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ABSTRACT 

 

 As the region of the genome coding for immunity against foreign pathogens, 

analysis of the major histocompatibility complex (MHC) class II loci DRB and DQB 

allow us to make predictions about the adaptive potential of the narwhal in its effort to 

evolve under pathogenic pressure. To assess potential vulnerability of species to pathogen 

exposure, I examined genetic variation in the MHC from two species, the narwhal and the 

Arabian Sea (Region X) Oman humpback whale. In the narwhal, at DQB, seven new 

alleles were identified, while at DRB eight new alleles were discovered. The DQB locus 

showed evidence of gene duplication and overall the narwhal exhibits moderate levels of 

diversity and statistical measures indicate population expansion. In the humpback whale 

subpopulation polymorphism and sequence variation from genomic and allelic sequences 

was analyzed in 28 humpbacks at the locus DQB. In these individuals, 16 new alleles 

were found and six individuals displayed copy number variation. These findings may 

indicate that this humpback subpopulation has undergone gene triplication as a genetic 

mechanism to artificially create increased diversity.  

 

 

_______________________ 

Diana Weber, Ph. D. 
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CHAPTER 1:  

INTRODUCTION 

 

 

The Major Histocompatibility Complex 

 

 The MHC is an important area of the vertebrate genome as it codes for immunity 

(Trowsdale, 1995). Human MHC, known as the human leukocyte antigen (HLA) was 

first discovered to have an important role in the success of blood transfusions and tissue 

transplantations (Dausset et al., 1972) because of the link between MHC proteins and 

antigen presentation (Benacerraf, 1981).  Antigen presentation is the immune process in 

which a cell carrying an antigen bound to an MHC protein stimulates a responsive cell 

(Hartl & Ruvolo, 2012). In this way, antibodies, blood proteins capable of responding and 

binding to a specific antigen, are produced (Hartl & Ruvolo, 2012). Individuals have a 

haplotypic combination (Dausset, 1981), referring to the combination of alleles at 

multiple loci on a single chromosome for a given individual (Horton et al., 2004). These 

variable haplotypes potentially allow for the recognition of antigens and production of 

antibodies, known as the immune response (Horton et al., 2004).  

 The MHC contains three main regions called class I, II and III. Classes I and II 

have many commonalities due to their shared origin from one gene, which duplicated 

long ago evolutionarily (Sidow, 1996). In humans, the complexes are located on the short 

arm of chromosome 6. Class I is closest to the telomere, class II towards the centromere 

and class III in between the two (Horton et al., 2004). The MHC has the greatest density 
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of genes in the entire genome if pseudogenes (non-functional copies of genes) are 

counted (Vandiedonck & Knight 2009). Despite being the most diverse region of the 

genome, the MHC presents a paradigm in genomics by also being highly conserved, in 

specific areas, due to its functional importance (Klein et al., 1992). 

        The MHC presents a paradox because of its high levels of diversity and high 

evolutionary conservation. This can be explained by the functional importance of the 

structure that is conserved and the diversity of the peptide binding grooves that allow the 

binding of a variety of antigens (Neefjes et al., 2011). While the functional parts are 

conserved, other parts are diverse and allow for variable binding of antigenic peptides 

(Horton et al., 2004).  This process, known as conserved synteny, describes the 

colinearity between different organisms at homologous genes. This knowledge of 

orthologous genes allows for useful comparisons between highly divergent species, such 

as human to cow to bird. The pattern of where these homologous regions are present in 

the genome is comparable between multitudes of species. It is possible to align 

homologous regions of the MHC between highly divergent species and make useful 

comparisons, whether for phylogenetic analysis or evolutionary biology. 

 The maintenance of the high levels of diversity can be attributed to a variety of 

selection factors. Pathogens may be one mechanism to drive MHC polymorphism (Klein 

& Huigin, 1994). (Jeffery & Bangham 2000). Balancing selection acts on the MHC by 

heterozygote advantage, frequency dependent selection, and temporal-spatial variable 

selection (Hedrick & Kim 2000). The heterozygote advantage hypothesis proposes that 

heterozygote individuals can identify multiple pathogens because they have two different 

alleles and have greater fitness potential than a homozygous individual. In contrast, in 
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frequency-dependent selection, an allele is favored at one frequency, but not another 

(Hedrick & Kim 2000; Sommer 2005). In this way, a rare allele that confers greater 

resistance to a particular pathogen can lose advantage as the allele increases in frequency 

in the population and becomes more common. Lastly, in temporal-spatial variable 

selection an allele may be beneficial at a specific space or time but not another depending 

on pathogenic pressures and environmental dynamics within a habitat (Hedrick & Kim 

2000). Balancing selection has been suggested as a mechanism to maintain high MHC 

variation, but which types are involved are often situation dependent and more than one 

balancing mechanism may occur together (Hedrick & Kim 2000; Sommer 2005). 

  

 

MHC and Disease 

Associations of diseases to various MHC loci have been studied extensively, as 

examples, malaria has been shown to have associations with regions of all three classes 

and different haplotypes confer different susceptibilities (Hill et al., 1991). In salmon 

(Salmo salar), three different pathogens (bacteria, virus and parasite) have shown a 

relationship with the MHC, with heterozygote individuals having higher survival rates 

and greater resistance with pathogen exposure (Arkush et al., 2002). An amphibian, 

(Xenopus laevis) showed a relationship between bacterial pathogens and different MHC 

haplotypes (Barribeau et al., 2008). The water vole (Arvicola amphibius) demonstrated 

heterozygote superiority, which provided protection against a multi-parasite infection 

(Oliver et al., 2009). As a heterozygote there is more allelic diversity when presented 

with a pathogen challenge. Despite a possible relationship of heterozygote advantage 
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with increase survival, it is important to view the species comprehensively because 

multiple alleles can impact one disease.   

The peptide-binding region (PBR) is the part of the MHC molecule, which 

associates with the antigen fragment and is normally extremely diverse (Painter & Stern, 

2012).  A species with greater MHC polymorphism is thought to be able to recognize a 

greater variety of pathogens (Piertney & Oliver 2006; Kamath & Getz 2011; Lenz 2011), 

therefore it is beneficial for a species to maintain high MHC genetic diversity, so that a 

species potentially has a greater ability to recognize a wider suite of pathogens and 

ultimately mount an immune response (Jeffery & Bangham, 2000). For this reason, the 

MHC is used to determine heterozygosity, polymorphism and allelic diversity in a species 

to provide an indication of its potential to mount the immune response.  

 

MHC and Gene Duplication 

 Gene duplication or copy number variation (CNV) may be a mechanism for a 

species to increase MHC diversity (Saxena et al., 2009). Within MHC class II, CNV in 

the DRB locus has been observed in the California Sea lion (Zalophus californianus ) 

(Bowen et al., 2004), primates (Doxiadis et al., 2006) and bats (Mayer & Brunner, 2007). 

Additionally, CNV has been observed to a somewhat lesser extent at DQB. The example 

of the baji Chinese river dolphin (Lipotes vexillifer) (Yang et al., 2005) is of particular 

interest in support of the claim that gene duplication is a method used by species with low 

MHC diversity to increase their immunogenetic potential. The proposed mechanism of 

this hypothesis is to increase immunogenetic potential by increasing the peptide 
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repertoire (Doxiadis et al., 2006).  Of great importance are the implications that an 

increase in CNV, such as by gene duplication, is able to confer resistance to certain MHC 

related diseases (Yang et al., 2007; Trowsdale, 2011). To highlight the need for an 

increase in diversity, the greater prairie chicken (Tympanuchus cupido) had a 44 % 

decrease in the number of MHC class II B alleles after a bottleneck but only 8% loss at 

microsatellites (Eimes et al., 2011). This rapid loss of MHC class II variation was 

explained by population drift. In addition, other possible explanations include some 

individuals with fewer copies of the gene or one allele becoming fixed in the populations 

across loci (Eimes et al., 2011). It is suggested that drift acted to decrease MHC variation 

and CVN in this vulnerable species (Eimes et al., 2011).  

More information is known about specifically conferred genes and functional 

hierarchy within MHC class I economically important species like cattle (Codner et al., 

2012). Cattle have shown to have six MHC class I genes with almost all individuals 

carrying at least one copy of a dominant genes. This prevalence may be due to a 

functional importance of particular genes and haplotypic structures (Codner et al., 2012).  

A recent study of swine Class I genes also showed six genes in a single haplotype 

(Tanaka-Matsuda et al., 2009). Based on these findings, it has been hypothesized that 

species may have a gene duplication event in order to artificially create additional 

diversity (Weber et al., 2013).  

Researchers have tied reduced MHC diversity in marine mammals (Trowsdale et 

al 1989) with the hypothesis of a benign marine environment (Slade, 1992). However, 

evidence for a decreased pathogen load in marine species is far from conclusive 

(McCallum et al 2004). Pathogens are becoming increasingly prevalent in the marine 
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environment, especially due to increased human contact (Waltzek et al., 2012).  

Additionally, population bottlenecks (Weber et al., 2000) could also contribute to 

decreased diversity. Genetic analysis can provide an indication of the levels of diversity 

in the MHC of marine mammals, such as narwhals (Monodon monoceros) and humpback 

whales (Megaptera novaeangliae), and possibly their adaptive potential. 

 

The Narwhal 

 

 The narwhal is a unique species of toothed whale that lives primarily in the 

Atlantic Arctic around Canada and Greenland (Heide-Jorgensen and Dietz 1995) (Figure 

1) with an estimated global population of approximately 80,000 individuals (Innes et al., 

2002). An estimated 70,000 are found in Canada and West Greenland (Innes et al., 2002) 

and have high fidelity to winter pack ice in Davis Strait and Baffin Bay (Laidre et al., 

2004).  

Threats to Narwhal Survival 

 Historically, the narwhal have been hunted for subsistence by the Inuit for food 

and ivory (Born et al., 1994), but only commercially hunted for a few decades in the early 

20th century (Mitchell and Reeves, 1981). The narwhal is currently hunted in Greenland 

and Canada with an average catch per year between 1996 and 2004 of 373 narwhals 

(NAMMCO/JCNB 2005). In 2004, Greenland introduced a quota system, limiting 

narwhal catch to 300 per year (NAMMCO/JCNB 2005), however in 2007 the IWC 

expressed concern that the limit of 300 individuals may be too high (IWC 2007). 

Recently, an assessment evaluated the catch statistics in East Greenland in order to model 

any population trends to determine if there was a negative impact of the quota system on 
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the Inuit culture. (Reinhardt Nielsen& Meilby 2013). They did not detect a negative trend 

in the narwhal killed per hunter between 1991 and 2004 (Reinhardt Nielsen& Meilby 

2013). In addition, they found the southwest-bound narwhal migration may indicate 

immigration of narwhals from non-hunted populations. The potential of non-hunted 

populations to migrate into regions that allow hunting may not have been fully 

considered when the 2004 quotas were set (Reinhardt Nielsen & Mailby, 2013). Hoover 

et al. (2013) examined the economic importance of narwhals and belugas to the Inuit in 

Hudson Bay.  

 Due to changes in climate and melting sea ice, the greatest threat to the narwhal 

may in fact come from habitat degradation. The narwhal spends most of its time in pack 

ice, which under changing weather conditions can quickly enclose large groups of 

narwhal in what is known as an entrapment (Laidre and Heide-Jorgensen 2005) (Figure 

2). Due to their limited geographic distribution, specialized habitat choice and high sight 

fidelity, the narwhal have been named one of the three most sensitive species to climate 

change (Laidre et al., 2008). In addition, the population trend is unknown, another reason 

for increased assessment.  

