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Abstract 
Differences in disease susceptibility among species can result from rapid host–pathogen coevolution and differences in host species ecology 
that affect the strength and direction of natural selection. Among 2 sympatric pinniped species that differ in sociality and putative disease expo-
sure, we investigate observed differences in susceptibility through an analysis of a highly variable, duplicated gene family involved in the verte-
brate immune response. Using high-throughput amplicon sequencing, we characterize diversity at the 2 exons that encode the peptide binding 
region of the major histocompatibility complex class I (MHC-I) gene in harbor (N = 60) and gray (N = 90) seal populations from the Northwest 
Atlantic. Across species, we identified 106 full-length exon 2 and 103 exon 3 sequence variants and a minimum of 11 duplicated MHC-I loci. The 
sequence variants clustered in 15 supertypes defined by the physiochemical properties of the peptide binding region, including a putatively novel 
Northwest Atlantic MHC-I diversity sublineage. Trans-species polymorphisms, dN/dS ratios, and evidence of gene conversion among supertypes 
are consistent with balancing selection acting on this gene. High functional redundancy suggests particularly strong selection among gray seals 
at the novel Northwest Atlantic MHC-I diversity sublineage. At exon 2, harbor seals had a significantly greater number of variants per individual 
than gray seals, but fewer supertypes. Supertype richness and private supertypes are hypothesized to contribute to observed differences in 
disease resistance between species, as consistently, across the North Atlantic and many disease outbreaks, gray seals appear to be more re-
sistant to respiratory viruses than harbor seals.
Key words: gray seal, harbor seal, major histocompatibility complex, MHC supertype

Host defense mechanisms have long been recognized as under 
strong selective pressure (Haldane 1949) and more recently 
as a common target of rapid evolution (Thompson 1998). 
Selective pressures exerted by the pathogen on its host, and 
vice versa, can drive rapid host–pathogen coevolution (sensu 
the red queen hypothesis) (van Valen 1973; Woolhouse et 
al. 2002; Papkou et al. 2019). This process of coadaptation 
motivates elevated rates of molecular evolution in host im-
munity genes (Paterson et al. 2010) and promotes genetic 
diversity (Lively and Apanius 1995). At any point in time 
during this dynamic process of evolution, a host’s genetic 
makeup significantly influences their disease susceptibility. It 
thus follows that differences in disease susceptibility among 
host species may be a product of the factors that affect dis-
ease exposure and outcome, and ultimately evolution on host 
defense genes. Here, we investigate the molecular ecology of 
variation in disease susceptibility between 2 sympatric pinni-

ped species through a comparison of genetic diversity and ev-
idence of selection at a highly variable, duplicated gene family 
involved in the vertebrate immune response.

In general, our understanding of marine mammal host–path-
ogen dynamics is limited compared with terrestrial mammals 
(Kim et al. 2005). Yet, infectious disease outbreaks have 
increased among marine mammals in the past several decades 
(Gulland and Hall 2007; Simeone et al. 2015). Among marine 
mammals, harbor seals (Phoca vitulina) have experienced the 
greatest number of mass mortality events associated with infec-
tious disease in the past half-century (Sanderson and Alexander 
2020). In contrast, over the same period, sympatric gray seal 
(Halichoerus grypus) populations have experienced fewer mass 
mortality events and dramatically lower mortality rates during 
events that affect both species (Puryear et al. 2021).

Harbor and gray seal mass mortality events across the 
North Atlantic have been attributed to viral outbreaks of 
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influenza A virus (IAV) and phocine distemper virus (PDV). 
In 1988, European populations of harbor seals experienced 
a regionally variable death rate from PDV of 10–60%, af-
fecting approximately 18  000 individuals over a 16-week 
span (Heide-Jørgensen and Härkönen 1992; Härkönen et al. 
2006). Gray seals were also affected but to a much lesser ex-
tent, totaling about 10% of total reported deaths, with most 
gray seals testing seropositive for the virus but remaining 
asymptomatic (Pomeroy et al. 2005). A second European PDV 
outbreak occurred in 2002, following similar patterns to that 
of 1988 (Harding et al. 2002). The first documented European 
outbreak of IAV in seals occurred in 2014, also affecting 
predominantly harbor seals, with few documented cases of 
gray seal infection (Zohari et al. 2014; Bodewes et al. 2015). 
During this period, several PDV and IAV outbreaks were also 
documented in the Northeast United States (Duignan et al. 
1993; Earle et al. 2011; Anthony et al. 2012; Siembieda et al. 
2017). Most recently, in 2018 and 2019, outbreaks of both 
PDV and IAV were codetected in this region, resulting in the 
reported deaths of over 3000 individuals, primarily harbor 
seals infected with PDV (NOAA Fisheries 2021).

Consistently, across many outbreaks and geographic re-
gions, gray seals appear to be more resistant to respiratory 
viruses than harbor seals. It has been suggested that Arctic 
phocid seals, such as the harp seal (Pagophilus groenlandicus), 
may act as a primary host while gray seals act as reservoirs 
that episodically transmit diseases to more susceptible harbor 
seal populations (Markussen and Have 1992; Hall et al. 
2006; Puryear et al. 2016; Jo et al. 2018; Puryear et al. 2021). 
The evolution of such variable disease resistance in sympatric 
seal species is plausible given differences in species ecology 
that probably affect frequency of disease exposure, in par-
ticular sociality, which affects contact rates and thus disease 
transmission potential (Sanderson et al. 2013). Disease trans-
mission within seals is likely linked to seal haul-out sites, 
where the animals aggregate on land and both interspecies 
and intraspecies interactions can occur. These aggregations, 
which occur during breeding/pupping and molting seasons, 
are typically larger for gray seals than harbor seals (Katona et 
al. 1993). The 2 species also vary in the seasonality of these 
important life history events, such that they may have dif-
ferent exposure risks and be experiencing different levels of 
physiological stress, depending on when a pathogen enters 
the population. Population monitoring of seal haul-outs 
across the North Atlantic over the past few decades has re-
vealed dramatic changes in density, with the most common 
trend being one of gray seal increases and harbor seal declines 
(Carroll et al. 2020; den Heyer et al. 2020; Wood et al. 2020). 
In the Northwest Atlantic, these local patterns reflect re-
gional trends of ongoing rapid gray seal population growth 
and recent declines in harbor seal population growth rates 
(Sigourney et al. 2021), following historical bottlenecks and 
contemporary recovery of both species (Cammen et al. 2019).

