin health assessments along the east coast of Florida, 

the status of immune function of the Atlantic bottlenose dolphins is uncertain from 

the clinical perspective; however, because the Atlantic dolphins are considered 

migratory or transient, it is thought that they are not subjected to the same 

localized point source pollution as the IRL dolphins.  

Comparison of populations experiencing different immune challenges will 

aid in understanding the significance of MHC diversity and the effects it has on 

individual fitness and population viability (Edwards & Potts, 1995; Piertney & 

Oliver, 2005). In order to estimate the amount of variation seen within an 

individual or population, neutral markers found in noncoding loci, such as 

mitochondrial DNA (mtDNA), microsatellites or single nucleotide polymorphisms 

(SNPs) are commonly used. Neutral markers are useful for gathering information 

on dispersal patterns of individuals, gene flow, phylogenetic reconstruction, and 

relatedness; however, interaction between individuals and their environment, 

adaptive change and selective processes are not detectable with neutral markers 

(Sunnucks, 2000; Lowe et al., 2004; Blouin et al., 1996; Brumfield et al., 2003; 

Meyers et al., 2002; Sommer, 2005). The variability seen in the MHC reflects 

evolutionary relevant and adaptive processes within and between populations 
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(Sommer, 2005). MHC loci are expected to illuminate issues relevant to 

conservation because they affect individual fitness, population viability and the 

evolutionary potential in a changing environment (Piertney & Oliver, 2006; 

Hedrick, 1999; Aguilar et al., 2004; Seddon & Ellegren, 2004). However, 

behavioral and demographic factors that are distinguished with neutral markers 

have the potential to affect selection at MHC genes (Hambuch & Lacey, 2002). In 

addition to balancing selection, MHC genes are also affected by migration and 

drift, which shape the variation seen in non-coding loci (Hambuch & Lacey, 

2002). The smaller the effective population size the larger the effect drift has, and 

the ability of natural selection to overcome this decreases for the population 

(Kimura, 1985; Hambuch & Lacey, 2002). For these reasons, I will be taking 

patterns of neutral genetic structure into account when looking at MHC loci, so 

that forces such as drift and balancing selection are both considered when 

identifying variation seen in the MHC region. One of the most important genetic 

systems to study for infectious disease resistance in vertebrates is the MHC (Hill, 

1998; Hedrick et al., 2000), which is why I chose to look at exon 2 in a highly 

polymorphic locus involved in antigen binding and presenting of foreign peptides 

between the Northern IRL, Southern IRL and Atlantic dolphins.
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MATERIALS AND METHODS 

Sample Choice and Collection  

Tissue samples were collected from stranded individuals, from animals 

sampled as part of live capture studies (HERA), or via remote biopsy darting.  

Tissues were preserved in 20% dimethyl sulfoxide (DMSO) saturated with 

sodium chloride (Amos & Hoelzel, 1991). These samples are part of a much 

larger population and community structure project involving detailed 

mitochondrial and microsatellite analysis which is the focus of a related study 

(Rodgers, 2013). The microsatellite analysis ensured that no individual was 

sampled multiple times. A subset of these samples was chosen based on three 

criteria: 1.) Location: the population and community structure project spanned a 

much larger study area than the MHC project. For this project, I wanted to focus 

on three distinct locations shown on the segment map from Woodward-Clyde 

(1994) seen in Figure 1, the North IRL (Segment 1C) (n=24), the South IRL 

(Segment 4) (n=32) and the Atlantic Ocean (n=32).  Locations determined from 

GPS coordinates of where the sample was collected, either from a stranding 

(dead) or HERA (live). 2.) Amount of total DNA extracted: only samples with > 

100ng/μL of banked total DNA were used. 3.) Samples were only used if 
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mitochondrial sequencing was successful, and a haplotype was determined 

(Rodgers, 2013). 

 

DNA Extraction 

DNA extraction was carried out by S. Rodgers (2013) as part of the 

related study on population structure. Tissue samples were extracted using a 

standard three day sodium chloride protocol and the quantity and quality of DNA 

was determined via spectrophometry on a Nanodrop (Thermo Fisher Scientific, 

Delaware USA). 
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Figure 1. Indian River Lagoon (IRL) segment map depicting the 

specific study sites: North IRL (1C) shown in yellow, South IRL (4) 

shown in pink, and adjacent Atlantic waters.  
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Primer Design and PCR Amplification 

The primer combination DQA-1 (5’-CAGTACACCCATGAATTTGATGG-3’) 

and DQA-2 (5’-CCAGTGCTCCACCTTGCAGTC-3’) was developed by Auffray et 

al. (1987) for the human DQA gene and Caballero et al. (2010) used them to 

amplify part of exon 2, all of intron 2 and part of exon 3 of the MHC class II DQA 

locus in Sotalia fluviatilis and S. guianensis. I started with these primers as well, 

and was able to amplify the same region. Since exon 2 was the main focus of 

this study, the 822bp sequence was aligned to the whole genome sequence 

(WGS) for T. truncatus on GenBank (Accession ABRN00000000.2), and new 

primer pairs were designed using the program Primer3 (Rozen & Skaletsky, 

2000) to amplify T. truncatus DQA exon 2 specifically. OligoAnalyzer v3.1 from 

Integrated DNA Technologies (IDT) was also used to check for the possibility of 

hairpins and/or primer dimers. Two species specific primers were designed: 

DQA_F_7582 (5’-GCCCGTCACCTTCACTTATC-3’) and DQA_R_8110 (5’-

GCTTGTTAAGGAGGGAGGTC-3’), and amplified 529bp of the target region of 

the DQA gene: 22bp of intron 1 upstream of exon 2, all 246bp of exon 2, and 

261bp into intron 2 (See Figure 2).  

Each target region of the 88 samples chosen from the three distinct areas 

was then amplified by the Polymerase Chain Reaction (PCR) in a 25μL reaction. 

The master mix was comprised of 13μL MQ H₂O, 2.5μL 10X Standard Taq 

Reaction Buffer (NE Biolabs, Ipswich, MA, USA), 0.5μL 25mM MgCl₂ Solution 

(NE Biolabs), 0.5μL 10mM dNTPs (NE BioLabs), 0.75μL DQA_F_7582, 0.75μL 
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DQA_R_8110, both at concentrations of 10μM (Invitrogen, Carlsbad, CA, USA), 

2.5units of Taq DNA Polymerase (NE BioLabs) and 7μL of DNA at 10ng/μL. 

Replacing the 7μL of DNA with 7μL of water, a negative control was run with all 

the PCR reactions.  The PCR profile for amplification was as follows: initial 

denaturation at 94°C for 3 min; 36 cycles at 94°C for 30s; 58°C for 30s and 72°C 

for 1 min; and a final extension at 72°C for 10 min (Caballero et al., 2010). 