 

Genetic Studies in the Narwhal 

 Palsboll et al. (1997) found low mitochondrial DNA (mtDNA) control region 

nucleotide diversity and low genetic distance between haplotypes in 74 narwhals from the 

Northwest Atlantic, which they attributed to a recent expansion from a small founder 

event at the time of the study. Between areas, the common haplotypes differed 
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considerably between areas, though overall variation was low (Palsboll et al., 1997). The 

authors suggested that high site fidelity lead to genetic isolation (Palsboll et al., 1997).  

Other genetic markers, such as microsatellites have been evaluated in the narwhal 

to assess possible stock1 structure (Petersen et al., 2011). They examined 16 

microsatellite markers from narwhals but the data did not resolve population structure 

(Petersen et al., 2011), however 16 loci are a low number to census and some of those 

loci evaluated may not have been polymorphic in the narwhal. Despite the inability to 

differentiate stocks, genetic differences were found between the Baffin Bay, Northern 

Hudson Bay and East Greenland populations (Petersen et al., 2011; DFO. 2011).  

Only two studies have been published on MHC in the narwhal (Murray et al., 

1995) (Murray & White 1998) with these two studies encompassing the current 

knowledge on the monodontidae family, which includes the narwhal and beluga whales 

(Delphinapterus leucas). Murray et al. (1995) found five DQB alleles in the beluga but 

only one in the narwhal. The High Arctic beluga range overlaps with the narwhal and 

interestingly the one allele found in the narwhal was highly similar to the two most 

common alleles found in beluga (Murray et al., 1995). 

 

 

 

 

 

                                                        
1 A stock is a management term that refers to a group of individuals from the same 
species or subpopulation viewed independently for research and management 
purposes. 
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The Oman Humpback 

 The Oman humpback population is perhaps the most unique humpback 

subpopulation because it is isolated and does not migrate. It is enabled to live year round 

in the Arabian Sea due to the upwellings that encourage high nutrient levels, which 

produce phytoplankton blooms (Savidge et al., 1990).  

 

Threats to Oman Humpback Survival 

 While laws protecting humpbacks have been in effect since 1966, the humpback 

is still recovering from the bottleneck caused by global commercial whaling. Some 

subpopulations have shown promising growth; however the Oman population has not 

seen this sort of increase in population and is considered endangered by the IUCN (The 

International Union for Conservation of Nature) Red List (Minton et al., 2012).  In 2005 

the entire subpopulation was estimated around 56 individuals with a 95% confidence 

index from 35-255 (IWC 2005).  The greatest human threat to humpbacks in the Oman 

population appears to be entanglement in fishing gear (Volgenau et al., 1995, Johnson et 

al., 2005). This threat does not appear to be going away anytime soon with fishing efforts 

in the Arabian Sea increasing (Ministry of Agriculture and Fisheries 2002, Ministry of 

National Economy 2003, FAO 2007).  

 

Genetic Studies in the Humpback Whale 

The humpback whale has been examined extensively at the mtDNA control 

region (Baker et al., 1998).  In one such study, genetic analysis investigated a nuclear 

actin intron and the mtDNA control region in humpbacks from eight regions in the North 
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Pacific Ocean and found that the four mtDNA haplotypes showed regional differences 

(Baker et al., 1998). Though the mtDNA control region is not considered appropriate now 

to determine stock structure, historically it lead to dividing the six regions into two 

stocks, Central and Eastern, and partial structure between the Southeastern Alaskan and 

central California groups (Baker et al., 1998).  

 Using genetic data from the mtDNA control region, stocks D, E, G and G showed 

138 haplotypes and differentiation at the haplotype level between all the breeding 

grounds. (Olavarria et al., 2003). Another such study found that the haplotypes at mtDNA 

from 20 humpback whales in the Gulf of Alaska differed significantly from haplotypes 

from California, Southeastern Alaska and Prince William Sound (Whitteveen et al., 

2004).  

Microsatellites, a better marker to assess stock structure and paternity. Cerchio et 

al. (2006) found that in the southern hemisphere, breeding stock C is broken up into three 

groups: C1, C2 and C3, with group C3 being the less studied. For this reason, the C3 

group, which lives in the waters around Madagascar, was examined at 11 microsatellite 

loci in conjunction with whale fluke photographic records to determine individuals 

(Cerchio et al., 2006). Pomilla & Rosenbaum (2006) used microsatellite data in 

conjunction with behavioral observations to assess if cooperation between humpbacks 

was related to kinship. They analyzed 11 microsatellites from 648 whales from two 

winter grounds in the southern hemisphere for kinship and sex determination and found 

cooperative behavior only in mother-calf pairs.  

The Oman humpback has the lowest mtDNA haplotypic diversity in the control 

region compared with any other humpback stocks (Rosenbaum et al., 2009) (Figure 3). In 
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addition, microsatellites indicated historical divergence of the Arabian Sea subpopulation 

from the Southern Indian Ocean population around 58,600 years ago (Pomilla et al., 

2010). They suggested that low genetic diversity was caused by a population bottleneck 

and subsequent isolation approximately 40 years ago (Pomilla et al., 2010) (Figure 4).  

    The Arabian Sea population has not been previously examined at the MHC, 

however, Baker et al. (2006) investigated other humpback whale subpopulations at the 

MHC class II loci, DQB and DRB. Additionally, a large number of other cetaceans were 

examined to perform a phylogenetic analysis on cetacea MHC and potential gene 

duplication. Humpback whales from southeastern Alaska, California, and the Gulf of 

Maine had 23 DQB alleles (Baker et al., 2006). Baker et al. (2006) found evidence for 

two DQB loci in the humpback and three DQB loci in the right whale, showing gene 

duplication and triplication respectively and that humpbacks showed greater DQB 

diversity than DRB.  

 

The purpose of this Thesis 

 MHC studies provides a tool that to examine species immunogenetic and 

evolutionary potential (Acevedo-Whitehouse & Cunnignham 2006). With increasing 

threats to the narwhal from climate change, i.e., melting sea ice, this thesis seeks to gain a 

better understanding of the current levels of diversity for the species by examining MHC 

class II loci (DQB and DRB) and add to the deficit of knowledge for the narwhal. 

Additional information can be used to better predict and manage the conservation efforts 

for this unique species.  
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 While some studies have hinted at promising trends in increasing levels of 

diversity for humpbacks globally (Reilly et al., 2012), the Oman population may 

experience problems from its semi-isolation. This thesis will examine the diversity of the 

Oman humpbacks at the MHC class II locus (DQB) to elucidate genetic diversity in the 

immune system.  
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Figure 1. Narwhal Range. The yellow region in the Northern hemisphere represents the 

global narwhal range. 70,000 of the presumed 80,000 individuals are thought to reside 

primarily between Northeastern Canada and Western Greenland. Taken from: 

http://maps.iucnredlist.org/map.html?id=13704 
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Figure 2. Narwhals in an Ice Entrapment. Photograph of narwhals in an ice entrapment. 

The photograph shows the narwhal in an ice entrapment where they are often hunted and 

killed by Inuit as part of their annual catch limits. From: 

www.climatewatch.noaa.gov/article/2012/the-narwhals-tale-surviving-sea-ice-change 

Accessed May 18, 2013 
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Figure 3. Humpback Whale Range and Breeding Stocks. Map showing a selection of the 

humpback breeding stocks. This map shows breeding stocks A (off the coast of Brazil), B 

(off the coast of West Africa), C (off the coast of East Africa and Madagascar) and X (off 

the coast of Oman in the Arabian Sea). (Taken from Pomilla et al., 2010) 
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Figure 4. Map of breeding stock X. This map shows a close-up of the Gulf of Oman, 

shown in white, with Iran to the North and Oman bordering to the Southwest. (Taken 

from Pomilla et al., 2010)
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Chapter 2: 

 

The Major Histocompatibility Complex in Narwhal 

 

ABSTRACT 

 

Many fields in biology seek to assess risks to species health associated with 

climate change. As an Arctic marine mammal, the narwhal is at high risk of habitat loss 

due to melting sea ice. Cold Arctic waters previously restricted pathogens from the 

narwhal habitat. However, warming ocean temperatures will allow the introduction of 

novel pathogens against which the narwhal may lack sufficient diversity to recognize as 

non-self. One method to assess the diversity of a species is genetic analysis of the major 

histocompatibility complex (MHC). As the region of the genome coding for immunity 

against foreign pathogens, analysis of Class II loci DRB and DQB allow us to make 

predictions about the adaptive potential of the narwhal in its effort to evolve under 

pathogenic pressure. The narwhal was examined for polymorphism and sequence 

variation using genomic sequence data.  At DQB, seven new alleles were identified, 

while at DRB eight new alleles were discovered. The DQB locus showed eight 

individuals with three alleles each, providing evidence of gene duplication. Overall, the 

narwhal exhibits moderate levels of diversity and statistical measures indicate population 

expansion.  



25 

 

Introduction 

 

 The narwhal (Monodon monoceros) is an arctic marine mammal, whose 

distribution ranges in the Atlantic Arctic around Northeast Canada and Greenland (Figure 

1). Killer whales (Orcinus orca) and polar bears (Ursus maritimus) prey on narwhals but 

their main threat to survival is loss of habitat secondary to melting sea ice (Smith & Sjare 

1989). In addition, with less sea ice acting as a barrier, it is predicted that shipping traffic 

into Arctic waters will increase (Wilson et al., 2004). For these reasons, MHC studies 

have been used to assess the genetic variability of the narwhal in the face of these threats. 

In one MHC study examining both narwhal and their sister taxa the beluga 

(Delphinapterus leucas) only one allele was found in the narwhal, Momo-DQB*0201.  In 

the four narwhal samples surveyed, which was most closely related to the Dele-

DQB*0202 allele by phylogenetic analysis (Murray et al., 1995).  Ten samples came from 

Arctic Bay in 1985 and 1987 and two samples were from Grise Fiord in 1987. For DQB, 

of the 12 total narwhals sequenced only one allele, Momo-DQB*0201, was found. The 

Momo-DQB*0201 allele was found to be most closely related to the beluga Dele-

DQB*0202 allele. Upon examination of single-strand conformation polymorphism 

(SSCP), all twelve narwhal were found to be homozygous for the Momo-DQB*0201 

allele; however it is hard to make any predictions about the population at large from such 

a small sample size. The beluga allele that was most similar to the narwhal allele was the 

allele from the beluga population that lives in the High Arctic. Murray et al. (1995) 

postulates that this cohabitation of the same waters and similar alleles could be explained 

by the necessity of an immune response to a similar pathogen.  Murray et al. (1995) also 
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asserts that the narwhal and beluga share a common ancestor within the age of the allelic 

lineages. However this could also be due to trans-species polymorphism in which two 

divergent species share copies of the same allele (Klein et al., 2007). 

For DRB, Murray and White (1998) found three alleles in eleven narwhal 

samples, of which nine were from Arctic Bay and two from Grise Fiord, both areas in the 

Canadian High Arctic. In this study, none of the sequences showed synonymous 

substitutions, rather all the base pair substitutions caused changes in the residue, an 

important factor in the context of peptide binding region residues. In comparison, another 

Arctic cetacean, the beluga (Delphinapterus leucas), had 8 alleles in 313 individuals 

samples and had 21 of the 31 amino acid substitutions at implicated peptide binding sites 

positions (Murray and White, 1998). While this may appear to be a low number of alleles 

for such a large sample size, the amino acid variation was moderate (Murray and White, 

1998). The beluga overlaps in habitat in certain areas with the narwhal but the latter is a 

more-high arctic ice-obligate species. The greater amount of variation in DRB1 in beluga 

was associated with a duplication event. Despite its duplication, DRB has remained 

monomorphic (Murray & White, 1998). 

