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Functional immune diversity in
reindeer reveals a high Arctic
population at risk
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Jorn Vage!, Vebjorn Veiberg? Christer Moe Rolandsen?,
Cathrine Arnason Bee!?, Arvind Y. M. Sundaram?® and
Unni Grimholt*

Norwegian Veterinary Institute, Aas, Norway, ?Department of Terrestrial Ecology, Norwegian
Institute for Nature Research, Trondheim, Norway, *Department of Medical Genetics, Oslo
University Hospital, Oslo, Norway

Climate changes the geographic range of both species as well as pathogens,
causing a potential increase in the vulnerability of populations or species with
limited genetic diversity. With advances in high throughput sequencing (HTS)
technologies, we can now define functional expressed genetic diversity of
wild species at a larger scale and identify populations at risk. Previous studies
have used genomic DNA to define major histocompatibility complex (MHC)
class Il diversity in reindeer. Varying numbers of expressed genes found in
many ungulates strongly argues for using cDNA in MHC typing strategies
to ensure that diversity estimates relate to functional genes. We have used
available reindeer genomes to identify candidate genes and established an
HTS approach to define expressed MHC class | and class Il diversity. To capture
a broad diversity we included samples from wild reindeer from Southern
Norway, semi-domesticated reindeer from Northern Norway and reindeer
from the high Artic archipelago Svalbard. Our data show a medium MHC
diversity in semi-domesticated and wild Norwegian mainland reindeer, and
low MHC diversity reindeer in Svalbard reindeer. The low immune diversity in
Svalbard reindeer provides a potential risk if the pathogenic pressure changes
in response to altered environmental conditions due to climate change, or
increased human-related activity.
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Introduction

Immune diversity affects how species handle new pathogens and major
histocompatibility complex (MHC) diversity is a major factor in this area. The link between
MHC and resistance towards pathogens has been documented in diverse species such as
chickens, humans and Atlantic salmon (Plachy et al., 1992; Vallejo et al., 1998; Langefors
etal.,, 2001; Grimholt et al., 2003; Kjoglum et al., 2008; Goulder and Walker, 2012; Chappell
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etal., 2015). MHC genes are key elements of the adaptive immune
system and affect how individuals handle infections (Paterson
etal., 1998). MHC genes are amongst the most polymorphic genes
known to date, and as such provide important information useful
for conservation of endangered species. MHC molecules are
divided into two classes, i.e., MHC class I (MHCI) and class II
(MHCII) where classical genes are highly polymorphic, with
tissue-specific expression patterns and bind peptides. MHCI
molecules consist of an alpha chain non-covalently linked to
beta2-microglobulin. They handle presentation of endogenously
derived peptides, for instance from viruses to CD8 positive alpha
beta T-cells and initiate an immune response against the pathogen.
The MHCII molecule, composed of an alpha (MHCIIA) and a
beta (MHCIIB) chain, bind and present exogenously derived
peptides to CD4 positive alpha beta T-cells and initiate an immune
response towards for instance bacteria. MHCI molecules are
expressed on most cells while MHCII molecules are restricted to
antigen presenting cells. Non-classical MHC genes are less
polymorphic, bind various ligands and do not interact with alpha
beta T-cells.

Cattle (Bos Taurus), addax (Addax nasomaculatus), as well as
other mammals, all have their MHCI and MHCII genes encoded
within one chromosomal region (Kulski et al., 2002; Traherne,
2008; Shiina et al., 2009; Behl et al., 2012; Li et al., 2020). Most
species have unique numbers of MHCI and MHCII genes as
exemplified by cattle with three DRB genes, two DQB genes and
haplotypes ranging from 3 to 4 polymorphic MHCI genes (Behl
etal, 2012; Schwartz et al., 2022). Comparatively, the addax has
seven MHCI genes with unknown polymorphism and expression
patterns, three expressed DRB genes and one expressed DQB gene
(Lietal., 2020). Humans on the other hand, have nine DRB genes
present in various combinations in different haplotypes
(Andersson et al., 1987; Doxiadis et al., 2012). Of these, four are
significantly expressed, whereof one is the major locus.! Assessing
MHC diversity in less studied species using single exon domains
and genomic DNA could amplify fragments from paralogue
classical, non-classical and pseudogenes, where diversity estimates
would not relate to a single polymorphic gene.

Advances in sequencing technology and availability of
sequenced genomes have opened for assessing MHC diversity
using genomes as a foundation for studying expressed sequences
from single genes. This can improve the precision in our
understanding of how genetic variability may be linked to fitness
and long-term survival of a species, or how this relates to climate
change or new pathogens (Teixeira and Huber, 2021).

To investigate this approach using genomes as a foundation
and amplification of functional expressed sequences, we use
reindeer as a model species. Reindeer is one of the species where
climate has had an impact on the historical European population
diversity and habitat range (Sommer et al, 2014). There are
currently 12 extant subspecies of reindeer broadly divided into
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forest, tundra, and Arctic subspecies (Wilson and Reeder, 2005).
At a global level, the abundance of reindeer subspecies found
throughout the Arctic today have declined, and reindeer has been
listed as vulnerable in the IUCN Red List of Threatened Species
(UCN, 2021). In Canada, the Peary caribou (Rangifer tarandus
pearyi) has suffered drastic declines caused by severe weather,
hunting and predation and is listed as endangered (Festa-Bianchet
etal, 2011).

In Norway, wild reindeer are located both on the mainland
as well as on the archipelago of Svalbard. Svalbard reindeer
(Rangifer tarandus platyrhynchus) is a separate subspecies. It
constitutes the most isolated of all reindeer populations (UCN,
2021) and their earliest known presence on Svalbard dates back
more than 5,000years ago (van der Knaap, 1989). Svalbard
reindeer have been hunted since the 17th century, but harvest
increased radically in the late 19th century. At the time of
protection in 1925, only four meta-populations remained (Lono,
1959) and the whole population was possibly as low as 1,000
animals. Since then, the population has increased with a
population estimate of 22,435 animals in the period 2013-2016
(Le Moullec et al., 2019). Most likely due to the severe bottleneck,
the Svalbard reindeer has low genetic diversity compared to other
populations and subspecies of reindeer (Flagstad and Roed, 2003;
Yannic et al., 2014).