Reactions were amplified in an Applied Biosystems 2720 Thermal Cycler 

(Applied Biosystems, Foster City, CA, USA).  
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Figure 2. Map of DQA showing length, location and primer sites. Arrows indicate 

position of primers and boxes denote location and number of exon. Introns are 

denoted by the solid black line and are not drawn to scale.   
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Direct Sequencing 

5μL of product from each PCR amplification was run on a 2% agarose 

(Genesee Science, San Diego, CA, USA) gel with 4ul/100mL of 1% Ethidium 

Bromide (Thermo Fisher Scientific, Pittsburgh, PA, USA); band lengths were 

fluoresced with UV light and verified to be the proper length (>500bp) by running 

the product next to a standard 100bp DNA ladder (NE BioLabs 500μg/mL). PCR 

amplicons were cleaned by adding 10μL of PCR product to 1.5μL of 1un/μL 

Shrimp Alkaline Phosphatase (SAP) (Affymetrix, Santa Clara, CA, USA) and 

1.0μL of 10un/μL Exonuclease I (Exo I) (Affymetrix), per each sample at 37°C for 

30min, 80°C for 15min on a 2720 Thermal Cycler; SAP removes excess dNTPs 

and Exo I removes leftover primers. A sequencing reaction followed, where two 

separate master mixes were made; one mix contained the forward primer while 

the other contained the reverse primer. The total volume of each master mix was 

8.5μL, and contained 4μL of water, 1.5μL of BigDye v3.1, and 3μL of 1μM primer 

for each sample. 8.5μL of master mix was distributed into each of the wells of a 

96-well semi-skirted 0.2mL sequencing plate (USA Scientific, Ocala, FL, USA), 

and the forward and reverse mixes were kept separate for each sample. Next, 

3.5μL of cleaned PCR product was added to each master mix aliquot; the 

sequencing reaction profile was preceded by 96°C for 1 min, then denatured at 

96°C for 10s, annealed at 50°C for 5s and extended at 60°C for 4min for 35 

cycles. A standard ethanol precipitation protocol was followed to efficiently 

precipitate the nucleic acid, and samples were then suspended in 10μL of HI-

DI™ Formamide (Applied Biosystems) and heat shocked at 90°C for 2 minutes. 
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The resulting products were sequenced in both the 5’ and 3’ directions using the 

ABI 3130xl Genetic Analyzer using v3.1 Dye Terminator Cycle Sequencing 

(Applied Biosystems). Sequences were held to a strict standard, where overall 

sequence noise had to be minimal to nonexistent, peaks were required to be 

clean and well formed, and the forward and reverse sequences had to almost 

completely overlap (forward primer always started about 30bp into exon2).  This 

rigorous process took our sample total from n=88 to n=66: North IRL n=17, South 

IRL n=29, ATL n=20. The sequences were individually inspected and manually 

aligned using Sequence Analysis v5.2 (Applied Biosystems). I then used a three-

step process to identify potential heterozygous sites within individual sequences. 

(1) manual inspection of chromatograms for the presence of double peaks, the 

lower peak being at least 25% in height compared to the higher peak, (2) a 

reanalysis of sequences in Sequence Analysis v5.2 using a new protocol 

manager that identified the heterozygote peak using the official IUPAC nucleotide 

nomenclature for that heterozygous site, (3) confirmation of heterozygote peak in 

both the forward and reverse strand. Sequences were then aligned using 

ClustalW Multiple Alignment in BioEdit Sequence Alignment Editor Version 

7.1.3.0 (Hall., 1999). Since the reverse sequence captured the complete exon 2, 

the ClustalW alignment was comprised entirely of reverse sequences, and the 

forward sequences were run strictly as a verification strand.  
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Cloning and Allele Typing 

Once individuals were sequenced and preliminary data were analyzed, 

cloning methods were applied to a subset of samples in order to verify the 

Sanger sequencing method and to type the alleles for heterozygous individuals 

amplified by DQA_F_7582 and DQA_R_8110. Samples were amplified using the 

same PCR master mix protocol previously detailed, except all volumes were 

doubled to make a 50μL reaction. Products were run on a 2% agarose gel with 

Ethidium Bromide, and band lengths were verified to be the correct size by 

running the samples with the Standard DNA ladder and making sure the 

fragments were around 500bp.  

A MinElute PCR Purification Kit (Qiagen, Valencia, CA) was used to purify 

the PCR products. A TOPO-TA Cloning® Kit for Subcloning was used to ligate 

the fragment into the TOPO vector. Using 4μL of PCR product, 1μL Salt Solution 

(provided with kit) and 1μL of TOPO vector, the reaction was mixed gently and 

incubated for 10 minutes at room temperature. Samples were then transformed 

into competent Escherichia coli using One Shot TOP 10 Chemically Competent 

E. coli (Life Technologies, Carlsbad, CA, USA). All 6μL of the TOPO cloning 

reaction were added into a vial of One Shot Chemically Competent E. coli, and 

mixed gently. Vials were incubated on ice for 10 min, and then cells were heat 

shocked in a water bath at 42°C for 30s without shaking. Tubes were 

immediately transferred to ice for 10min and then 250μL of room temperature 

S.O.C medium was added to each vial. Tubes were then placed horizontally in 
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the New Brunswick Scientific Excella E24 Incubator Shaker (Eppendorf, 

Hauppauge, NY, USA) for 1 hour at 200rpm. 80μL of 20mg/mL of 5-bromo-4-

chloro-indolyl-β-D-galactopyranoside (X-gal, Life Technologies) was spread on 

each plate prior to transformation for blue/white screening. 50μL and 150μL 

volumes were spread on LB agar plates with 50μg/mL of ampicillin for each 

sample to ensure that at least one plate would have evenly spread colonies. 

Plates were incubated overnight at 37°C for a minimum of 12 hours. Each white 

colony was picked using a 0.1-10μL pipette tip (USA Scientific, Ocala, FL, USA) 

and dropped into a culture tube with 2mL of LB medium containing 50μg/mL of 

ampicillin and placed in the New Brunswick Scientific Excella E24 Incubator 

Shaker overnight at 37°C, shaking at 200rpm.  

To determine the sequence of each clone, initial efforts involved mini-

preps of DNA from each colony following their culture overnight. I used the 

PureLink Quick Plasmid Miniprep Kit (Invitrogen) to isolate plasmid DNA from the 

E. coli cells following manufacturer’s protocols. While this method successfully 

isolated plasmid DNA and facilitated the amplification and sequencing of target, I 

found it costly in terms of time and resources.  Therefore, I also used an 

alternative method: 1μL of each culture of E. coli was used as template in a PCR 

reaction using M13 forward and reverse universal primers (Eurofins MWG 

Operon, Huntsville, AL, USA). Each 25μL reaction contained 19.3μL of water, 

2.5μL of 10X Standard Taq Reaction Buffer, 0.5μL dNTP mix, 1.0μL of 1μM M13-

forward, 1.0μL of 1μM M13-reverse, and 1unit of Taq DNA Polymerase. 
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Amplification was preceded by a 10 min hold at 94°C, followed by 30 cycles at 

94°C for 30s, 60°C for 30s and 68°C for 1:30 with a final 10 min extension at 

72°C. This ‘shotgun’ method provided clear sequence in an efficient and 

repeatable manner. 

