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Abstract

Allelic varjation at the Major Histocompatibility Complex (Mhc) class II loci DOS
and DRf3 was assessed in a large sample (~300) of beluga (Delphinapterus leucas) and a
sample (~12) of narwhal (Monodon monoceros) in order to study the evolutionary
significance of the Mhc in cetaceans and to compare levels of variation among beluga
populations. Mhc class II DOS allelic variation was also analysed in a preliminary survey
of right (Eubalaena glacialis) and bowhead (Balaena mysticetus) whales. In each survey
variation was assessed by analysis of class II loci 8 chain exon 2 nucleotide sequences.
Exon 2 encodes for the peptide binding region of the class I molecules. These sequences
were amplified via the polymerase chain reaction, followed by either cloning and DNA
sequencing or single-stranded conformation polymorphism analysis.

A low amount of variation was observed at the beluga DQf locus while a low to
moderate amount of variation was observed at the beluga DR/3] locus and the right whale
DQ@f3 loci when compared with terrestrial mammals. Two DRS loci in beluga and two DQOS
loci in right and bowhead whales were detected. Comparison among beluga DQJf3, among
beluga DRS1, and among right whale DQJf sequences show, at each locus, a high ratio of
nonsynonymous to synonymous substitutions per site. Further, in each case, the majority
of substitutions did not maintain the physio-chemical properties of the residue and were
found at sites implicated as being important in the selective binding of foreign antigen.
This evidence of positive selection is similar to that found at functional Mhc loci and is
consistent with the functional significance of Mhc class II loci in the immune response of
cetaceans. Comparison of beluga and right whale DOS sequences shows a reduced rate of
synonymous substitutions in cetaceans. This may explain the low to moderate levels of

vanation found in the order.



No significant differences in Mhc allelic or genotypic frequencies were observed
among beluga summering populations which are believed to share a common overwintering
area in either the Hudson Strait or the Bering Sea. Significant differences (p <0.0001)
were found among sampling locations of the High Arctic/Baffin Bay beluga population.
This suggests a recurrent role of Arctic polynyas as overwintering locations for some
groups of High Arctic beluga, i.e. beluga sampled from Cunningham Inlet. DRI allele
and genotype frequencies were also significantly different (p < 0.0001) among the
overwintering locations, Hudson Strait, Bering Sea, Baffin Bay, Cunningham Inlet, and
the St. Lawrence. DQg allele frequencies were only significantly different (p < 0.005)
between the High Arctic/Baffin Bay beluga and all other sampling locations.

Comparison of DQJ3 and DRfI allele and genotype frequencies within the St.
Lawrence population between dead beached beluga and live biopsy darted whales shows
no evidence of a sample collection bias, however, a larger sample size is needed to detect
non-trivial small effects. No reduction in the number of DO alleles was found in the St.
Lawrence beluga populatior:. A slight reduction in the number of DRf! alleles was
observed (six vs. eight), however, these five alleles each represent one of the five
genetically distinct allelic lineages found in beluga. This indicates that the evolutionary
potential of this population at these class I molecules remains, despite a recent population
bottleneck. The effects of the historic bottleneck are observed upon examination of DRAI-
DQf3 haplotypes. Evidence for linkage disequilibrium between these loci is noted in the St.
Lawrence. Comparison of possible haplotypes shows the St. Lawrence has about half the
haplotypes found in Arctic populations. The short term effects of this reduction are

unknown and further investigation of Mhc variation within this population is warranted.
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Chapter 1

General Introduction

Natural History

Beluga (Delphinapterus leucas, Pallas 1776) are known by many common names
throughout their circumpolar distribution. The name, Delphinapterus leucas, means 'white
dolphin without a fin' and most of the common names also use the obvious descriptor. In
English, beluga are also commonly known as white whales, in French as béluga and
historically in Quebec as marsouins blancs (whites porpoises), in Danish as hvidhval or
hvidfisk (whitewhale or whitefish), and in Russian as belukha. Beluga itself is thought to
be derived from the Russian word for white, byely. Names for beluga from the peoples of
the Arctic regions include, gilaluag or qaqortoq (Greenlandic), gilalugag (Inuktitut), sisuaq
(Northern Alaskan Inupiat), situag (Bering Sea Inupiat), and cetuag (Alaska mainland
Yupik).

Beluga are a member of the Family Monodontidae, which is comprised of two
extant monotypic genera. The narwhal (Monodon monoceros, Linnaeus 1758), also an
arctic adapted Odontocete with a circumpolar distribution, is the other extant species of this
family. Kasuya (1973) and Barnes (1984) argue, based on ear bone morphology, for the
inclusion of the Irrawaddy dolphin (Orcaella brevirostris, Gray 1886) within the family.
However, allozyme data and quantitative immunological methods place the Irrawady
dolphin with the Delphinidae (Lint et al. 1990). Late Miocene and late Pliocene
monodontid fossils have been found at temperate locations (Barnes 1977) indicating the
monodontids are unlikely to have been of argtic origin (Gaskin 1982). Gaskin (1982),

following Davies (1963), suggested that the extant arctic adapted species resulted from an



entrapment in the Arctic basin during one of the cold periods of the Tertiary. Fordyce and
Barnes (1994) noted that the disappearance of monodontids from mid to low-latitudes in
the late Neogene corresponds with the rapid radiation of delphinids, and suggest the
possibility of ecological displacement.

Beluga have many characteristics that make them adapted for an arctic environment.
Their cervical vertebrae, unlike most cetaceans, are not fused allowing for greater lateral
movement of the head. They lack a dorsal fin but have a narrow, ridged back. In addition,
they possess well developed echolocation, as evidenced by their prominent, rounded
melon.

Full grown beluga measure up to 3 - 5 m in length and can weigh between 500 -
1500 kg. Adult males are usually larger than females. While adult beluga are a
characteristic white, juveniles are a slate gray. Juveniles lose this colouration as they age
and are usually white upon sexual maturity. Sexual maturity is between 4 - 7 years for
females and 6 - 9 years for males (Brodie 1971; Sergeant 1973; Burns and Seaman 1985;
Heide-Jgrgensen and Teilmann 1994). The life span of a beluga is between 25 to 30 years
(Sergeant 1973; Brodie 1971 respectively), although ages as great as 38+ have been
estimated in a few whales (Burns and Seaman 1985).

Beluga females are most reproductive between the ages of 6 and 22, after which the
reproductive rate slows (Burns and Seaman 1985). Mating is thought to occur from late
February to May at the wintering locations, or during the spring migration. Gestation is
about 12-14 months and the peak calving times range from May to June. Estimates of
times of mating, gestation, and calving vary among populations (Heide-Jgrgensen and
Teilmann 1994). Nursing occurs for 12-18 months and weaning occurs well after the first
solid food is taken (Burns and Seaman 1985) . Most female beluga conceive in a three year
cycle, however, about 25% are thought to conceive during lactation and therefore follow a
two year cycle (Sergeant 1973). The general reproductive cycle appears to be similar
throughout the circumpolar distribution (Hazard 1988).



The data regarding feeding and feeding habitats for beluga are very diverse with
over a hundred different kinds of prey (Kleineberg et al. 1964). Their diet varies according
to geography and prey abundance and includes benthic invertebrates, crustaceans, various
cephalopods, and numerous fish (e.g. cod species, herring, capelin, salmon, charr, and
eels).

Most beluga populations migrate in response to the shifting patterns of ice cover in
the Arctic. In spring they advance with the ice break up into their summering areas,
actively exploiting new leads as they occur (Reeves and Mitchell 19872). In the Arctic
summer they can be found in great concentration at specific river estuaries. Estuaries are
believed to be important areas for feeding and possibly nursing (Sergeant 1973), but of
primary importance for molting (St. Aubin et al. 1990). Site tenacity and philopatry have
been observed (Caron and Smith 1990). With autumn and the advance of ice the beluga
migrate back to their wintering areas. Overwintering occurs in deep water along the edge
of the flow ice. Common overwintering areas are thought to be shared by beluga from
different summering locations. Breeding is believed to occur at this time. The degree of
interbreeding among summering groups at the overwintering locations is presently an area

of investigation.

Population Structure

Worldwide, 16 beluga populations have been identified based on summerin g
concentrations (Table 1.1) and the total number of beluga may be around 100,000. Seven
summering populations are identified in Canada. Of these, the St. Lawrence, southeast
Baffin Island, and Ungava Bay are considered endangered (COSEWIC, Campbell 1993)
and/or of small population size (< 500) and vulnerable to hunting or habitat deterioration
(IWC 1992). In addition, the eastern Hudson Bay/James Bay is considered threatened
(COSEWIC, Campbell 1993) and/or of medium size (500 - 3000) and exploited at rates



Table 1.1 Circumpolar beluga populations classified into summering and wintering
populations (Adapted from IWC 1992, references for population estimates therein).
IWC status: Large (3000+), Medium (3000-500), and Small (500 and less) and Light
(lightly or sustainably exlpoited), Concern (exploited at rates that give cause for
concern), and Vulnerable (vulnerable to hunting or habitat deterioration). COSEWIC
status from Campbell (1993). A question mark indicates status is not known.

Wintering population Pop. Estimate IWC status COSEWIC status
* Summering population
St. Lawrence
* St. Lawrence R. 500 Small & Vulnerable endangered
Hudson Strait
* Southeast Baffin Is. 500 Small & Vulnerable endangered
* Ungava Bay low Small & Vulnerable endangered
* E. Hudson/James Bay  1,864-3,874 Medium & Concern  threatened
*W. & N. Hudson Bay 25,000 Large & Light
Baffin Bay
* High Arctic 6,300-18,600 Large & Concern vulnerable
Bering Sea
* E. Beaufort Sea 11,500 Large & Light
* E. Chukchi Sea 2,500-3,000 ? na
* Norton Sound 2,000 ? na
* Bristol Bay 1,000-1,500 Medium & Light na
Bering Sea ?
* Anadyr Gulf 2,000-3,000 Medium & Light na
* E. Siberian 2,000-3,000 ? na
W. Chukchi Sea
E. Siberian Sea
Cook Inlet
* Cook Inlet 300400 Small & Vulnerable na
Sea of Okhotsk
* Sea of Okhotsk 25,000-30,000 Large & Light na
W. Siberian 7,000-10,000 ? na
Barents Sea
Kara Sea
Laptev Sea
White Sea ?
* White Sea 500-1000 ? na




that give cause for concern IWC 1992), and the High Arctic/west Greenland is considered
vulnerable and/or of large size (> 3000) and exploited at rates that give cause for concemn
(IWC 1992). Alternatively, these beluga can be classified based on the location of their
overwintering locations (Table 1.1). In Canada, four wintering populations have been
identified, two of which are shared with either the United States and Russia (Bering Sea) or
Greenland (Baffin Bay).