On mainland Norway, there are today approximately 20,000~
25,000 wild Eurasian tundra reindeer (Rangifer tarandus tarandus).
The meta-population is divided into 24 management areas in mid-
and southern parts of Norway. This division is partly a result of
human infrastructure and disturbance (Gundersen et al., 2022).
Population size and composition are managed by hunting and is
organized in close cooperation between landowner organizations and
state agencies (Strand et al., 2012; Mysterud et al,, 2021).

In Norway, pastoralism of reindeer began by the Sami
people as early as the 16th century. Reindeer herding is based
on natural pastures and moving animals between seasonal
pastures (Tryland et al., 2016; Roed et al., 2018). About 75%
of the approximately 220,000 semi-domesticated Eurasian
tundra reindeer (Rangifer tarandus tarandus) on mainland
Norway reside in the northernmost county Troms and
Finnmark (Landbruksdirektoratet, 2021).

Climate change may have a direct impact on the health and
diseases of wild animals and some infectious diseases in reindeer are
classified as climate sensitive (Omazic et al., 2019). On the Norwegian
mainland, the tick Ixodes ricinus is entering areas more used by semi-
domesticated reindeer. The tick is the intermediate host for several
vector-borne diseases such as anaplasmosis or babesiosis (Jore et al.,
2014; Mysterud et al., 2017; Tryland et al., 2019). The distribution of
mosquitoes and biting midges has also been found to correlate with
changes in climatic conditions (Elbers et al., 2015), which may carry
pathogens which reindeer are susceptible to such as West Nile Virus,
Schmallenberg virus and bluetongue virus (Palmer et al., 2004;
Laaksonen et al., 2009; Sinchez Romano et al, 2019). Such
geographical changes in pathogen distribution could pose a future
challenge to Norwegian reindeer.
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Previous studies on MHC diversity in reindeer investigated
MHCII diversity using genomic DNA (Mikko et al., 1999;
Kennedy et al., 2011; Taylor et al., 2012; Gagnon et al., 2020) and
there have been no investigations of expressed MHCI or MHCII
diversity. With the availability of reindeer genome sequences,
we aim to define classical versus non-classical MHC genes and use
these data to assess expressed MHC diversity in samples from
semi-domesticated reindeer from Northern Norway, wild reindeer
from Southern Norway and reindeer from the high Arctic
Svalbard archipelago.

Materials and methods
Materials

Mesenteric lymph nodes situated close to the ileocecal
junction were collected in October 2021 from two different
semi-domesticated reindeer herds in Northern Norway
(Supplementary data 1) during slaughter in a commercial
slaughterhouse totaling samples from 62 animals. The lymph
nodes and kidney samples were stored in RNAlater (Merck,
Darmstadt, Germany) according to manufacturer’s protocol.
These animals are hereafter defined as population number 1.

During March 2021, we collected blood from 18 wild free-
ranging reindeer from two sub-populations in the Langfjella
mountain range in Southern Norway. Of these, 12 were from
Ryfylke

(Supplementary data 1). Blood was collected from the jugular vein

Hardangervidda and six from Setesdal area
into EDTA-tubes during capture in connection with GPS
collaring. The animal handling protocol was approved by the
Norwegian Food Safety Authority (permit no. 20/227896). These
animals are hereafter defined as population number 2.

During October 2021, kidney samples from nine Svalbard
reindeer were collected from harvested animals originating from
two neighboring valleys (Semmeldalen and Colesdalen) on
Nordenskiold Land, Svalbard (Supplementary data 1). The
harvest of animals was approved by the Governor of Svalbard
(permit no. 16/01632-40). These animals constitute population
number 3.

Genome mining

To identify amplicons and design primers we performed tBlastN
search of available reindeer genomes, ie., GCA_019903745.1
(Rangifer tarandus caribou, denoted caribou), GCA_014898785.1
(Rangifer tarandus granti, denoted granti) and GCA_902712895.1
(Rangifer tarandus tarandus, denoted tarandus) using MHCI and
MHCII gene sequences from human and cow (Supplementary data 2).
None of the reindeer genomes are annotated so genes were predicted
using FGenesh (Solovyev et al., 2006) in addition to tblastN with
bovine and later reindeer genes were used to manually correct gene
predictions. Geographical origin of the caribou and granti genome
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animals is uncertain, but the tarandus genome originates from a
Norwegian Hardangervidda animal (pers. comm. Montserrat Torres
Oliva, Institute of Clinical Molecular Biology, Kiel University).

Preparing the sequencing library

RNA was isolated from blood using Tempus™ Spin RNA
Isolation Kit (Thermo Fisher Scientific, Waltham, United States)
according to manufacturer’s protocol and the RNA was eluted in
90 pl RNase-free water. RNA concentrations were measured on
TapeStation capillary electrophoresis (Agilent, Santa Clara, CA,
United States) and Qubit™ fluorometer (Invitrogen, Carlsbad,
CA, United States).

Kidney and lymph node samples preserved in RNAlater were
dissolved using Tissue lyzer (Qiagen, Hilden, Germany) with
MagNA Pure LC RNA Isolation Tissue Lysis Buffer (Roche
Molecular Systems, Mannheim, Germany). RNA was isolated
using MagNA Pure 96 Cellular RNA Large volume kit (Roche
the
recommendation. cDNA was synthesized using up to 1,000 ng
total RNA and the QuantiTect Reverse Transcription Kit (Qiagen)
according to the manufacturer’s reccommendation resulting in
20 pl cDNA stored at —20°C for later use.

We used 10 ng of cDNA from two animals (V0300 and V0301)
in 20 pl PCR reactions for the specific amplicons Al, A5, DQB
and DRB genes with KAPA HiFi HotStart ReadyMix (Roche
Molecular Systems), with the gene specific primers shown in

Molecular ~ Systems) according to manufacturer’s

Supplementary data 3. Products were verified on a 1% agarose gel
and sequenced using the PCR primers with standard Sanger
sequencing, to verify that primers amplified correct targets (data
not shown). The resultant PCR products were further cleaned
using 1.5x PCR volume of Agencourt AMPure XP PCR
purification kit (Beckman Coulter, Brea, CA, United States)
according to manufacturer’s recommendation and dissolved in
30 pl TE buffer.