The immunogenetic variation of the harbor and gray 
seals has been previously investigated through a candidate 
gene study of 8 genes involved in cellular interactions with 
morbilliviruses and full-length sequencing of the major histo-
compatibility complex (MHC) class I genes. McCarthy et al. 
(2011) compared candidate gene diversity across European 
harbor seal populations that differed in mortality rates during 
the 1988 and 2002 PDV epidemics, but found little associa-
tion between genetic variation and disease status. Hammond 

et al. (2012) characterized variation at the MHC-I genes in a 
small sample size of harbor and gray seals from the United 
Kingdom and found preliminary evidence to suggest that gray 
seals are more diverse in terms of gene content variation and 
allelic polymorphism. In this study, we used high-throughput 
amplicon sequencing to compare levels of MHC-I diversity 
between gray and harbor seals on a population scale in the 
Northwest Atlantic.

The MHC is a polymorphic, multi-gene family that encodes 
cell-surface receptors integral in antigen presentation, an 
early step in the vertebrate immune response to foreign bodies 
such as viruses (Piertney and Oliver 2006). Extensive poly-
morphism has been documented in MHC proteins, in partic-
ular, within the peptide binding region (PBR) where antigens 
bind to the MHC receptor for presentation on the cell sur-
face (Hughes and Nei 1989; Neefjes et al. 2011). This diver-
sity within the PBR is often observed to be conserved across 
species (i.e., trans-species polymorphisms) as well as within 
species among alleles (i.e., gene conversion), highlighting its 
functional importance and selective maintenance (Klein et al. 
2007; Spurgin et al. 2011). Across many systems, MHC diver-
sity is shaped by heterozygote advantage, a form of balancing 
selection, where an increase in fitness results from having 2 
different alleles at a given locus (Doherty and Zinkernagel 
1975; Osborne et al. 2015). Natural selection for variation 
in this gene family has furthermore resulted in frequent gene 
duplications, that provide the potential benefit of expressing 
more than 2 variants of MHC receptors. Diversity in MHC 
haplotypes driven by a combination of allelic polymorphism 
and gene content variation is common among nonhuman 
mammalian species (Rada et al. 1990; Boyson et al. 1996; 
Ballingall et al. 2008; Tanaka-Matsuda et al. 2009; Tallmadge 
et al. 2010).

Previous studies in pinnipeds have primarily focused on 
MHC-II, the class of MHC molecules that recognize prima-
rily extracellular pathogens. These studies report variable 
levels of genetic diversity across species and populations and 
attribute this variation to factors including demographic 
history (Hoelzel et al. 1999; Weber et al. 2004; Lau et al. 
2015), population structure, habitat substrate, and path-
ogen presence (Cammen et al. 2011). Relatively fewer studies 
in pinnipeds have focused on MHC-I, the class of MHC 
molecules that recognize primarily intracellular pathogens 
such as viruses, and those that do have reported low genetic 
diversity compared to terrestrial mammals (Slade 1992). For 
example, the Hawaiian monk seal (Monachus schauinslandi), 
a species that has experienced severe historical population 
declines, exhibits low MHC-I sequence variation and allelic 
richness (Aldridge et al. 2006).

In this study, we characterized sequence diversity of the 
PBR-containing exons of MHC-I in harbor and gray seal 
populations from the Northwest Atlantic. We assessed mul-
tiple lines of evidence of selection, including 1) the presence of 
trans-species polymorphisms; 2) the ratio of nonsynonymous 
to synonymous mutations (dN/dS); 3) gene conversion and 
functional redundancy of supertypes; and 4) levels of genetic 
differentiation at putative MHC alleles and supertypes among 
sampling sites. We compare our findings between gray and 
harbor seals and consider the implications of MHC-I diver-
sity for disease resistance among these pinniped species that 
experience variable mortality rates during episodic outbreaks 
of respiratory viruses.
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Methods
Samples
Tissue samples previously collected from gray seals 
(Halichoerus grypus atlantica) and harbor seals (Phoca 
vitulina vitulina) sampled at several sites across the Northwest 
Atlantic were provided for this study by the National 
Oceanic and Atmospheric Administration (NOAA) Northeast 
Fisheries Science Center (NEFSC), Tufts University, and 
Department of Fisheries and Oceans, Canada (DFO). Tissue 
biopsies from weaned gray seal pups were collected during 
the winter breeding seasons of 2013–2016 on Muskeget 
Island in Massachusetts, United States of America (41.334°N, 
70.294°W, N = 30), Sable Island in Nova Scotia, Canada 
(43.934°N, 59.915°W, N = 30) and Pictou Island in the Gulf 
of St. Lawrence, Canada (45.815°N, 62.562°W, N = 30). Live 
harbor seal pups were similarly sampled in 2016 on Bic Island 
in the St. Lawrence Estuary, Canada (48.399°N, 68.861°W, N 
= 30). Harbor seal samples from the Northeast United States 
(N = 30) were collected by the Northeast Fisheries Observer 
Program from individuals by caught in commercial fisheries 
between 2013–2015.

