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Phocine distemper virus (PDV) has caused two mass mortalities of European harbour seals (Phoca vituli-
na) in recent decades. Levels of mortality varied considerably among European populations in both the
1988 and 2002 epidemics, with higher mortality in continental European populations in comparison to
UK populations. High levels of genetic differentiation at neutral makers among seal populations allow
for the possibility that there could be potential genetic differences at functional loci that may account

for some of the variation in mortality. Recent genome sequencing of carnivore species and development
Key W.°rds". . of genomic tools have now made it possible to explore the possible contribution of variation in candidate
Phocine distemper virus . . R . . A
SLAM genes from harbour seals in relation to the differential mortality patterns. We assessed variation in eight
genes (CD46, IFNG, IL4, IL8, IL10, RARa, SLAM and TLR2) encoding key proteins involved in host cellular
interactions with Morbilliviruses and the relationship of variants to disease status. This work constitutes
the first genetic association study for Morbillivirus disease susceptibility in a non-model organism, and for
a natural mortality event. We found no variation in harbour seals from across Europe in the protein cod-
ing domains of the viral receptors SLAM and CD46, but SNPs were present in SLAM intron 2. SNPs were
also present in IL8 p2 and RARa exon 1. There was no significant association of SLAM or RARa polymor-
phisms with disease status implying no role of these genes in determining resistance to PDV induced
mortality, that could be detected with the available samples and the small number of polymorphisms
indentified. However there was significant differentiation of allele frequencies among populations. PDV
and other morbilliviruses are important models for wildlife epidemiology, host switches and viral evolu-
tion. Despite a negative result in this case, full sequencing of pinniped and other ‘non-model’ carnivore
genomes will help in refining understanding the role of host genetics in disease susceptibility for these
viruses.
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1. Introduction

The Morbillivirus phocine distemper virus (PDV) caused mass
mortalities among European seal populations in 1988 and 2002
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(Heide-Jorgensen et al., 1992; Harkonen et al., 2006). Both
outbreaks arose in spring and originated at the Isle of Anholt, Den-
mark, a haul out site shared between European harbour seals
(Phoca vitulina) and grey seals (Halichoerus grypus). It is thought
the virus is endemic in arctic seal species, and that grey seals
may act as shuttle vector, transferring the virus into more suscep-
tible harbour seal populations. On both occasions PDV spread
throughout Europe, killing up to 60% of individuals in local popula-
tions, together with a smaller number of grey seals. In total PDV
accounted for around 30,000 and 23,000 harbour seal deaths in
1988 and 2002 respectively (Heide-Jergensen et al., 1992; Hall
et al., 2006; Harkonen et al., 2006).
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Mortality levels in P. vitulina differed across European popula-
tions. High levels of mortality were recorded in continental
European populations, ranging from 22% to 60% (Heide-Jorgensen
et al.,, 1992; Harkonen et al., 2006). Lower mortality levels were re-
corded in UK populations (Thompson and Miller, 1992; Hirkénen
et al., 2006). Interestingly, the mortality level of most individual
populations remained relatively unchanged between epidemics.
The main exception was the East coast of England, where mortality
fell from 50% in 1988 to 22% in 2002 (Thompson et al., 2005). Viral
attenuation, varying exposure to immunosuppressive persistent
organic pollutants (POPs), epidemiological factors, and variation
in genetic resistance loci have been suggested as the main poten-
tial factors accounting for this variation in mortality (Hall et al.,
2006; Harkonen et al., 2006). Viral attenuation and variation in
POP burden have largely been excluded (Hall et al., 2006; Miiller
et al., 2004; Nielsen et al., 2009), while epidemiological modelling
suggests that variation in the arrival time of the virus, in combina-
tion with differential exposure rates due to variation in the sex/
age-class make up of seal haul out groups in different locations
can potentially explain much of the mortality pattern observed
(Grenfell et al., 1992; Harkénen et al., 2007; Harris et al., 2008;
Klepac et al., 2009; Lonergan et al., 2010). However, the potential
contribution of population genetic variation remains to be exam-
ined in detail. Understanding the roles of ecological, epidemiolog-
ical and genetic factors in this mortality pattern will provide new
insights into the disease biology of morbilliviruses, and may even
suggest novel opportunities for the control of this important family
of pathogens.