Libraries containing each of the four PCR products
were pooled in proportions to ensure similar coverage and
subjected to 10 cycles of PCR using the second set of primers
(Supplementary data 3), thus adding one unique Illumina
index pair for each animal. One pl forward and reverse index
primer were used for subsequent PCR reaction with KAPA
HiFi HotStart ReadyMix. The following program was used for
amplification: 94°C for 2 min; 10x (94°C for 30s, 58°C for
30s, 72°C for 60's); 72°C for 10 min. Amplicons were purified
using 1.0x PCR volume of Agencourt AMPure XP PCR
purification kit according to manufacturer’s recommendation
and dissolved in 30 pul TE. Samples were finally pooled together
and concentrated with 1.0 x PCR volume of AMPure XP beads.

Based on data from Tapestation and Qubit, the PCR pools
were mixed totaling 2 pg DNA and sequencing was performed
on Illumina MiSeq platform (Illumina, San Diego, CA,
United States) using the v3 chemistry to achieve 300 base pairs
paired end reads.
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Bioinformatics filtering and population
genetics analyses

Sequenced data was analyzed as previously described
(Sundaram et al., 2020). Briefly, raw reads for each animal were
obtained based on the Illumina index introduced during the
second PCR reaction. BBDuk v34.56 (part of BBTools) was used
to remove/trim bad quality reads and sequencing adapter
sequences and the cleaned reads were further demultiplexed based
on the primers used during the first PCR reaction using
multiplexer v1.9 (de Muinck et al., 2017).

Paired reads for each MHC subgroup were combined using
FLASH v1.2.11 (Magoc¢ and Salzberg, 2011) with default settings
and the resulting full-length amplified reads were collapsed to
identify all the unique reads and sorted based on the number of
times it was present in the data using fastx_collapser [part of
FASTX Toolkit v0.0.13 (FASTX-Toolkit, 2010)].

Standard indices of genetic diversity, including number of
alleles, observed and expected heterozygosity, allelic richness and
deviation from Hardy Weinberg equilibrium, were computed
2022) and the package
PopGenReport version 3.0.7 (Adamack and Gruber, 2014). Allelic
richness (El Mousadik and Petit, 1996) for each combination of

using RStudio (RStudioTeam,

population and locus is calculated. To account for differences in
sample sizes and genotyping success, rarefication is used where
the sample size for each combination of population and locus is
set equal to the smallest number of alleles seen in a sample across
all combinations of population and locus.

MHC amplicon sequencing

Performing successful amplicon sequencing relies on decent
amplification of the genes in question. In our case, the final
sequenced pool is a mixture of 89 animals each containing four
different cDNA sequences amplified with dual index primers to
allow us to sort sequences into animals based on index and then
into each individual gene based on primer sequence. All sequences
per primer pair for each animal were collapsed with a requirement
of 100% sequence identity providing a number of consensus
sequences listed with number of matching reads. Sequence data
have been submitted to NCBI SRA under the BioProject accession
number PRJNA832088.

MHC gene sequences identified in this study have been
submitted to  GenBank  with  accession  numbers
ON411528-ON411580. Expressed MHC sequences and allelic
variants for each animal are shown in Supplementary data 5.

Phylogenetic analysis
Amino acid sequence alignments were performed in ClustalX

(Larkin et al., 2007) and polished using Jalview 2 (Waterhouse
et al,, 2009). The evolutionary histories were inferred using the
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Maximum Likelihood method and JTT matrix-based model
(Figure 1; Jones et al., 1992) or Tamura 3-parameter model
(Figures 2, 3; Tamura, 1992). The trees with the highest log
likelihood are shown. Initial trees for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using
individual models, and then selecting the topology with superior
log likelihood value. A discrete Gamma distribution was used to
model evolutionary rate differences among sites. The rate variation
model allowed for some sites to be evolutionarily invariable.
Bootstrap values in percentage from 1,000 trials are shown next to
the branches. The trees are drawn to scale, with branch lengths
measured in the number of substitutions per site. All positions
with less than 95% site coverage were eliminated, i.e., fewer than
5% alignment gaps, missing data, and ambiguous bases were
allowed at any position (partial deletion option). Evolutionary
analyses were conducted in MEGA X (Kumar et al.,, 2018).

MHC nomenclature

To accommodate naming MHC genes in numerous species
the MHC nomenclature committee has decided on naming MHC
genes with the first two letters of the Latin name of the genus as
well as species (Maccari et al., 2018; Ballingall et al., 2018a).
Curated MHC sequences with species-specific nomenclature for
various non-human species are gathered in the Immuno
Polymorphism Database (IPD) MHC (IPD-MHC, 2021). Our
chosen nomenclature is in accordance with these rules. For
example, the sequences Rata-DRBI1*01:01, Rata-DRBI1*01:02 and
Rata-DRBI1*02:01 describe sequences from Rangifer tarandus
locus DRB1. The sequence Rata-DRB1*01 differs from Rata-
DRBI1*02 in more than three amino acids while Rata-DRBI1*01:01
and Rata-DRBI*01:02 differ in three or less amino acids.

For bovines, IPD-MHC MHCI nomenclature is divided into
numbered loci for genes assumed to be classical, and a NC-heading
for genes assumed to be non-classical, i.e., non-polymorphic.
We follow this nomenclature, but chose to include a single letter
A in addition to a number based on location on the chromosome
for our reindeer MHCI genes. Adding another two digits as for
instance in Rata-A1%*14:01:01 versus Rata-A1*14:01:02 implies
changes in the nucleotide sequence that do not provide any
changes in the translated sequence.

Results
Genome mining and choice of amplicons

Based on data from other mammalian species, the MHCIIA
genes are not considered highly polymorphic and were thus not
included in our study. Rangifer tarandus tarandus, Rangifer
tarandus granti and Rangifer tarandus caribou genomes were all
searched for MHCI and MHCII DRB and DQB genes to choose
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as amplicons. Hereafter we refer to data from these three genomes
as “tarandus,” “granti” and “caribou” Deduced genomic amino
acid sequences are gathered in Supplementary data 4. We used
genes and MHC organization of cattle as a reference as they
represent an ungulate with a well-assembled genome and well-
defined MHC genes (Vincent et al., 1996; Yamamoto et al., 2020;
Schwartz et al., 2022).