Molecular Methods
Genomic DNA was extracted from ~10 to 20  mg of seal 
skin from each individual using the Qiagen DNeasy Blood 
& Tissue Extraction kit and the manufacturer’s spin-column 
protocol for Purification of Total DNA from Animal Tissues, 
with minor modifications. 20 µL of 1 M DTT was added 
during the digestion phase and tissues were incubated at 56 
°C and 850  rpm overnight to fully digest. Following diges-
tion, 4 µL of RNAse (100 mg/mL) was added to remove RNA 
from the targeted genomic DNA.

Independent PCRs were performed to amplify exons 2 and 3 of 
MHC-I, which comprise the peptide binding region (PBR). PCR 
primers were designed from an alignment of gray and harbor 
seal MHC-I sequences (GenBank Accession No: JX218867–
JX218936 from Hammond et al. (2012)) and evaluated 
using primer3web v4.1.0 (Untergasser et al. 2012). Forward 
primer PvLAex2F (5ʹ-GGCTCCCACTCCMTGARGT-3ʹ) 
from Hammond et al. (2012) and a new reverse primer 
PvLAex2Rb (5ʹ-GKCCTCGCTYTGGTTGTAG-3ʹ) amplified  
a 272-bp fragment of exon 2. Primers PvLAex3F (5ʹ-GGC 
GGGGCCAGGGTCT-3ʹ) and PvLAex3R (5ʹ-CCGCGGCCC 
CTGGTA-3ʹ) amplified a 304-bp fragment of exon 3. Illumina 
Nextera adapter sequences were added onto the 5ʹ end of the 
primers to facilitate downstream sequencing.

PCRs were conducted in a total volume of 20 µL that 
contained 2 µL of DNA, 0.2  mM dNTPs, 0.3 µM of each 
primer, 3% DMSO, 0.4 units of Phusion polymerase (Life 
Technologies), and 1× Phusion HF Buffer (7.5  mM MgCl2 
[1.5 mM at 1× dilution]). The PCR profile for exon 2 consisted 
of an initial denaturation step at 98 °C for 1 min followed by 
28 cycles of 98 °C for 10 s, 68 °C for 25 s, 72 °C for 10 s, and 
a final extension step of 72 °C for 10 min. The PCR profile 
for exon 3 consisted of an initial denaturation step of 100 °C 
for 2 min, followed by 28 cycles of 100 °C for 10 s, 70 °C for 
25 s, 72 °C for 10 s, and a final extension step of 72 °C for 
10 min.

Following PCR, the KAPA Pure Beads (KR1245-v3.16) 
magnetic bead protocol was performed on all samples using 
Beckman Counter Agencourt AMPure XP beads to remove 
any PCR impurities such as small, unwanted fragments, and 

primer-dimers. A 1.8× bead-to-sample volumetric ratio was 
used for size selection of our ~300 bp products. Agarose gel 
electrophoresis was performed on all samples to confirm 
the size of the final product and approximate concentration 
prior to sequencing. Dilutions were performed to products 
as necessary to achieve uniform concentration. Samples were 
sequenced by the Hubbard Center for Genome Studies in 
New Hampshire, USA using rapid, paired-end sequencing 
(2 × 250) on an Illumina HiSeq2500. High-throughput short-
read sequencing is a cost-effective and efficient approach 
for population scale studies of MHC (Sommer et al. 2013). 
However, with this approach, we cannot associate exon 2 and 
exon 3 variants that are sequenced individually so the 2 sets 
of sequences must be analyzed separately.

Genotyping Pipeline
Sequencing reads were first processed using the program 
USEARCH v11 (Edgar 2010) and then a pipeline adopted 
from Sommer et al. (2013) was implemented in R to generate 
a list of putative alleles per individual. Specific details for 
the genotyping pipeline are provided in the Supplementary 
Methods, and briefly summarized here. Within USEARCH, 
the UPARSE-OTU algorithm was used to identify clusters of 
identical sequences (i.e., putative alleles) from least to most 
frequent, and UNOISE was used to denoise the filtered set 
of amplicon reads. Reads were then further processed in R 
to identify a list of putative alleles, putative artifacts, and un-
classified variants for each exon using a decision tree mod-
ified from Sommer et al. (2013) (Supplementary Figure S1). 
Finally, a 1% filter was implemented on the entire set of re-
maining reads so that only putative alleles present in at least 
1% of the reads per individual were retained for subsequent 
analyses. Because these putative alleles do not meet the min-
imum requirement for naming a new MHC-I allele (must 
include complete sequence of exon 2 and exon 3 [Marsh et 
al. 2010]), we refer to these primarily as MHC-I sequence 
variants throughout the remainder of the paper.

The genotyping pipeline was assessed through an anal-
ysis of technical replicates and allele discovery saturation 
curves. Technical replicates included 24 Northeast US harbor 
seals, and 8 Muskeget Island, 8 Sable Island, and 8 Gulf 
of St. Lawrence gray seals, which were each amplified and 
sequenced twice in independent reactions. Weighted and un-
weighted sequence overlap among replicates were calculated 
following Wen et al. (2017).

To test if the read depth achieved was sufficient to reach 
saturation in allele discovery, we compared individual allele 
saturation curves to a simulated individual with 240 000 
reads and equal read proportions representing 24 alleles 
(greater than the maximum number of putative alleles 
observed per individual). Curves were generated by drawing 
100 random subsamples of 2−x times the total number of 
reads per individual up to x = 11 for all locations except 
harbor seals from the St. Lawrence Estuary, and up to x 
= 15 for this latter population, which had a significantly 
larger number of reads than all other locations. The satu-
ration curve from the simulated data was compared to the 
individual curves from each sample to determine the min-
imum read depth for saturation of allele discovery. An ad-
ditional filter for read depth was applied to exon 3 based 
on this analysis; any sample with fewer than 400 reads was 
removed from the dataset.
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Analysis of Genetic Diversity
Putative allele sequences from each exon were aligned using 
CodonCode Aligner v8.0.1. Existing full-length gray and 
harbor seal MHC-I gene sequences (GenBank Accession No: 
JX218867–JX218936) were trimmed to match our exon 2 
and exon 3 regions and added to each alignment. FASTA files 
of the alignments were then exported and further analysis 
was conducted in MEGA v10.1.8 (Kumar et al. 2018) and R.