Past population genetic studies using microsatellite markers
and mitochondrial DNA sequence variation have shown the Euro-
pean harbour seal metapopulation to be highly structured, with
at least six genetically differentiated populations (Iceland, Scot-
land-Ireland, English East Coast, Wadden Sea, Western Scandina-
via and East Baltic) with Fsr values ranging from 0.061 to 0.403
(Stanley et al., 1996; Goodman, 1998). Genetic diversity plays an
important role in safeguarding host populations against pathogens
(Haldane, 1947; Altizer et al., 2003). Differences in mortality levels
among populations could be explained by differential distributions
of disease resistance alleles in a structured population (Harding
et al., 2005). Of particular interest are genes at the host-pathogen
interface, including genes encoding viral receptors and proteins
that mediate and regulate immune responses (Hall et al., 2006;
Acevedo-Whitehouse and Cunningham, 2006). The only immune
response genes that have been assessed in harbour seals to date
are within the major histocompatibility complex (MHC), where
levels of variation are in Class I loci appear comparable to those
of other carnivores (Goodman, 1995), suggesting that a simple
hypothesis of limited MHC variation does not account for the ob-
served PDV susceptibility of European harbour seals. However, to
date there has been no association study performed between
MHC alleles and PDV susceptibility, nor any evaluation of the role
of other genes involved in host interactions with morbilliviruses.

A precedent has been set from human genetics for the involve-
ment of viral receptor alleles in disease resistance (Liu et al., 1996;
Glass et al., 2006). The known cellular receptors of morbilliviruses
are signalling lymphocyte activation molecule (SLAM, also known
as CD150) and CD46 (membrane cofactor protein, MCP). SLAM is
the primary cellular receptor and morbilliviruses interact with
the immunoglobulin variable (IgV) domain and an immunglobulin
constant domain (IgC) of the extracellular region (Tatsuo et al.,
2001). CD46 is a secondary receptor though its role in infection
is less clear (Dorig et al., 1993; Naniche et al.,, 1993). Immune
detection molecules of innate immunity include Toll-like receptor
2 (TLRs) that interact with morbilliviruses (Bieback et al., 2002).
Cytokines that regulate the immune response through cellular sig-
nalling could also have a role in disease resistance; variants of

interferon gamma (IFNG), interleukin-4 (IL4), IL8 and IL10 have
previously been associated with susceptibility to mammalian
infectious diseases (Pacheco et al., 2008). Host levels of vitamin A
may also be important in Morbillivirus infections (Semba, 2003;
Rodeheffer et al., 2007). Recently, it was found that individuals in
a ferret model of canine distemper virus (CDV) that are vitamin
A supplemented do not display disease symptoms (Rodeheffer
et al., 2007). Hence the vitamin A receptor (RARa) is also a candi-
date of interest as variation could impact vitamin A uptake. Geno-
mic approaches have been used to identify successfully resistance
alleles for infectious diseases in humans and, more recently, ani-
mals. The release of animal genome sequences, such as the cat
(Pontius et al., 2007), dog (Lindblad-Toh et al., 2005) and giant pan-
da (Li et al., 2010), together with the development of new bioinfor-
matics tools are providing novel opportunities to investigate
genetic variation in carnivore species (Kohn et al., 2006). These
resources allow identification of conserved locations for primer
design and development of assays for variation in functional genes
in non-model species lacking comprehensive sequence coverage.
In the present study firstly we identify variation in genes encod-
ing Morbillivirus receptors (SLAM and CD46), proteins involved in
immune detection (TLR2), proteins involved in immune regulation
(IENG, IL4, IL8, IL10) and proteins involved in disease physiology
(RARa). We subsequently genotype individuals of the European
harbour seal metapopulation (including survivors and non-survi-
vors of the epizootics) to determine differences in distribution of
alleles between populations and perform an association study to
test the relationship between gene variants and PDV mortality.

2. Materials and methods
2.1. Tissue and blood samples

A collection of harbour seal skin, tissue and blood samples was
built up from material in the archives of European marine mammal
stranding programmes, seal rehabilitation centres, or were donated
by collaborating researchers. Samples were collected during both
the 1988 and 2002 PDV epidemics from harbour seal carcasses.
Blood and skin samples were also collected from healthy individuals
during the PDV epidemic periods and post-epidemic periods (1989-
1993, 2003-2006). Samples were genotyped from the following
populations, English East Coast, Scottish East Coast, Iceland,
Wadden Sea (Dutch and German Wadden Sea) and Swedish west
coast (Skagerrak, Kattegat, West Baltic), which correspond to the
populations identified in previous genetic studies (Goodman, 1998).

2.2. Primer design

Primers for IFNG, IL4 and IL10 were designed for amplification of
canine sequences at the University of Manchester (Short et al.,
2007). For all other genes there is no genomic DNA sequence avail-
able from P. vitulina. Canine genomic and mRNA sequence was
aligned with mRNA sequence from other mammalian species in
ClustalX in order to identify exon boundaries and identify con-
served mammalian gene regions (Thompson et al., 1997). Primers
were designed in webprimer (http://seq.yeastgenome.org/cgi-bin/
web-primer) on dog sequences to amplify exons and introns for
receptor genes, and promoter gene regions for cytokine genes. All
primers were produced by Sigma-Genosys UK. Details of primer
sequences are shown in Supplementary Table 1 and Fig. 1.

2.3. PCR, purification and sequencing

DNA was extracted from samples using a standard phenol: chlo-
roform extraction protocol for both tissue and blood samples.
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