Assembling genomic MHC regions can be difficult, in
particular when the sequence identity between loci is high or
when the regions contain multiple repeated sequences. Since all
studied mammals so far has been found to contain one MHC
region (Kulski et al., 2002), this was also expected for reindeer.
However, none of the reindeer genomes had a single MHC region
similar to the 20 mega bases (Mb) region found in cattle
(Takeshima and Aida, 2006). All genomes displayed three MHCII
DRB loci, one to three MHCII DQB loci and five to seven MHCI
loci (Figure 4; Supplementary data 4.1). Granti MHC genes
resided on six scaffolds, tarandus MHC genes resided on four
scaffolds and caribou MHC genes resided on two scaffolds. Only
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was used to model evolutionary rate differences among sites [5
categories (+G, parameter=0,8,885)]. This analysis involved 41
nucleotide sequences with 433 positions in the final dataset. See
Supplementary data for sequences and sequence references.

the caribou genome had a scaffold linking MHCI and MHCII
genes, while only the tarandus genome had a scaffold linking all
MHCII genes.

All three genomes displayed three DRB loci where the
DRB2 locus seems like a pseudogene in all genomes (Figure 4;
Supplementary data 4.1). Previous studies of MHCII DRB
polymorphism in reindeer (Kennedy et al., 2011; Taylor et al.,
2012; Gagnon et al.,, 2020) have all used genomic DNA and
amplification of DRB beta 1 sequences with the LA31 and
LA32 primer pair designed for bovines (Sigurdardottir et al.,
1991). These studies amplify sequences originating from the
gene defined as DRBI1, which seem highly polymorphic
(Mikko et al., 1999; Kennedy et al., 2011; Taylor et al., 2012;
Gagnon et al, 2020). We therefore chose this gene for
amplicon sequencing. Location of primers are shown in
Supplementary data 4.2.
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FIGURE 3

Phylogeny of all MHCI sequences. Phylogeny of sequences from
both genomic as well as expressed MHCI sequences. Color-
coded boxes show clades with Al and A5 amplicon sequences.
The tree with the highest log likelihood (-1762,64) is shown. A
discrete Gamma distribution was used to model evolutionary rate
differences among sites [5 categories (+G, parameter=0,4,620)].
The rate variation model allowed for some sites to be
evolutionarily invariable ([+/], 35,14% sites). This analysis involved
40 nucleotide sequences with 360 positions in the final dataset.
See Supplementary data for sequences and sequence references.

Although Kennedy et al. (2011) have sequenced DQB
variants from reindeer; we could not find these sequences in
the NCBI database. As there is no expressed support in NCBI
for DQB or MHCI genes, gene and primer choice rely on
sequences identified in genomes. The caribou and tarandus
genomes only display single DQB genes while the granti
genome has three DQB genes (Figure 4; Supplementary data 4).
We chose to design primers that should amplify sequences
from all DQB genes.

For the MHCI genes, it was more complicated to identify
relevant amplicons due to incomplete gene predictions or
possibly existence of varying number of pseudogenes in the three
genomes analyzed. Genomic organization and
sequence phylogenies from the three reindeer genomes

supported the presence of 5-7 MHCI genes (Figures 1, 4;
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Supplementary data 4). Comparatively, genomes from cattle
subspecies contain a varying number of MHCI genes ranging
from 8 t010 genes (Schwartz et al., 2022). The sequence defined
as Al in the granti genome matches an Al gene sequence in
caribou, but does not have a match in tarandus. Gene sequences
here defined as A2 and A3 both have internal stop codons in all
three genomes, indicating pseudogenes. The gene sequence
defined as A6 is also a pseudogene present in granti and caribou,
but is not present in tarandus. An MHC-like sequence residing
in between the A2 and A3 genes in all three genomes, has
non-classical characteristics showing high sequence identity
with the non-classical (NC) cattle NC10 gene sequence
(Figures 1, 4). The A5 gene sequence is present in all three
genomes, while the A4 gene sequence is present in the granti and
tarandus genomes only. Without a priori knowledge about which
genes are expressed and polymorphic, we chose to test primers
for the three potentially classical polymorphic genes A1, A4 and
A5 (Supplementary data 4.2). Amplification with primers for the
A4 gene were not successful and were not included further.

MHC class || DRB1

Of the three DRB loci found in all reindeer genomes, the
DRB2 locus is a pseudogene with internal stop codons, while
the polymorphic content of the DRB3 gene is currently
uncharacterized. As the DRBI locus has previously been defined
as polymorphic (Mikko et al., 1999; Kennedy et al., 2011; Taylor
etal, 2012; Gagnon et al., 2020), we chose to study this locus. No
animal displayed more than two DRBI sequences with high
support suggesting the primers were restricted to one locus. In our
89 animals, we identified 15 DRBI alleles, all clustering with the
reindeer gene sequences defined as DRBI (Mikko et al., 1999;
Figure 2; Supplementary data 5.1). For our new alleles,
we continued the DRBI nomenclature initiated by Mikko and
co-workers (Mikko et al., 1999).

Two of the defined alleles were found in one animal only, i.e.,
DRB*01:03 and DRB*05:04 and may as such represent PCR or
sequencing errors. However, at least for DRB*01:03 there are two
other DRB sequences from reindeer in the NCBI database with an
identical sequence, suggesting it is a true allele (AAB66611.1 and
QCU79926.1).

The semi-domesticated population with 62 animals displayed
12 DRBI alleles (Table 1; Supplementary data 5.1). The 18 wild
reindeer from Langfjella had nine alleles, where all but
DRBI*05:04 are shared with the semi-domesticated population.
The nine individuals from Svalbard only displayed two DRB1
alleles, both unique to this population.

The main sequence diversity between alleles resides in the beta
1 domain with only a single amino acid difference in the leader
sequence and in the beta 2 domain included in our amplicon
(Supplementary data 5.1). Amino acid sequence identity in the
beta 1 domain ranges from 80 to 99% with 22 variable positions
(data not shown).
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FIGURE 4

Genomic organization of reindeer and cattle MHC regions. The genomic organization of MHCI and MHCII genes in cattle (Hereford breed) and
reindeer (tarandus, caribou and granti). Chromosomal location of each region is shown on the left-hand side of each region, where entire scaffold
numbers for granti and tarandus can be found in Supplementary data 4. Genes are color shaded as follows: red boxes are MHCI genes, orange
boxes are MHCII genes. Gene names in red font show the genes included in our study. Black lines with arrow indicate chromosomal regions,
while black line with circles indicate scaffold. NCBI accession numbers for the genomes are as follows: cattle GCA_002263795.1, tarandus
GCA_902712895.1, caribou GCA_019903745.1 and granti GCA_014898785.1.