Products were run on a 2% agarose gel with Ethidium Bromide, and 

positive reactions of the expected length (because the M13 primers sit much 

further up and down stream than the DQA primers, the target band length is 

~800bp) were subsequently cleaned and sequenced following the Exo I SAP, 

sequencing reaction, and ethanol precipitation protocols previously detailed. 

Sequences were aligned against a homozygous individual used as the template 

in SeqScape v2.5 (Applied Biosystems) and alleles were typed and compared to 

the original Sanger sequences. Typed alleles were then imported to MEGA v5.0 

(Tamura et al., 2011) and aligned using ClustalW to verify that they were in fact, 

unique alleles. Using MEGA, the alleles were then converted to amino acid 

sequences, to ensure that no stop codons were present, indicating that all 

sequences could form functional molecules.  

A Neighbor Joining Tree (NJT) was constructed using the 11 unique 

alleles in MEGA v5.0. While this analysis is usually used for phylogeny 

reconstruction, phylogeny cannot be inferred from the alleles because the locus 

is under selection. Because this tree is not rooted, this test was used as a visual 

representation to depict the closeness of the alleles based on parsimoniously 

important sites. 
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dN:dS Ratio 

The dN:dS ratio is the traditional way to test for evidence of positive 

selection. I tested this ratio using a maximum likelihood model in the CodeML 

program, which is part of the PAML v4.6 software package (Yang, 2007). A log-

likelihood, or G-test, was performed to compare the fit of the two models.  

Population Genetics 

Population genetic statistics were generated for the North IRL, South IRL, 

IRL combined and Atlantic groups. The genotypes for each individual were 

entered into Arlequin v3.5 (Excoffier & Lischer, 2010), and deviations from 

Hardy-Weinberg equilibrium (HWE) were calculated using the exact test, and p 

values were estimated from 100,000 iterations of the data using the Markov 

chain method of Guo and Thompson (1992). Wright’s fixation index, FST, was 

estimated in Arlequin using an analysis of variance framework (Weir & 

Cockerham, 1984) via 50,000 permutations of the data.  

Cross Taxa Comparison 

Total DNA from two killer whale samples, one from Kamchatka, Russia 

and the other from the Commander Islands, Russia, was stored in house in a -

80°C freezer. PCR amplification followed the same protocol stated earlier for the 

bottlenose dolphin samples, including the DQA_F_7582 and DQA_R_8110 

primers. Success of the PCR was verified by checking fragment lengths on a 2% 

agarose gel, and samples were subsequently cleaned and sequenced following 
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the Exo Sap, Sequencing Reaction and Ethanol Precipitation protocols all 

previously detailed.  

Sequences were verified by comparing them to the Orcinus orca whole 

genome sequence on GenBank (Accession ANOL00000000.2). The two 

sequences from the Russian samples and the GenBank sequence were aligned 

using ClustalW in MEGA v5.1. The 2 Orcinus orca alleles were aligned with the 

11 Tursiops truncatus alleles, and a NJT was constructed to visually inspect how 

close alleles are based on parsimoniously informative sites. 
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RESULTS 

Direct Sequencing of DQA 

A total of 66 individual dolphins were successfully sequenced for 529 base 

pairs of the DQA gene, comprising 22 base pairs of intron 1, the entire exon 2 

and 258 base pairs of intron 2. Eighteen variable sites were identified across 

individuals, all found within exon 2. All of these sites were also identified as 

potential heterozygous sites within an individual using our 3-step approach 

detailed in the Direct Sequencing section of Materials and Methods (See Figure 

3 for chromatogram example). Subsequent cloning (see below) established these 

individuals as heterozygous at these sites, confirming the utility of direct 

sequencing and the SeqAnalysis software in identifying variable sites and likely 

heterozygotes in this gene. Out of the 66 dolphins sequenced, 22 were adjudged 

as homozygotes, exhibiting no potential heterozygous sites, and 44 were 

adjudged probable heterozygotes. 



24 
 

 
Figure 3. Aligned chromatograms of three Sanger sequenced individuals. Boxes 

indicate variable sites and it is noted whether the individual is homozygous or 

heterozygous at that location. 
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Sequence Variation in DQA Exon 2 

Eleven individuals were chosen for allele typing via cloning: 2 

homozygotes and 9 of the likely heterozygotes. On average, 6-8 clones were 

sequenced per individual and no more than two unique alleles were found for any 

one individual, indicating the presence of one locus for DQA in T. truncatus. 

From these, all of the direct sequenced homozygote/heterozygote identifications 

were confirmed and 7 alleles were typed (Figure 4).  Applying these alleles and 

the confirmation of direct sequenced homozygotes to our sample set, we were 

able to genotype 57 individuals. An additional 4 alleles were predicted by 

deduction, allowing us to genotype the remaining 9 individuals. The logic was as 

follows:  the remaining individuals to genotype were heterozygotes. Based on the 

frequency of known alleles, I surmised that the remaining individuals most likely 

had one “common allele” and one new allele. Using a parsimonious logic, the 

remaining 4 alleles were conservatively predicted (Figure 4).  In all cases the 

deduced allele was only 1–5 base pairs different from one of the confirmed 

alleles in the population.  

Thus, a total of 18 variable sites coding for 11 unique alleles were 

observed in this study (Figure 4). Alleles were named using the proposed 

method from Klein et al. (1993) and allele frequency by area is shown in Table 1. 

Since none of the alleles contained stop codons, evidence suggests that Exon 2 

of DQA in bottlenose dolphins is transcribed and expressed. 
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Figure 4. Alignment of 11 unique MHC DQA exon 2 alleles typed in this study for 

Tursiops truncatus.   
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Table 1. Allele frequency of the 11 unique Tursiops truncatus alleles for DQA 

exon 2 by study site area. 

 

 

  

North IRL South IRL Atlantic 

Tutr-DQA1*01 15 26 6

Tutr-DQA1*02 16 26 9

Tutr-DQA1*03 2 2 0

Tutr-DQA1*04 0 4 10

Tutr-DQA1*05 1 0 3

Tutr-DQA1*06 0 0 2

Tutr-DQA1*07 0 0 1

Tutr-DQA1*08 0 0 6

Tutr-DQA1*09 0 0 1

Tutr-DQA1*10 0 0 1

Tutr-DQA1*11 0 0 1

ALLELE FREQUENCY BY AREA
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Peptide Binding Pocket Variants   

To assess genetic variation in DQA for Tursiops truncatus in relation to the 

Petide Binding Region (PBR), amino acid variation was examined in relation to 

peptide binding pockets. Bondinas et al. (2007) suggested a novel numbering 

system for the DQα chain in an attempt to unify all class II MHC alleles across 

species. The HLA-DR alleles were used as the template for the numbering 

system, and any additional or missing amino acids found at specific sites within 

orthologous proteins would be considered an insertion or deletion, respectively.  