The discreteness of the above populations is an area of current research. Most of
these populations are hunted, on a subsistence level, by the aboriginal peoples of the
Arctic. To fully understand the effects of the current take on local beluga populations, an
understanding of the discreteness of their population structure is essential. Morphological
data has been used with limited success to investigate population structure within the
eastern North American Arctic. An analysis of age-to-length relationships, augmenting the
work of Doidge (1990), indicates the High Arctic (Jones Bay) and southeast Baffin Island
(Cumberland Sound) whales are significantly longer than those found in the east or west
Hudson Bay (Stewart 1994). Significant differences were not found between the east and
west Hudson Bay summering populations or the High Arctic and southeast Baffin Island
summering populations (Stewart 1994). Investigations of parasites (Measures et al. 1995)
and contaminants may also be useful for the determination of population structure,
however, genetic data has proven to be the most informative (Brennin 1992; Mancuso
1995; Brown 1996).

Strong site fidelity has been noted in beluga whales (Caron and Smith 1990).
Beluga in the Nastapoka estuary showed strong site tenacity by returning to the estuary 40
br after incidents of hunting, and site philopatry by returning to the estuary in the following
year (Caron and Smith 1990). Analysis of mitochondrial DNA (mtDNA) variation among
summering populations shows evidence, in both males and females, of long term
philopatry to summering estuaries (Brennin 1992; Mancuso 1995; Brown 1996). Genetic

structure of mtDNA variation was first noted between the eastern and western Hudson Bay



summering populations (Brennin 1992). More detailed geographic analyses of mtDNA
sequence variation in the Hudson Bay (Mancuso 1995) and throughout North America
(Brown 1996) found evidence of nine distinct summering populations in North America;
St. Lawrence, eastern Hudson Bay/James Bay, western/northern Hudson Bay, southern
Hudson Strait/Ungava Bay, southeast Baffin Island, Baffin Bay, eastern Beaufort Sea,
Eastern Chukchi Sea, and Norton Sound.

Although mtDNA variation clearly shows long term site fidelity to estuaries,
analysis of microsatellite variation indicates that mating is occurring among beluga from
different summering populations but which share a common wintering area (Brown 1996).
In addition, Brown only finds a clear separation of the western (i.e. Bering Sea) and
castern (1.e. Baffin Bay, Hudson Strait, and St. Lawrence) North American populations.
This interpretation is based on a neighbor joining dendrogram, constructed from average
delta-1 distances (Goldstein 1995) of five microsatellite loci, that shows a western and an
eastern North American cluster. Because the two sample locations within the Baffin Bay
wintering population and the St. Lawrence samples are clustered together with the nine
Hudson Strait sampling locations, Brown (1996) concludes a high amount of genetic
exchange is occurring among these populations.

I disagree with the interpretation of this dendrogram as evidence for high levels of
genetic exchange, and feel the evidence is inconclusive. Brown (1996) clearly states that,
"Standard errors of the genetic distances among whales from different sampling sites
indicate that some of the relationships constructed by the clustering program may not be
significant.”, however, the significance of the branches is not given, except for a single
statement that the standard errors between the eastern and western North American
sampling locations are relatively small. A visual inspection of the pairwise distances used
to construct the dendrogram show that the smallest genetic distance between the St.
Lawrence and the Hudson Strait sampling locations (Churchill) has a very high standard

error (delta-it 0.195 SE. 0.156). Genetic distance estimates of beluga populations have



three major biases due to sampling which will cause the distance to deviate from the
theoretical expectations. These are: 1) nonrandom sample collection, i.e. nonrandom
hunting practices, 2) small sample size, i.e. in most cases less than 50 alleles sampled, and
3) the small number of loci examined, i.e. five. The frequency of the alleles of each locus
in each population will change due to mutation and genetic drift. For closely related
populations, random drift will be the major force affecting allele frequency. In order to
correctly observe drift, the effects of small sample sizes have to be taken into account.
Although, the measure of standard error gives an indication of the existence of such biases,
it is unclear in this case how it was used to assess the confidence of clusters.

Brown (1996) also conducted a pairwise comparison of the allele frequencies at
each locus using exact tests. Exact tests are useful in the assessment of differences in allele
frequencies from small sample sizes, as the probability of the observed data, given the null
hypothesis of allele frequencies being independent of sample location, is assessed by a
comparison to an estimation of the probabilities of other allele frequency distributions with
the same row and column totals (see Materials and Methods Chapters 4 and 5). Analysis of
the pairwise exact tests of allele frequencies at five loci, among sampling locations,
conducted by Brown (1996) does not support the conclusions based on the dendrogram.
Within the wintering populations, the mean and mode number of loci, which show
significant differences in allele frequency (p < 0.05) at each pairwise comparison, are equal
or very close to 1 (Bering Sea (10 comparisons) range 0-2, mean=0.9, mode=1 (n=7);
Hudson Strait (36 comparisons) range 0-3, mean=1, mode=1 (n=18); Baffin Bay (one
comparison) number of loci = 1). This value increases as comparisons between proposed
wintering populations are made (e.g. Hudson Strait to Baffin Bay (18 comparisons), range
0-3, mean=1.6, mode=2 (n=7); Hudson Strait to St. Lawrence (nine comparisons), range
2-4, mean=3, mode=3 (n=5); Baffin Bay to St. Lawrence (two comparisons) mean=3,
mode=3 (n=2)). The largest number of differences is observed between the western and

eastern North American sampling locations ((60 comparisons) range 2-5, mean 3.7, mode



4 (n=25)). Even though over half the loci in the St. Lawrence population have significantly
different allele frequencies than the Hudson Strait and Baffin Bay sampling locations,
Brown (1996) concludes that there is no evidence for genetic structure. It seems more
likely that, due to large standard errors in the estimation of genetic distance, the
dendrogram is only detecting the most genetically distant populations, with the
relationships among the genetically more similar population being unresolved.

The genetic distinction between the Hudson Bay, the eastern Beaufort Sea, and the
St. Lawrence whales is supported by analysis of minisatellite variation (Mancuso 1995).
Average levels of minisatellite band sharing within and between populations can be used to
test the null hypothesis (Hp) of 'no reduction in band sharing because of the sharing of
common bands due to random mating between the populations'. Average band sharing
coefficients within the St. Lawrence were significantly greater (p < 0.01) than those
observed between either the St. Lawrence and Hudson Bay or the St. Lawrence and eastern
Beaufort Sea. In addition, average band sharing coefficients within either the Hudson Bay
or the eastern Beaufort Sea beluga were significantly greater (p < 0.05) than those between
the Hudson Bay and eastern Beaufort samples. In each case, the Hog can be rejected,
indicating genetic structure among the populations.

In summary, the genetic data, to date, indicate that beluga are highly philopatric but
that mating does appear to be occurring among summering populations that share a
common wintering area. The relationships among the wintering locations is less clear. The
western North American Arctic populations are genetically distinct from those in the eastern
North American Arctic. The St. Lawrence population appears to be genetically distinct,
based on analysis of minisatellite variation and with, on average, over half the microsatellite
loci examined being significantly different in allele frequency from the other eastern North
American wintering populations. The genetic relationship between the Baffin Bay and

Hudson Strait populations is unclear.



The St. Lawrence beluga

The St. Lawrence beluga have been the most thoroughly studied of any beluga
population. It is currently considered an endangered population (COSEWIC, Campbell
1993), and is believed to be geographically isolated from the closest Arctic populations
residing in either Hudson Bay and Hudson Strait or the high Arctic and Baffin Bay. No
beluga populations are found along the coast of Labrador and only occasional migrants
have been noted. The occurrence of beluga along the central Labrador coast is poorly
known, but beluga have been recorded on the Atlantic coast of Newfoundland (Sergeant et
al. 1970; Béland et al. 1992). Southward, beluga are occasionally spotted along the
continental coast from the Bay of Fundy to New Jersey (Reeves and Katona 1980;
Michaud et al. 1990). The beluga sightings south of the Gulf of St. Lawrence are believed
to be St. Lawrence animals that have followed the Gaspé and Labrador currents, while the
Newfoundland sightings may be Arctic whales that have followed southward the Labrador
current (Sergeant etal. 1970). Based on fishermen's claims of a dramatic increase in the
number of beluga in the St. Lawrence at the end of the 1920's, Vladykov (1944, 1946)
speculated that a large number of whales, presumably from the west coast of Greenland,
migrated into and then left the St. Lawrence in the late 1920's to mid 1930's. Upon a
reanalysis of the arguments of Vladykov, however, Reeves and Mitchell (1984) find this
scenario unlikely.

The vast majority of the St. Lawrence beluga are found year round in the waters of
the St. Lawrence estuary (Michaud 1993). In summer, the St. Lawrence population is
centred around the Saguenay river and makes use of the St. Lawrence estuary from
Battures-aux-Loups-Marins to Riviére-Porneuf and Hles du Bic. Habitat use is correlated
with social groups, as mothers with calves tend to use the upper areas of the river, while
groups of adults (presumably male) are more common in the downstream waters (Michaud

1993).
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Beluga fossils found in the St. Lawrence area have been radiocarbon dated to
approximately 10,000 years ago, a date which roughly coincides with the formation of the
proglacial Champlain Sea (Harington 1989). The association of beluga bones at Iroquoian
sites indicate that beluga were used as a food source by some native groups (Roland
Tremblay, pers. comm.). Beluga were hunted, primarily for their oil and hides, from the
early 1800's until the 1960's, at which point harvesting was no longer economically
feasible (Reeves and Mitchell 1984). The Canadian government issued a bounty of 15
dollars on beluga, which were blamed for declining fish stocks, between the dates 1932-35
and 1937-38. In that period 2,233 bounties were paid (Reeves and Mitchell 1984).
Through a careful examination of harvest records and a backcalculation of the population
size needed to sustain recorded take, it has been estimated that there were at least 5000 St.
Lawrence beluga prior to 1885 (Reeves and Mitchell 1984).

In 1979, the St. Lawrence beluga were officially protected by an amendment of the
Canada Fisheries Act. Despite a protected status and a lack of significant exploitation for
over 25 years, numerous population surveys from 1973 on have indicated that the
population is either stable or slowly increasing in number (e.g. Pippard 1985; Sergeant
1986; Sergeant and Hoek 1988; Kingsley 1993; Michaud 1993). A number of hypotheses
have been put forward to explain this lack of significant population recovery including
harassment, habitat degradation, contamination by toxic chemicals, and the deleterious
effects of inbreeding.