The

alleles

DRB1*05:01,

DRB1*05:03,

DRB1*15:01,

given DRBI alleles while the wild reindeer had five homozygous

DRBI*16:01 were unique for semi-domesticated reindeer, while
DRBI1*05:04 was unique to wild reindeer from Langfjella
(Supplementary data 5.1). DRB1*02:01 and DRB1*04:01 were the
most frequent alleles in both semi-domesticated and wild reindeer.
The semi-domesticated reindeer had 17 animals homozygous for
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animals. DRB1*04:01 was also the most frequent allele amongst
the 22 DRBI homozygous mainland reindeer.

Eight of the individuals from Svalbard were homozygous
for DRB1*06:01, while one individual was heterozygous for
DRBI*06:01 and DRBI*01:03. For the other two populations,
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there were more homozygous animals than expected
with DRBI1*04:01:01 homozygous animals being most
pronounced (Figure 5; Table 2). The majority of these
homozygous DRB1*04:01:01 alleles originate from population
1 (Supplementary data 7).

MHC class Il DQB results

In the three analyzed genomes, there was only one DQB gene
in tarandus and caribou, but three genes in granti. As all mainland
reindeer included in the present study were tarandus we expected
one DQB gene, but our primers were designed to amplify
sequences from all three genes.

TABLE 1 MHC allele diversity and allele richness per reindeer
population.

N DRB1 Al A5  Mean Ar Total Ar
EIEES EIEES
Population 1 62 12(6.7) | 18(10.09) 4 (2.60) 6.46 19.39
Population2 18 9(6.8) | 13(8.96) 4(3.53) 6.42 19.27
Population3 | 9 2(1.76) 2(1.76) 1(1) 1.5 4.51

N defines the number of animals per each of the semi-domesticated (Population 1,
Rangifer tarandus tarandus), wild mainland (Population 2, Rangifer tarandus tarandus)
and wild Svalbard (Population 3, Rangifer tarandus platyrhynchus) reindeer populations,
all sampled in 2021. Number of MHC alleles with allelic richness (Ar) in parenthesis are
shown for each of the DRBI (MHCII), A1 (MHCI) and A5 (MHCI) genes. Mean Ar is
calculated across the three loci while total Ar relates to the sum of all three loci for each
of the three populations.

10.3389/fevo.2022.1058674

We found 11 different DQB sequence variants in the 89
reindeer. No animal displayed more than two strongly supported
sequences, which translates to one expressed DQB gene in
accordance with the single DQB locus found in the caribou and
tarandus genomes (Figure 4; Supplementary data 5.2). One
sequence, DQB3*04, was found in one animal only and may
represent a PCR or sequencing artefact. It differs from the
remaining DQB3 sequences in two amino acids and needs further
verification to be defined as a genuine expressed MHC variant.

Based on sequence phylogenies, the DQB sequences cluster
into three clades (Figure 2). Four sequences cluster with the
granti-DQB2 sequence here defined as DQB2*01 and 4 with the
tarandus-DQB here defined as DQB4*01 sequence, both clusters
supported by bootstrap values above 90%. Four additional
sequences branch out as a separate clade linked to the
granti-DQB3 here defined as DQB4*01 sequence. Here, the
sequences defined as DQB3*02-04 are strongly supported while
the DQB3*05 sequence is on a separate branch alongside
granti-DQB3 with less bootstrap support. This contradicts our
expectation of all mainland DQB sequences clustering with the
single genomic tarandus DQB sequence. Amino acid sequence
identity in the beta 1 domain ranged from 73 to 99% spread over
28 amino acid positions (Supplementary data 5.2; data not
shown). Although we cannot link expressed sequence to one
given locus, we refer to them as alleles originating from the
hypothetical DQB2, DQB3 and DQB4 loci. Without being able
to define these sequences as true alleles, we did not include DQB
sequences in our population analysis.
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FIGURE 5
Homozygosity at DRB1 locus. Diagram shows the number homozygous DRBI alleles per each of the three populations where blue defines
homozygous alleles from population 1 (Homo.Pop 1), red from population 2 1 (Homo.Pop 2), and grey from population 3 1 (Homo.Pop 3), while
remaining alleles in heterozygous (hetero) pairs are show using orange.
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TABLE 2 Expected versus observed MHC heterozygosity.

He Ho % difference
Al 0.93 0.39 57.6
A5 0.53 0.44 17.4
DRBI 0.83 0.66 20.5

Population genetic estimates [expected (He) and observed (Ho) heterozygosity] across
all three populations of reindeer (Rangifer tarandus tarandus and Rangifer tarandus
platyrhynchus) sampled in 2021. The percentage differences between He and Ho for each
locus are also presented.

In the semi-domesticated reindeer, there were nine different
DQB alleles, where three sequences are unique and six are shared
with wild reindeer (Supplementary data 5.2). Only one allele was
unique to wild reindeer, i.e., DQB3*03. In both semi-domesticated
and wild reindeer, DQB2*02 was by far the most frequent allele.
All eight Svalbard reindeer were homozygous for the unique allele
DQB3*02. We did not successfully amplify a DQB sequence from
one of the Svalbard reindeer.

MHC class || DRB-DQB haplotypes

Haplotypes could provide a clue as to the number of DQB
genes amplified in our dataset. Based on what is known from
other species, as well as the tarandus and caribou genomes
(Figure 4), the DRB and DQB genes are closely linked and
should segregate as specific haplotypes of allelic gene variants.
There are indeed a considerable number of discernible
combinations of DRB1 and DQB alleles in our material. The
most frequent combination is DRB1*04:01-DQB2*02 present
in 43 animals of which 15 animals are homozygous
(Supplementary data 5.2). Other frequent haplotypes are
DRB1*01:02-DQB2*02, DRB1*02:01-DQB4*03, DRB1*06:01-
DQB3%02, DRB1*07:01-DQB2*02 and DRB1*15:01-DQB4*01.
Being confident that we only amplify sequences from the DRBI
locus, this would imply that the DRBI locus co-segregates with
alleles from each of the three loci we tentatively denoted DQB2,
DQB3 and DQBA4.