With this background information in mind, this study focused on examining a 

greater sample of narwhal DNA from both the DQB and DRB loci. This analysis has 

conservation implications which can be used to evaluate the species diversity, examine 

evolutionary changes and make recommendations regarding their hunting status. The 

current study hypothesizes that the narwhal may have limited MHC diversity given its 

lack of exposure to many pathogens in the Arctic habitat.  

  



27 

 

Materials and Methods 

 Narwhal samples were provided Department of Fisheries and Oceans, Canada and 

all subsequent lab work on the samples was performed by Dr. Diana Weber and her team. 

They obtained usable direct sequence data for the exon 2 in two MHC class II loci, DQB 

for 51 individuals and DRB for 41 narwhals (see Weber et al. 2004; Weber et al. 2013). 

From this sequence data, I edited the direct-sequence chromatograms using 

SEQUENCHER (Gene Codes).  I aligned the edited data with Clustal X (Larkin et al. 

2007) and analyzed the alignments to obtain statistical measures using the programs 

DnaSP (Librado & Rozas 2009) and Arlequin 3.5 (Excoffier & Lischer 2010). I obtained 

the genotypes for all individuals and the nucleotide sequences were translated to amino 

acids starting with the second nucleotide site based on previously published alleles of the 

northern (Mirounga angustirostris) and southern elephant seal (Mirounga leonine) 

(Weber et al. 2004). 

For each locus, I determined diversity indices [number of expected alleles, 

nucleotide diversity, gene diversity, expected heterozygosity, observed heterozygosity, 

Tajima's D (which accounts for the nucleotide sequences and frequencies between them, 

a zero value indicates equilibrium whereas negative values indicate population 

expansion) (Tajima 1993), Fu's Fs (Fu 1997), Fu's expected number of alleles (Fu 1997), 

Chakraborty's expected number of alleles (Chakraborty 1990), Tajima's D (Tajima 1993), 

synonymous to non-synonymous substitutions (Nei & Gojobori 1986) and Ewens-

Watterson's observed and expected F values (a test for neutrality) (Ewens 1972; 

Watterson 1978)] using Arlequin 3.5 (Excoffier & Lischer 2010).   



28 

 

 Results  

 The narwhal showed moderate variation in the peptide-binding region (PBR) in 

exon 2 for both of the MHC class II loci, DQB and DRB, surveyed in this study. 

Examination of the sequences revealed many sites with secondary peaks, suggesting that 

these individuals were heterozygous (Figure 4). There were 28 individuals homozygous 

for Momo-DQB*0201 and one individual homozygous for Momo-DQB*0203.  I analyzed 

81 narwhal individuals and found seven new DQB alleles (Table 3) (Appendix 2) and 32 

individuals matched the published DQB allele (Murray et al., 1995). Of these, 28 

individuals were homozygous for the most prominent allele, Momo-DQB*0201 which 

was found by Murray et al. (1995) and the next most prominent allele which I discovered, 

Momo-DQB*0205, was found in 16 individuals (Table 2). I determined 22 individuals to 

be heterozygous (Table 3).  The heterozygote genotypes included two individuals with 

alleles Momo-DQB*0201 and Momo-DQB*0203, two individuals with alleles Momo-

DQB*0201 and Momo-DQB*0204, six individuals with alleles Momo-DQB*0204 and 

Momo-DQB*0205, and four individuals with alleles Momo-DQB*0205 and Momo-

DQB*0207. In addition, I found eight individuals with three different alleles indicating 

two DQB genes present in these narwhals: two individuals had Momo-DQB*0203/ 

Momo-DQB*0204/ Momo-DQB*0206 and six individuals had alleles Momo-DQB*0205, 

Momo-DQB*0207 and Momo-DQB* 0208 (Table 3).  Distinguishing from the other 

alleles, Momo-DQB*0202 shows a deletion at a single base pair which was found in two 

haplotypes (Table 3). This was the least prevalent allele in this sample. 

 Unlike DQB, none of the previously published DRB alleles were found in the 41 

individuals were examined this study (Table 4). I found eight new DRB alleles, the 
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sequences of which can be found in Appendix 3 (Table 4), all of which were in the 

heterozygous condition. I found none of the published alleles DRB*0101, DRB*0102 and 

DRB*0103 (Murray & White 1998). Investigating the genotypic condition, twenty-six 

individuals showed the most prevalent genotype, DRB*0104 and DRB*0105 that differed 

at only one site in the PBR at base pair 5 (Table 5). There were 6 individuals 

heterozygous for alleles DRB*0104 and DRB*0110. Four individuals were heterozygous 

for DRB*0106 and DRB*0107. Three were heterozygous for DRB*0104 and DRB*0111. 

Two individuals were heterozygous for DRB*0108 and DRB*0109 (Table 5).  

 Nucleotide diversity (π) was greater for DQB [0.0426] than for DRB [0.01155] 

(Table 1). Gene diversity was greater for DQB [0.7753] than for DRB [0.7510] however 

the values were very similar. Tajima’s D (Tajima 1993) was slightly negative at both loci 

[DQB = -1.05; DRB = -0.526] though not significant (P > 0.10) (Table 1). Fu’s Fs (Fu 

1997) was negative and somewhat similar for both loci [DQB =-2.96; DRB = -5.95]. 

Other statistical measures tested for included were also determined for both loci including 

average number of nucleotide differences (k) which was 7.11 in DQB and 2.75 in DRB 

(Table 1). At DQB, the expected number of alleles [9.79586] was greater than observed 

while at DRB, the observed was greater than expected [6.34044] (Table 1). The Ewens- 

Watterson test for observed levels of homozygosity were lower than expected in both 

DRB and DQB (Ewens 1972; Watterson 1978) (Table 1). The ratio of nonsynonymous to 

synonymous substitutions were examined in DQB and DRB showing greater amounts of 

nonsynonymous substitutions in both loci, 2.84 in DQB and 3.13 in DRB (Table 1).  
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Discussion 

I found 22 polymorphic sites among the 172 base pairs examined in exon 2 of 

DQB (Table 2). In DRB, of the 238 base pairs, there were eight variable sites (Table 5), 

which may indicate an excess of low frequency polymorphisms relative to the expected. 

Of individuals surveyed, no homozygous individuals were found at the DRB locus, 

demonstrating a high level of heterozygosity. The large number of unique genotypes may 

provide evolutionary potential in the face of changing pathogenic pressures; however, 

evolution is not always adaptive, and high diversity does not necessarily increase 

adaptive potential (Lande & Shannon 1996). In addition, the finding that two individuals 

were heterozygous for three alleles, confirmed for the first time the existence of gene 

duplication at this locus in the narwhal. Gene duplication was observed in DQB, which 

may be a mechanism to increase diversity in the narwhal, as has been suggested for other 

species (Weber et al., 2013; Siddle et al. 2010; Saxena et al., 2009; Bowen et al., 2004; 

Doxiadis et al., 2006; Mayer & Brunner, 2007; Yang et al., 2005).  

At both loci, Fu’s Fs indicates a historical bottleneck, somewhat confirmed by the 

history of the narwhal, which was, and is still, being subsistence harvested by the Inuit 

and at one time was hunted for its unique tusk. Additionally, the negative Fu’s Fs value 

could be indicative of population expansion, which had been predicted previously (Fu 

1997; (Schneider et al. 2000; cf. Palsboll et al., 1997). Additionally, dN/dS for both DQB 

and DRB value shows the ratio of non-synonymous substitutions to synonymous 

substitutions per site, indicating possible positive selection (Nei & Gojobori 1986) (Table 

1).  
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Although the subpopulation dynamics of the narwhal are yet to be completely 

understood, the slightly negative values for Tajima’s D suggest an expanding population 

which had been hypothesized before (Palsboll et al., 1997). Both nucleotide and gene 

diversity were greater in DQB than in DRB (Table 1). Previous results showed only one 

allele at DQB and three at DRB, which may have been misleading in light of the results 

from this study which show overall greater diversity at DQB (Murray et al., 1995; Murray 

& White 1998).  

 Melting sea ice in the Arctic habitat of the narwhal has caused and will continue 

to cause habitat loss to which the narwhal must adjust or survival of the species will be 

severely jeopardized. Unfortunately, it is predicted that the narwhal lacks the 

physiological ability to adapt to changes in ice distribution (Williams et al., 2010). Due to 

the composition of different types of muscle fibers, the narwhal displays distinct 

adaptations in morphology and physiology that enable their year-round Arctic residency 

but ultimately renders them with minimal behavioral flexibility to changes in sea-ice 

(Williams et al., 2010).  

Historically, it is hypothesized that narwhals once had a larger range extending 

south to England during the Little Ice Age (Owen 1846, Collings 1933). The findings that 

narwhals have previously decreased their range due to climate change only adds evidence 

in support that their range will be even more restricted in the future. A study by Laidre 

and Heide-Jørgensen (2005) used satellite tracking and detection of sea-ice contraction to 

assess temporal-spatial changes of the narwhal habitat. The authors found decreasing 

amounts of open water in an amount that was increasing variably from year to year 

(Laidre & Heide-Jørgensen 2005). This finding of variable ice cracks poses risk for 



32 

 

increasing number of ice entrapments, which the authors feel may be underreported when 

they occur at remote regions (Laidre & Heide-Jørgensen 2005). 

 It follows that sampling may prove more challenging at remote regions and so 

tracking narwhals near their summering areas may yield more clear results. Narwhals 

only spend about two months in their summer habitats during which they are closer to 

shore. Near-shore studies do provide details about group behavior on a small-scale 

(Marcoux et al., 2009), however, tracking devices placed on the narwhal while they are 

more easily tagged can provide information about their wintering grounds and even 

subpopulation structures. One such study used satellite tracking to provide more clear 

maps of different sub-groups and their respective summer and winter grounds as well as 

the migration path between the two regions (Heide-Jørgensen et al., 2012). This study 

showed that discrete stocks appear to be maintained through behavioral segregation and 

the authors emphasize the need to take discrete stock identities into account when 

managing hunting (Heide-Jørgensen et al., 2012). 

In addition to loss of sea ice, the narwhal must cope with anthropogenic threats 

such as increased large vessel traffic through Arctic waters. Subsistence harvesting has 

occurred for decades, however, within the last decade, catch limits have gone in to place, 

limiting the number of hunted narwhal. While there has been some concern that catch 

limits were set without sufficient knowledge of the population health, with a global 

population of 50 to 80 thousand and a catch limit of 300/year, it is most important to 

determine from what subpopulation the hunted narwhal are being taken. Due to potential 

variations in the amount of genetic variable between subpopulations, it would be 

worrisome if narwhal with a uniquely advantageous allele were being taken at greater 
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numbers as compared to narwhal with less advantageous alleles. While there may be 

some degree of migration between subpopulations, locally adapted alleles may be lost if 

the population being hunted is facing hunting pressures in addition to loss of local 

variability from outside subpopulations. Whether or not subpopulations are isolated 

enough to have locally adapted alleles is uncertain, however satellite transmitter studies 

have shown that narwhal observe high site fidelity, using the same route and schedule 

when migrating (Heide-Jorgensen et al., 2008).  