Evidence for trans-species polymorphisms was assessed 
through a comparison of sequence diversity between harbor 
and gray seals. The relationship among sequence variants 
was explored using the maximum likelihood method and 
the Tamura–Nei (Tamura and Nei 1993) or Jones–Taylor–
Thornton (Jones et al. 1992) model for nucleotide and amino 
acid sequences, respectively. Nodes of the final tree were 
evaluated as the proportion of trees among 500 bootstrap 
replicates that showed similar clustering of tips. Newick tree 
files were exported for visualization using the ggtree package 
in R (Yu 2020).

dN/dS ratios among sequence variants were calculated 
for each exon within each species using the Nei–Gojobori 
method (Nei and Gojobori 1986) with a Jukes-Cantor cor-
rection. Sites in the PBR were determined as in Aldridge et al. 
(2006) assuming homology with the human HLA-A2 mol-
ecule (Saper et al. 1991), and dN/dS ratios were evaluated 
within and outside the PBR.

MHC supertypes were defined as in Lighten et al. (2017) 
by grouping sequence variants with similar physiochemical 
properties of amino acids in the PBR. Physiochemical sim-
ilarity was evaluated based on hydrophobicity (z1), steric 
bulk (z2), polarity (z3), and electronic effects (z4 and z5), 
characterized for each amino acid by Sandberg (1998). 
Sequence variants were clustered based on their PBR amino 
acid scores across these 5 metrics using discriminant analysis 
of principle components (DAPC), implemented in the adegenet 
package in R (Jombart 2008). DAPC relies on selection of the 
optimal number of clusters, k, based on Bayesian informa-
tion criterion (BIC) values associated with each value of k. 
In practice, one typically selects the minimum k after which 
BIC increases, or the elbow in a BIC plot. However, because 
our BIC plots had wide elbows (Supplementary Figure S2), 
we evaluated group assignment across a range of k from 10 
to 20 and manually assigned sequence variants to supertypes 
based on consensus following visual inspection of the DAPC 
cluster assignments. The functional redundancy (Sr) of MHC 
supertypes was calculated by dividing the number of sequence 
variants associated with each supertype by the number of its 
unique PBR amino acid sequences.

Genetic differentiation among sampling sites within spe-
cies was estimated as pairwise Jost’s Dest calculated using 
MHC sequence variant and supertype frequencies in the 
SuperTypeR package, as described in Lighten et al. (2017). 
This method, which compares population-level allelic 
frequencies, is appropriate for data like MHC sequences 
generated by next-generation sequencing that cannot be 
assigned to loci (Jost 2008).

Sequence variants were named for each exon according to 
their supertype assignment and using nomenclature similar to 
Hammond et al. (2012), modified from Marsh et al. (2010). 
Harbor seal supertypes were named Phvi-ex2ST*01-ST*15 
and Phvi-ex3ST*01-ST*15, and gray seal supertypes were 
named Hagr-ex2ST*01-ST*15 and Hagr-ex3ST*01-ST*15. 

Distinct sequences within each supertype that differ in the 
amino acid sequence are designated with 2 digits following 
a colon (e.g., Phvi-ex2ST*01:01 and Phvi-ex2ST*01:02); 
sequences that differ only by synonymous mutations are fur-
ther indicated with an additional 2 digits following a colon 
(e.g., Phvi-ex2ST*02:01:01 and Phvi-ex2ST*02:01:02).

Results
Assessing the Genotyping Pipeline
Technical replicates and simulations were used to test the 
efficacy of our genotyping pipeline, and the results are 
presented in detail in the Supplementary Results. We found 
that all populations showed high overlap in both exon 2 and 
exon 3 genotypes between technical replicates in weighted 
and unweighted comparisons of alleles (Supplementary 
Figure S3), supporting precision of the genotyping pipeline. 
Our simulations revealed apparent saturation in allele dis-
covery by 400 reads (Supplementary Figure S4). This sat-
uration point was also observed in the actual sequencing 
data for most individuals for both exon 2 (Supplementary 
Figure S5) and exon 3 (Supplementary Figure S6). A read 
depth of 400 was therefore used as a minimum threshold 
for inclusion in subsequent analyses, and 15 exon 3 samples 
with a read depth below 400 reads were excluded. Our 
sequencing resulted in variable read depth across seal 
sampling locations, between species, and between exons 
(Supplementary Figure S7), probably due to differences in 
sample quality and reaction optimization. However, these 
findings suggest that our pipeline is robust to differences 
in read depth, above a minimum read depth of 400, and 
support our ability to compare allelic diversity among 
populations and between species.

Analysis of Genetic Diversity
Following the filtering steps described above, we identified 
a total of 106 full-length (232 bp) exon 2 sequence variants 
and 103 full-length (272 bp) exon 3 sequence variants. One 
shorter exon 2 sequence variant (187 bp) was also identified, 
but is assumed to originate from a pseudogene due to mul-
tiple large deletions. Ten exon 2 variants were shared by both 
species; 44 additional variants were observed among 86 gray 
seals and 52 additional variants were observed among 58 
harbor seals. Only one exon 3 variant was shared by both 
species; 65 additional variants were observed among 76 gray 
seals and 37 additional variants were observed among 45 
harbor seals.

