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Abstract

Major histocompatibility complex (MHC) genes have been widely studied to assess the immunological fitness and evolutionary
adaptation of animal populations. Among the Canidae, the raccoon dog’s adventurous nature, omnivorous behavior, and high
variability of intracellular pathogens make it ideal to study selection on MHC class I in a non-model canid species. Here, we
examined allelic diversity and evolutionary patterns of MHC class I genes in the raccoon dog (Nyctereutes procyonoides). We
identified 48 novel MHC class I alleles from 31 raccoon dogs from Japan and Russia. Some alleles were geographically
restricted, whereas others were widely distributed across the species’ range. The rate of non-synonymous substitutions was
greater than that of synonymous substitutions for both exon 2 and exon 3 encoding &1 and &2 domains, respectively, in the o
chain of the MHC class I protein. Positively selected sites at the amino acid level were evident in both the «1 and x2 domains,
and a recombination breakpoint was found in exon 3. Bayesian phylogenetic trees showed no evidence of trans-species poly-
morphism (TSP) with alleles from carnivoran species in other families but did detect TSP between raccoon dogs and the domestic
dog, Canis familiaris, indicative of long-term balancing selection in canids. Our results indicate that the extensive allelic diversity
of MHC class I in Japanese and Russian raccoon dogs has been influenced and maintained by pathogen-driven positive selection,
recombination, and long-term balancing selection.
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Introduction

The major histocompatibility complex (MHC) has been wide-
ly studied because of its importance in evolutionary ecology
as well as its role in the immune response to pathogens
(Hedrick 1994; Sommer 2005; Piertney and Oliver 2006).
The MHC is subdivided into three major subfamilies, classes
I, I1, and III. MHC class II proteins are expressed in antigen-
presenting cells, which bind peptides from extracellular
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pathogens and present them to helper T-cells (CD4+)
(Hughes and Yeager 1998). MHC class I proteins are
expressed in all nucleated cells and are essential in the defense
against intracellular pathogens such as viruses; they function
by binding and presenting degraded pathogen peptides to cy-
totoxic T-cells (CD8+) (Sommer 2005). The class I protein
consists of a single amino acid chain (x chain) encoded by
seven exons. Among these exons, the most polymorphic are
exons 2 and 3, which encode amino acids involved in forming
peptide-binding grooves in the extracellular «l and «2 do-
mains, respectively (Bjorkman et al. 1987). The genetic diver-
sity among MHC genes is influenced by various evolutionary
factors, including variation in copy number (Piertney and
Oliver 2006), balancing selection (Sommer 2005), and birth-
and-death evolution (Nei et al. 1997). Studies of MHC class I
evolution in mammals, including the giant panda (Ailuropoda
melanoleuca) (Zhu et al. 2013), four badger species (Meles
meles, M. canescens, M. leucurus, and M. anakuma) (Sin et al.
2012; Abduriyim et al. 2019), and the brown bear (Ursus
arctos) (Kuduk et al. 2012), indicate that their allelic diversity
has been greatly influenced by recombination and positive
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selection. Furthermore, in the four Meles species, the ol and
«2 domains appear to have undergone different evolutionary
histories (Sin et al. 2012; Abduriyim et al. 2019). In the family
Canidae, only the genus Canis has been well studied (Wagner
et al. 2002; Ross et al. 2012; Liu et al. 2017; Miyamae et al.
2017; Venkataraman et al. 2017), and studies of MHC class I
evolution are lacking in other non-model genera. At present,
there have been four complete canine MHC, dog leukocyte
antigen (DLA), and class I genes that have been cloned and
sequenced, which are DLA-12, DLA-79, DLA-88, and DLA-
64 (Burnett et al. 1997), and among them, DLLA-88 is the most
polymorphic (Graumann et al. 1998). The raccoon dog,
Nyctereutes procyonoides, is a native species in East Asia,
spanning from Northern Vietnam, through Eastern China, to
Far Eastern Russia, Mongolia, and Japan. In the 1950s, this
canid species was introduced to the European territories for fur
production, and since then, it has become widespread in those
regions (Kauhala and Saeki 2016). Currently, Japanese rac-
coon dogs are classified into two subspecies, N. p. viverrinus
and N. p. albus. N. p. viverrinus is widely distributed in
Honshu, Shikoku, Kyushu, and many small islands in Japan.
On the other hand, N. p. albus can only be found on Hokkaido
island. Recently, the population in Hokkaido is speculated to
be a different species from the continental populations based
on morphological and genetic data (Ward et al. 1987; Hong et.
al 2018; Kim et al. 2013, 2015).

Raccoon dogs carry infectious diseases, such as Asian tick-
borne meningoencephalitis, canine distemper, paratyphoid fe-
ver, anthrax, tuberculosis, and rabies. This species is among
the most invasive mammals in European countries, where it is
the main vector for rabies, alveolar echinococcosis, and
sarcoptic mange, which are dangerous to human health
(Kauhala and Kowalczyk 2011). In Japan, raccoon dogs in-
fected with canine distemper virus have been reported from
Wakayama Prefecture (Suzuki et al. 2015). The raccoon dog’s
omnivorous mode of feeding and high prevalence of intracel-
lular pathogens make it ideal for studying selection on MHC
class I in a non-model canid species. The aim of the present
study was to characterize the allelic diversity of the MHC
class I &1 and «2 domains and their patterns of evolution in
raccoon dogs from Japan and Russia.