A long term investigation of the St. Lawrence beluga began in 1982 and has grown
to include studies of distribution, habitat, photo-identification, behaviour, population
dynamics, genetic variability, toxicology, and pathology. The results of the first nine years
are reviewed by Béland et al. (1993). A large amount of information has come from the
analysis of beluga found dead, floating or beached, along the shores of the St. Lawrence,
when compared to other St. Lawrence marine mammals and arctic beluga. Population

modelling (Béland et al. 1988), supported by field studies (Michaud 1993), indicate that the
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observed population stability may be due to low calf production and/or low survivorship to
adulthood. Toxicological studies of the dead beached whales show high levels of mercury,
lead (Wagemann et al. 1990), PCB's, DDT, Mirex (Martineau et al. 1987; Muir et al.
1990), and benzo[a]pyrene metabolites (Martineau et al. 1988). Necropsies on over 45
dead beached whales reveal large numbers of tumors and non-neoplastic lesions (Martinean
et al. 1988, 1995; De Guise et al. 1994a, 1994b, and 1995a). Thirty neoplasms have been
described from 20 of the 47 St. Lawrence beluga carcasses examined, representing 39% of
the 77 tumors reported in cetaceans worldwide (Martineau et al. 1995). No correlation of
tumors was observed with regard to sex or age distribution. Although papilloma virus-like
particles have been linked with eight cases of gastric papillomas within the St. Lawrence
(De Guise et al. 1995b), a common viral etiology does not seem likely due to the diversity
of the tumors described (Béland et al. 1995).

The correlation with high loads of toxic chemicals, and the diversity of the
neoplasms and other lesions have led Martineau et al. ( 1987) and others (e.g. De Guise et
al. 1994a) to suggest that the contaminants are either acting directly as carcinogens, or
having an adverse effect on the immune system. Ongoing studies are attempting to
quantify the immune functions of the St. Lawrence beluga by comparison to arctic whales
in order to test these hypotheses (De Guise et al. 1995b). Alternatively, genetic factors
within the St. Lawrence may be leading to a predisposition to the observed pathologies.
Studies on the DNA minisatellite variation of the beached whales found a reduced amount
of variation in the St. Lawrence beluga when compared to either the Beaufort Sea
(Patenaude et al. 1994) or the Hudson Bay populations (Mancuso 1995). Studies on
captive populations of 38 mammal species have shown that, on average, the rate of
mortality is 33% higher in the progeny of first degree relatives when compared to the
progeny of unrelated pairs (Ralls et al. 1988). Thus it may be a combination of

environmental and genetic factors that are responsible for the lack of population recovery.
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A major objective of the following studies is to compare levels of variation among beluga

populations at loci directly involved with the immune response.

The Major Histocompatibility Complex

The Major Histocompatibility Complex (Mhc) is a large, physically linked complex
of loci of about four million base pairs, in humans (Trowsdale 1995). The majority of loci
are directly or indirectly involved with antigen presentation to T-cells which subsequently
causes the initiation of an immune response. Mhc loci have been divided into three classes
based on their function (Fig. 1.1): class I, presentation of endogenous antigens (e.g.
viruses); class II, presentation of exogenous antigens (e. g. extracellular bacteria); and class
II, non-~classical function, i.e. many not directly involved in the immune system (Klein
1986). Classical Mhc genes, i.e. those involved in antigen presentation, seem to be found
only in vertebrates. All mammals, birds, amphibians and most fish examined are found to
contain Mhc genes (Trowsdale 1995). Despite attempts, Mhc genes have yet to be
identified in jawless fish (Powis and Geraghty 1995). No conclusive evidence of antigen
presenting Mhc loci has been found in invertebrates (Klein 1986, Humphreys and Reinherz
1994). Comparative studies among vertebrate Mhc loci indicate that the physical linkage of
class I, IT and III loci found in mammals may be over 300-500 Million years (Myr) old
(Trowsdale 1995).

The classical antigen presenting class I and II molecules are both cell surface
glycoproteins. The close physical linkage and similarity in form and function have led
some to speculate that these two types of molecules are the result of a duplication of a class
I like loci early in the evolutionary history of vertebrates (Hughes and Nei 1993; Klein and
O'hUigin 1993). Both molecules are heterodimers with a cytoplasmic tail, a

transmembrane domain, a conserved Membrane-Proximal Domain (MPD), and a



Figure 1.1 Organization of the human Mhc (HLA) and of a class II DR locus (adapted
from Trowsdale 1995). Genes or exons are identified by boxes, triangles, or circles.

Names of class II loci only are shown.
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distal polymorphic Peptide Binding Region (PBR) (Klein 1986). Class II molecules are
composed of two equal peptide chains, o and 8, which combine to form equal portions of
the MPD and PBR. In contrast, class I molecules are composed of a large o chain, which
forms the entire PBR, and a smaller 82-microglobulin (encoded outside the Mhc) which
combines with the o chain to form the conserved MPD.

Both molecules bind foriegn and self peptides and are subsequently expessed on
cell surfaces. Class I molecules are found on all nucleated cell surfaces, and most
commonly act to signal intracellular infection by the presentation of intracellular peptides to
CD8* T-cells (cytotoxic T-cells). A class I molecule, foreign peptide, and CD8+ T-cell
complex, in conjunction with appropraite secondary signals, leads to the release of
cytotoxic chemicals from the T-cell which kill the infected cell presenting the foreign
peptide (Germain 1994; York and Rock 1996). Class Il molecules are constitutively
expressed on antigen presenting cells such as macrophages, \;vhich engulf, endocytose, and
degrade foreign extracellular particles. These foreign peptides are displayed on the cell
surface by class II molecules where they are recognized by CD4+ Tcells (helper T-cells).
This complex leads to the release of lymphokines which modulate the immune response by
the activation of B-cells to release antibodies against the foreign pathogen, or by the
direction of cytotoxic T-cells to attack infected cells (Germain 1994; Germain et al 1996).

Both class I and I molecules are translated and assembled in the endoplasmic
reticulum (ER), however, the location of peptide loading differs (reviewed by Benham et
al. 1995). Peptides degraded in the cytosol and transported into the lumen of the ER by
TAP molecules (Transporters associated with Anitigen Processing) are loaded onto class I
molecules at this point. Due to the nature of the class I PBR, a short grove enclosed at
either end, only peptides between the sizes of 8-11 amino acids are bound by class I
molecules. Class II molecules are blocked from the binding of peptides in the ER by a
close association with the invariant chain (Ti). The Ii either directly interferes with peptide

binding or keeps the molecule in a partially unfolded state. In either case, class II
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molecules associated with Ii are needed for efficient release from the ER, and transportation

to the endosomes. Once in the endosomes, the Ii chain is degraded and peptides from the
endosomal/lysosomal pathway are loaded through an association with another class I Mhc
molecule, DM (Kelly et al. 1991; Morris et al. 1994; Sanderson et al. 1994). Class I
molecules have an open PBR and can bind peptides between 12-25 amino acids in length.
Once bound with peptide, Mhc molecules are transported to the cell surface. Antigen
processing, peptide loading, and presentation to T-cell takes about one hour, and the half
life of a cell surface Mhc molecule is about 30 hours (Lanzavecchia and Watts 1992).

In humans, about six class I and six class II molecules are expressed on the cell
surface (Rammensee et al. 1995). It has been estimated that each class I molecule can
present 2 10,000 peptides (Engelhard 1994). However, each molecule, and the alleles of
each molecule, have been shown to bind different peptide motifs (e. g. Falk et al. 1994;
Rammensee et al. 1995; Friede et al. 1996). In this way, a large number of peptides are
presented to T-cells.

Mhc loci are among the most polymorphic functional loci within the animal
kingdom. The role of balancing selection, in the form of overdominance, in the
maintenance of this diversity was first proposed by Doherty and Zinkernagel (1975).
Overdominance, driven by the need to respond to a wide range of parasites, would give
heterozygotes a higher fitness than homozygotes. Alternatively, a second form of
balancing selection, frequency dependent selection, may also be responsible for the
maintenance of the high levels of allelic variation. However, current evidence does not
allow for the exclusion of either hypothesis (Takahata and Nei 1990). Recently, with the
study of disease association to HLA alleles, a third form of balancing selection based on
fluctuating selection has been implicated (Hill et al. 1994).

Analysis of DNA sequence variation, amino acid variation, allele and genotype
frequency, and the persistence of allelic lineages provide strong evidence for the key role of

balancing selection in the maintenance of Mhc variation. The type of selection (i.e. positive
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[directional], negative [balancing], or neutral) that a Mhc locus has encountered may be

deduced by analyzing directly the PBR. Comparison of the number of NONSynonymous to
synonymous substitutions at the PBR of both class I and class II loci shows a significantly
greater number of nonsynonymous substitutions (Hughes and Nei 1988, 1989; Hughes et
al 1994). As neutral evolution would predict an equal number of each type of substitution,
this provides evidence of positive directional selection at the PBR. Nonsynonymous
substitutions at the PBR appear to have a selective advantage, presumably due to changes
in PBR specificity. Further evidence for this type of directional selection was noted in the
type of nonsynonymous substitutions at the class I PBR. As predicted by the theory, the
proportion of nonconservative changes was greater than the conservative changes (Hughes
etal. 1990). Analysis of allele and genotype frequencies also show deviation for neutral
theory expectations. Mhc loci have a lower level of homozygosity for a given number of
alleles than would be predicted by neutral theory (i.e. Ewens-Watterson test) (Klitz et al.
1986; Klein et al. 1993a). Further, heterosis has been observed in human (Degos et al.
1974; Black and Salzano 1981) and natural mice populations (Ritte et al. 1991). Finally,
the existence of trans-species allelic lineages first proposed by Arden and Klein (1982) on
serological evidence, and more recently supported by sequence analysis (e.g. Lawlor et al.
1988; Mayer et al. 1992; Figueroa et al. 1994), also indicates the existence of balancing
selection. Allelic lineages are groups of alleles which can be shared among species and are
more similar to each other than to the alleles found within a single species. Within
primates, allelic lineages 23 to 40 Myr old have been identified (Figueroa et al. 1994). The
maintenance of allelic lineages over such large time scales would be extremely unlikely
given neutral evolution, i.e. random fixation of alleles (Klein et al. 1993a).