The total number of sequence variants per individual 
ranged from 7 to 21 for both exons 2 (mean: 13.05 ± 0.22 
SE) and 3 (mean: 11.37 ± 0.19 SE), suggesting a minimum of 
4–11 duplicated MHC class I loci per individual. Individuals 
had a greater average number of exon 2 variants than exon 
3 variants for both harbor (exon 2: mean = 13.95 ± 0.36 SE, 
range = 9–21; exon 3: mean = 11.04 ± 0.29 SE, range = 7–15, 
t = 12.00, P < 1  ×  10−14) and gray seals (exon 2: mean = 
12.47 ± 0.25 SE, range = 7–16; exon 3: mean = 11.57 ± 0.25 
SE, range = 7–21, t = 4.14, P < 1  ×  10−4). The maximum 
number of sequence variants per individual was greater for 
harbor seals for exon 2, but greater for gray seals for exon 
3. Harbor seals were also observed to have a significantly 
greater average number of exon 2 variants per individual 
than gray seals (t = −3.37, P < 0.01) (Figure 1A). There 
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was no significant difference between species in the average 
number of exon 3 variants per individual (t = 1.38, P = 0.17) 
(Figure 1B).

Maximum likelihood trees revealed some monophyletic 
clades for both exon 2 and 3, though most clades contain 
both gray and harbor seal sequences, suggestive of trans-
species polymorphisms (Figure 2). The dN/dS ratio was found 
to be significantly greater than 1 within, but not outside, the 
PBR for exon 2 in both species (Table 1), suggestive of bal-
ancing selection at this region of the gene that is critical to 
antigen recognition. The dN/dS ratio was highest within the 
PBR for exon 3 as well, though the ratio was not significantly 
greater than 1 for either species.

To further characterize functional variation in our 
sequences, DAPC was used to cluster sequence variants based 
on the physicochemical properties of amino acids in the PBR. 
Among the variants identified in Northwest Atlantic seals 
in this study, this process identified 15 exon 2 supertypes 
(ex2ST*01-15) and 15 exon 3 supertypes (ex3ST*01-15) 
(Figure 3). Overall, supertypes corresponded well with the 
putative MHC loci and lineages previously identified by 
Hammond et al. (2012) using the degree of sequence simi-
larity across the complete MHC-I gene; in other words, the 
majority of supertypes contained sequences from only 1 
putative MHC locus per species as previously described by 
Hammond et al. (2012) (Table 2). 

Hammond et al. (2012) defined 3 lineages among the 
full-length MHC-I sequences characterized in their study: 
A pseudogene lineage; the N*01 lineage, which they 

classified as a candidate nonclassical MHC-I gene; and 2 di-
versity sublineages. From our study, ex2ST*01 and ex3ST*01 
corresponded to the N*01 lineage, ex2ST*02 and ex3ST*02 
included primarily loci from diversity sublineage 1, and all 
other supertypes, with the exception of ex2ST*15 (see below), 
included loci from diversity sublineage 2. Despite general one-
to-one correspondence, some supertypes associated with the 
diversity sublineage 2 contained multiple Hammond loci, and 
alleles from some loci were found distributed across multiple 
supertypes. Furthermore, for only half of the supertypes were 
the loci associated with the exon 2 supertype linked to the loci 
associated with the exon 3 supertype in a one-to-one relation-
ship (e.g., PhviN*07 and HagrN*07 associate with ex2ST*07 
and ex3ST*07) (Table 2). This inability to consistently link 
exon 2 and exon 3 data even at the level of supertype suggests 
at least partially independent evolution of these 2 segments 
encoding the PBR. It further supports our treatment of the 
2 datasets in separate analyses, as our read length precludes 
phasing the haplotypes of this duplicated loci, which exhibits 
interindividual copy number variation and a tendency for 
gene conversion.

One supertype, ex2ST*15, included only new sequences 
identified in the Northwest Atlantic and did not cluster with 
any of the sequences previously described by Hammond et al. 
(2012). Most individuals also exhibited more than 2 variants 
from this supertype, suggesting that it represents multiple loci 
and perhaps a new Northwest Atlantic MHC-I lineage. This 
supertype had notably high functional redundancy among 
gray seals (Table 2). High functional redundancy indicates a 
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Figure 1. Comparison of the average number of MHC-I (A) exon 2 and (B) exon 3 alleles and supertypes per individual, as well as supertype frequency, 
between gray and harbor seals. For exon 2, harbor seals had a significantly greater average number of alleles (t = −3.37, P < 0.01) and fewer supertypes 
(t = 4.15, P < 0.0001) per individual than gray seals. No significant difference was observed between species for exon 3 (alleles: t = 1.38, P = 0.17; 
supertypes: t = −0.45, P = 0.66). Stars indicate a supertype observed in only one species or found in significantly different proportions between 
species, following a Bonferorri correction for multiple tests (See online version for color figure).
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large proportion of the unique variants within this supertype 
had identical PBR amino acid sequences and suggests that 
this supertype’s functionality has been preserved over time as 
new alleles were generated by mutations that do not affect the 
functionality of the PBR. Low functional redundancy (1–2) 
was observed among all other supertypes across both exons 
and both species.

Maximum likelihood trees showed that most supertypes 
are not monophyletic, meaning that sequences from a given 
supertype were found distributed across the tree built using 
amino acid sequences (Supplementary Figures S8 and S9). 
The only exceptions were supertypes with very few sequence 
variants and supertypes that correspond to the N*01 lineage 
identified by Hammond et al. (2012). For exon 3, one other 
exception was ex3ST*02, which corresponds to Hammond et 
al.’s (2012) diversity sublineage 1.