This population may show moderate levels of genetic diversity in the MHC, 

however Arctic warming has irreversibly effected the survival of the narwhal. As opposed 

to other whale species, which have undergone commercial-scale whaling pressures, the 

threats to the narwhal come more from habitat changes. Climate change will impact the 

narwhal to a much greater extent than other whales since it is an ice-obligate species (one 

which relies on sea ice platforms) (Williams et al., 2010) and it is one of the top three 

Arctic marine mammals to be greatest effected by climate change (Moore and Huntington 

2008; Laidre et al., 2008). For example, a loss of sea ice will allow greater traffic of ships 

into the narwhal habitat which poses a threat of ship collisions which often seriously 

injure kill the whales. Additionally, this warming of ocean temperatures will provide a 

hospitable environment for novel pathogens to which the narwhal may lack appropriate 

defenses. Immunologically impaired individuals are more susceptible to disease. Stress 

caused by higher temperatures, invasion of pathogens, ice entrapments and increased 

contact with shipping routes may compound to reduce the health of narwhals. 
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 Table 1. Genetic Diversity Indices for Narwhal DRB and DQB 

 
1 Fu 1997 
2 Tajima 1993 
3 Kelly 1997 
4 Chakraborty 1990 
5 Ewens 1972; Watterson 1978  
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Table 2 (a). Narwhal DQB Allele Frequencies  

Alleles published by Murray et al., 1995 are indicated by superscript 1. 

 

Allele Name Freq by Individual Prevalence Rank 
Momo_DQB*02011 32 1 
Momo_DQB*0202 1 7 
Momo_DQB*0203 4 5 
Momo_DQB*0204 10 3 
Momo_DQB*0205 16 2 
Momo_DQB*0206 2 6 
Momo_DQB*0207 10 3 
Momo_DQB*0208 6 4 

   
 

Table 2 (b). Narwhal DQB Polymorphic Sites  

 
Allele 
Name 

1 4 17 18 1
9 

2
9 

5
1 

5
2 

5
7 

6
6 

8
0 

1
0
3 

1
0
8 

1
0
9 

1
1
0 

1
1
1 

1
1
5 

1
2
4 

1
2
8 

1
2
9 

1
3
0 

1
4
3 

1
5
4 

1
6
4 

DQB*
02011 

C G C T C T A C G G T C G G A C C G A G C C A C 

DQB*
0202 

C G C T C T T A A G T C G G A - C G A G C C A C 

DQB*
0203 

C G G G T T A C G G T C G G A C C G A G C C A C 

DQB*
0204 

C G C T C T A C G G C C G G A C C G A G C C A C 

DQB*
0205 

C G C T C T A C G G T G C G A C C G C G C C A C 

DQB*
0206 

G A C T C C A C G G T C C G A C C G A G C C A C 

DQB*
0207 

C G G G T T A C G G C G G C A T T C A G C C A G 

DQB*
0208 

G G C T C C A C G A T C G G G C C C A A G A G C 
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Table 3. Narwhal DQB Individual Allelic Composition  

Alleles followed by the superscript 1 indicate alleles published by Murray et al., 1995.  

 
# of 

Individuals 

Heterozygote 

or 

Homozygote 

Allele Name 

28 homo DQB*02011 

1 homo DQB*0202 

2 hetero DQB*0201, DQB*0203 

2 hetero DQB*0201, DQB*0204 

6 hetero DQB*0204, DQB*0205 

2 hetero DQB*0203, DQB*0204, DQB*0206 

4 hetero DQB*0205, DQB*0207 

6 hetero DQB*0205, DQB*0207, DQB*0208 
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Table 4.  Narwhal DRB Allele Frequencies  

Alleles followed by the superscript 1 indicate alleles published by Murray & White, 1998.  

 
 

Allele 

Name 

Individual 

frequency 

Prevalence 

Rank 

DRB*01011 0 - 

DRB*01021 0 - 

DRB*01031 0 - 

DRB*0104 35 1 

DRB*0105 26 2 

DRB*0106 4 4 

DRB*0107 4 4 

DRB*0108 2 6 

DRB*0109 2 6 

DRB*0110 6 3 

DRB*0111 3 5 
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Table 5. Narwhal DRB Genotypes, Alleles and Polymorphic Sites 
 

Individual 
Allele 
Name 2 3 5 

1
3 

2
3 

5
2 

20
8 

20
9 

21
0 

21
5 

23
3 

8215   C C R A G C G T G G T 
1195   C C R A G C G T G G T 
1181   C C R A G C G T G G T 

108   C C R A G C G T G G T 
11072   C C R A G C G T G G T 
11075   C C R A G C G T G G T 
11082   C C R A G C G T G G T 
11120   C C R A G C G T G G T 
11125   C C R A G C G T G G T 
11124   C C R A G C G T G G T 
11129   C C R A G C G T G G T 
11132   C C R A G C G T G G T 
11102   C C R A G C G T G G T 
11140   C C R A G C G T G G T 
11080   C C R A G C G T G G T 

114   C C R A G C G T G G T 
21094   C C R A G C G T G G T 
21100   C C R A G C G T G G T 

1063   C C R A G C G T G G T 
1064   C C R A G C G T G G T 
1062   C C R A G C G T G G T 
1061   C C R A G C G T G G T 
1199   C C R A G C G T G G T 
9209   C C R A G C G T G G T 
1187   C C R A G C G T G G T 
9212   C C R A G C G T G G T 

  DRB*0104 C C A A G C G T G G T 
  DRB*0105 C C G A G C G T G G T 

11147   C C R A G C K W S G G 
11150   C C R A G C K W S G G 

1207   C C R A G C K W S G G 
9223   C C R A G C K W S G G 

  DRB*0106 C C A A G C G T G G G 
  DRB*0107 C C G A G C T A C G G 

109   C C R A G C G T G A T 
111   C C R A G C G T G A T 

  DRB*0108 C C A A G C G T G A T 
  DRB*0109 C C G A G C G T G A T 
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Table 5. Narwhal DRB Genotypes, Alleles and Polymorphic Sites continued 

 
 
 
 
 
 
 
  

11068   C C R A R S G T G G T 
11078   C C R A R S G T G G T 
11117   C C R A R S G T G G T 
11121   C C R A R S G T G G T 

1198   C C R A R S G T G G T 
9210   C C R A R S G T G G T 

  DRB*0104 C C A A G C G T G G T 
  DRB*0110 C C G A A G G T G G T 

11142   C C R A G C G T G G K 
21106   C C R A G C G T G G K 

1184   C C R A G C G T G G K 
  DRB*0104 C C A A G C G T G G T 
  DRB*0111 C C G A G C G T G G G 
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Figure 1. Global Distribution of Narwhal. Solid blue indicates frequent occurrence and 

striped indicates rare occurrence of narwhal distribution. Accessed from: 

http://en.wikipedia.org/wiki/File:Narwhal_distribution_map.png on May 19, 2013 
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Figure 2. Amino acid variation in class II of the MHC in DQB of the narwhal.  

 

This alignment compares the amino acids found in all known narwhal DQB alleles with 

beluga (Delphinapterus leucas) (GenBank Accession #: U16989), Hector’s dolphin 

(Cephalorhynchus hectori) (Baker et al., 2006), humpback whale (Megaptera 

novaengliae) (Baker et al., 2006) and northern elephant seal (Mirounga angustirostris) 

(Weber et al., 2004). 

 

Dots (.) mark identity with top sequence. Dashes (-) indicate lack of data. Asterisks (*) 

indicate the peptide-binding region as determined by Brown et al., 1993.  

 
(a) DQB           *   *                 * *                                                *        *              *     * *        * 
MomoDQB*0201  TERVRLVSRY IYNREEYVRF DSDVGEYRAV TELGRRTAEY WNSQKDILER TRAELDT 

MomoDQB*0202  .......... ......L.H. .......... .......PST GTARRTSWSG HGPSWT- 

MomoDQB*0203  .....G.... .......... .......... .......... .......... ....... 

MomoDQB*0204  .......... .......... ......H... .......... .......... ....... 

MomoDQB*0205  .......... .......... .......... .....P.... ..R....... ....... 

MomoDQB*0206  .........H .......... .......... .....P.... .......... ....... 

MomoDQB*0207  .....G.... .......... ......H... ......I... C......... ....V.. 

MomoDQB*0208  .........H .......... .N........ ......A... C.K....M.. ....... 

DeleDQB*0103  .......... ......L.H. .......... .....PD... .......... ...K... 

DeleDQB*0201  .......T.. .......... .......... .......... .......... .....E. 

DeleDQB*0202  .......T.. .......... .......... .......... .......... ....... 

CeheBP02DQB*1 .....F.N.. ......F... ....DDF... .......... .......... K......               

MenoDQB*1c    .......V.H ......FA.. .......... .....PS.K. ......L..Q ....... 

MianDQB-NES1  .....V.T.D ......F... ........P. .....PF... ---------- ------- 

 

 

 

    

  



46 

 

Figure 3. Amino acid variation and alignment of DRB. This alignment compares the 

amino acids found in all known narwhal DRB alleles with beluga (Delphinaruptes leucas) 

(Murray and White, 1998), polar bear (Ursus maritimus) (Goda et al., 2010) and Hector’s 

dolphin (Cephalorhynchus hectori) (Baker et al., 2006).   
 

(b)DRB             *  * *      *  *      **                    * 

MomoDRB*0101 YQFKGECRFS NGTERVRLVT RHIYNEEEFM RYDSDVGECR AVTELGRRTA  

MomoDRB*0102   .......... .......... .......... .......... .......... 

MomoDRB*0103   .......H.. .......V.. .......... .......... .......... 

MomoDRB*0104   S...S..... .......... .......... .......... ..........  

MomoDRB*0105   SR..S..... .......... .......... .......... ..........    

MomoDRB*0106   S...S..... .......... .......... .......... ..........     

MomoDRB*0107   SR..S..... .......... .......... .......... ..........   

MomoDRB*0108   S...S..... .......... .......... .......... ..........  

MomoDRB*0109   SR..S..... .......... .......... .......... ..........  

MomoDRB*0110   SR..S..H.. .......V.. .......... .......... ..........  

MomoDRB*0111   SR..S..... .......... .......... .......... ..........  

DeleDRB*0101   .......... .......... .....G.... .......... .......... 

DeleDRB*0102   .......... .......... .....G.... .......... ..........  

DeleDRB*0201   L.L.A..... .......... .....G.... .......... .......... 

DeleDRB*0202   L.L.A..... .......... .....G.... .......... ..........  

DeleDRB*0301   .......... .......... .D...G..YV ........Y. .......PD.  

DeleDRB*0401   FR..S..... ......Q..D .Y...G..YV ........Y. .E........  

DeleDRB*0402   FR..S..... ......Q..D .Y...G..YV ........Y. .E........  

DeleDRB*0501   F...A..... .......FM. .Y...G..YV .C......Y. ..........  

Urma-DRB*01    RMY.A..H.T .......FLA .S...R...A .F......Y. ........D.  

CeheBP18-DRB   --------FS ........LV .D...R..LV ........H. .......Q..  

 

 

                 *     *   **  *   *    *   * 

MomoDRB*0101   ESLNSQKDFL ERRRAEVDTV CRHNYGVVE 

MomoDRB*0102   .......... .......... .......G. 

MomoDRB*0103   .......... .......... ......... 

MomoDRB*0104   .......... .......... ......... 

MomoDRB*0105   .......... .......... ......... 

MomoDRB*0106   .......... .......... .......G. 

MomoDRB*0107   .......... .........Y .......G. 

MomoDRB*0108   .......... .......... .K....... 