Other theories have been proposed to explain the high level of Mhc variation, one of
which is a high mutation rate. Klein et al. (1993a) used the variation found within primate
allelic lineages to measure nucleotide substitution rates. They found that the synonymous

substitution rate was similar to that found at other, nonpolymorphic primate genes.
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Further, they found the majority of the Mhc molecule, i.e. PMD, was under a moderate

negative or purifying selection. An increased mutation rate for the PBR is also not likely.
Eventhough the PBR shows an elevated rate of nonsynonymous substitution, the
synonymous substitution rate is equal throughout the molecule (Klein et al. 1993a; Hughes
and Hughes 1995).

Another intriguing possibility is the role of mating preference. Potts et al. (1991)
found that mice in a seminatural population did not choose their mates at random but were
choosing mates, based on odour, that had different Mhc genotypes than themselves.
Although Mhc disassortative mating preferences are consistent with (i.e. would reinforce) a
pathogen driven balancing selection, Potts et al. (1994) find further evidence to suggest that
the mating preference may be more important in the avoidance of inbreeding. Some
(Hughes and Hughes 1995), however, find the evidence inconclusive and feel that this
mechanism is unlikely to be a general phenomenon due to the decreased importance, or
total lack of smell, in some taxa, e.g. birds and fish. In addition, it does not explain the

strong evidence for positive selection observed at the PBR (Hughes and Hughes 1995).

Mhc, species conservation, and marine mammals

It has been suggested that Mhc allelic variability should be taken into account in the
management of captive breeding programs (Hughes 1991a) and that lack of variation at this
locus in an isolated population may increase the chance of extinction of that population
(Yukhi and O'Brien 1990). The association of disease resistance to malaria and HLA
alleles in African human populations indicates a functional significance of Mhc variation
(Hill et al. 1991; Hill et al. 1994). A low degree of polymorphism at this complex, as in
the case of the African cheetah, has been implicated as the cause of the increase in the

populations’ susceptibility to pathogens (OBrien et al. 1985). The existence of trans-
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species allelic lineages and the slow rate of Mhc evolution (Klein et al. 1993a) suggest that

once lost, the variation at this complex will only very slowly be replaced.

Most mammalian species examined, notably primates, ungulates, and rodents, have
been found to have high levels of Mhc variation. Comparative studies, however, show that
levels of polymorphism are variable between similar loci in different species. Most
primates (human, Marsh and Bodmer 1993; non-human, O'hUigin et al. 1993) and
ungulates (cattle (Bos taurus), Ammer et al. 1992; Sigurdardottir et al. 1991; Mikko and
Andersson 1995a, red deer (Cervus elphus), Swarbrick et al. 1995, sheep (Ovis spp) ,
Schwaiger et al. 1994, goat (Capra aegagrus), Schwaiger et al. 1993) have high levels of
DR} variation. In rodents, the DR region seems to be less important with some mice
strains lacking this locus (Figueroa et al. 1990). The DR region has been completely lost in
the mole rat (Spalax ehrenbergi) and its function replaced by a duplication of the DP locus
| (Nizetic et al. 1987). Variability in class II polymorphism also exists among primates
(reviewed by Bergstrom and Gyllensten 1995). These, and similar observations, have
been explained by the shifting accordion hypothesis (Klein et al. 1993b). This hypothesis
asserts that variation is reduced in small founding populations through random drift, and is
generated by selective pressure and the duplication of Mhc loci.

Because of the variability of locus polymorphism among species, it is important to
characterize and quantify the variation found at a number of Mhc loci before the overall
level of Mhc variation can be assessed. For example, in the cotton-top tamarin (Saguinus
oedipus) low levels of variation were found at some class I and class II loci, while DRS3
loci contained a high amount of variation (Gyllensten et al. 1994). In addition, it is
important to consider the evolutionary history of the group in question. Comparisons
should be made in light of the variation found in closely related species and the overall
genetic variation within the species. In this way the ‘normal' amount and type of variation
within a taxa, i.e. closely related group of organisms, can be assessed, and the effects of

any previous bottlenecks identified.
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Examination of Mhc variation within marine mammals has been limited to only a

few evolutionarily separated taxa. Trowsdale et al. (1989) examined a small sample of two
baleen whale species; i.e. nine fin whale, Balaenoptera Physalus, and five sei whale, B.
borealis, samples. They examined the restriction fragment length polymorphism identified
by various human Mhc probes. They found no class II DQa, DR, or DN variation and
only limited amounts of DQS, DRB and class I variation. The low amount of ¢ chain
variation is not surprising given that most human o chains, except DQq, are not
polymorphic (Marsh and Bodmer 1993). However, the amount of variation at the class I
and class II B chain loci was lower than expected based on human or mice samples and
indicates a reduced amount of Mhc variation in these baleen whales. Slade (1992) also
found limited amounts of class I and class II (DQa, DQB, and DRJ3) variation in the
southern elephant seal (Mirounga leonina), and speculated that the general reduction in Mhc
variation found in these three marine mammal species may be characteristic of all marine
mammals, possibly due to a lower amount of micro-parasites encountered in the marine
environment which has led to a reduction in the balancing selection pressure.

Other work on marine mammal Mhc is preliminary or incomplete. Slade et al.
(1994) reported DQa sequences from a number of pinniped species. This study used the
sequences for inferring species phylogenies and no survey of population variation was
conducted. Preliminary analysis of the Hawaiian monk seal (Monachus schauinslandi)
reveals no DQ¢ variation and a low amount of class I variation in accordance with the very
low levels of overall genetic variation (Armstrong 1995). In contrast, a preliminary survey
of class I polymorphism in the European harbour seal (Phoca vitulina) found levels of
variation comparable to terrestrial mammals. The high amount of variation and the positive
selection observed at the PBR suggest no reduction in the balancing selection pressure in

this species (Goodman and Slade 1995).
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Objectives

This thesis will investigate the hypothesis that reduced levels of genetic variation
may be a factor leading to the observed immunosuppression of the St. Lawrence beluga.
Previous studies have noted a reduction in the minisatellite diversity in the St. Lawrence
beluga (Patenaude et al. 1994; Mancuso 1995). This study expands on the sample size
used in those previous studies and focuses on loci whose products are involved directly in
the immune response. Mhe class II loci were chosen for this analysis because of their role
in the upregulation of the immune response by the presentation of foreign peptides to T-
cells. A decrease in the allelic diversity of these loci may decrease the number of peptide
motifs being efficiently presented to T-cells. Speculatively, the inability of individual to
efficiently respond to wide range of pathogens, due to a decreased level of Mhc
heterozygosity, may lead to relative decrease in the immunocompetency of the St.
Lawrence beluga.

Before levels of variation can be compared however, more information on the
nature of Mhc variation in cetacea is needed. Most of the previous studies on Mhc variation
in marine mammals have not addressed the functional significance of the molecules
(although see Goodman and Slade 1995). By examining directly the nucleotide sequences
responsible for encoding the PBR the type of selection these loci have encountered can be
addressed énd the functional significance of the loci indirectly implied. Analogy to the Mhc
variation of terrestrial mammals would predict this region to be under strong positive
selection (Klein et al. 1993a; Hughes and Hughes 1995). A similar finding in cetaceans
would indirectly imply these loci are acting as peptide presentation molecules. In contrast,
most proteins are subject to negative selection (selection against change of the amino acid
sequence) (Li et al. 1985) and nonfunctional loci, such as pseudogenes, evolve neutrally.

Mhe variation will be estimated by DNA sequence analysis of class I 8 chain loci.

A large majority of the polymorphism of class Il molecules can be attributed to 8 chain



21
amino acids involved in the PBR (Marsh and Bodmer 1993). Variation of DQ and DR

molecules will be assessed by analysis of the nucleotide sequences responsible for
encoding the 8 chain PBR, located in the second exon of a typical B chain locus (Fig 1.1).

The two major goals of this study are: 1) To assess levels of Mhc variation in the
small and endangered St. Lawrence beluga population, and to compare that level of
variation to beluga populations from throughout North America; 2) To assess the role of
selection in the evolution of cetacean Mhc loci by comparing the levels and type of variation
found in a large survey of beluga, and in smaller surveys of narwhal, right and bowhead
(Balaena mysticetus) whales.

The arrangément of the following chapters is as follows: Chapter two analyzes the
DQ)3 variation found in beluga and narwhal and presents the results of a survey of allelic
variation within beluga; Chapter three describes the DRS variation found in beluga and
narwhal and assesses the evolutionary implications of this variation; Chapters four and five
compare levels of DOS and DRSI allelic variation between sample types collected in the St.
Lawrence and among beluga populations respectively; and, Chapter six describes the

results of a preliminary survey of DQJ variation in right and bowhead whales.



Chapter 2

Sequence Variation at the Major Histocompatibility Complex locus DQS

in Beluga Whales (Delphinapterus leucas).

Abstract

Genetic variation at the Major Histocompatibility Complex locus DQJ3 was analyzed
in 233 beluga whales (Delphinapterus leucas) from seven populations: St. Lawrence
Estuary, eastern Beaufort Sea, eastern Chukchi Sea, western Hudson Bay, eastern
Hudson Bay, southeastern Baffin Island and High Arctic, and in 12 narwhals (Monodon
monoceros) sympatric with the High Arctic beluga population. Variation was assessed
by amplification of the exon coding for the peptide binding region via the polymerase
chain reaction, followed by either cloning and DNA sequencing or single stranded
conformation polymorphism analysis. Five alleles were found in the beluga populations
and one in the narwhal. Pairwise comparisons of these alleles showed a 5:1 ratio of
nonsynonymous to synonymous substitutions per site leading to eight amino acid
differences, five of which were nonconservative substitutions, centered around positions
previously shown to be important for peptide binding. Although the amount of allelic
variation is low when compared with terrestrial mammals, the nature of the substitutions
in the peptide binding sites is consistent with an important role for the DQR locus in the
cellular immune response of beluga whales. Comparisons of allele frequencies among
populations show the High Arctic population to be different (p £0.005) from the other
beluga populations surveyed. In these other populations an allele, Dele-DQB*0101-2,
was found in 98% of the animals while in the High Arctic it was only found in 52% of
the animals. Two other alleles were found at high frequencies in the High Arctic
population, one being very similar to the single allele found in narwhal.
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Introduction

Cell surface glycoproteins encoded by the Major Histocompatibility Complex (Mhc)
play a key role in the initiation of an immune response by binding foreign peptides and
presenting them to T-cells. The high levels of Mhc class I and class II genetic variation
found in most mammals at this gene complex have been proposed to be an adaptation
resulting from the large number of pathogens encountered by natural populations (Klein
and Takahata 1990). A low degree of polymorphism at this complex, as in the case of the
Affican cheetah, has been suggested to be the cause of the increase in the population's
susceptibility to pathogens (O'Brien et al. 1985). It has been suggested that Mhc allelic
vaﬁabiﬁty should be taken into account in management of captive breeding programs
(Hughes 1991a) and that lack of variation at this locus in an isolated population may
increase the chance of extinction of that population (Yuhki and O'Brien 1990).