Therefore, because an insertion was found between α9 and α10 in the HLA-

DQA, it has been named α9a. Using Bondinas et al. (2007), there are a total of 

82 amino acids (and therefore 246bp) in DQA exon 2, numbered from 4 to 84, 

including α9a (see Figure 5). 

Fifteen of the 82 amino acid residues in exon 2 of the DQA protein 

determine the conformation of the three antigen binding pockets: P1, P6 and P9 

(Bondinas et al., 2007; Koutsogiannouli et al., 2009). The current study is one of 

the few mammalian studies that isolated the entire exon 2 without overlapping 

primers, spanning all residues at the antigen binding pockets (denoted by the 

number at the bottom of Figure 5). Amino acid variation was detected at 12 

residues in dolphin DQA (Figure 5).  Eight of these 12 residues occur in peptide 

binding pockets (highlighted in yellow) representing a highly significant 

occurrence of animo acid varition in Tursiops DQA within known peptide binding 

sites (G = 13.487, P<0.001). 
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Furthermore, polymorphism was seen in the region α44-53 (denoted by 

asterisks in Figure 5). This location is where the polypeptide chains of the α and 

β domains intertwine and form the antigen-binding groove, known as αβ pairing 

(Bondinas et al., 2007)
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Figure 5. Alignment of amino acid residues for the 11 unique alleles typed for 

Tursiops truncatus for DQA exon 2. Numbers at the bottom indicate which amino 

acid is involved in and the asterisks indicate the antigen binding groove formed 

from αβ pairing.   
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Patterns of Selection 

Out of the 18 possible variable sites found throughout exon 2, only one is 

a synonymous (S) site. That 17/18 (94%) of the variable sites are nonsynonmous 

(N) and cause an amino acid change, indicates non-random substitutions and a 

clear case for extreme positive selection. The enhanced rate of nonsynonymous 

substitutions in the PBR leads to increased amino acid diversity in the binding 

pockets, suggesting a mechanism for the operation of selection.  

To formally test this, the dN:dS ratio was calculated and compared  to 

various substitution models using a maximum likelihood approach in PAML v4.6 

(Yang, 1997). I was only able to calculate the dN:dS ratio for allele comparisons 

that had the synonymous difference at site 12 (Table 2). The mean dN:dS ratio 

for all such pairwise comparisons was 2.08 (range = 0.4 to 5.15), far exceeding 

the minimum requirement needed (dN:dS > 1) to show positive selection.
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Table 2. Matrix of dN:dS ratios for 11 unique alleles found for DQA exon 2 in 

Tursiops truncatus. 

 

 

 

 

 

estimated no estimated no. 

Allele a Allele b of syn sites of nonsyn sites

seq. seq. S N t kappa omega dN + SE dS + SE

4 1 71.1 174.9 0.0494 3.4114 1.2243 0.0174 + 0.0101 0.0142 + 0.0142

4 2 69.9 176.1 0.0246 3.4114 0.395 0.0057 + 0.0057 0.0144 + 0.0145

4 3 70.7 175.3 0.0246 3.4114 0.4012 0.0057 + 0.0057 0.0143 + 0.0143

5 1 70 176 0.113 3.4114 3.2511 0.0469 + 0.0167 0.0144 + 0.0145

5 2 68.8 177.2 0.0873 3.4114 2.362 0.0347 + 0.0143 0.0147 + 0.0147

5 3 69.6 176.4 0.0872 3.4114 2.3978 0.0348 + 0.0143 0.0145 + 0.0146

6 1 70.7 175.3 0.126 3.4114 3.7222 0.0532 + 0.0179 0.0143 + 0.0143

6 2 69.4 176.6 0.1126 3.4114 1.3854 0.0407 + 0.0155 0.0294 + 0.0209

6 3 70.2 175.8 0.1386 3.4114 1.8259 0.0531 + 0.0179 0.0291 + 0.0206

6 4 69.6 176.4 0.113 3.4114 3.2266 0.0468 + 0.0167 0.0145 + 0.0145

6 5 68.5 177.5 0.1522 3.4114 2.7691 0.0617 + 0.0193 0.0223 + 0.0183

7 1 70 176 0.1129 3.4114 2.0152 0.0439 + 0.0162 0.0218 + 0.0179

7 2 68.7 177.3 0.1 3.4114 1.1698 0.0347 + 0.0143 0.0297 + 0.0211

7 3 69.5 176.5 0.0998 3.4114 1.1862 0.0348 + 0.0143 0.0294 + 0.0209

7 4 68.9 177.1 0.1002 3.4114 2.7773 0.0407 + 0.0155 0.0147 + 0.0147

7 5 67.7 178.3 0.1129 3.4114 3.1036 0.0463 + 0.0165 0.0149 + 0.015

7 6 68.5 177.5 0.0875 3.4114 5.1141 0.0376 + 0.0148 0.0073 + 0.0104

8 1 70.8 175.2 0.0748 3.4114 2.0499 0.0292 + 0.0132 0.0143 + 0.0143

8 2 69.6 176.4 0.0494 3.4114 1.1869 0.0172 + 0.01 0.0145 + 0.0145

8 3 70.4 175.6 0.0493 3.4114 1.2045 0.0173 + 0.01 0.0143 + 0.0144

8 6 69.3 176.7 0.113 3.4114 3.2064 0.0467 + 0.0167 0.0146 + 0.0146

8 7 68.6 177.4 0.1002 3.4114 2.758 0.0406 + 0.0155 0.0147 + 0.0148

9 4 69.6 176.4 0.0872 3.4114 2.3977 0.0348 + 0.0143 0.0145 + 0.0146

9 5 68.4 177.6 0.0246 3.4114 0.3828 0.0057 + 0.0057 0.0148 + 0.0148

9 6 69 177 0.1782 3.4114 1.8209 0.068 + 0.0203 0.0374 + 0.0239

9 7 68.3 177.7 0.1126 3.4114 1.3549 0.0405 + 0.0154 0.0299 + 0.0212

9 8 69.2 176.8 0.0872 3.4114 2.3822 0.0347 + 0.0143 0.0146 + 0.0146

10 4 68.9 177.1 0.0873 3.4114 2.3695 0.0347 + 0.0143 0.0146 + 0.0147

10 5 67.8 178.2 0.0745 3.4114 1.9212 0.0286 + 0.0129 0.0149 + 0.0149

10 6 68.5 177.5 0.1256 3.4114 1.1552 0.0435 + 0.016 0.0377 + 0.0241

10 7 67.8 178.2 0.0619 3.4114 0.5655 0.017 + 0.0099 0.0301 + 0.0214

10 8 68.6 177.4 0.0873 3.4114 2.3536 0.0346 + 0.0142 0.0147 + 0.0148

11 1 70.1 175.9 0.0619 3.4114 1.6033 0.0231 + 0.0116 0.0144 + 0.0144

11 2 68.8 177.2 0.0619 3.4114 1.5625 0.0229 + 0.0115 0.0147 + 0.0147

11 3 69.6 176.4 0.0873 3.4114 2.4004 0.0348 + 0.0143 0.0145 + 0.0145

11 7 67.9 178.1 0.0746 3.4114 4.2534 0.0315 + 0.0135 0.0074 + 0.0105

11 9 68.5 177.5 0.1 3.4114 2.7466 0.0405 + 0.0154 0.0148 + 0.0148

11 10 67.9 178.1 0.0493 3.4114 1.1463 0.017 + 0.0099 0.0149 + 0.0149

mean: 