MomoDRB*0109   .......... .......... .K....... 

MomoDRB*0110    .......... .......... ......... 

MomoDRB*0111   .......... .......... .......G. 

DeleDRB*0101   .......... .......... ......... 

DeleDRB*0102   .......... .......... .......G. 

DeleDRB*0201   .......... .........Y ......... 

DeleDRB*0202   .......... .........Y .......G. 

DeleDRB*0301   KYW.....L. .........Y ......... 

DeleDRB*0401   .YW.....L. .QN..AL..Y ......... 

DeleDRB*0402   .YW.....L. .QN..AL..Y .......G. 

DeleDRB*0501   ..F.....L. ..H..AL..Y .......G. 

Urma-DRB*01    ..W.P..EL. ..A..A...Y .......G- 

CeheBP18-DRB   .KW....... .......... .......A.  
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Figure 4. Example Chromatogram showing polymorphic site in heterozygous narwhal 

individual at DQB. The site shows that at base pair 93 the individual shows both an A and 

a G, this is given the ambiguous label “R.,” meaning “A & G.” 
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Chapter 3: 

 

Major Histocompatibility Complex Diversity of the Oman Humpback 

 
 

ABSTRACT 

 

Conservation geneticists seek to examine genotype level diversity in species of 

concern in order to evaluate species risk level. There is evidence that humpback whales 

as a species have increasing levels of diversity and are making good recovery from the 

bottleneck caused by whaling. However, the Arabian Sea subpopulation is at greater risk 

due to its isolation from other humpback subpopulations, limiting the introduction of any 

new diversity. One region of the genome used in the analysis of genetic diversity is the 

major histocompatibility complex (MHC). As a region of the genome coding for 

immunity against foreign pathogens, Class II of the MHC may not only give us a 

snapshot of species health, but also help to deduce the evolution of a species under 

pathogenic pressures. In this paper, the Arabian Sea humpback whale subpopulation was 

used as a model species to examine genetic diversity in the MHC, specifically at the locus 

DQB. Polymorphism and sequence variation from genomic and allelic sequences was 

analyzed in 28 humpbacks. In these individuals, 16 new alleles were found and six 

individuals displayed copy number variation. These findings may indicate that this 

subpopulation has undergone gene duplication as a genetic mechanism to artificially 

create increased diversity.  
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Introduction 

The humpback whale (Megaptera novaengliae) is found throughout the oceans of 

the world (Figure 1) and makes exceedingly long distance seasonal migrations between 

feeding and breeding/calving grounds (Clapham & Link 2006). The different 

subpopulations or stocks, the latter term used for management purposes, have a northern 

versus southern hemisphere distribution with corresponding differences in life history 

traits, e.g., timing of migration, breeding and calving timing (Baker & Medrano-González 

2002). Like other baleen whales, humpback whales experienced extreme commercial 

exploitation by whalers from the 1600’s, peaking in the 19th century and decreased by the  

early 20th century. Humpback whales frequented coastal waters and habitually returned to 

the same areas each year making the species vulnerable to exploitation by whalers 

(Smultea, 1994). In 1966, the population estimate was approximately 5000 individuals 

(Reeves et al., 2001) and subsequently the International Whaling Commission (IWC) 

prohibited commercial whaling on humpback whales but maintained scientific whaling 

(Caron, 1995). Population estimates of pre-commercial exploitation suggest the 

population was 125,000 individuals, however the current estimation is estimated at 

80,000 but increasing (Baker & Clapham 2004; Reilly et al., 2012).  Humpback whales 

are listed as a “least concern” species on the International Union for the Conservation of 

Nature (IUCN) Red List (Reilly et al., 2012). In contrast to many baleen species, 

humpback whales populations have recovered and most are increasing (Clapham & Link 

2006).  

The exception is the “endangered” (Minton et al., 2008) Arabian Sea humpback 

whale found off the coast of Oman (Figure 2) [commonly called the ‘Oman population’], 
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whose stock is located in the Indian Ocean Sanctuary and estimated to be less than 200 

whales (Minton et al., 2008). This stock is behaviorally isolated (Figure 1) from other 

humpback stocks and classified as Breeding and Feeding Stock X by the IWC (Reeves et 

al., 1991; Mikhalev, 1997). The Arabian Sea region has always been a closed area to 

commercial whaling under the International Convention for the Regulation of Whaling 

(Oberthür, 1998) and Oman prohibits hunting of any cetacean species (Minton et al., 

2008).  

The degree of gene flow among oceanic breeding locations and the sub-

populations within these locations [South Atlantic and Indian Ocean] have been 

examined to determine genetic structure of the populations (Rosenbaum et al., 2009). The 

Oman whales are a distinct stock as demonstrated by Fst values that indicated the highest 

recorded values for population differentiation among any worldwide humpback 

populations. In addition, the researchers found eight mitochondrial DNA (mtDNA) 

haplotypes from 38 northern Indian Ocean humpbacks indicating this stock has the 

lowest haplotype diversity compared to the other humpback stocks [8 haplotypes in 

Oman verses 32-100 in other populations]. The mtDNA haplotypes that this population 

shares with the other populations are thought to be due to shared ancestry, rather than 

from any current breeding events. The Oman population contains private haplotypes that 

are found only in Region X (Rosenbaum et al., 2009).  The identity of the haplotypes in 

this population is of interest since it is speculated they do not interbreed with other 

subpopulations because of the timing of their mating cycle (incompatible with Southern 

Hemisphere whales) and their unusual lack of migration (due to food sources driven by 

upwellings) (Mikhalev, 1997; Minton et al., 2008). These factors, combined with the 
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semi-isolation, contribute to the high level of concern about the genetic diversity of the 

Oman subpopulation. 

 In a recent comparison, Pomilla et al. (2010) examined microsatellite markers and 

mtDNA from Region X humpback samples collected between 1999 and 2004 and found 

that Region X historically originated from the Southern Indian Ocean population about 

58,600 years ago. In addition, their study confirmed that the population is currently 

genetically isolated and the genetic diversity is low and possibly decreasing. The cause 

was attributed to a recent bottleneck event between 20 and 6,450 years ago (generation 

time = 21.5 years) and there are not signs of recovery (Pomilla et al., 2010). Fitting 

within this range, the bottleneck was most likely caused by whaling that occurred around 

40 years ago (Pomilla et al., 2010).  

 

In a study on MHC in baleen whales, humpback whales from Southeastern 

Alaska, California and the Gulf of Maine had 23 DQB and seven DRB alleles in 23 

individuals surveyed (Baker et al., 2006). DQB showed high within species and between 

species nucleotide diversity [5.9% in humpback] when compared to other baleen whales 

and three unique sequences in four whales and four in another individual, indicating gene 

duplication at this locus in humpback whales. Gene duplication has been found in a 

number of species including the now extinct Chinese river dolphin (Lipotes vexillifer) 

(Yang et al., 2005). In the DQB peptide binding region (PBR) Baker et al. found 

significantly greater divergence of nonsynonymous substitutions (dN/dS of 7.45, p<0.001), 

23 unique alleles for 47 individuals, and nucleotide diversity about twice that in the 

beluga (Delphinapterus leucas) and narwhal (Monodon monoceros). Unlike many 
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mammals, humpback whales show greater DQB diversity than DRB [only 7 alleles from 

8 individuals] (Baker et al, 2006).  

Nigenda-Morales et al. (2008) examined DQB in the Gulf of California fin whale 

(Balaenoptera physalus) and found three alleles in 36 individuals and nine of the 13   

amino acid changes were in the PBR and three of these changes were in regions adjacent 

that would cause physiochemical changes to the PBR.  They found a greater non-

synonymous substitutions (dN) to synonymous substitutions (dS) per site [0.077 to 0.016], 

indicating positive selection. Nigenda-Morales et al. assert that the peptide binding 

affinities of each of the fin whale MHC proteins are variable adaptive differences due to 

the shift of physiochemical properties in the PBR or that the DQB alleles might have 

formed independently in different species [Minke and humpback whale] and converged 

from similar pathogen exposure. While some scientists postulate the marine environment 

provides species protection from pathogens as compared with terrestrial mammals 

(Trowsdale et al., 1989) (Slade, 1992), diseases and epizootics have been well 

documented in cetaceans (Geraci et al., 1979; Smith et al., 1983; Van Bressem et al., 

1999; Van Bressem et al., 2009), arguing against reduced pathogen pressure acting on the 

MHC in marine mammals.  

Here, I investigate the level of genetic diversity in a historically isolated and non-

migrating humpback whale population found all year in warmer low latitude waters. I 

hypothesize that the Oman population will have decreased MHC genetic variation at the 

DQB locus because of its low population size and isolation from other humpback whales 

populations, thereby limiting potential gene flow of new alleles into this population, 

which may increase their greater risk to new pathogens.  
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Materials and Methods 

The 33 humpback whale samples from the Arabian Sea/Oman population were 

provided by Tim Collins (Environment Society of Oman) and all subsequent lab work 

was performed by Dr. Diana Weber and her team (cf. Weber et al. 2004; Weber et al. 

2013). They used direct-sequence genotyping and cloning of PCR products to survey the 

DQB locus in the class II region of the MHC. In particular, they targeted exon 2, which 

encodes the peptide-binding region (PBR) in the locus and thought to be the region most 

under balancing selection (Hedrick & Kim 2000).  I had both direct sequencing and clone 

data for 12 individuals, direct sequencing only for 19 individuals, clone data only for 2 

individuals.  

I edited and aligned the sequence data using Sequencher version 5.2 (Gene Codes 

Corporation) and (Clustal X, Larkin et al. 2007). From this data, I ascertainedthe 

genotypes for all individuals and translated the allele sequences to amino acids starting 

with the second nucleotide site based on previously published alleles of the northern and 

southern elephant seal (Mirounga leonine) (Weber et al. 2004). I determined statistical 

population genetic measures using the programs DnaSP (Librado & Rozas 2009), 

ClustalX (Larkin et al 2007) and Arlequin 3.5 (Excoffier & Lischer 2010). 
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Results  

 Variation in the DQB gene was detected by direct sequencing of genomic PCR 

products. Of the humpback examined, only one individual was homozygous. The 

previously published alleles included DQB*01 to DQB*23 (Baker et al., 2006) and in this 

study, I also found these alleles discovered by Baker et al (2006): DQB*05 in eight 

individuals   DQB*06 in four, DQB*08 in 2, and DQB*21 in 3 individuals. In addition, I 

found sixteen new DQB alleles, Meno-DQB*24 to Meno-DQB*39, which were 

confirmed either by the allele being present in multiple individuals or in the same 

individual but by multiple clones showing the same sequence. Interestingly, 1 individual 

had five alleles and five individuals had three alleles, suggesting gene triplication. While 

gene duplication has been found previously in the humpback, the finding of gene 

triplication is first demonstrated in the humpback in this paper.  

Two tests were run to analyze neutrality. The Tajima’s D value was found to be -

1.54. Finally, the Fu’s Fs test had an Fs value of -3.35, which is indicative of a historical 

population decrease. Nucleotide diversity per site, Pi, was found to be 0.218. The ZnS 

test for linkage disequilibrium was 0.652. Observed levels of homozygosity were lower 

than expected in DQB (Ewens, 1972; Watterson, 1978). In addition, the observed number 

of alleles was lower than the expected number [0.07845]. 

 The value for dn/ds, a measure used for detecting selection showed a fixation of 

nonsynonymous mutations with a higher probability than neutral (synonymous) ones. 