The total number of supertypes per individual ranged from 
5 to 11 for both exon 2 (mean: 7.62 ± 0.10 SE) and exon 
3 (mean: 8.21  ±  0.12 SE). For both exons, the number of 
supertypes per individual was significantly correlated with 
the number of sequence variants per individual (exon 2:  
F(1,142) = 73.63, P < 1 × 10−13, R2 = 0.34; exon 3: F(1,119) = 
45.46, P < 1 × 10−9, R2 = 0.28). Every individual contained at 

least one variant from the supertype associated with the diver-
sity sublineage 1 for both exons (ex2ST*02 and ex3ST*02) 
and from the newly proposed Northwest Atlantic MHC-I lin-
eage, ex2ST*15. Similarly, all individuals for exon 2, and al-
most all individuals for exon 3, contained at least one variant 
from the supertype associated with the nonclassical MHC-
I lineage (ex2ST*01 and ex3ST*01). Finally, all individuals 
also exhibited at least 2 variants from a supertype associ-
ated with the diversity sublineage 2. Among harbor seals, for 
both exons, this included at least 1 variant from ex2ST*07 
and ex3ST*07, which was associated with Hammond et al.’s 
(2012) HagrN*07 and PhviN*07 loci.

Harbor seals exhibited on average fewer exon 2 supertypes 
per individual than gray seals (harbor: mean = 7.17 ± 0.13 SE, 
range = 6–10; gray: mean = 7.93 ± 0.13 SE, range = 5–11; t = 
4.15, P < 0.0001), but there was no significant difference in the 
average number of exon 3 supertypes per individual between 
species (harbor: mean = 8.27 ± 0.13 SE, range = 7–10; gray: 
mean = 8.17 ± 0.17 SE, range = 5–11; t = −0.45, P = 0.66) 
(Figure 1). Several supertypes were observed in significantly 
different frequency between species. Three exon 2 supertypes 
and 2 exon 3 supertypes were observed only in gray seals, 
while 2 exon 3 supertypes were observed only in harbor seals.
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Figure 2. Maximum likelihood trees depicting the relationship among MHC-I (A) exon 2 and (B) exon 3 nucleotide sequences observed among gray 
and harbor seals in the Northwest Atlantic (black tip labels, current study) and Northeast Atlantic (gray tip labels, Hammond et al. (2012)). Branches are 
colored by species (blue: Gray seal [Hagr]; red: Harbor seal [Phvi]; purple: Both species). Bootstrap values above 70 are shown (See online version for 
color figure).

Table 1. Ratio of nonsynonymous (dN) to synonymous (dS) mutations within the MHC-I exon 2 and exon 3 sequences for Northwest Atlantic gray and 
harbor seals. P values are associated with a codon-based Z test of selection for deviation from neutrality (dN/dS = 1)

 Gray seals Harbor seals

dN dS dN/dS P dN dS dN/dS P 

Exon 2 0.13 0.11 1.18 0.56 0.14 0.10 1.40 0.21

PBR 0.61 0.17 3.59 < 0.01 0.58 0.17 3.41 < 0.01

Non-PBR 0.08 0.11 0.73 0.42 0.09 0.09 1.00 0.92

Exon 3 0.07 0.06 1.10 0.59 0.08 0.06 1.33 0.42

PBR 0.38 0.26 1.46 0.33 0.40 0.29 1.38 0.40

Non-PBR 0.03 0.04 0.75 0.42  0.03 0.04 0.75 0.56
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Little difference was observed in supertype or variant fre-
quency among the sampling sites for either species (Figure 4). 
Among gray seals, pairwise genetic differentiation, estimated 
as Jost’s Dest using sequence variant frequencies, was lower 
for both exons between the Gulf of St. Lawrence and Sable 
Island than between either Canadian sampling site and 
the US sampling site, consistent with isolation by distance  
(Table 3). A similar pattern was observed in calculations of 
Jost’s Dest using supertype frequencies for exon 2, but not exon 
3. Across both exons and both species, pairwise comparisons 
of variant frequencies showed consistently higher estimates of 
genetic differentiation than supertype frequencies.

Discussion
We report on sequence variation at a highly duplicated and 
diverse MHC-I gene family among 2 sympatric pinniped spe-
cies, gray and harbor seals, that vary in resistance to viral 
outbreaks. As expected, both species show evidence of gene 
duplication and balancing selection, particularly in regions 
of the gene that encode the antigen-recognition groove, with 
putative implications for immune response. We compare 
our population scale amplicon sequencing data from the 
Northwest Atlantic to a previous study involving full-length 
sequencing of the MHC-I genes in a small sample size of 

harbor and gray seals from the United Kingdom (Hammond 
et al. 2012). This comparison revealed similar lines of evi-
dence suggesting greater functional MHC-I variation among 
gray seals than harbor seals across the North Atlantic, but 
also identified a putatively novel Northwest Atlantic MHC-
I diversity sublineage. The comparison of MHC-I diversity 
between species and across an ocean basin provides insights 
into how evolution of the immune system may shape contem-
porary responses to episodic outbreaks of respiratory viruses 
across the North Atlantic.