The Peptide Binding Region (PBR) shows a large amount of the functional allelic
variation expressed in the beta chains of most terrestrial mammal Mhec class I cell surface
glycoproteins (e.g. Hughes and Nei 1989). This region is postulated to be directly
involved with the interaction and association of foreign peptides which are subsequently
presented to T-cells. The type of selection (i.e. positive [directional], negative [balancing],
or neutral) that a Mhc locus has encountered may be deduced by analyzing directly the
PBR.

Previous studies on Mhc variation in marine mammals suggested less
polymorphism than in mice or humans. Trowsdale (1989) found limited restriction
fragment length polymorphism (RFLP) variation at 2 number of Mhe loci in a sample of
nine fin (Balenoptéra Physalus) and five sei (B. borealis) whales. A study on RFLP
variation in the southern elephant seal (Mirounga leonina) gave a similar result (Slade

1992). The small a=xount of Mhc polymorphism found in these different groups suggested
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that this may be a common feature of all marine mammals and be due to a decreased
exposure to parasite diversity in marine as compared to terrestrial mammals (Slade 1992).

In Canadian waters three beluga (Delphinapterus leucas) populations are considered
endangered, southeastern Baffin Island, Ungava Bay, and the St. Lawrence Estuary, one
threatened, the eastern Hudson Bay population, and one vulnerable, the High Arctic
population (COSEWIC, Campbell 1993). Detailed information on all aspects of the
biology of these populations is needed for future management decisions. The
southernmost and geographically isolated population in the St. Lawrence Estuary has been
the most thoroughly studied population. Although these resident whales are currently
protected, their population, which numbered over 5000 animals at the tumn of the century
(Béland et al. 1988), has failed to increase in number. Several surveys since 1973 have
indicated the population (around 500) is either stable or slowly increasing in number
(Pippard 1985; Sergeant 1986; Kingsley pers. comm.; Michaud 1993). In an attemnpt to
understand the lack of population growth, studies have been conducted on beluga carcasses
found beached along the St. Lawrence river.

Toxicological studies indicate high levels of contamination by PCB, DDT and mirex
while necropsies have revealed a large number of unusual tumours and pathological
conditions (Béland et al. 1993). These findings suggest that the contaminants are having
an adverse effect on the immune system. At the same time, genetic analysis of minisatellite
loci have found the mean allele frequency in the St. Lawrence animals (.31) is significantly
higher than in the Beaufort sea population (.21) indicating a reduction in genetic variation
(Patenaude et al. 1994). Thus it may be a combination of environmental and genetic factors
that are responsible for the lack of population recovery. By examining the amount of allelic
variation present in the Mhc of the St. Lawrence stock the question of inbreeding
depression and its possible effect on immune response can be addressed.

The objective of this study is to characterize and quantify the amount of genetic

variation at a locus involved in the immune response, Mhc class II D0, in beluga whale



25

| populations in order to address two questions. First, through direct nucleotide sequencing
of a functionally important region the evolutionary significance of this locus in beluga will
be assessed. Second, allelic variation of the Mhc class II locus, DQB, will be compared
among beluga whale populations: St. Lawrence Estaary (endangered), eastern Beaufort
Sea, eastern Chukchi Sea, western Hudson Bay, eastern Hudson Bay (threatened),
southeastern Baffin Island (endangered), and High Arctic (vulnerable), and a narwhal

(Monodon monoceros) population sympatric with the Hioh Arctic beluga.
Materials and Methods

Samples

Tissue samples were collected over a number of years from beluga populations and
a narwhal population (Table 2.1). These served as the base of comparison for Mhc allelic
variation. The Hudson Strait samples were collected in October and may be part of either
the eastern or western Hudson Bay populations. Most of the samples were collected as a
result of aboriginal subsistence hunting and are considered a random sample of the
population. Some of the Hudson Bay and Hfgh Arctic samples were collected from whales
live-captured for other scientific purposes. The St. Lawrence samples are taken from dead

beached whales.

Sequencing of Mhc alleles
Seven beluga were chosen randomly from the samples listed in Table 2.1 for the
sequencing analysis; one each from the St. Lawrence Estuary, the eastern Beaufort Sea,
and the High Arctic; and two each from the eastern and western Hudson Bay. Four
Narwhal samples were also analyzed; two from each High Arctic location sampled. In

addition, two beluga samples, one each from the eastern Hudson Bay and eastern Beaufort
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Table 2.1 List of samples analyzed including species, population, sample location, year of

sampling, number of individuals sampled and origin of sample.

Species Population Year Sample  Origin of
— Sample location size Sample!
Beluga
St. Lawrence Estuary 88-91,95 21 B
Eastern Beaufort Sea
— Mackenzie Delta2 84,87-50 30 H
Eastern Chukchi Sea
-- Point Lay 88-90 19 H
Western Hudson Bay
-- Churchill 89-90,93 26 LC
91 3 H
— Arviat 86, 87 20 H
Eastern Hudson Bay
- Nastapoka River 87 34 H
93 2 LC
- Little Whale River 92,93 3 H
92,93 6 LC
Hudson Strait
— Wakeham Bay 83 14 H
Southeastern Baffin Island
-- Cumberland Sound 86 12 H
High Arctic
-- Grise Fiord 84,85,87 20 H
-- Creswell Bay 93 5 LC
-- Cunningham Inlet 88 14 H
90 4 LC
Narwhal
High Arctic
— Arctic Bay 85, 87 10 H
- Grise Fiord 87 2 H

1 Under origin of sample a ‘B’ indicates a dead beached whale, a 'LC' indicates a whale live-
captured for other scientific purposes (i.e. radio telemetry) and an 'H' indicates an
aboriginal subsistence hunter killed whale.

2 Mackenzie Delta area includes 6 locations; East Whitefish Station, Hendrickson Island,
Tuktoyuktuk, Single Point, Kendall Island, and West Whitefish Station.
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Sea, were chosen for sequencing analysis based on their containing a unique Single
Stranded Conformation Polymorphism (SSCP) pattern (see below).

DNA sequencing of the PBR of this Mhc gene was carried out by enzymatic
amplification of the region in question followed by cloning and sequencing of the resulting
products. The DOS3 PBR was amplified using the primers (CTG GTA GTT GTG TCT
GCA CAC) and (CAT GTG CTA CTT CAC CAA CGG) (Tsuji et al. 1992). The reaction
conditions for the enzymatic reaction were 10 mM Tris-HCl (pH-8.3), 50 mM KC1, 2.0
mM MgCl2, 0.2 mM dNTP's, 0.2 uM of each primer, 1 unit of Taq DNA polymerase
(Perkin-Elmer-Cetus), and 50-100 ng of template DNA carried out in a 50 wl volume.
Thermal cycling was conducted on a Perkin-Elmer-Cetus model 480 and involved 30
cycles of 94 OC for 1 min., 55 OC for 1 min., and 72 OC for 2 min.. The products of this
reaction were isolated from a 1.5% agarose gel using the GlassMAX (BRL) system, cloned
into the pGEMT vector system (Promega), and transformed into DH5 alpha (BRL)
competent Escherichia coli cells.

Four to five clones were sequenced for most animals. By sequencing 5 clones
(assuming that every allele was amplified at an equal frequency) there was low probability
(p = .0625) of not detecting both alleles if the animal was a heterozygote. At least 2
identical clones per unique PBR, usually from separate amplifications (except Dele-
DQf3*0102), were obtained to confirm the nucleotide sequence. In this way DNA sequence
differences arising during the Polymerase Chain Reaction (PCR) could be detected.
Nomenclature of the alleles is based on the proposed rules for nomenclature of the Mhc of
different species (Klein et al. 1990) and are based on sequence similarity. Standard
nomenclature is a four letter species code (i.e. Dele and Momo for beluga and narwhal
respectively), a locus code, an *, and a four digit allele code, i.e. Mhc Dele-DQf*0101.
The first two numbers represent the allelic lineage while the last two designate the unique

sequence.



Analysis of allelic variation

The relationship of alleles was estimated using the computer package Phylip 3.5¢
(Felsenstein 1993). Pairwise genetic distance measures were generated using the program
DNAdist. This program estimated distance based on Kimura's two-parameter model
(Kimura 1980). A distance tree was constructed from the distance matrix using the
Neighbor-Joining program which is based on the neighbor-joining method of Saitou and
Nei (1987). A right whale (Eubalaena glacialis, Fugl-DQB*0301) DQB sequence (Chapter
6) was used for reference.

Pairwise comparisons of nucleotide substitutions between alleles were conducted
on 171 bp of sequence (57 complete codons) according to the method of Nei and Gojobori
(1986). Mean values of nonsynonymous (dn) and synonymous (ds) substitutions per site

were compared with a student T-test .

Single Stranded Conformation Polymorphism analysis
SSCP analysis was conducted via PCR amplification (concentrations as above

except reactions were carried out in a 10 pl volume) of the PBR for all the samples listed in
Table 2.1 (See Hayashi 1992 for review). To ease analysis only one primer was
radioactively end labelled with y 33P-dATP (ICN). PCR products were electrophoresed
through a nondenaturing acrylamide gel (5% acrylamide (59 acrylamide: 1 bisacrylamide),
10% glycerol and 1/2 TBE) for 13 hours at room temperature. Cloned DQpB sequences
were used as conformation polymorphism standards from which DNA samples of the
whales were typed. Any unique conformation polymorphism encountered was
subsequently cloned and sequenced as described above. Pairwise comparisons of beluga
population allele frequencies were compared with a maximum-likelihood-ratio chi-square
test of independence (Kennedy 1992). The null hypothesis was that the observed allele
frequencies were independent of the population sampled.



Results

DQg sequence analysis

DQ§p alleles from nine beluga samples, representing a wide geographic range of
populations, and 4 narwhal samples were sequenced. In the nine beluga samples, five
alleles were found (Fig. 2.1) while in the narwhal samples a single allele was found.
Through the use of SSCP analysis to type allelic variation in a larger number of samples
from each population, the prevalence of these alleles has been confirmed (see below).
These alleles have been classified into two lineages, 01 and 02, based on nucleotide
similarity (Fig. 2.2). The alleles within both lineages vary by 1-3 nucleotides.
Comparison of the Dele-DQB*0101 and 0201 sequences to all sequences in genbank
(release date, Oct. 20/94) reveals sequence similarity to DOB alleles from other species.
The most similar sequences (90%) were with sheep and swine DQg genes.