1.14

2.74

2.08

2.35

1.60

1.56

2.40

4.26

1.35

2.38

2.38

1.92

1.15

0.56

1.21

3.20

2.76

2.40

0.39

1.82

1.18

2.77

3.11

5.15

2.04

1.19

1.38

1.82

3.23

2.77

2.01

1.17

dN/dS

1.23

0.40

0.40

3.26

2.36

2.40

3.72
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Population Genetics and Spatial Variation 

Sixty six percent of the samples (n=44) were heterozygotes, potentially 

indicating overdominant selection (Slade & McCallum, 1992) and that a 

heterozygote advantage may be working for this population. To test for this, we 

compared genotypic proportions for all strata to Hardy-Weinberg expectations in 

ARLEQUIN v3.5. No significant difference was found for the North IRL, South 

IRL, the Atlantic (ATL) or the IRL-combined (North + South) (Table 3). 

Levels of genetic diversity, calculated in ARLEQUIN v3.5, differed 

somewhat among strata, both in observed heterozygosity and allelic diversity 

(see Table 3); with the Atlantic having higher values than the IRL strata. 

A median joining network (MJN) (Figure 6) was created to depict similarity 

between alleles. The alleles are under extreme positive selection, and the 

mutations seen are crucial for specific amino acid changes in the PBR, therefore, 

phylogeny cannot be assumed with this non-neutral marker. The nodes are 

inferred, and may not necessarily have ever existed within the population.  The 

network illustrates the molecular diversity of the alleles determined. Further, the 

network shows the greater diversity observed in the Atlantic than the IRL-

combined. Interestingly, the IRL is primarily composed of similar alleles 

(separated by few mutational differences), dominated by the most common 

alleles, Tutr-DQA1*01 and Tutr-DQA1*02.  
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The greater diversity observed in the Atlantic is characterized in part by 

variation, both in DNA and amino acids, at a region of the exon 2 that is invariant 

in the majority of the IRL animals (Figure 7). Most of the alleles recorded in the 

Atlantic exhibit variation in the region spanning sites 59-166. Only one individual 

(H205) in the IRL has variation in this region.  

Using MEGA v5.0, an alternative approach to constructing a distance 

based tree of the DQA alleles was applied; a Neighbor Joining Method. It is 

important to note that this tree is not rooted and does not necessarily represent a 

reconstruction of the phylogeny of the DQA gene in T. truncatus (Figure 8). 
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Table 3. Heterozygosity and Hardy-Weinberg values reposted for all three 

study sites, North IRL, South IRL and adjacent Atlantic waters. The North and 

South IRL sites were also combined and run as a fourth group, as IRL-

combined. 

. 

  

 

 Heterozygosity Mean 
pairwise 
difference 

Hardy-
Weinberg 

Sample size 

 Obs Exp  P value  

North IRL 0.412 0.624 0.597 0.113 17 

South IRL 0.621 0.618 0.603 0.775 29 

Atlantic 0.950 0.823 0.853 0.555 20 

      

IRL-
combined 

0.543 0.605 0.596 0.923 46 
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Figure 6. A median joining network (MJN) depicting the similarity between the 

11 unique alleles characterized for Tursiops truncatus DQA exon 2. Phylogeny 

cannot be inferred with this non-neutral marker, and is just used to show the 

molecular diversity of the alleles recorded.   
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Figure 8. A neighbor joining tree (NJT) was created for the 11 unique alleles typed 

for MHC DQA exon 2 in Tursiops truncatus. This tree cannot be used to infer 

phylogeny because exon 2 is under selection. It visually represents the proximity 

of the alleles to one another using a distance based approach.   
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Genetic Differentiation 

To further investigate patterns of differentiation among the geographic 

regions, Wright’s FST was calculated using allele frequencies with ARLEQUIN v 

3.5, and observed estimates were compared to random expectations based on 

50,000 permutations of the data. No significant differentiation was observed 

between the North and South IRL (Table 4). By contrast, substantial genetic 

differentiation, adjudged to be significant at α=0.05, was found between the 

Atlantic and the North IRL, the South IRL and the IRL combined (FST=0.112-

0.1255, p<0.00098). 
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North IRL South IRL Atlantic IRL combined

North IRL 0.0000

South IRL -0.0180 0.0000

Atlantic 0.1200 0.1112 0.0000

IRL combined -0.0182 -0.0135 0.1255 0.0000

p < 0.00098

Table 4. Pairwise FST values for the 3 study sites, North IRL, South IRL and 

adjacent Atlantic waters (ATL). The North and South IRL was combined into a 

fourth site, denoted as IRL-combined. Significant values highlighted in gray.  

Negative FST values are considered not to be significantly different from zero.   
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DISCUSSION 

Evolutionary Genetics  

Using Sanger sequencing methods, the entire exon 2 for DQA has been 

characterized for Tursiops truncatus. To date, this is the first time all 246 bases 

of DQA exon 2 have been typed for any Cetacean.  Though DQA has been 

examined in other mammalian species, including humans, brown hare, mice, 

cattle, pig, and dog, DQA is still not a well characterized locus for non-model 

species. Exon 2 is responsible for antigen recognition and binding, primarily via 

adaptive variation in the peptide binding region (PBR); thus, characterizing the 

diversity of this region is important when studying the immune function and 

adaptive potential of natural populations (Koutsogiannouli et al., 2009).   

By sequencing the entire exon for 66 samples across different ecosystems 

(estuarine v. oceanic) and water bodies (northern IRL, southern IRL, Atlantic 

Ocean), I was able to characterize variation in this gene for this species and 

investigate geographic patterns of diversity. Using cloning methods, 7 alleles 

were typed and 4 were predicted, allowing for the determination of the genotypes 

for all 66 individuals. Figure 4 visually depicts the genotypic diversity seen 

between all the samples while Table 1 summarizes allelic diversity. Apart from a 

synonymous site at site 12, almost all the individuals typed from the Indian River 
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Lagoon (n=46) had alleles that only differed between sites 182 and 220 of Exon 2 

(Figure 4). The one exception was a single heterozygous individual (H205) that 

possessed an allele (Tutr-DQA1*05) with variation both in the 182-220 region 

and variation in an upstream region spanning sites 59-166. By contrast, the 

majority of individuals typed from the Atlantic Ocean possessed at least one 

allele that varied in both the 59-166bp and 182-220bp regions (Figure 4 and 

Table 1).  Figure 5 shows that variation in both regions translate to changes in 

amino acid residues with variation in the 59-166bp region translating to changes 

in 5 different amino acid residues, 3 of which occur in pockets of the PBR. 