This suggests that the humpback DQB gene is under selection pressure, similar to Xia Xu 

et al., 2009. Potential sources of this selection pressure could be climate and/or 

environmental changes affecting their fragile habitat.  
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Discussion  

In the humpback, only one of the individuals surveyed were homozygous at 

the DQB locus while 26 were heterozygous, demonstrating a deficit of homozygotes. The 

genotypic results from this study were consistent with Baker et al (2006) who found 23 

different DQB alleles in 47 humpback whales. In the face of changing pathogenic 

pressures this large number of unique genotypes could lend evolutionary potential; 

however, high diversity does not always increase adaptive potential (Lande & Shannon 

1996). Additionally, the negative Fu’s Fs value could be indicative of population 

expansion (Fu 1997; Schneider et al. 2000). Additionally, the dN/dS value for DQB shows 

the ratio of non-synonymous substitutions to synonymous substitutions per site, 

indicating positive selection (Nei & Gojobori 1986) (Table 1). Though not all species 

follow the same trend and in this study DRB was not examined, the implications from this 

study may raise concern if this population follows the trend with other humpbacks, it may 

have even less diversity at DRB. While the analysis of 27 humpback whales may seem 

like a small sample size, considering the entire population of Oman humpbacks is 

approximately 200 individuals, these results can in fact tell us a great deal about this 

subpopulation.  

In addition, the finding that five individuals were heterozygous for three alleles 

and one individual was heterozygous for five alleles, confirmed for the first time the 

existence of gene triplication at this locus. Though gene duplication had been 

demonstrated before by Baker et al (2006), this thesis identifies gene triplication by clone 

data from an individual showing five alleles. The present study has shown that not only 

gene duplication, but also triplication is occurring at DQB in the humpback MHC. The 
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previous study showed the gene duplication from four individual with three unique 

sequences and one individual with four unique sequences (Baker et al., 2006). Gene 

triplication has also been found previously in the right whale where it was suggested as a 

mechanism to increase their low diversity. In other species like the baji river dolphin 

(Yang et al., 2005), gene duplication has been suggested as a response to limited 

diversity. Given that the Oman population of humpbacks is not suspected to breed outside 

their own population, they were expected to have low diversity. Gene duplication has also 

been found in the baji, Chinese river dolphin (Yang et al., 2005).  

The gene triplication observed in DQB in this study may be a mechanism to 

increase diversity (Siddle et al. 2010). Although the subpopulation dynamics of the 

narwhal are yet to be completely understood, Tajima’s D suggests an expanding 

population which had been predicted previously (Palsboll et al., 1997). At the DQB locus, 

Fu’s Fs indicates a historical bottleneck, confirmed by the history of the humpback, 

which was hunted on a commercial scale about as recent as 40 years ago. 

Anthropogenic stresses such as fishing nets and water traffic pose threats to 

survival of the Oman humpback. While commercial whaling occurred for decades, within 

the last 40 years both international and local regulations have gone into effect, increasing 

protection of these whales globally. Though the global population of humpbacks is 

estimated at 60,000, the Oman population is only made up of around 200 individuals. For 

this reason, it is important to determine and reduce any threats to this fragile population. 

Due to potential variations in the amount of genetic variable between subpopulations, it 

brings cause for concern that humpback with unique and advantageous alleles may be 

separated from the isolated Oman population. However, if a humpback from outside the 
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Oman population were to enter the Oman breeding pool, locally adapted alleles may be 

lost. 

This population may show moderate levels of genetic diversity in the MHC, 

however the population bottleneck caused by whaling has irreversibly effected the 

survival of the humpback.  While the commercial-scale whaling pressures are over, the 

threats to the humpback comes from their ability to establish more diversity in the face of 

anthropogenic threats. With moderate levels of diversity, the Oman population may 

contain some individuals are more susceptible to disease. Stress caused by contact with 

fishing nets and boats may compound with the borderline diversity of the Oman 

population to reduce the health of this population. 

Humpback whales spend considerable time in high latitude waters and with 

climate warming increasing ocean temperatures, especially at the poles, humpbacks may 

face an increased pathogen load. Pathogens, historically constrained to lower latitudes by 

cold temperatures, are now expanding their range and this may increase their exposure to 

novel diseases and parasites. (Halvorsen & Bye 1999; Harvell et al. 2002; Kutz et al. 

2004; Kutz et al. 2005; Hueffer et al. 2011). However, the Oman population already 

spends all of its time in warm waters so it likely faces pathogenic pressures that are 

distinct from other humpback populations.   
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Table 1. Humpback DQB Variability  

 
1 Fu 1997 
2 Tajima 1993 
3 Kelly 1997 
4 Chakraborty 1990 
5 Ewens 1972; Watterson 1978  
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Table 2. Humpback Published DQB Alleles 
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Table 3. Humpback New DQB Alleles 

 

Meno-DQB*24  N/A 5 45 TOTAL 

    6: OM01_012 

    4: OM02_009 

    13: OM02_011 

    10: OM02_019 

    12: OM02_026A 

Meno-DQB*25 N/A 3 10 TOTAL 

    2: OM01_013 

    6: OM02_010 

    2: OM02_026A 

Meno-DQB*26 N/A 2 3 TOTAL 

    1: OM01_008 

    2: OM01_016 

Meno-DQB*27 N/A 1 2 TOTAL 

    2: OM01_012 

Meno-DQB*28 N/A 1 2 TOTAL 

    2: OM02_019 

Meno-DQB*29 N/A 1 2 TOTAL 

    2: OM01_012 

Meno-DQB*30 N/A 1 2 TOTAL 

    2: OM02_019 

Meno-DQB*31 N/A 1 2 TOTAL 

    2: OM01_012 

Meno-DQB*32 N/A 1 2 TOTAL    

    2: OM01_004 

Meno-DQB*33 N/A 1 2 TOTAL 

    2: OM02_026A 

Meno-DQB*34 N/A 1 2 TOTAL 

    2: OM02_010 

Meno-DQB*35 N/A 1 2 TOTAL 

    2: OM01_013 

Meno-DQB*36 N/A 3 OM01_007 

    OM01_009 

    OM01_010 

Meno-DQB*37 N/A 2 OM01_019 

    OM02_001 

Meno-DQB*38 N/A 2 OM01_019 

    OM02_005 

Meno-DQB*39 N/A 3 OM01_020 

    OM02_001 

    OM02_006 
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Table 4. Humpback Individuals and their respective Alleles  

Individual Hetero/Homo Clones Alleles 

OM01_003 hetero yes 5, 6 

OM01_004 hetero yes 5, 32 

OM01_008 hetero yes 5, 21, 26 

OM01_012 hetero yes 5, 24, 27, 29, 31 

OM01_013 hetero yes 6, 25, 35 

OM01_016 hetero yes 5, 8, 26 

OM01_018 hetero yes 5, 6 

     

OM02_002 hetero yes 5, 8 

OM02_009 hetero yes 21, 24 

OM02_010 hetero yes 5, 25, 34 

OM02_011 hetero yes 6, 24 

     

OM01_006 hetero no N1, N2  

OM01_007 hetero no N3, 36 

OM01_009 hetero no N5, 36 

OM01_010 hetero no N7, 36 

OM01_011 hetero no N8, N9 

OM01_017 hetero no N10, N11 

OM01_019 hetero no N13, 37, 38  

OM01_020 hetero no N14, 39 

     

OM02_001 hetero no 37, 39 

OM02_003 hetero no N16, N17 

OM02_004 HOMO no N3 

OM02_005 hetero no N18, 38 

OM02_006 hetero no N17, 39 

OM02_008 hetero no N19, N20 

     

OM02_019 hetero clone only 24, 28, 30 

OM02_026A hetero clone only 24, 25, 33 
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Figure 1. Global Humpback Populations. World map of the global humpback distribution 

showing breeding areas in yellow and feeding areas in green. Note the Oman humpback 

population which is shown in red and is distinct in that it breeds and feeds in the same 

area, indicating a lack of migration. Accessed from: 

http://www.nature.nps.gov/biology/migratoryspecies/humpbackwhale.cfm  

on May 17, 2013 
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Figure 2. Breeding Stock X. Map of breeding stock X. This map shows a close-up of the 

Gulf of Oman, shown in white, with Iran to the North and Oman bordering to the 

Southwest. (Taken from Pomilla et al., 2010)
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Figure 3. Amino acid variation in class II of the MHC in DQB genotypes of the humpback. This alignment 

compares the amino acids found in all known humpback DQB alleles (Baker et al., 2006 for DQB Meno-

DQB*1 through DQB*23) with the bowhead whale (Balaena mysticetus) (Baker et al., 2006), fin whale 

(Baleonoptera phyalis) (Baker et al., 2006), grey whale (Erchrichtius robustus) (Baker et al., 2006), 

southern right whale (Eubalaena australis) (Baker et al., 2006) and beluga (Delphinapterus leucas) 

(Murray et al., 1999). (Dots (.) mark identity with top sequence. Dashes (-) indicate lack of data. Asterisks 

(*) indicate the peptide-binding region as determined by Brown et al., 1993.  

 
(a) DQB           *   *                 * *                                                *        *              *     * *        * 
MenoCA-DQB*1  TERVRLVVRH IYNREEFARF DSDVGEYRAV TELGRPSAKY WNSQKDLLEQ TRAELDT  

MenoCA-DQB*2  .......E.D .......L.. .......... ......I.EN .......... R..AV..  

MenoCA-DQB*3  .......T.Y .......... .......... S.....D.E. ......I..E ...AV..  

MenoCA-DQB*4  .....A.E.Y ......Y... .......... S.....D.E. .......... ...AV..  

MenoCA-DQB*5  .......T.Y ......Y... .......... S.....D.E. ......I... .......  

MenoCA-DQB*6  .....A.E.Y .......... .......... S.....D.E. .......... ...AV..  

MenoCA-DQB*7  .....A.E.Y ......Y... .......... S.....D.E. ......I..E ...AV..  

MenoCA-DQB*8  .......T.Y .......... .......... S.....D.E. .......... .......  

MenoCA-DQB*9  .......T.Y ......Y... .......... S.....D.E. ......I..E ...AV..  

MenoCA-DQB*10 .......T.Y .......... .......... ......D.E. .......... .......  

MenoGB-DQB*11 .......... ......Y... .......... S.....D.E. ......I... .......  

MenoGB-DQB*12 .......T.Y .......... .......... .......... .......... .......  

MenoCA-DQB*13 .......... ......Y... .......... ........E. .......... R...V..  

MenoGB-DQB*14 .......E.D ......Y... .......... S.....D.E. ......I... .......  

MenoGM-DQB*15 .......E.D .......L.. .......... ......I.EN .......... R...V..  

MenoGM-DQB*16 ......LE.Y .......... .......... S.....D.E. .......... R..AV..  

MenoGM-DQB*17 ......LE.Y .......... .......... S.....D.E. .......... R...V..  

MenoSE-DQB*18 .....A.E.Y ......Y... .......... S.....D.E. ......I... .......  

MenoSE-DQB*19 .......... ......Y... .......... S.....D.E. ......I..E ...AV..  

MenoSE-DQB*20 .......... ......Y... .......... ........E. ......I..E ...AV..  

MenoSE-DQB*21 .....A.E.Y .......... .......... S.....D.E. .......... ...AV..  

MenoSE-DQB*22 .......... ......Y... .......... .......... .......... R...V..  

MenoSE-DQB*23 .......T.Y .......... .......... S.....D.E. ......I..E ....... 

MenoDQB*24    .......T.Y ......Y... .......... S.....D.E. ......I... ....... 