MHC class |

Our primers designed for the A1 and A5 loci were successful
in our initial testing hence these genes were included for amplicon
sequencing. Primers for the A4 gene provided no PCR product
and were not included further, while the A2 and A3 were both
pseudogenes with internal stop codons in all analyzed genomes.
The A5 primers showed a locus that was virtually non-polymorphic
with two different alleles defined as A5*01:01 and A5*01:02
varying in one amino acid only (Figure 3; Supplementary data 5.3).
Sequences from six mainland reindeer displayed a pseudogene in
addition to a functional A5*01:01 or A5*01:02 allele. The reindeer
from Svalbard were all homozygote for A5*01:02. Three reindeer
from Langfjella also displayed one nucleotide difference in the
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A5*01:02 sequence that did not affect the translated amino acid
sequence (e.g., V0297) and these alleles were designated
A5*01:02:02. This A5 gene is then defined as a non-classical gene
widely expressed in all tissues and animals and we renamed this
locus to NC-A5.

The other MHCI gene we designed primers for, here defined
as Al, provided PCR products in all animals. No reindeer
displayed more than two sequences with high matching numbers
of reads suggesting that all sequences originate from one locus.
We found 22 in the 89
(Supplementary data 5.3). Sequence phylogenies support the

sequence variants reindeer
notion of these sequences being allelic variants (Figure 3) and
we chose our nomenclature accordingly. We conclude that the
tarandus genome assembly lacks the Al gene. Amino acid
sequence identity between alleles in the alpha 1 domain ranges
from 76 to 99% distributed over 21 amino acid positions
(Supplementary data 5.3). Two sequences are found in one animal
only and may represent a PCR or sequencing artefact. A1*11:01
differs from A1*11:02 in three amino acids where two are located
in positions also polymorphic in other alleles. The other allele
found in only one animal is A1¥14:01:03, which differs from
A1*14:01:01 and A1%¥14:01:02 in two nucleotides not affecting the
amino acid sequence.

The semi-domesticated reindeer displayed 18 alleles
where six alleles were unique, as they were not found in wild
reindeer from Langfjella or Svalbard (Supplementary data 5.3).
The Langfjella reindeer displayed 13 alleles where 11 were
shared with the semi-domesticated population while two
were unique. Allele frequencies varied between these two
mainland populations where A1*06:01 and A1*14:01:02 were
the most frequent in the semi-domesticated reindeer, while
AI%07:01 was the most frequent allele in Langfjella reindeer.
Svalbard reindeer displayed two unique alleles, A1*10:02
and AI*11:01 where eight animals were homozygous for
AI1*10:02.

Despite being more polymorphic than the DRBI gene, the A1
gene was homozygous in 54 out of 89 animals. This excess
homozygosity is also visible in the analysis relating to expected
versus observed homozygosity per individual locus (Table 2).
Looking at individual alleles, homozygous AI1*06:01:01,
A1*07:01:01, A1*13:01:01 and AI*10:02:01 alleles are most
pronounced (Figure 6).

Overall population and MHC assessment

Analysis of allele richness (Ar) adjusted for sample size
showed the two mainland populations having comparable
diversity while the Svalbard population had far less diversity
(Table 1). The wild and semi-domesticated animals had a mean
allelic richness of 6.46 and 6.42, while the comparable number for
the Svalbard animals was only 1.50.

Based on the available genome information, the MHCI loci
Al and A5 are located approximately 1.7 megabases apart from
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FIGURE 6

Homozygosity at Al locus. Diagram shows the number of homozygous Al alleles per each of the three populations where blue defines
homozygous alleles from population 1 (Homo.Pop 1), red from population 2 (Homo.Pop 2), and grey from population 3 (Homo.Pop 3), while
remaining alleles in heterozygous (Hetero) pairs in all populations are shown using orange.

the DRBI locus (Figure 4). We therefore investigated the existence expressed, i.e., functional MHC diversity in Norwegian mainland
of discernible MHCI and MHCII haplotypes, i.e., specific wild and semi-domesticated reindeer as well as wild reindeer from
combinations of MHCI and MHCII alleles (Supplementary data 7). the archipelago of Svalbard.

Although four haplotypes were detected, three of them contained In all three genomes, we found three DRB genes where the
one DRBI allele combined with three different A1 alleles. We thus Rata-DRBI gene is defined as highly polymorphic in previous
conclude that there were no stable DRBI1-DQB-AI-A5 haplotypes studies (Mikko et al., 1999; Kennedy et al., 2011; Taylor et al.,
in our mainland reindeer material. Sequence diversity is too low 2012; Gagnon et al., 2020). The DRB2 gene is a pseudogene lacking
in the Svalbard animals to make any conclusions on parts of the beta 1 domain while the polymorphic content of the
haplotype stability. DRB3 locus is unknown as our primers may not have amplified

sequences from this locus. Cattle, another ungulate, has three
DRB genes but only one gene is polymorphic and highly expressed
Discussion (Aida et al, 1995). A study of the polymorphic content of the
reindeer DRB3 locus is necessary before we can decide whether

In the field of conservation genetics, genomic DNA and reindeer, like cattle, only has one highly polymorphic expressed
amplification of single exon domains is widely used as a DRB locus.
foundation to define MHC diversity (Gangoso et al., 2012; Comparing the DRBI alleles identified in our study with those
Gillingham et al., 2017; Slade et al., 2017; Awadi et al., 2018; found in North-American caribou (Kennedy et al., 2011; Taylor
Qurkhuli et al., 2019). However, the precision in such diversity et al., 2012; Gagnon et al.,, 2020), seven of the 15 DRBI alleles
analyses may be low due to the variation in number of MHC genes we identified are also present in North American animals
as exemplified by human DRB. In this study, we identified the (Supplementary data 6). When the glacial connection in the
number of MHCI and MHCII genes in three available reindeer Beringia melted approximately 11,000 years ago (Elias et al., 1996;
genomes and used this information to choose amplicons and Jakobsson et al., 2017), sharing of genes between North American
design primers. This approach was then used to investigate and Eurasian reindeer ended. This implies that the DRBI alleles
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shared between North American and European reindeer are at
least 11,000 years old. Complete conservation of allelic sequences
over such a long time span suggests that these shared alleles are
well adapted to pathogens encountered in boreal and Arctic areas.