Evidence of Positive Selection 

The peptide binding pockets were determined from previous work on the 

HLA-DQR locus (Bondinas et al., 2007), and we have adhered to their new 

method of numbering residues, ensuring uniformity across different species. The 

majority (64%) of nonsynonymous changes seen in the 11 unique alleles occurs 

in the binding pockets of the PBR. An additional nonsynonymous change is also 

seen at site 53, which indicates a possible role in determining αβ chain pairing. 

That a significant majority of amino acid changes are occurring in the crucial 

binding pockets indicates strong positive selection acting on this exon in the DQA 

gene of Tursiops. Positive selection is one of the most identifiable characteristics 

of the MHC, and accounts for the increased levels of polymorphism seen inside 

the PBR (Sommer, 2005; Archie et al., 2010). 
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A more traditional test of selection is the dN:dS, ω. It is accepted that 

positive selection is present when ω>1 , which compares nonsynonymous 

substitutions per nonsynonymous site (dN) and synonymous substitutions per 

synonsymous site (dS) (Amills et al., 2008). Most studies rely on using the Nei-

Gojobori (NG) method with Jukes-Cantor correction for multiple hits to measure 

positive selection (Amills et al., 2008). The NG method makes several 

assumptions that are violated, including the assumptions that transitions and 

transversions occur equally and that there is no codon bias (Yang & Bielawski, 

2000). Because transversions are more rare than transitions, the NG method this 

could overestimate dS and underestimate ω (Amills et al., 2008). Codon Usage 

Bias is defined as unequal codon frequencies in a gene. It is measured by 

calculating the Codon Bias Index (CBI) and the effective number of codons (Nc); 

It is assumed that if selection is favoring certain codons, the proportion of truly 

neutral mutations at synonymous sites will decrease (Amills et al., 2008; Yang & 

Bielawski, 2000). There are several approximate methods available to test ω, 

including the Pamilo-Bianchi-Li and the Li-Wu-Luo method, each with their own 

set of assumptions that are violated for a region possibly under non-neutral 

selection; However, the NG method is still the most widely used approach to 

estimate ω in DQ genes, for reasons that are unclear (Amills et al., 2008). Amills 

et al. (2008) measured ω for 190 DQA sequences, and found that the results 

varied substantially based on which approximate method was used. Therefore, I 

chose to use a maximum likelihood method (ML), CODEML, which is part of the 
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PAML v. 4.6 software package. The ML method does not assume synonymous 

mutations are neutral; it estimates several mutational parameters such as, the 

transition/transversion rate (ĸ); ω=dN/dS; correcting for multiple hits; and the 

codon bias. Therefore, estimates from the maximum likelihood models are 

expected to be more realistic (Yang & Bielawski, 2000). Our mean value for ω= 

2.08, which is substantially higher than 1. A G-test, which is a maximum 

likelihood statistical significance test, was performed to determine the goodness 

of fit of the data, and showed that our mean value of ω= 2.08 was statistically 

significant (G=13.49, p<0.001).  This finding, in addition to the concentration of 

observed amino acid changes in binding pockets offers further compelling 

evidence that positive Darwinian selection is acting on this region.   

However, I believe that the estimate of ω may be conservative for several 

reasons: First, out of 18 total possible variable sites found in the 11 alleles, only 

one of the substitutions is synonymous, i.e., not resulting in an amino acid 

change. Not all individuals have a mutation at this site (seen at base pair 12); 

therefore, ω=dN/dS cannot be calculated between pairs of individuals that do not 

differ at this site, even if these individuals differ at one or more nonsynonymous 

sites. Thus the magnitude of average ω will be underestimated.  

Second, the evolutionary timescales involved at and below the species 

level may not be long enough. ω was originally developed to investigate selection 

at higher taxonomic levels where synonymous mutations have had enough time 
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to go to fixation, and thus accumulate over time between species and higher taxa 

(Kryazhimskiy & Plotkin, 2008). At the population level, most mutations may not 

have reached fixation, and thus, few synonymous mutations may accumulate at 

this taxonomic level. That only one synonymous substitution was found in the 

current study, and the likely recent antiquity of the populations involved, supports 

this view. Given that, the relatively high incidence of nonsynonymous 

substitutions in Tursiops supports that intense positive selection is likely 

occurring at this locus, in this species 

Third, if selection does not cause excessive nonsynonymous substitutions 

when compared to the synonymous mutations, it might go undetected (Yang & 

Bielawski, 2000).  

In our opinion, it is more important to determine where the 

nonsynonymous mutations are occurring within the exon, particularly if it is 

affecting the binding pockets in the PBR, rather than whether the ratio of dN:dS is 

greater than 1.  

Low Incidence of Synonymous Substitutions 

In 2008, Kryazhimskiy and Plotkin pointed out that the dN/dS ratio was 

originally developed to compare distantly diverged sequences. So, a pilot study 

was conducted using two Orcinus orca samples and the O. orca sequence from 

GenBank for a total of three sequences to compare to each other and T. 

truncatus. Since bottlenose dolphins diverged from killer whales around 8 million 
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years ago, the prediction was that more synonymous mutations would be fixed 

and dN/dS  comparisons could be made between the two species. The neutral 

theory predicts that synonymous substitutions are fixed at some constant rate, so 

there should be enough time since divergence between these two genera to 

acquire synonymous mutations between them (Kryazhimskiy & Plotkin, 2008). I 

compared the sequences, one from a whale from Kamchatka, Russia and the 

other from the Commander Islands, Russia to the WGS for Orca on GenBank, 

which is from Norway (Accession ANOL00000000.2). I found that the 

Commander Islands sample was a homozygote and matched the sequence on 

GenBank. The Kamchatka sample was a heterozygote, but only at one site, 

therefore, I was able to resolve the two alleles with confidence.  Allele Oror-

DQA1*01 was the “common allele” shared by both the Commander Islands 

sample and the Norway sample from GenBank. The second allele, Oror-

DQA1*02, differed by a single nonsynonymous mutation that was also seen in 6 

of the 11 T. truncatus alleles. Interestingly enough, the two O. orca alleles had 

the same synonymous mutation (base pair 12) seen in some of the bottlenose 

dolphin alleles, but neither O. orca allele had any additional synonymous 

substitutions from T. truncatus. The MJN incorporating the two killer whale alleles 

is shown in Figure 9. Again, this figure is built on a parsimonious framework and 

the branch lengths indicate the genetic distances separating the alleles, but do 

not infer any phylogeny. It is only meant to illustrate nucleotide diversity between 

the alleles. The frequency of each allele is displayed by the size of the circle and 
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the location each allele is found is denoted by the color of the circle; if the allele 

is found in more than one location, the circle is divided into sections according to 

the number of individuals from each location found with that allele. While I was 

initially surprised that no additional synonymous mutations were found between 

the killer whale and bottlenose dolphin sequences, it presents another compelling 

argument demonstrating that this exon is under positive selection, even for 

distantly diverged lineages. These alleles, more specifically, the nonsynonymous 

mutations at crucial peptide binding pockets are important to both species for 

some essential reason; for instance, perhaps the need for a specific immune 

response to a common pathogen. Allele 2 found in O. orca differs by only 2 

mutations from the most common allele found in the IRL, allele 2, and one of 

those mutations is at the synonymous site, so Oror-DQA1*02 differs from Tutr-

DQA1*02 by only one amino acid. In contrast, the most divergent alleles I 

recorded for T. truncatus differ by 8 amino acids.  In 2009, Koutsogiannouli et al. 