All beluga and narwhai alleles sequenced contain a continuous open reading frame
for the 172 bp examined. In total, three first. five second and three third within codon
position substitutions were observed in nine codons (Fig. 2.1). Of the 11 nucleotide
substitutions 10 were nonsynonvmous and one was svnonymous. These differences led to
8 amino acid substitutions (Fig. 2.3). Pairwise comparisons of nucleotide substitutions per
site between alleles are shown in Table 2.2. In the majority of comparisons (13 of 15) dy,
is greater than ds. The average dp;, 4.12 (£ SEM 0.5), is significantly greater than the
average ds. 0.8 (= SEM 0.5) (& = .0002). From these means a 5:1 ratio of
DODSynonymous 1o syronymous substitutions per site is observed.

A close examination of the amino acid sequences shows the substinutions tend to be
clustered around sites that have been posmlated to be responsible for selective peptide
recognition (indicated by an asterisk in Fig. 2.3). Further, 5 of the 8 amino acid
differences are nonconservative (i.e. do not conserve the physio-chemical properties of the

residue) which may indicate that they would be responsible for causing a shift in selective



30

Figure 2.1 DQf nucleotide sequences. A '-' is used in codons containing a variable
position to indicate nucleotides identical to Dele-DQ3*0101. In nonvariable codons no
character is used to display identity to ease comparison. Exon 2 amino acid positions
are given for reference. Codons marked by underlining or with an asterisks indicate the
encoded amino acids either face the peptide binding groove or may be part of a peptide
binding pocket respectively in the human DR molecule (Brown et al. 1993; Stern et al.
1994). Nucleotide sequences have been submitted to genbank and can be located under

the accession numbers U16986-U16991 respectively.
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Figure 2.2 Neighbor-joining distance tree of beluga and narwhal DQS alleles. The tree
was constructed using the computer programs DNAdist and Neighbor (in the computer
package Phylip 3.5c, Felsenstein 1993) which use the neighbor-joining method of
Saitou and Nei (1987) to construct a tree from a pairwise distance matrix estimated by
Kimura's two-parameter model (Kimura 1980). A right whale (Eugl-DQf3*0301) DQS
sequence (Chapter 6) was used for refernce. The scale represents genetic distance

estimated by the total length of horizontal bars between any two taxa.
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Figure 2.3 DQp amino acid sequences based on the nucleotide sequences (Fig. 2.1). The
number above the consensus sequence represents the amino acid position based on
human DQJ sequences. As with Fig. 2.1, identity to the consensus is only indicated by
a'-'in variable positions to ease comparison. Codons marked by underlining or with an
asterisks indicate the encoded amino acids either face the peptide binding groove or may
be part of a peptide binding pocket respectively in the human DR molecule (Brown et al.
1993; Stern et al. 1994). Amino acid substitutions resulting in strong, moderate, and
weak conservation of physio-chemical properties (polar or nonpolar, size, shape and

charge) are indicated by 's, m, and w' respectively (McLachlan 1972 in Taylor 1986).
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peptide recognition in the PBR (Fig. 2.3). Of the four substitutions found between, but

shared within, the allelic lineages 01 and 02 (including narwhal), three are nonconservative
and one is weakly conserved. For example, at position 857 tyrosine is replaced by aspartic
acid in the 01 lineage resulting in the substitution of an aromatic amino acid for a negatively
charged amino acid. Similarly, the Dele-DQB*0103 allele differs from the Dele-DQf*0101
allele by a single nucleotide change which results in the substitution, at a position important
for peptide binding, of a negative (glutamic acid) for a positive (lysine) amino acid
(position 874, Fig. 2.3). Four of the five nonconservative replacements involve a change

in charge, an observation also noted for mammalian class I genes (Hughes et al. 1990)

SSCP survey

SSCP analysis was used as a rapid and efficient method (detecting > 90% of single
base pair differences in 200 bp fragments (Hayashi 1992)) to detect the presence of known
and new alleles in 233 beluga and 12 narwhal samples. Allele Dele-DQB*0103 was
initially detected by the SSCP analysis and was subsequently sequenced. Genotype
frequency was estimated for each population (Table 2.3a) through interpretation of the
SSCP pattern for each of the animals listed in Table 2.1. Alleles were identified in each
sample by comparison with the SSCP phenotypes derived from cloned alleles (Fig.2.4).
The phenotype of a single allele is composed of three to four bands. In each case the
lowest band is double stranded DNA (far left sample in Fig. 2.4), i.e. DNA that has re-
annealed to its complementary strand after denaturation, while upper bands are stable single
stranded conformations. Multiple single stranded conformational variants have been noted
previously (Michaud et al. 1992). Phenotypes of heterozygotes were reconstructed by the
mixing of amplified cloned DQR alleles. In most cases additional bands are present
intermediate to the double stranded DNA and the single stranded conformations found in
the separate DO clones. They may be explained by the formation of heteroduplex DNA.
The 33P-dATP labelled DNA strand not only re-anneals with its complementary strand to



98 ¥e 8¢C 86 06 8¢ 09 (44 K¢
LT [/ z 9 I v c0T0+90d-212q
(4 8 9 S 1 1020+40a-21a1
(43 (2 _ 14 S 14 I €010«00a-212q
LT ve (44 L8 vL ct Y te - 1010+40a-212q
MIV « JOa :q

154 4 14! ob Sy 61 0t 1T <
Y I €020 / TozZo
| 2020 / 1020
L 020 / €010
I 1020 / €010
S €010 / €010
01 [4 C € I 14 14 020 / T-1010
[4 8 4 S 4 1020 /7 T-1010
1 [4 | € S | €010 / 21010
£ Cl 8 8¢ (42 €l 4 4l ¢-1010 / Z-1010
ad&youdy) , fOq e

pug|sj neng Aeg Aeg vog IBIN Aemysyg
onory :w_: uijjeg ‘'S :Ow—q:z uospuy ‘M uospny 'qH yoyayH ‘H Zow_zzvm 'H oo:o.:szw— 1S

uonendog

'suoneindod v8njoq ur Kouonbayy oRIIe YO :q ‘suonendod vdnjoq ur Aouanbaiy ad£jousd g e €7 9qe],



36

Figure 2.4 PCR-SSCP phenotypes of cloned DQ§g alleles. The double stranded band is
the PCR product of 2 DQ*0101 clone not denatured prior to electrophoresis. The
samples to the right prefixed with DQR are the SSCP phenotypes of clones containing a
sequenced DO allele. The six middle samples are derived from the mixing of the PCR
products of the previous four samples prior to denaturation. These represent the

reconstructed phenotypes for each of the heterozygote genotypes.
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form native double-stranded DNA but anneals with the complementary strand from the

other allele to form a heteroduplex product with an altered electrophoretic mobility. Note,
heteroduplex mobility is most altered when clones of the 01 and 02 lineages are combined
(Fig. 2.4).

A SSCP analysis of animals from two High Arctic locations shows a wide range of
genotypes (Fig. 2.5). Genotype was determined by comparison of SSCP patterns with
those of the cloned DQOR alleles and the reconstructed phenotypes (Fig. 2.4). Of the 11
animals analyzed four are homozygotes, three for the DOB*0103 and one for the
DQ)*0101-2, and seven are heterozygotes, three for both DQB*0103 / 0202 and
DQp*0101-2 /0202 and one for DOB*0101-2 / 0103.

All of the bands amplified from genomic DNA were found either in the cloned
alleles or reconstructed genotypes (Fig. 2.4). No more than two alleles were detected in a
sampie by either sequencing sf DQOf alleles or SSCP analysis. This shows that only one
locus was amplified. Although DQR alleles may exist that are not amplified by the primers
used 1n this survey, their presence seems unlikely since every sample examined yielded at
least one product. Further, pooled genotype frequencies (excluding the High Arctic
samples) were not significantly different from the Hardy-Weinberg expectations, i.e. an
excess of heterozygotes was not observed. No conformational difference was detected
between the Dele-DQB*0101 and Dele-DQB*0102 alleles under various gel conditions
ranging from 4 to 8 % acrylamide with 0 to 10 % glycerol. In the analysis the Dele-
DQf3*0101 and Dele-DQ*0102 alleles have been grouped together (i.e. Dele-DQB*0101-
2). Extrapolation from the sequencing results indicates that the majority of the alleles in
this group would be Dele-DQB*0101 (11/12).

Genotype frequency data (Table 2.3a) was converted to allele frequencies (Table
2.3b) and compared among populations using the maximum-likelihood-ratio chi-square
tests of independence (Table 2.4). The High Arctic population was found to be different
from all populations (p = 0.001, except Hudson Strait, p =0.005). The Dele-DQf*0101-2



Figure 2.5 PCR-SSCP analysis of DQS genotypes from High Arctic beluga. Five
animals from Creswell Bay, 1993, and six from Grise Fiord, 1984, are shown.
Genotypes, listed above each sample, are inferred by comparison to clones containing a

sequenced DO allele (to the right of samples and prefixed by DOB).
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allele is the most common, being found at a frequency of about 0.85 in most populations,
and is present in 98% of those animals, except the High Arctic and southeastern Baffin
Island (Table 2.3a). The High Arctic population has a Dele-DQf3*0101-2 frequency of
0.31 with the allele present in only 52% of the samples. Conversely, the southeastern
Baffin Island samples contain only the Dele-DQf3*0101-2 allele. Due to the small sample
size for this population the presence of the alleles Dele-DQ3*0103, 0201 and 0202 can not
be dismissed.

Twelve narwhal samples, including the four used in the DNA sequence analysis,
were examined for SSCP's. In every case a uniform pattern was observed indicating that
the samples are homozygous for the Momo-DQB*0201 allele. Assuming the 12 samples
are random, the population is at Hardy-Weinberg equilibrium, and that every allele
amplifies at an equal frequency, a simple examination of probability indicates a minimum
allele frequency for Momo-DQ3*0201 of 2 0.883 (p = .95), i.e. if x = allele frequency
then p > 0.05 for x24 when x > 0.883.