For DQB, there were one to three genes in the three reindeer
genomes analyzed (Figure 4). We were not able to assign the
expressed DQB sequences to specific genes as our expressed DQB
sequences cluster with each of the granti-DQB2, granti-DQB3 or
the tarandus-DQB gene sequences. Haplotypic variation in
number of expressed loci both within as well as between
populations is quite common when it comes to MHC. For instance
in cattle, there is haplotypic variation with one or two DQB genes
(Fukunaga et al., 2020). In sheep, there seems to be two DQA and
DQB genes (DQA1-DQBI1 and DQA2-DQB2), but in some
haplotypes the DQA1-DQBI1 genes are replaced by DQA2-like
and DQB2-like genes (Ballingall et al., 2018b). The fact that
we only found two expressed DQB alleles in each animal supports
the notion of a single expressed DQB gene in each animal, where
the expressed gene is of a DQB2, DQB3 or DQB4 type. One could
imagine DQB expression profiles to differ between tissues as seen
in humans (Johansson et al., 2021), but we found no link between
DQB sequence variant and tissues, i.e., blood, intestinal lymph
nodes and kidney. A more thorough study is needed to clarify if
the DQB alleles found in our study represent allelic versions of one
locus, single genes with different evolutionary histories expressed
in different haplotypes or three separate genes.

For MHCI, we found 5-7 genes in the three analyzed
tarandus, granti and caribou genomes. The A2 and A3 genes are
pseudogenes with internal stop codons in all genomes. We found
little polymorphism in the non-classical A5 gene with only two
amino acid alleles identified in the 89 animals investigated. To
evaluate the reindeer MHCI genes further we compared against
the MHCI genes defined in cattle (Schwartz et al., 2022). Based on
sequence phylogeny, Rata-NCI10-like is an orthologue of the
non-classical cattle NC10 gene (Figure 1). This cattle NC10 gene
is non-polymorphic, but expressed in all animals (Schwartz et al.,
2022). We did not include this gene in our study, but expect it to
be less polymorphic. So far, the function of this gene has not been
studied in any species, but conservation in multiple ungulates
suggests an essential function and makes it an interesting
candidate for future studies. For the remaining genes, there is low
bootstrap support between cattle and reindeer MHCI gene
sequences suggesting there has been a lot of within species
duplications and deletions.

The other MHCI gene included in our amplicon study was the
A1l gene. This gene is highly polymorphic and expressed in all
tissues included, i.e., blood (Langfjella), intestinal lymph nodes
(semi-domesticated) and kidney (Svalbard). In cattle, there are
haplotypes ranging from two to four polymorphic classical MHCI
genes in addition to 5-6 non-classical genes while humans have a
fixed number of three classical MHCI genes (Klein et al., 1990;
Robbins et al., 1997; Schwartz et al., 2022). Based on our data,
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reindeer have two pseudogenes (A2, A3), two non-classical genes
(NC-A5 and NC10-like) and possibly two classical genes (A1, A4)
where the polymorphic content of A4 needs to be defined in
future studies.

There is no fixed number defining a healthy MHC diversity in
any species, but it is generally assumed that the alleles present are
adapted to the pathogens they encounter in their environment if
they are left undisturbed by man-made or environmental factors.
In our semi-domesticated, wild, and Svalbard reindeer,
we identified 12, 9 and 2 alleles for DRBI, 9, 7 and 1 alleles for
DQB and 18, 13 and 2 alleles for Al. Overall, in all study areas,
MHCI was the most polymorphic gene with 22 different alleles
while DRBI and DQB had 15 and 11 different alleles, respectively.

When comparing the MHC diversity between our three study
areas, sample composition and sample size need to be considered.
Our sample size varied from nine Svalbard reindeer to 62 semi-
domesticated reindeer. At relatively low sample sizes, the number
of detected alleles is expected to increase with an increasing
number of sampled individuals. Therefore, the number of alleles
detected in the two areas with lower sample size, Langfjella and
Svalbard, could have been higher if more individuals had been
sampled. However, our allele richness analysis uses rarefaction to
adjust for differences in samples size and this analysis also shows
the Svalbard population to be far less diverse than the two
mainland populations (Table 1). A study of allele richness using
microsatellites in six Svalbard reindeer subpopulations displayed
similar diversity estimates with mean Ar ranging from 2,07 to 2,58
(Peeters et al., 2020). Most likely the wild reindeer population has
experience some introgression from semi-domesticated reindeer
while the Svalbard population is a different isolated subspecies.

Even though the majority of samples analysed in our study
originated from semi-domesticated reindeer, the geographical
distribution of these samples was limited. Herds of semi-
domesticated reindeer are widely distributed across the mid and
northern parts of both Norway and Sweden. In many of the
border areas, there are both an overlap in distribution range, and
an expected genetic exchange between Norwegian and Swedish
herds. The MHC diversity found in our two neighbouring herds
included in our study is therefore not expected to provide the total
immune diversity found within the Norwegian metapopulation of
semi-domesticated reindeer.

The samples from wild reindeer were collected from two
sub-populations with limited genetic exchange (Kvie et al., 2019).
Historically, these sub-populations have been genetically
influenced by semi-domesticated animals introduced to the region
(Roed et al., 2014; Kvie et al,, 2019). The genetic exchange both
between wild reindeer sub-populations, as well as between wild
reindeer sub-populations and herds of semi-domestic reindeer,
has been found to vary substantially (Kvie et al., 2019). Future
studies should therefore aim to investigate both semi-domesticated
as well as wild reindeer from wider geographical regions to
conclude on the overall immune diversity in Norwegian reindeer.
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To further evaluate the overall MHC diversity in our
mainland study populations, we compared against MHC
diversity found in previous studies. Mikko and co-workers
studied DRBI diversity in 20 reindeer from Northern Norway
and 20 animals from Central Norway where they found 5 and
6 alleles, respectively, (Mikko et al., 1999). All these DRBI
alleles were present in our study where we added six new
alleles. A study of DRBI polymorphism by Gagnon and
co-workers included two declining Canadian migratory
caribou populations with 245 and 146 animals (Gagnon et al.,
2020). Overall, these two populations displayed 18 and 20
DRBI alleles,
populations. Such low numbers correlate well with the 99 and

where 18 alleles were shared between

70% decline in population size for these populations (Gagnon
et al,, 2020). Taylor and co-workers investigated DRBI
polymorphism in both historic as well as contemporary high
Arctic caribou from Ellesmere Island in Canada (Taylor et al.,
2012). They analyzed 11 and 24 animals in each group and
found 10 and 15 alleles, respectively. Kennedy and co-workers
sampled caribou from five populations spread in Alaska and
found 25 DRBI alleles in 114 animals (Kennedy et al., 2011).