compared the 37 new alleles they typed from the European brown hare (Lepus 

europaeus) to alleles from the rabbit (Oryctolagus cuniculus), a member of a 

different genus within the order Lagomorpha, and found that the O. cuniculs 

alleles were scattered throughout the L. europaeus neighbor joining tree. Several 

other examples of this have been documented for MHC loci in numerous 

organisms such as fish, rodents, carnivores, ungulates and primates (Figueroa et 

al., 1988; Edwards & Hedrick, 1998; Seddon & Ellegren, 2002; Otting et al., 
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2002; Musolf et al., 2004; Ottova et al., 2005; Surridge et al., 2008), referring to 

this phenomenon as the trans-species hypothesis (Klein et al., 1998).    

This leads us to the hypothesis: the synonymous substitution rate is 

unusually low within exon 2.  This finding potentially indicates that silent 

mutations are not neutral in this exon, supported by the comparison to the killer 

whale alleles. A type of purifying selection might be acting on these silent 

mutations if they affect splicing and/or mRNA stability (Chamary et al., 2006), but 

further research needs to be done to appropriately address this hypothesis.  
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Figure 9. A median joining network (MJN) depicting the diversity of the 11 unique 

MHC DQA exon 2 Tursiops truncatus and 2 unique MHC DQA exon 2 Orcinus 

orca alleles. Phylogeny cannot be inferred from this non-neutral marker and this 

network should just be used to infer nucleotide diversity and allelic frequency.   
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Population Genetics 

Comparing patterns of genetic variability between coding (MHC) and non-

coding loci (mitochondrial DNA and microsatellites) is helpful for drawing 

conclusions about the influence of selection (Koutsogiannouli et al., 2009). 

Mitochondrial DNA (mtDNA) is maternally inherited. Some regions are not highly 

conserved and it has a high mutation rate; it is useful for determining evolutionary 

relatedness, but offers less insight into interbreeding or differentiation between 

closely related individuals. Microsatellites are short tandem repeating (STR’s) 

sequences of nuclear DNA that are a product of replication errors during 

recombination. They are typically non-coding, bi-parentally inherited and hyper-

variable; therefore they are useful in determining fine scale relatedness between 

individuals or groups and discerning gene flow (Rodgers 2013).  

As mentioned previously in Sample Choice and Collection, Rodgers 

(2013) conducted a large scale population genetic structure study on Tursiops 

truncatus that spanned the entire IRL and adjacent coastal ATL waters prior to 

the start of this MHC study. Mitochondrial DNA haplotypes were sequenced 

(n=308) and individuals (n=244) were genotyped for 10 microsatellite loci. The 66 

individuals in this study are a subset of that large scale genetic survey, and as a 

result, we were able to make statistical comparisons across three markers: 

mitochondrial DNA (mtDNA), microsatellite loci (μsats), and MHC DQA exon 2. 
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For mtDNA, Rodgers (2013) found very low haplotypic diversity (h) in the 

IRL (h = 0.1017) compared to the diversity in the Atlantic (h=0.7913). This 

indicates that the IRL dolphins are, or recently came, from one large maternal 

gene pool. The very low haplotypic diversity was unexpected given that the last 

estimated abundance predicted for the dolphins in the IRL was around 600 

animals (Mazzoil et al., 2008), which is a very large population to be dominated 

by one haplotype.  

Wright’s FST is a measure of the genetic differentiation between two 

subpopulations. It ranges from 0 to 1; 0 indicating that two locations are part of a 

random mixing population and 1 indicates that two populations are fixed for 

different alleles from two locations (Miller, 2007). Microsatellite loci are highly 

variable genetically neutral markers in nuclear DNA that estimate levels of 

genetic differentiation. Comparing the IRL proper to the Atlantic using 10 μsat 

loci, Rodgers (2013) found significant differentiation (FST=0.064, p<0.0000), 

though a whole order of magnitude smaller than the value calculated from 

mtDNA. One explanation is that IRL dolphins exhibit female philopatry and there 

is male mediated gene flow between the IRL and ATL populations (Rodgers, 

2013). DQA exon 2 is a genetically non neutral marker found in nuclear DNA. 

Comparing a non-neutral locus to neutral loci provides a much richer picture of 

the forces influencing the genetics of these estuarine and coastal dolphins. We 

found that the North IRL and South IRL both differed significantly from the ATL 

(FST= 0.12 and 0.111, p<0.05), but not from each other (FST=-0.018), as seen in 
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Table 5. Comparing the FST values for the IRL-proper to the Atlantic that Rodgers 

(2013) found (0.064 p<0.0000), and the FST values for the IRL-combined vs. 

Atlantic that was determined for DQA (0.126, p<0.05), we see that the FST 

estimated from the coding locus is nearly double that from the microsatellite loci- 

suggesting diversifying selection is taking place between the two markers, and 

balancing selection can still have an effect even in the presence of gene flow. 

Rodgers (2013) was able to detect migrants in the IRL-combined using 

microsatellite genotypes. Although I used a subset of samples, I was also able to 

detect migrants with a coding locus, DQA exon 2. Figure 7 shows the alignment 

of all 66 sequences, visually depicting geographic patterns of diversity. An IRL-

combined individual, H205, is boxed because its genotype more closely 

resembles an Atlantic individual than an IRL individual. This is most obvious by 

the polymorphism seen in the region 59-166, which is invariant in every other IRL 

individual. Rodgers (2013) found that 90% of this individual’s alleles identified it 

as an Atlantic individual using two different clustering analyses, verifying that 

H205 is an Atlantic immigrant accurately detected by its MHC genotype. 
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Table 5. FST comparisons between microsatellites (Rodgers 2013) and 

MHC DQA exon 2 for Tursiops truncatus for the three study sites: North 

IRL, South IRL and adjacent Atlantic (ATL) waters. The North IRL and 

South IRL have been grouped into a fourth site, IRL-combined. Significant 

values are highlighted in gray. 

 

 

Negative FST values are considered not to be significantly different from zero.   

p<0.05 
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The Hardy-Weinberg equilibrium (HWE) describes how genotypic 

frequencies are related to allelic frequencies. I tested the North IRL, South IRL, 

ATL and IRL-combined groups and found that there was no significant deviation 

from H-W equilibrium, as evidenced by all p values >0.05. Therefore, there is no 

evidence in support of the overdominance hypothesis for the maintenance of 

MHC polymorphism from these data.   