Despite its extraordinarily high degree of genetic diversity, 
studies that compare MHC diversity among species often re-
port shared genetic variants, even among evolutionarily diver-
gent species (Klein et al. 2007). Such long-lasting trans-species 
polymorphisms can result from balancing selection for func-
tionally important variants (Arden and Klein 1982), and they 
are common not only among the MHC loci, but also in other 
immune genes (Těšický and Vinkler 2015). Accordingly, in 
this study, we find some components of genetic diversity to 
be shared between gray and harbor seals, while others are 
unique. About 10% of the variants that we identified at exon 
2 were found in both gray and harbor seals, though only a 
single exon 3 variant was shared by both species. The pro-
portion of supertypes, defined based on similarities in physi-
ochemical properties of the PBR, shared by both species was 

Figure 3. Relative amino acid composition across MHC-I (A) exon 2 and (B) exon 3 variants comprising 15 harbor and gray seal supertypes (ST1–ST15) 
shown for residues within the peptide binding region. Colors denote the types of amino acid as follows, basic (H, K, R): Blue; acidic (D, E): Red; polar 
(C, N, Q, S, T, Y): Yellow; hydrophobic (A, F, G, I, L, P, M, V, W): Green. Additional information about these supertypes can be found in Table 2 (See online 
version for color figure).
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much higher, particularly for exon 2, suggesting that conver-
gent selection for certain PBR epitopes has occurred. Our re-
construction of the evolutionary relationships among MHC-I 
variants revealed few clades that were monophyletic within 
a species, consistent with the evolutionary theory underlying 
trans-species polymorphisms (Figure 2). A lack of mono-
phyletic supertypes further suggests the possible occurrence 
of gene conversion, where alleles with divergent sequence 
variants have retained or evolved similar functionality in an-
tigen recognition (Supplementary Figures S8 and S9). Gene 
conversion has been previously proposed as a mechanism by 
which bottlenecked populations can rapidly regenerate MHC 
diversity (Spurgin et al. 2011), and both gray and harbor seal 
genomes reveal signatures of historical bottlenecks across 
neutral markers (Cammen et al. 2018).

In addition to the evidence of shared selection, we also 
observed differences between gray and harbor seals in our 
proxies of MHC-I gene content variation and allelic diversity. 
Hammond et al. (2012) previously reported finding higher 
gene copy numbers among gray seals than harbor seals in 
their small sample size from the United Kingdom. Though we 
could not assign our variants to genes, at exon 2, we similarly 
observed greater supertype richness among gray seals, cal-
culated as the average number of supertypes per individual. 
This finding contrasts with exon 2 allelic richness, which 
was higher among harbor seals. The apparent incongruity 

between allelic and supertype richness can be explained by 
the number of harbor seals that exhibited more than 2 exon 2 
variants from a single supertype (Table 2), and hints at func-
tional redundancy among harbor seal variants.

We also observed private supertypes, or supertypes that 
were observed in only one species. Three exon 2 supertypes 
and 2 exon 3 supertypes were observed only among gray 
seals, while 2 exon 2 supertypes were unique to harbor seals. 
Both supertype richness and private supertypes may be impor-
tant in explaining observed differences in disease resistance 
between species. MHC-related fitness can be attributed to 
having a more diverse arsenal of antigen-recognition proteins 
or the right type of antigen-recognition protein for a specific 
pathogen challenge (Doherty and Zinkernagel 1975). Private 
supertypes observed only in gray seals could play critical roles 
in recognizing and mounting appropriate immune responses 
to PDV and/or IAV, the viruses that have caused large-scale 
mortality events of harbor seals on both east and west coasts 
of the North Atlantic (Härkönen et al. 2006; Anthony et al. 
2012; Bodewes et al. 2015; Siembieda et al. 2017; Puryear 
et al. 2021) but which are observed circulating in seemingly 
healthy individuals from the sympatric gray seal populations 
(Pomeroy et al. 2005; Puryear et al. 2016).

Our analysis identified one new supertype, ex2ST*15, that 
was not observed in any of the gray and harbor seal MHC-I 
sequences previously generated by Hammond et al. (2012) 

Figure 4. Proportion of gray and harbor seal individuals exhibiting each of the MHC-I (A) exon 2 and (B) exon 3 supertypes at 5 sampling locations in the 
Northwest Atlantic.

Table 3. Pairwise genetic differentiation, estimated as Jost’s Dest, of MHC-I sequence variants and supertypes among gray and harbor seal sampling 
sites. Jost’s Dest calculated by comparing population-level variant frequencies with 1000 bootstraps. Sampling site abbreviations as follows: Gulf of St. 
Lawrence (GSL), Muskeget Island (MI), Northeast United States (NEUS), Sable Island (SI), St. Lawrence Estuary (SLE)

 exon 2 variant Dest exon 2 supertype Dest exon 3 variant Dest exon 3 supertype Dest 

Gray seal

 � GSL vs. SI 0.017 ± 0.020 0.003 ± 0.010 0.035 ± 0.027 0.015 ± 0.021

 � MI vs. GSL 0.047 ± 0.026 0.012 ± 0.014 0.050 ± 0.026 0.008 ± 0.014

 � MI vs. SI 0.031 ± 0.023 0.011 ± 0.013 0.050 ± 0.030 0.024 ± 0.022

Harbor seal

 � SLE vs. NEUS 0.019 ± 0.028 0.011 ± 0.011 0.049 ± 0.041 0.029 ± 0.024
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from individuals sampled in the United Kingdom. It is possible 
that this supertype is also present in the Northeast Atlantic, 
but was not found in Hammond’s small sample set of 8 harbor 
seals and 4 gray seals; however, this seems unlikely given 
that a variant from this lineage (often multiple variants) was 
found in every individual we sequenced from the Northwest 
Atlantic. The fact that ex2ST*15 was identified at least once 
in every individual, similar to ex2ST*01, ex2ST*02, and 
ex3ST*02, which are associated with the nonclassical MHC-I 
lineage and diversity sublineage 1, suggests that ex2ST*15 
may represent a new Northwest Atlantic MHC-I diversity 
sublineage. More than 2 variants from this supertype were 
often observed among our sequenced individuals, suggesting 
that it represents multiple loci. Though further population 
scale sequencing in the Northeast Atlantic is necessary for 
a robust comparison, the cross-basin difference suggested 
here is interesting to note in the context of the different 
scale of disease outbreaks observed between the Northeast 
and Northwest Atlantic, which may suggest differences in 
seal disease resistance, as well as the recent observation of 
a Northwest Atlantic variant of PDV (Puryear et al. 2021), 
which may affect selection on the MHC. Disease outbreaks 
in the Northwest Atlantic have typically been smaller in 
the number of individuals affected than outbreaks in the 
Northeast Atlantic (Härkönen et al. 2006; Siembieda et al. 
2017). This difference may be the singular or combined result 
of multiple factors, including variation in pathogen virulence, 
habitat factors that affect exposure rates, host density, and 
host resistance. To address the latter, this novel Northwest 
Atlantic MHC-I diversity sublineage warrants further study 
to assess the role it may play in contributing to differential 
host resistance across the North Atlantic.