Discussion

The small amount of DQJ allelic variation in beluga whales is similar with that
found in other marine mammals (Trowsdale et al. 1990; Slade 1992). In a comparison of
alleles of the mammalian DQSI locus identifiable at exon 2 sequences, five DOS alleles in
beluga compare with 17 in Homo sapien (Marsh and Bodmer 199 1), 34 in the Mus
musculus complex (She et al. 1991), and nine diverse alleles in Bos taurus (Sigurdardéttir
et al. 1992). In addition DQBI exon 2 sequences are known from a number of nonhuman
primates (Bontrop 1994). Comparison with this compilation also indicates a lower amount
of allelic variation in belugas. Although some nonhuman primates also have a small
number of known DQJ] alleles, these comparisons should be interpreted with caution as

only a small number of samples for each species were examined in most cases (e.g.
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Gyllensten et al. 1990; Otting et al. 1992). It is also important to judge the amount of Mhc

diversity in contrast to the amount of overall genetic diversity. Analysis of minisatellite loci
in eastern Beaufort Sea beluga did not indicate a substantial reduction of genetic variation
(Patenaude et al. 1994). Similar low levels of Mhc variation are also seen in southern
elephant seals, sei whales, and fin whales all of whom have high to moderate levels of
allozyme variation when compared with the mammalian average (Slade 1992).

Slade (1992) put forward four hypotheses to explain the reduction of Mhc diversity
In marine mammals: i) it is a methodological artifact; ii) it is due to random drift acting on
small populations; iii) Mhc loci are non-functional in marine mammals; and iv)itisdueto a
reduced balancing selection pressure in the marine environment. Slade found the fourth
hypothesis to be the simplest explanation, arguing the reduction of balancing selection
pressure was due to the relatively lower abundance of parasites encountered in the marine
as compared to the terrestrial environment. Variation at the beluga D03 locus is consistent
with this interpretation.

The investigation of additional marine mammals, the increase in sample size, and
the use of different techniques decreases the possibility of the results being due to
methodological artifacts. The consistency of low DQB diversity in odontocetes (this
study), mysticetes (Trowsdale et al. 1990) and pinnipeds (Slade 1992) argues against a
bias in the species sampled. Further, the larger sample size examined here, including a
number of populations, reduces the possibility of a stochastic within species sampling
artifact. Finally, the use of more precise techniques allows the functional variation to be
characterized directly.

Random drift operates most strongly on small populations. Although a number of
the beluga populations in this survey have gone through a recent reduction in size,
comparisons of allele frequency show most populations to be similar. The large eastern
Beaufort Sea and the endangered St. Lawrence beluga populations have similar DQS allele

frequencies and yet DNA fingerprinting data suggests the St. Lawrence population has
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overall a lower amount of genetic diversity (Patenaude et al. 1994). The eastern Beaufort
Sea population appears stable (Norton-Fraker and Fraker 1982 in Finley et al. 1987), is
estimated to be over 11,500 individuals (Finley et al. 1987), and no documented evidence
exists of a substantial reduction of population size in historical time. Thus, if a genetic
bottleneck reduced the Mhc variation in belugas it must have taken place before the
establishment of the present species.

Observations on the type and position of nucleotide substitutions support positive
Darwinian selection as the evolutionary force shaping the variation of the cetacean DQS
alleles and indicate the functional importance of the locus. Analysis of the type of
nucleotide substitutions shows a mean dj, to mean dj ratio of 5:1 (Table 2.2). A high ratio
of dp, to ds has been used as evidence of positive selection in a number of studies, for
cxample: class I Mhc (Hughes and Nei 1988; Hughes et al. 1990; Imanishi and Gojobori
1992); class IT Mhc (Hughes and Nei 1989; Schwaiger et al. 1994); the circumsporozoite
antigen in Plasmodium (Hughes 1991b); human influenza A virus (Fitch et al. 1991); and
abalone sperm lysins (Lee and Vacquier 1992). In the majority of proteins the number of
ds > dp indicates a constraint on the change of amino acid sequence, i.e. negative selection
(Lietal. 1985). In contrast pseudogenes evolve with no constraints, i.e. neutral evolution.
Variation at a Mhc class I pseudogene was similar to other mammalian pseudogenes and
not to the patterns observed in functional class I sequences (Imanishi and Gojobori 1992).
Further analysis of the type and position of nucleotide differences leading to amino acid
substitutions show the differences are nonconservative and clustered around polymorphic
positions responsible for selective peptide binding (Fig. 2.3). The occurrence of
nonconservative amino acid substitutions in sites responsible for the selective binding of
foreign peptide may lead to the recognition and presentation of different peptide motifs.

Although DQJf variation is low, evidence for the importance of this diversity is
seen in comparison among beluga populations. The most striking difference occurs

between the High Arctic and all other beluga populations (Table 2.4). The main ecological
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difference between these populations is that the southern populations, with the exception of
southeastern Baffin Island, spend part of the year in the relatively warmer waters of
continental estuaries. This ecological difference may correspond with differences in
pathogens encountered. Evidence for pathogen driven differences in allele frequencies is
observed in the high frequency of the Dele-DQB*0202 allele in the High Arctic population.
Dele-DQf3*0202 is the beluga allele most similar to the narwhal Momo-DQf*0201 allele,
differing only by a single amino acid substitution. The fact that the sympatric High Arctic
beluga and High Arctic narwhal populations share a similar allelic type may be evidence of
a need for an immune response to a similar pathogen.

The large differences in allele frequencies between the High Arctic and the other
beluga populations is also evidence for the distinctness of this population. The High Arctic
population is believed to over-winter in Davis Strait along with the whales from west
Greenland (Reeves and Mitchell 1987a; Doidge and Finley 1994), while the Hudson Bay,
Ungava Bay and southeastern Baffin Island populations are thought to over-winter in the
Hudson Strait (Finley et al. 1982; Reeves and Mitchell 1987b). The difference in Mhc
diversity argues against a substantial gene flow between these populations. In support,
Sergeant and Brodie (1969) found differences in size between the Hudson Bay (small),
High Arctic and St. Lawrence (medium) and west Greenland beluga whales (Large). A
reexamination of size relationships (Doidge 1990) found differences in age-length and
length-weight comparisons among the Hudson Bay animals and other whale populations,
but not to the extent reported by Sergeant and Brodie (1969). No difference was observed
between the west Greenland and St. Lawrence populations. Examination of Mhc DQp
variation in west Greenland animals may show if these animals are part of the same stock
as the High Arctic belugas. This information would be useful in the management of the
High Arctic belugas due to the large catch of belugas off west Greenland (Reeves and
Mitchell 1987a, Doidge and Finley 1994) .



All of the southern beluga populations have similar allele frequencies. The
endangered St. Lawrence Estuary and southeastern Baffin Island, and the threatened
eastern Hudson Bay populations are not significantly different from most of the other
populations, except the High Arctic. This indicates the DO variation has been maintained
in the endangered and threatened populations, however, analyses of other Mhc loci is
required before variation at the complex can be quantified. Although not significantly
different in allele frequency, the endangered southeastern Baffin Island population may be
of concemn. All individuals examined possess only the Dele-DQf3*0101-2 allelic type. At
this time the sample size is too small to draw conclusions, however loss of the rarer alleles
in this population would lower the populations' ability to respond to other pathogens

encountered by belugas. Further analysis of this population is required.

Conclusions

Beluga DQJ allelic variation is consistent with the low amount of DQf variation
observed in other marine mammals. This may be due to a reduction in pathogens
encountered in the marine environment, however, evidence for positive Darwinian selection
indicates that the ability to respond to these pathogens has been an important evolutionary
force shaping the variation.

Comparison of beluga population allele frequencies find the High Arctic population
to be different from the other populations examined. This difference may be due to a
difference in the pathogens encountered by the High Arctic population and indicates that

this population should be treated as a discrete management stock.
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Chapter 3

Sequence Variation at the Major Histocompatibility Complex DR loci

in Beluga Whales (Delphinapterus leucas).

Abstract

The variation at loci with homology to DR class IT Major Histocompatibility
Complex loci was assessed in 313 beluga collected from 13 sampling locations across
North America, and 11 narwhal collected in the Canadian high Arctic. Variation was
assessed by amplification of exon 2, which codes for the peptide binding region, via the
polymerase chain reaction, followed by either cloning and DNA sequencing or single-
stranded conformation polymorphism analysis. Two DR# loci were identified in beluga;
DRf31, a polymorphic locus, and, DRS2, a monomorphic locus. Eight alleles
representing five distinct lineages (based on sequence similarity) were found at the beluga
DRf31 locus. Although the relative number of alleles is low when compared to terrestrial
mammals, the amino acid variation found amongst the lineages is moderate. At the DRj1
locus, the average number of nonsynonymous substitutions per site is greater than the
average number of synonymous substitutions per site (0.0806 : 0.0207 respectively, p <
0.01). The majority of 31 amino acid substitutions do not conserve the physiochemical
properties of the residue, and 21 of these are located at positions implicated as forming
pockets responsible for the selective binding of foreign peptides side chains. Only DRpB1
variation was examined in 11 narwhal revealing a low amount of variation. These data
are consistent with an important role for the DRAI locus in the cellular immune response
of beluga.

46
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Introduction

One of the main functions of the genes within the Major Histocompatibility
Complex (Mhc) is to encode for cell surface glycoproteins which play a key role in the
initiation of an immune response. Mhc class II loci are found on the surface of cells of the
immune system (e.g. B-cells and antigen presenting cells). These glycoproteins bind, with
varying degrees of affinity, extracellular foreign peptides (e. g. peptides from bacteria
engulfed and degraded by the immune system cells) in an antigen binding groove, also
known as the Peptide Binding Region (PBR). Class II molecules, in association with
foreign peptide are displayed on the cell surface where they are presented to T-cells, which
subsequently modulate an immune response (Germain 1994; Germain et al 1996).

This study reports the type and amount of allelic variation at loci with homology to
Mhc class IT DRS loci in beluga whales (Delphinapterus leucas) and the closely related
narwhal (Monoden monoceros). Allelic variation was assessed by analysis of nucleotide
sequences within exon 2, which encodes the PBR. The PBR shows a large amount of the
functional allelic variation expressed in the beta chains of most terrestrial mammal Mhc
class II cell surface glycoproteins (e.g. Hughes and Nei 1989; Trowsdale 1995). The high
levels of genetic variation found in the PBR of most mammals have been proposed to be an
adaptation resulting from the large number of pathogens encountered by natural populations
(Klein and Takahata 1990). The type of selection (i.e. positive [directional], negative
[balancing], or neutral) that has shaped the variation present at a Mhc locus may be deduced
by analyzing directly the PBR.