Heterozygosity and allelic diversity are used as general indicators of the 

amount of genetic variability within a population. While the IRL and ATL 

populations had higher observed heterozygosity than expected from the HWE, 

none of the populations had a significant p value. Two other recent studies on 

DQA exon 2 in wild mammal populations found similar results: In 2010, Archie et 

al. looked at 18 African elephants and found no significant deviation between the 

observed heterozygosity, Hₒ=0.611, and the expected heterozygosity, Hₑ=0.58. 

In 2009, Koutsogiannouli et al. found that only one of the 15 populations of brown 

hare had an Hₒ> Hₑ, but just barely with the Hₒ=0.8095 and the Hₑ=0.8050. 

Additionally, this study is comparable to the other two studies in amount of alleles 

detected. I characterized 11 new alleles for Tursiops truncatus, while Archie et al. 

(2010) found six new alleles in 30 African elephants (Loxodonta africana) and 

four alleles in three Asian elephants (Elephas maximus). Koutsogiannouli et al. 

(2009) found 37 new alleles for 674 brown hare (Lepus europaeus). 
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CONCLUSIONS 

 Characterizing diversity at an MHC locus is a genetic tool used to evaluate 

the health of populations. The MHC recognizes foreign proteins and presents 

them to specialist immune cells; therefore, the MHC plays a key role in 

resistance and susceptibility to infectious disease, making it a crucial aspect of 

conservation concern for vertebrate populations. This study aimed to take a step 

in that direction by looking at exon 2 in DQA, one of the most polymorphic loci in 

class II genes, and had seven major findings.  

To the best of my knowledge, I was the first to provide full sequence data 

on MHC DQA exon 2 for Tursiops truncatus. Using traditional Sanger sequencing 

methods and cloning verification, we were able to successfully sequence n=66 

samples for the entire 246 base pairs of exon 2.  

After that, I identified diversity at the DQA locus for exon 2; discerning 

heterozygous sites in individuals by having a strict 3 step protocol when 

screening sequences in both the forward and reverse direction. Heterozygous 

sites were verified by cloning and sequencing of specific individuals, validating 

our 3 step process. The fact that no more than two alleles were found for any 

individual indicated the likely presence of only one locus in T. truncatus. Once 

the Sanger sequences were confirmed by cloning, I was able to type the alleles 

found in the 66 samples. 11 unique alleles were characterized, 7 confirmed 
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through cloning processes and 4 predicted through deductive reasoning, showing 

that there were a total of 18 variable sites possible for the samples, which lead to 

the development of a method to rapidly genotype individuals.  

Aligning the 66 samples showed the presence of geographic patterns of 

diversity between the alleles. While all the samples had some level of variation 

between base pairs 182-220, it was quite obvious that most of the individuals 

from the IRL-combined were conserved upstream from that region. However, the 

individuals from the Atlantic had varying levels of polymorphism between base 

pairs 59-166. This genotypic signature allowed me to preliminarily identify the 

location of the samples when screening sequences.  

When the sequences from the 11 unique alleles were translated into 

amino acids, no stop codons were detected, indicating that all of these alleles 

could form functional proteins. Using the framework from Bondinas et al. (2007), I 

identified the location of the peptide binding pockets in DQA exon 2. I determined 

that 66% or 8 of the 12 polymorphic amino acid residues corresponded to a 

particular binding pocket. In addition, region 44-53 is the location where the 

polypeptide chains of the α and β domains intertwine and form the antigen 

binding groove. There is an additional amino acid residue in the alleles that 

shows polymorphism in this region, meaning that 9 out of 12, or 75%, of the 

amino acid residues occur in critical binding pockets, providing evidence for 

positive Darwinian selection acting on this exon. I also attempted to show 

evidence for positive selection using the traditional method of calculating the 
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dN:dS ratio. Using a maximum likelihood method, the mean value of ω= 2.08 was 

well over the requirement of 1 to indicate positive selection. However, I feel that 

this average is conservative for several reasons: first, only one of the 18 possible 

polymorphic sites is a synonymous site, meaning that the dS will be low. Second, 

not all of the alleles had this synonymous mutation, effectively taking them out of 

the ratio since there is no dS to compare to. From this, I concluded that showing 

the majority of amino acid polymorphisms occurring in crucial binding pockets is 

better evidence for positive selection. 

The lack of synonymous mutations in the 11 alleles was intriguing. I 

speculated on several reasons as to why there would be so few synonymous 

mutations, which ultimately lead to a pilot study comparing the bottlenose dolphin 

alleles to killer whale alleles. Although the two species are from different genera 

and diverged around 8 million years ago, I was still able to type two new killer 

whale alleles for DQA using dolphin primers and align them to the 11 dolphin 

alleles. To the best of my knowledge, this is the first time DQA exon 2 has been 

sequenced and characterized for Orcinus orca. When the two killer whale alleles 

were converted to amino acids, it was shocking to find that there were no 

additional synonymous mutations between the species. Additionally, the two killer 

whale alleles only differed from two bottlenose dolphin alleles by only two base 

pairs, and showed a similar region of polymorphism. The lack of synonymous 

mutations detected between two species that diverged around 8 million years 

ago presents another compelling argument that this exon is under positive 
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selection. The nonsynonymous mutations at crucial peptide binding pockets are 

important to both species, indicating that alleles are similar by function not 

descent. I believe that the lack of synonymous mutations may indicate that the 

silent mutations are not neutral and a type of purifying selection might also be 

acting on this exon, but further research needs to be done to appropriately 

address this hypothesis.  

Neutral markers are used for determining gene flow, dispersal patterns, 

phylogenetic reconstruction and relatedness. Behavioral and demographic 

factors that are distinguished with neutral markers can affect the selection 

occurring at MHC genes, which is why I compared these findings to Rodgers 

2013.  Rodgers (2013) conducted a much larger population and genetic structure 

study on bottlenose dolphins in the IRL and adjacent Atlantic waters that used 

mitochondrial DNA and microsatellites. The FST value for MHC DQA exon 2 was 

nearly double the microsatellite value for IRL vs. ATL, indicating that diversifying 

selection is occurring despite gene flow.  

 The characterization of diversity at one of the most polymorphic loci in 

class II genes involved in infectious disease resistance in vertebrates has large 

implications for management and conservation of bottlenose dolphins. Showing 

that the majority of the amino acid polymorphism is occurring in crucial binding 

pockets provides compelling evidence that this exon is under positive selection. 

The distinct signatures detected from the allelic profile between the IRL and 

Atlantic individuals indicates that they might be exposed to different pathogens in 



59 
 

the estuarine waters compared to the adjacent Atlantic waters. Since class II 

genes allow organisms to respond to external pathogens such as parasites, the 

distinct polymorphism seen between IRL and Atlantic bottlenose dolphins 

suggests separate management of these two groups. Further, the discovery of 

low synonymous mutations between the killer whale and bottlenose dolphins 

indicates that a type of purifying selection might also be acting on this exon in 

addition to positive selection, even in the face of gene flow and drift. This finding 

suggests that these alleles could be important to the health and fitness of both 

species.  
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