MenoDQB*25    .......T.Y ......Y... .......... ........E. ......I... ....... 

MenoDQB*26    .....A.E.Y ......F... H......... S.....D.Q. .......... ...AV.. 

MenoDQB*27    .......T.Y ......Y... .......... S......... .......... ...AV.. 

MenoDQB*28    .....A.EGY ......Y... .......... S......... .......... ...AV.. 

MenoDQB*29    .....A.E.Y ......Y... .........A S......... .......... ...AV.. 

MenoDQB*30    .....A.EKY ......Y... .......... S......... .......... ...AV.. 

MenoDQB*31    .....A.E.Y ......Y... .......... S......... .........R ...AV.. 

MenoDQB*32    .......T.Y ......F... ...M...... S.....D.E. .......... ....... 

MenoDQB*33    .......T.Y ......Y... .......... ......S.E. ......I... ...KL.. 

MenoDQB*34    .......T.Y ......Y... .......... ........E. ......V... ....... 

MenoDQB*35    .....A.E.Y ......F... .......... S.....D.E. .......... ...AV.. 

MenoDQB*36    .....A.E.Y ......F... .......... S.....D... .......... ...AV.. 

MenoDQB*37    .....P.D.Y ......?P.. .......... S.....D.EN .......... ....V.. 

MenoDQB*38    .......E.D ......FL.. .......... ......I.E. L......... R...V.. 

MenoDQB*39    .......E.Y ......FV.. .......... ......F.E. ......I... R...V.. 

BamyDQB*1     .....A.T.Y ......Y... .......... S.......E. ......I... E..AV..  

BamyDQB*2     .......SSY ......Y... .......... S.....D.E. ......I... .......  

BamyDQB*3     .....Y.SSY ......Y... .......... S.....D.E. ......I... .......  

BaphMDQB*1    .....Y.T.Y .......... ......F... S.....D... .......... R...V..  

BaphMDQB*2    .......E.Y .......... .......... S.....V.EK .......... R...V..  

EsroWaDQB*1   .......E.Y ......Y... .......... ......D... .........K R......  

EsroWaDQB*2   .....Y.S.Y ......Y... .......... ......D... ......I... .......  

Euau-DQB*1c   .....Y.T.. ......YV.. .......... .......... ......H... R......  

Euau-DQB*2c   .....Y.T.. ......YV.. .......... S.....D.E. ......I... .......  

Euau-DQB*3c   .......T.Y ......LV.. .......... S.....D.E. ......I..R E..AV..  

Euau-DQB*4c   .......SSY ......Y... .......... S.....D.E. ......I..R E..AV..  

Euau-DQB*5c   .......T.Y ......LV.. .......... S.....D.E. ......I... .......  

DeleDQB*0101  .......S.Y ......LVH. .......... ......D.E. ......I..R ....... 
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Figure 4 (a). Chromatogram for Individual OM01_012 showing polymorphic site at base 

pair 10. The figure shows both a “G” and an “S” peak that is called as an ambiguous peak 

“S,” meaning “G & C.”  
 

 

 
 

Figure 4 (b). Chromatogram for Individual OM01_012 showing 14 clones.  
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Figure 5. Chromatogram from Individual OM01_012 showing two clones. Base pair 10 is 

highlighted, showing one clone with the allele that codes for a “G” and one allele 

showing a “C” at the same site. This is complementary to the data from the direct 

sequencing above which showed an “S” at this site, also known as a “G & C.” 
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CHAPTER 4: 

 

CONCLUSION 

 

Both immune system complexity and environmental dynamics impact how 

species will be able to respond to climate change. Additionally, climate change may alter 

the range of traditionally equatorial marine pathogens, ultimately expanding the range of 

novel pathogens. As ocean temperatures warm, new pathogenic pressures are 

immigrating into the Arctic, which can cause immunologic stress and pressure to resident 

species (Parkinson & Butler 2005; Rausch et al., 2007; Kutz et al., 2009; Skirnisson et 

al., 2009). Without environmental stressors, the major histocompatibility complex (MHC) 

may not experience the same selection pressures as a dynamic environment. These 

selection pressures may be environmental factors, such as sea-ice loss reducing the 

habitat of the narwhal (Monodon monoceros), or isolation of a small population in the 

case of the Oman humpback (Megaptera novaeangliae). Increased variability may 

provide some adaptive potential that will allow a species to respond to a greater number 

of pathogenic challenges (Lande & Shannon 1996; Vandiedonck & Knight 2009). Both 

the narwhal and the Oman humpback displayed moderate levels of genetic diversity 

based on heterozygosity and allelic diversity at DQB and DRB loci and DQB locus, 

respectively.  

Historically, the Arctic may have been as close to a benign environment as 

possible; in contrast this environment is warming the Arctic and now may be less 

hospitable to species that have adapted over evolutionary time to its unique 

characteristics, i.e., cold temperatures, scare resources, low pathogen load, and etc. 

(Prestrud  1991; Smith et al., 1991; Wiig et al., 2008). In the face of an increasing 
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invasion by novel pathogens, assessing potential immune function using genetic 

techniques may be critical (Acevedo-Whitehouse & Duffus 2009), especially for 

populations/species such as the Oman humpback and the narwhal The life history of 

narwhal and other Arctic ice-obligate species are dependent on the presence of sea ice 

and without it, these species will be severely affected by habitat degradation (Laidre & 

Heide-Jorgensen 2005; Laidre et al., 2008; Higdon & Ferguson 2009). While the narwhal may 

be able to follow receding ice for some time, survival in an ice-free Arctic for an ice-

obligate species will be severely compromised. To respond to these changes, the narwhal 

may experience changes in migration, which has already been suggested for some non-

hunted narwhal subpopulations (Reinhardt Nielsen & Mailby, 2013).  

The Oman humpback may not be affected by climate change similarly to the 

narwhal, however, small subpopulations have an increased risk for loss of genetic 

diversity and stochastic events are more likely to impact small populations  (Frankham 

1995).  The population is a distinct, isolated, and non-migratory group with many risks 

associated with its survival (Reeves et al., 1991; Mikhalev, 1997) i.e., anthropogenic 

impacts (shipping, pollution, coastal construction, overfishing), rapid rise in ocean 

temperatures, and a multitude of potential pathogen pressures. The Oman humpbacks 

from this study, shared three alleles with other global populations. The characteristics of 

MHC suggest how that these shared alleles may be ancestral [see transpecies 

polymorphism (Klein 1987) rather than recent cross-breeding with other subpopulations 

(Baker et al., 2006; Baker & Medano-Gonzalez 2002). The Oman subpopulation had 

distinct mitochondrial lineages and haplotypic alleles that were different from other 
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populations, presumably from isolation; all suggesting limited to no gene flow between 

the Oman population and other humpbacks (Rosenbaum et al., 2009).  

Up until only very recently, there was relatively no information on population 

structure, genetic variability or any other measures used to assess conservation status of 

the narwhal. While the information existing on the narwhal is growing, assessment is far 

from complete and raises cause for concern in the face of a rapidly changing Arctic 

environment. In summary, we are obligated to provide greater understanding of the 

dynamic genetic variability of species to make predictions about how species will 

respond to climate change and changing environments so that we can improve the 

management of species under the threat of a changing world. 
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Appendix 1 

 
The MHC in a Cellular Context 

The classes are organized with class II most proximal to the centromere, class III 

in the middle and class I towards the telomeric end as seen in Figure 1 (Ziegler et al 

2010). Gnathosomes are able to distinguish between the peptides derived from self and 

non self, and thereby use the non self-derived peptides to mark an infected cell for 

destruction. Intracellular pathogens are recognized by the class I molecule, while 

extracellular pathogens are handled by class II (Jensen, 2007). The classes will be 

discussed in order from the telomere to the centromere, I, III and then II. 

 

Class I 

         While the class II is the region of focus, it is challenging to discuss one without 

the other. The class I molecule is expressed by all nucleated cells and presents peptides of 

nuclear or cytosolic origin to other cells.   The class I molecule is a heterodimer 

composed of two heavy chains, the α helices and a light chain, the β2-pleated sheet 

microglobulin or β2m (Klein, 2000). In an infected cell, the class I complex stabilizes 

with the binding of a peptide derived from intracellular antigens. Proteasomes mediate 

the breakdown of antigens into peptides which are translocated by transporter associated 

with antigen processing (TAP) into the endoplasmic reticulum lumen where the peptide 

associates with the peptide binding groove composed of the α1 and α2 regions of the 

class I molecule. In this process, the peptides that are generated by the proteasomes have 

a half-life of only 6-10 seconds that makes the production of peptides the rate-limiting 

step and keeps the cell prepared to respond immediately to infection. The MHC class I 
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complex is transported through the Golgi complex to present on the surface of the cell. 

Anchored in the plasma membrane of the antigen presenting cell by the transmembrane 

region, the class I molecule presents the peptide to T cell receptors, which bind the 

peptide leading to an immune response. An additional mechanism of antigen presentation 

is through neighboring cells. Cytotoxic T lymphocytes are able to recognize an antigen 

presenting cell via the class I molecule, thereby allowing CD8+ cytotoxic T cells to 

release cytoxins into infected cells, releasing a caspase cascade and bring about apoptosis 

of the infected cell. Other receptors for the class I molecule include leukocyte receptor 

complexes which are expressed on natural killer cells. Antigenic peptides can transfer 

from an infected cell nearing apoptosis through a gap junction to a non-infected cell to 

then be presented on the neighboring cell. When this occurs in dendritic cells, a type of 

professional antigen presenting cell, gap junctions are formed that may be a way to 

promote cross-priming (Neefjes et al., 2011). 

 

Class III 

        The class III of the MHC is most known for its role in the humoral immune 

response (Vandiedonck et al., 2004) and inflammatory reaction by way of encoding the 

tumor necrosis factor genes (Bayley et al., 2004). It has already been noted that the MHC 

is the most gene dense region of the genome, however, the class III specifically has the 

greatest gene density of any subregion in the human MHC. The lymphocyte antigen 

cluster is the largest gene cluster within this subregion (Vandiedonck et al., 2004). 

Additionally, three heat shock protein genes are coded in class III which are up-regulated 
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during stressful cellular conditions and are involved as chaperones in processes to 

eliminate problem cells (Horton et al., 2004). 

 

Class II 

         In contrast to class I, the class II molecule deals primarily extracellular 

pathogens that enter the cell via the endocytic pathway.  Where class I molecules are 

presented on most somatic cells, the class II are expressed mostly by professional antigen 

presenting cells, APCs, such as B cells and macrophages. 

As seen in Figure 2, the α and β chains assemble to form the MHC class II 

molecule in the endoplasmic reticulum where it associates with the invariant chain (Ii) 

which blocks the peptide binding groove. The Ii contains a cytoplasmic domain that has 

two motifs that can interact with sorting adaptors AP1 and AP2. The AP1 is a trans-Golgi 

network adaptor while AP2 is a plasma membrane adaptor. AP2 causes the Ii-class II 

complex which has made it to the cell surface to internalize within a clathrin coated 

vesicle where it will be transported to the late endosome known as the MHC class II 

compartment, or MIIC, whereas the AP1 moves the complex through the Golgi to the 

MIIC (Neefjes et al., 2011). 