The putative Northwest Atlantic MHC-I diversity 
sublineage, ex2ST*15, was the only supertype that exhibited 
notably higher functional redundancy, a measure of the pro-
portion of unique variants within a supertype that share 
identical PBR sequences. This higher functional redundancy, 
which was observed among gray seals but not harbor seals, 
suggests that this supertype’s functionality has been preserved 
over time in the Northwest Atlantic as new variants were 
generated by mutations that do not affect the functionality of 
the PBR. Overall, its ubiquitous presence among individuals, 
the high number of variants, and high functional redundancy 
all suggest that ex2ST*15 may be experiencing particularly 
strong balancing selection among gray seals.

Lighten et al. (2017) have previously proposed (and 
demonstrated in guppies, Poecilia reticulate, and P. obscura) 
that higher functional redundancy enables genetic differ-
entiation of MHC alleles within supertypes. We tested that 
hypothesis for ex2ST*15 by examining the frequency of 
variants associated with this supertype across sampling sites, 
but found no difference in the dominant variants across sites 
for either gray or harbor seals, with high and low functional 
redundancy, respectively (Supplementary Figure S10). This 
analysis did reveal that the 2 variants of this supertype that 
are shared between gray and harbor seals were observed only 
in harbor seals sampled in the Northeast United States and 
not among Canadian harbor seals; these 2 variants were also 
the dominant types observed at all gray seal sampling sites.

Our study included gray seals sampled at 3 breeding 
colonies, 2 in Canada, and 1 in the United States, and 
harbor seals sampled at 2 locations, 1 in Canada and 1 in 
the United States. A previous study that used restriction 

site-associated DNA (RAD) sequencing to characterize 
genome-wide variation across the 3 gray seal breeding 
colonies detected little to no evidence of population struc-
ture, suggesting panmixia as a result of recent and ongoing 
movement of individuals between Canada and the United 
States (Cammen et al. 2018). Similarly, a genotyping-by-
sequencing study of harbor seals sampled worldwide found 
no significant substructure within the Northwest Atlantic, 
though fine-scale genetic substructure was detected within 
other North Atlantic localities (Liu et al. 2022).

In our overall assessment of genetic differentiation at the 
MHC-I, we found little difference in the frequency of sequence 
variants or supertypes among the sampling sites for either 
species. Estimates of genetic differentiation were generally 
higher in comparisons between Canada and the United States 
than within Canada for gray seals, consistent with an isola-
tion by distance pattern (Table 3). We observed that estimates 
of genetic differentiation calculated using population-level 
allelic frequencies were consistently higher than those cal-
culated using population-level supertype frequencies. Similar 
observations in guppies have been attributed to the forces 
of balancing selection acting on supertypes in such a way 
that homogenizes supertype frequencies across locations that 
share similar selection patterns (Lighten et al. 2017). Limited 
sampling of live adult gray seals from Sable Island, Canada, 
and Massachusetts, United States has revealed similar levels 
of IAV seroprevalence (Puryear et al. 2016); however, a com-
prehensive regional survey of pinniped pathogen presence, 
the putative selective force of interest, could shed additional 
light on factors that are affecting selection on the MHC. 
Hammond et al. (2012) reported preliminary evidence of 
differences in MHC-I diversity between sampling sites that 
differed in mortality rates during a past European PDV epi-
demic. In the Northwest Atlantic, reported pinniped disease 
outbreaks have generally been localized to the Northeast 
United States, but the presence of a coordinated marine 
mammal stranding network in the United States, and the lack 
thereof in Canada, may lead to geographic biases in disease 
reporting.

As initially called for by Hammond et al. (2012), our 
population scale analysis of MHC-I diversity in gray and 
harbor seals has advanced our understanding of pinniped 
immunogenetics in ways that are complementary to the 
deep dive provided previously by full gene sequencing. The 
2 studies represent clear trade-offs between sample size and 
sequencing depth, which provide complementary insights into 
the forces of natural selection and resulting gene evolution. 
With continued advances in long-read sequencing technology 
(Viļuma et al. 2017; Cheng et al. 2022; He et al. 2021), such 
trade-offs may eventually become obsolete, making it pos-
sible for future studies to explore full-sequence MHC-I allele 
diversity at a population scale. Additionally, future studies 
that are able to implement a case:control study design, for 
example by comparing MHC-I diversity between survivors 
and nonsurvivors of a disease outbreak, may offer addi-
tional insights into the role of the observed genetic diversity 
in disease resistance. In other marine mammal systems, such 
approaches have shown promise for investigating the role of 
both the MHC and other genes in toxin and disease resist-
ance (Cammen et al. 2015; Batley et al. 2021). Despite all of 
the evidence gathered here and previously of the role of the 
MHC in disease resistance, we must acknowledge that it is 
probably 1 piece of a complex puzzle (Acevedo-Whitehouse 
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and Cunningham 2006). Future studies that leverage re-
cent advances in whole-genome sequencing approaches for 
nonmodel species will illuminate further insights into the ge-
netic underpinnings of pinniped disease resistance.
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