Although Svalbard reindeer is a different subspecies, their
MHC diversity is very different. A previous study found only two
DRBI alleles based on a sample of 20 Svalbard reindeer from 1985
(Mikko et al., 1999). These are the same two alleles we identified
in samples harvested 36years later. This extremely low DRBI
diversity is further supported by only one DQB allele and only two
Al alleles identified in nine animals. A low MHC diversity is
further supported by a low overall genetic diversity (Pecters et al.,
2020). Despite Svalbard reindeer being close to extinction at the
beginning of the last century (Lone, 1959), protection measures,
natural recolonization and human-mediated reintroductions have
contributed to a gradual increase in the total population size (Le
Moullec et al., 2019). Today, Svalbard reindeer are found in
considerable numbers as semi-isolated populations all across this
remotely located archipelago (Le Moullec et al., 2019).

We could not find any stable DRBI-DQB-AI-A5 haplotypes
in our material (Supplementary data 7). This most likely results
from frequent recombination within the 1.7 Mb region separating
the class I and class II region as defined by the caribou genome
(Figure 4). With frequent recombination between the MHCI and
MHCII regions, different selective forces could operate on MHCI
and MHCII genes. This would imply that studies of both MHCI
and MHCII are essential for understanding how selection affects
MHC diversity in reindeer.

Increasing the number of animals from a bottlenecked
population does not seem to have increased the overall genetic
diversity or the immune diversity. There are examples of
populations that thrive with low MHC and genetic diversity
(Munguia-Vega et al., 2007; Robinson et al., 2022). A small
Mexican porpoise population (Phocoena sinus, or vaquita) with
limited overall genetic and MHC diversity does not seem
affected by inbreeding or pathogens. Several species of teleosts
have also lost their MHC class II, but seem to have replaced
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this function by multiple MHC class I genes with potentially
dual functions (Star et al., 2011). However, these examples are
most likely the exception rather than the rule as most
vertebrates studied so far have a broad MHC diversity.

Our data displayed an unexpected number of homozygous
animals in particular for the A1 locus where 54 of 89 animals were
homozygous (Table 1; Figure 6). Disregarding the homozygous
animals originating from the Svalbard population, the
AI*06:01:01, AI1*07:01:01 and A1*13:01:01 alleles display by far
more homozygous animals than expected. We do not have
population genetic data to show kinship, but animal husbandry
may have promoted homozygosity in the semi-domesticated
populationl. Population 2 only consists of wild reindeer although
they may have been influenced by semi-domestic reindeer sharing
the same habitat.

Another explanation for the increased homozygosity could
be that MHC composition is influenced by selection, thus increasing
homozygosity for specific alleles at the MHCI locus. Recently it has
been shown that both human as well as chicken MHCI alleles can
be defined as specialists or generalists (Chappell et al., 2015; Kaufman,
2018). Specialist alleles have strict peptide binding capacity while
generalists can bind a broader specter of peptides. In humans, a
specialist allele HLA-B*57:01 confers resistance to AIDS while in
chicken the generalist BF2*2101 confers resistance towards Mareks
disease. A consequence of presenting many peptides could be a
broader T-cell response, needed for protection against certain
pathogens while other pathogens require a specific T-cell response for
fighting the infection. In humans, a recent study found that in
pathogen-rich geographical regions, humans are more likely to carry
highly promiscuous MHC class II alleles, thus enabling protection
against many pathogens (Manczinger et al., 2019). The peptide
binding ability of reindeer MHCI alleles is currently unknown, but
increased homozygosity for certain MHC alleles might have evolved
through adaptation to certain pathogens. As exemplified by the
human adaptation to pathogen-rich regions with increasing numbers
of generalist MHC alleles, a similar approach could be in place for
populations such as reindeer showing limited MHC diversity.

Low immune diversity would not be problematic assuming
the alleles are adapted to all pathogens present in the
environment or can accommodate peptides from a wide variety
of pathogens. However, if there is a change in pathogens that
elude binding to existing MHC alleles, low immune diversity
could be fatal. Svalbard reindeer seem to have such a limited
immune diversity and could be particularly vulnerable if
exposed to new pathogens.

Regarding conservation measures to increase this diversity the
Svalbard reindeer is endemic to Svalbard and is found in isolated
or semi-isolated population across the entire archipelago (Pecters
et al., 2020). In accordance with the purpose of the Svalbard
Environmental Protection Act,? the landscape, flora and fauna
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should be preserved virtually untouched and with minimal
influence of human presence. This means that the more traditional
management regimes involving population regulation through
harvesting is not valid for Svalbard. The intended absence of
human footprint in population dynamics also means that species
distribution and population viability should not be affected by
management actions.

Coal mining was previously the most important industry in
Svalbard, but the mines and the associated activity has now to a large
degree been closed down. Today, tourism has become the largest
employer and is a rapidly growing sector in Svalbard (Saville, 2022).
The increasing number of visitors both within and outside
settlements, represents a potential risk related to transmission of
contamination of infectious diseases. In this context, increased
awareness of the vulnerability of endemic species is highly relevant
information. Such information is not expected to cause altered
wildlife management strategies, but will hopefully further increase the
awareness of the need to regulate human presence and impact in this
pristine and vulnerable ecosystem.

Conclusion

Previous studies have used genomic DNA to define DRBI
diversity in reindeer. Here we use reindeer genomes to
identify one expressed classical MHC class I gene (AI) and
two non-classical MHC class I genes (NC-A5 and NC10-like).
For class II we verify that the previously amplified DRB
sequences originate from the classical expressed locus while
different DQB genes seem expressed in different haplotypes.
We found no stable MHCI-MHCII haplotypes suggesting
frequent recombination between these regions. Collectively
our data show a medium MHC diversity in semi-domesticated
and wild Norwegian mainland reindeer. On the other hand,
animals from Svalbard have experienced a severe bottleneck
resulting in a low MHC diversity, placing them at risk if the
pathogenic pressure changes.
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