 In the MIIC, part of the invariant chain is digested by proteases cathepsin S and 

cathepsin L, leaving CLIP, class II-associated Ii peptide, in the peptide binding domain 

(Figure 3). The class II HLA-DM (an MHC-like molecule found in the extended MHC 

class II) facilitates the exchange of the CLIP for an exogenously derived peptide. Then 

the MHC class II molecule is ready to leave the MIIC for the cell membrane. The MIIC 

complex makes this journey using a kinesin to move outward along microtubules for fast 
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transport. Additionally, the MIIC can move more slowly using actin via myosin to 

transport to the cellular membrane. Once the MIIC complex reaches the membrane, 

cholesterol, cytosolic pH, kinases and GTPases regulate the release of the class II 

molecule. The class II molecule will present the antigenic peptide to CD4+ helper T cells 

(Neefjes et al., 2011). These helper T-cells then regulate the function of other 

lymphocytes. 

It also has been hypothesized that the MHC could be hitchhiking with transfer 

RNA or histone clusters or vice versa (Malfroy et al., 1997). Genetic hitchhiking is the 

process by which an allele may increase in frequency because it is linked to a gene that is 

being positively selected.  
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Appendix 1, Figure 1. Chromosome mapping. Map of the extended human MHC. This 

chromosome map shows the special locations of class I, II and III on the short arm of 

chromosome 6. Class I is furthest from the centromere, class III in the middle and class II 

closest to the centromere. (Taken from Ziegler et al., 2010) 
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Appendix 1, Figure 2. 3D structure of Class II molecule with peptide. Protein crystal 

structure of major histocompatibility complex (MHC) class II molecule. The MHC α-

chain is shown in dark-blue, and the β-chain in light blue. The peptide-binding core is 

shown in red, and the peptide-flanking amino acids in pink. (Taken Nielsen et al., 2010) 
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Appendix 1, Figure 3. Cellular Context of MHC molecule. Cellular Context of the MHC 

molecule. This figure shows the MHC class I molecule as it is produced in the ER and 

Golgi where it is fitted with the invariant chain which is eventually exchanged for a 

exogenous protein peptide which is presented to T-cell receptors. (Taken from Neefjes et 

al., 2011) 

 
 

 

 

  



84 

 

 

Appendix 2. Narwhal DQB New Allele Sequences 

 
Allele Name Sequence 
DQB*0202 CACGGAGCGGGTGCGGCTCGTGAGCAGATACATCTATAACCGGGAGG

AGTTAGTGCACTTCGACAGCGACGTGGGCGAGTACCGGGCGGTGACC

GAGCTGGGCCGGCGGA-

CGCCGAGTACTGGAACAGCCAGAAGGACATCCTGGAGCGGACACGGG

CCGAGCTGGACACG 

DQB*0203 CACGGAGCGGGTGCGGGGTGTGAGCAGATACATCTATAACCGGGAGG

AGTACGTGCGCTTCGACAGCGACGTGGGCGAGTACCGGGCGGTGACC

GAGCTGGGCCGGCGGACCGCCGAGTACTGGAACAGCCAGAAGGACAT

CCTGGAGCGGACACGGGCCGAGCTGGACACG 

DQB*0204 CACGGAGCGGGTGCGGCTCGTGAGCAGATACATCTATAACCGGGAGG

AGTACGTGCGCTTCGACAGCGACGTGGGCGAGCACCGGGCGGTGACC

GAGCTGGGCCGGCGGACCGCCGAGTACTGGAACAGCCAGAAGGACAT

CCTGGAGCGGACACGGGCCGAGCTGGACACG 

DQB*0205 CACGGAGCGGGTGCGGCTCGTGAGCAGATACATCTATAACCGGGAGG

AGTACGTGCGCTTCGACAGCGACGTGGGCGAGTACCGGGCGGTGACC

GAGCTGGGGCGGCCGACCGCCGAGTACTGGAACCGCCAGAAGGACAT

CCTGGAGCGGACACGGGCCGAGCTGGACACG 

DQB*0206 GACAGAGCGGGTGCGGCTCGTGAGCAGACACATCTATAACCGGGAGG

AGTACGTGCGCTTCGACAGCGACGTGGGCGAGTACCGGGCGGTGACC

GAGCTGGGCCGGCCGACCGCCGAGTACTGGAACAGCCAGAAGGACAT

CCTGGAGCGGACACGGGCCGAGCTGGACACG 

DQB*0207 CACGGAGCGGGTGCGGGGTGTGAGCAGATACATCTATAACCGGGAGG

AGTACGTGCGCTTCGACAGCGACGTGGGCGAGCACCGGGCGGTGACC

GAGCTGGGGCGGCGCATCGCTGAGTACTGCAACAGCCAGAAGGACAT

CCTGGAGCGGACACGGGCCGAGGTGGACACG 

DQB*0208 GACGGAGCGGGTGCGGCTCGTGAGCAGACACATCTATAACCGGGAGG

AGTACGTGCGCTTCGACAACGACGTGGGCGAGTACCGGGCGGTGACC

GAGCTGGGCCGGCGGGCCGCCGAGTACTGCAACAAGCAGAAGGACAT

CATGGAGCGGACACGGGCCGAGCTGGACACG 
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Appendix 3. Narwhal DRB New Alleles 

 

Allele 

Name 
Sequence 

DRB*0104 

TCCCAGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAGACACAACTACGGGGTTGTGGAGA 

DRB*0105 

TCCCGGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAGACACAACTACGGGGTTGTGGAGA 

DRB*0106 

TCCCAGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAGACACAACTACGGGGTTGGGGAGA 

DRB*0107 

TCCCGGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGTACTGCAGACACAACTACGGGGTTGGGGAGA 

DRB*0108 

TCCCAGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAAACACAACTACGGGGTTGTGGAGA 

DRB*0109 

TCCCGGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAAACACAACTACGGGGTTGTGGAGA 

DRB*0110 

TCCCGGTTTAAGAGCGAGTGTCATTTCTCTAATGGGACAGAGCGGGTGCGGGTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAGACACAACTACGGGGTTGTGGAGA 

DRB*0111 

TCCCGGTTTAAGAGCGAGTGTCGTTTCTCTAATGGGACAGAGCGGGTGCGGCTCGTGACC

AGACACATCTATAACGAGGAGGAATTCATGCGCTACGACAGCGACGTGGGCGAGTGCCGG

GCGGTGACCGAGCTGGGCCGGCGGACCGCCGAGTCCTTGAACAGCCAGAAGGACTTCCTG

GAGCGGAGACGGGCCGAGGTGGACACGGTGTGCAGACACAACTACGGGGTTGGGGAGA 
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Appendix 4. Humpback DQB Alleles 

 
DQB*24 CACGGAGCGGGTGCGGGCAGTGGAGAGATACATCTATAACCGGGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGAGCGAGCTGGGCCGGCCGTCCGCCAAGTACT

GGAACAGCCAGAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*25 CACGGAGCGCGTGCGGCTCGTGACCAGATACATCTATAACCGTGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGACCGAGCTGGGCCGGCCGTCCGCCGAGTACT

GGAACAGCCAGAAGGACATCCTGGAGCAGACACGGGCCGAGCTGGACACG 

DQB*26 CACGGAGCGGGTGCGGGCAGTGGAGAGATACATCTATAACCGGGAGGAGTTCGCGCGCTTC

CACAGCGACGTGGGCGAATACCGGGCGGTGAGCGAGCTGGGCCGGCCGGACGCCCAGTACT

GGAACAGCCAAAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*27 CACGGAGCGCGTGCGGCTCGTGACCAGATACATCTATAACCGGGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGAGCGAGCTGGGCCGGCCGTCCGCCAAGTACT

GGAACAGCCAGAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*28 CACGGAGCGGGTGCGGGCAGTGGAGGGATACATCTATAACCGGGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGAGCGAGCTGGGCCGGCCGTCCGCCAAGTACT

GGAACAGCCAGAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*29 CACGGAGCGGGTGCGGGCAGTGGAGAGATACATCTATAACCGGGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGCGAGCGAGCTGGGCCGGCCGTCCGCCAAGTACT

GGAACAGCCAAAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*30 CACGGAGCGGGTGCGGGCAGTGGAGAAATACATCTATAACCGGGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGAGCGAGCTGGGCCGGCCGTCCGCCAAGTACT

GGAACAGCCAGAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*31 CACGGAGCGGGTGCGGGCAGTGGAGAGATACATCTATAACCGGGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGAGCGAGCTGGGCCGGCCGTCCGCCAAGTACT

GGAACAGCCAGAAGGACCTCCTGGAGCGGACACGGGCCGCGGTGGACACG 

DQB*32 CGTGTCCAGCTCGGCCCGTGTCTGCTCCAGGAGGTCCTTCTGGCTGTTCCAGTACTCGGCG

TCCGGCCGGCCCAGCTCGCTCACCGCCCGGTACTCGCCCATGTCGCTGTCGAAGCGCGCGA

ACTCCTCACGGTTATAGATGTACCTGGTCACGAGCCGCACGCGCTCCGTG 

DQB*33 CACGGAGCGCGTGCGGCTCGTGACCAGATACATCTATAACCGTGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGACCGAGCTGGGCCGGCCGTCCGCCGAGTACT

GGAACAGCCAGAAGGACATCCTGGAGCAGACACGGGCCAAGCTGGACACG 

DQB*34 CACGGAGCGCGTGCGGCTCGTGACCAGATACATCTATAACCGTGAGGAGTACGCGCGCTTC

GACAGCGACGTGGGCGAGTACCGGGCGGTGACCGAGCTGGGCCGGCCGTCCGCCGAGTACT

GGAACAGCCAGAAGGACGTCCTGGAGCAGACACGGGCCGAGCTGGACACG 

DQB*35 CACGGAGCGGGTGCGGGCAGTGGAGAGATACATCTATAACCGGGAGGAGTTCGCGCGCTTC

GACAGCGACGTGGGCGAATACCGGGCGGTGAGCGAGCTGGGCCGGCCGGACGCCGAGTACT

GGAACAGCCAGAAGGACCTCCTGGAGCAGACACGGGCCGCGGTGGACACG 

DQB*36 CGTGTCCACCGCGGCCCGTGTCTGCTCCAGGAGGTCCTTCTGGCTGTTCCAGTACTTGGCG

TCCGGCCGGCCCAGCTCGCTCACCGCCCTGTACTCGCCCACGTCGCTGTCGAAGCGCGCGA

ACTCCTCCCGGTTATAGATGTATCTCTCCACTGCCCGCACCCGCTCCGTG 

DQB*37 CGTGTCCACCTCGGCCCGTGTCTGCTCCAGGAGGTCCTTCTGGCTGTTCCAGTTCTCGGCG

TCCGGCCGGCCCAGCTCGCTCACCGCCCTGTACTCGCCCACGTCGCTGTCGAAGCGCGGTT

ACTCCTCCCGGTTATAGATGTATCTGTCCACTGGCCGCACCCGCTCCGTG 

DQB*38 CGTGTCCACCTCGGCCCGTCTCTGCTCCAGGAGGTCCTTCTGGCTGTTCAAGTACTCGGCG

ATCGGCCGGCCCAGCTCGGTCACCGCCCGGTACTCGCCCACGTCGCTGTCGAAGCGCAGGA

ACTCCTCCCGGTTATAGATGTCTCTCTCCACTAGCCGCACGCGCTCCGTG 

DQB*39 CGTGTCCACCTCGGCCCGTCTCTGCTCCAGGATGTCCTTCTGGCTGTTCCAGTACTCGGCG

AACGGCCGGCCCAGCTCGGTCACCGCCCGGTACTCGCCCACGTCGCTGTCGAAGCGCACGA

ACTCCTCACGGTTATAGATGTATCTCTCCACTAGCCGCACGCGCTCCGTG 
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