Within marine mammals, previous studies of Mhc variation have found limited
amounts of variation. Limited restriction fragment length polymorphism (RFLP) variation
has been found at Mhc loci in a sample of nine fin (Balenoptera physalus) and five sei (B.
borealis) whales (Trowsdale et al. 1989) and in the southern elephant seal (Mirounga
leonina) (Slade 1992). The small amount of Mhc polymorphism found in these different
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groups, as compared to terrestrial mammals, suggested that this may be a common feature

of all marine mammals and is due to either a decreased exposure to parasite diversity (Slade
1992) and/or to the homogeneity of the marine environment. An analysis of PBR variation
at the DO locus of beluga also shows a low level of polymorphism, however, strong
evidence of positive selection is consistent with the functional significance of this locus in
the immune response (Chapter 2).

Variation at one locus is not a measure of variation for the entire Mhe. In the
cotton-top tamarin (Saguinus oedipus) low levels of variation were found at some class I
and class I loci while DR loci contained a high amount of variation (Gyllensten et al.
1994). This, and similar observations, have been explained by the shifting accordion
hypothesis (Klein et al. 1993b). In this hypothesis, variation is reduced in small founding
populations, through random drift, and is generated by selective pressure and the
duplication of Mhc loci. Therefore, it is important to characterize and quantify the variation
found at a number of Mhc loci before the hypothesis of reduced levels of Mhe variation in
marine mammals can be accepted.

The study of Mhc variation in cetaceans, a mammalian group that has undergone
adaptive radiation within the marine environment, may lead to insights into Mhc evolution.
The objective of this study is to characterize and quantify the amount of Mhc class I DRS
variation in beluga. The evolutionary significance of the DRB locus will be assessed and
the hypothesis of reduced amounts of Mhc varjation in marine mammals addressed.

Materials and Methods

Samples
Tissue samples were collected over a number of years from a narwhal and 2 number
of beluga populations. Sampling locations have been classified into wintering populations,

and the number of animals analyzed given (Table 3.1).
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Table 3.1 List of samples analyzed including species, population, sample location,
year of sampling, number of individuals sampled.

Species Wintering population Sampling Sample
— Sample location vear(s) size
Beluga

St. Lawrence Estuary 88-91.94, 95 47
Bering Sea

~ Mackenzie Delta’ 84.87-90 48

— Point Lay 88-90 24
Hudson Straii

— Churchill 89-90.93 29

— Arviat 86, 87 20

— Nastapoka River 87.93 37

— Little Whale River 92,93 9

— Cumberland Sound 86 12
Baffin Bay

— West Greenland 50 43

— Grise Fiord 84.85.87 20

— Creswell Bay 93 5

— Cunningham Inlet 88. 90 19

3 =313

High Arctic

- Arctc Bay 85.87 9

— Grise Fiord 87 2

2 =11

1 Mackenzie Delta area mcludes 6 locations: East Whitefish Station, Hendrickson Island,
Tuktoyuktuk, Single Point, Kendall Island, and West Whitefish Station.



SSCP analysis

Two primer sets were used to amplify DRB-like sequences. The first primer set,
DRg-5b, CTC GCC GCT GCA TGA AAC (Ammer et al. 1992), and DRBAMP-A, C
CCC ACA GCA CGT TTC TTG (Tsjui et al. 1992), were used to survey the entire sample
of whales at the DRSI locus. DRB-5b is located at the 5' end of exon 2 covering the
intron/exon boundary, while DRBAMP-A is located at the 3' end of exon 2. This primer
set amplifies 238 bp (88%) of exon 2. A second primer set, DRB-5¢, TCA ATG GGA
CGG AGC GGG TGC, and DRBAMP-A (from above) were used to survey the variation
in a subsample (n=42) of the above sample. Primer DRB-5c is located 3' of DRB-5b,
within exon 2 and amplifies alleles of both the DRB and DRB2 loci. This primer set
amplifies 181 bp (67%) of exon 2. The PCR conditions were as follows: 10 mM Tris-HCl
(pPH-8.3), 50 mM KCl, 2.5 mM MgCl2, 0.2 mM dNTP's, 0.2 UM of each primer (1
primer end-labelled with y 33P-dATP (ICN)). 0.77 units of Taq DNA polymerase (Perkin-
Elmer-Cetus), and 50-100 ng of template DNA carried out in a 10 ul volume. Thermal
cycling was conducted on a Perkin-Elmer-Cetus, model 480, and involved 3 cycles of 94
OC for 3 min., 56 OC for 1 min., and 72 OC for 2 min. followed by 27 cycles of 94 °C for
15 sec., 56 OC for 30 sec., and 72 OC for 1 min.. PCR products were electrophoresed
through 2 non-denaturing acrylamide gel (5% acrvlamide (59 acrylamide: 1 bisacrylamide),
15% glycerol, and 1/2 TBE) for 13 b at room temperature. and the gel was subsequently
dried onto Whatman filter paper. The SSCP's were visualized by exposure of the dried gel
to PhosPhor Image screens (Molecular Dynamics). A PhosphoImager (Molecular
Dynamics) was used to analyze the audioradiograph images captured on the phosphor
image screens. Variant SSCP patierns were chosen for sequencing analysis, and cloned
alleles were used to reconstruct the observed genotype SSCP pattemns as described in

Chapters 2 and 3.
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Sequencing of DR alleles

The samples chosen for sequencing were amplified as above, except in a 50 il
volume. The products of this reaction were isolated from a 1.5% agarose gel using the
GlassMAX (BRL) system, cloned into the pGEMT vector system (Promega), and
transformed into DHS5 alpha (BRL) competent Escherichia coli cells. Clones containing
inserts were analyzed with the SSCP protocol above, and variants sequenced. Every allele
has been cloned and sequenced from at least two separate samples. Using this protocol, a
large number of clones can be screened and artifacts due to PCR error identified.
Nomenclature of the alleles is based on the proposed rules for nomenclature of the Mhc of
different speciés (Klein et al. 1990) and is based on sequence similarity. Standard
nomenclature is a four letter species code (i.e. Dele and Momo for beluga and Narwhal
respectively), a locus code, an asterisk (*), and a four digit allele code, i.e. Mhc Dele-
DRf*0101. The first two numbers represent the allelic lineage, while the last two

designate the unique sequence.

Analysis of results

The relationship among alleles was estimated using the computer package Phylip
3.5¢ (Felsenstein 1993). Pairwise genetic distance measures were generated using the
program DNAdist. This program estimated distance based on Kimura's two-parameter
model (Kimura 1980). A distance tree was constructed from the distance matrix using the
Neighbor-Joining program which is based on the neighbor-joining method of Saitou and
Nei (1987). In order to test the significance of the branches, 1000 bootstrap replicates
were conducted (Felsenstein 1985). Parsimony analysis of nucleotide substitutions was
conducted using the computer program PAUP 3.1.1 (Swofford 1993). Estimation of the
most parsimonious unrooted tree was conducted using the exhaustive tree searching

method.
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Pairwise comparisons of nucleotide substitutions between alleles were conducted
according to the method of Nei and Gojobori (1986) by the computer program MEGA
(Kumar et al. 1993). The number of nonsynonymous (dn) and synonymous (ds)
substitutions per site were estimated for each pair from the Jukes-Cantor formula, and the

mean dp, and dg values compared with a Student z-zest with infinite degrees of freedom

(Kumar et al. 1993).
Results

DRBI variation

Through a SSCP survey of 313 beluga and 11 narwhal collected from throughout
North America, eight beluga and three narwhal alleles have been identified and sequenced
(Fig. 3.1). These alleles have been classified into allelic Hﬁeages based on their nucleotide
similarity (Fig. 3.2). A nucleotide sequence from each lineage was compared to all
sequences deposited in Genbank or EMBL (Table 3.2). In each casz, tue most similar
sequence contained in the depositories (ranging from 85% - 90% identity) was an allele of a
DR locus, and in most cases, was of ungulate origin.

All nucleotide sequences code for an uninterrupted amino acid sequence (Fig. 3.3).
The majority of nucleotide substitutions lead to amino acid substitutions. A pairwise

| comparison of all DRI alleles shows the average number of nonsynonymous substitutions

per site (dn, = 0.0806 SEM 0.0134) is significantly greater (p < 0.01) than the average
number of synonymous substitutions per site (dg = 0.0207 SEM 0.0130). Further, these
amino acid substitutions are found primarily at positions important for peptide binding
(Fig. 3.3). Of the 31 amino acid substitutions which occur among the beluga DRI alleles,
21 are at 16 of the 19 positions implicated as responsible for the selective binding of

foreign peptides in side chain binding pockets (Brown et al. 1993; Stern et al. 1994). In
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Figure 3.1 Nucleotide sequence of the beluga and narwhal DRg alleles. A ‘.’ indicates
an identical base pair with reference to Dele-DR31*0101. Exon 2 codon positions are
given. Codons marked by underlining or with an asterisks indicate the encoded amino
acids either face the peptide binding groove or may be part of a peptide binding pocket
respectively in the human DR molecule (Brown et al. 1993; Stern et al. 1994).
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Figure 3.2 Neighbor-Joining radial dendrogram of beluga DRf3I and narwhal DRf

alleles. Bootstrap values greater than 70% are placed along the branches.
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Figure 3.3 Amino acid sequence of the beluga and narwhal DRS alleles based on the
nucleotide sequences (Fig. 3.1). Positions facing the peptide binding groove are
underlined. Amino acid positions implicated in peptide side chain binding pockets of
the human HLA-DRI molecule (Brown et al. 1993; Stern et al. 1994) are shown by !,
", and *. The P1 peptide side chain binding pocket residues are indicated with an L
P4 with ~. Positions believed to have a role in all other probable side chain binding
pockets are indicated by an *. For variable positions the conservation of
physiochemical properties (i.e. polar or nonpolar, size, shape, and charge) of the
residue is indicated by s, m, and w (strong, medium, and weak conservation
respectively, McLachlan 1972). For positions with multiple substitutions the least

conservative change is given.
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addition, the majority of variable positions contain substitutions that do not maintain the
physiochemical properties of the residue (Fig. 3.3).

A comparison of the amino acid substitutions observed among the beluga DRB
sequences, to a selection of mammals, indicates that although the beluga have a relatively
small number of sequences, there are a modest amount of substitutions among the
sequences (Table 3.3). Amino acid substitutions unique to beluga are observed at six

positions in this comparison.

DRf2 variation

A second set of primers was used to investigate DRS variation in a subset of beluga
samples (n=42). These primers amplified all the DRBI alleles and a new additional
sequence belonging to a second DRS locus, DRB2. This sequence has been classified as
the a