Materials and methods
Samples and DNA extraction

In total, 31 blood or tissue samples from raccoon dogs were
used (Fig. 1: Table 1; Supplementary Table 1), 23 from the
Japanese Islands, four from Far Eastern Russia, and four from
Western Russia. Some samples were common to those in the
MHC class II study by Bartocillo et al. (2020). DNA from all
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samples was extracted by using a DNeasy Blood and Tissue
Kit (Qiagen) and then stored at 4°C until use.

Polymerase chain reaction

Exon 2 forward primer 5-TCTCACCCGTCGGCTCCGCA
G -3’ and exon 3 reverse primer 5-AGGCGAGATCGGGG
AGGC-3' targeting the dog MHC class I DLA-88 alleles
(Wagner et al. 2000) were used for polymerase chain reaction
(PCR) amplification. Reactions were performed in 25-pL re-
action volumes, each containing 0.625 U PrimeSTAR GXL
(Takara Bio), 5 uL of 5x PrimeSTAR GXL buffer, 2 uL of
2.5mM dNTP, 0.3 uL (25 pmol/pL) of each phosphorylated
forward and reverse primers, and 1 pL. of DNA extract (60—
100 ng of genomic DNA). Reaction conditions in a Takara
Dice Touch Thermal Cycler were 98°C for 2 min, 30-35
cycles of 98°C for 10 s and 68°C for 45 s, and 68°C for 10
min, with a final hold at 4°C. PCR products were electropho-
resed on a 2% agarose gel and visualized with ethidium bro-
mide florescence under UV illumination and then purified by
using a QIAquick PCR Purification Kit (Qiagen).

Cloning and sequencing

Cloning and sequencing were done as described by Bartocillo
et al. (2020). On average, 27 positive clones per individual were
sequenced by using M13 forward and reverse primers.
Sequences were aligned and checked by using MUSCLE in
MEGA 7 (Kumar et al. 2016). DnaSP v.5 (Librado and Rozas
2009) was used to determine identical sequences among all
sequences obtained. Sequences were then identified as bona-
fide variants based on criteria associated with the nomenclature
rules for dog DLA (Kennedy et al. 2000). An accepted bona-
fide sequence in this study was defined as having identical se-
quences derived from at least two raccoon dog individuals or
from two separate PCR reactions, while unique single sequences
were rejected as chimeras. BLAST-N searches (Altschul et al.
1990) of the NCBI GenBank database were conducted to iden-
tify identical or homologous sequences. Bona-fide true alleles
were named according to the rules for MHC nomenclature in
non-human species (Klein et al. 1990) in descending order of
frequency of occurrence. Nucleotide sequences obtained in this
study were deposited in the DNA Databank of Japan (DDBJ)
under accession numbers LC554227-LC554274.

Data analysis

Putative functional Nypr-MHC] alleles were analyzed by cal-
culating Tajima’s D (Tajima 1989) to determine whether the
DNA sequences evolved by directional or balancing selection.
To determine whether the antigen-binding sites (ABSs), non-
ABSs, and the overall amino acid sequences of the &1 and x2
domains were under positive selection, ratios between non-
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Fig. 1 Sampling locations for
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synonymous (dy) and synonymous (ds) substitution rates per
nucleotide site were calculated by using the Nei-Gojobori
method (Zhang et al. 1998) with the Jukes-Cantor correction
(Jukes and Cantor 1969). ABS positions were inferred from
the ABSs in human MHC proteins (Bjorkman et al. 1987).
The mixed effect model of evolution (MEME) and genetic
algorithm for recombination detection (GARD) in
DATAMONKEY (Murrell et al. 2012) were used to identify
amino acid sites that have undergone positive selection or
represent recombination breakpoints, respectively. MrBayes
v.3.2.6 (Ronquist and Huelsenbeck 2003) was used to obtain
a Bayesian phylogenetic tree for allelic sequences of the rac-
coon dog MHC class I (Mypr-MHC1) with the orthologs from
representative species in Felidae, Canidae, Mustelidae,
Ursidae, and human. KAKUSAN 4 (Tanabe 2007) was used
to select optimal models of nucleotide substitution.
Phylogenetic analyses were conducted separately for four data
partitions—the partial open reading frame (ORF; exons 2 and
3 concatenated), exon 2, exon 3, and intron 2. All phyloge-
netic trees were reconstructed from two Markov Chain Monte
Carlo MCMC) runs of 10 million generations for exon 3 and
intron 2, 15 million generations for exon 2, and 20 million
generations for the concatenated exon 2 and 3. All the chains

were sampled every 1000 generations, with the first 25% sam-
ples discarded as burn-in.

Results
Allelic diversity of raccoon dog MHC class | genes

MHC class I fragments of 708-810 bp long were sequenced
from 31 raccoon dog individuals from Japan and Russia, with
an average of 27 plasmid clones sequenced per individual. Each
sequence consisted of exon 2 (267 bp; 89 amino acids), exon 3
(273 bp; 92 amino acids), and the intervening intron 2 (168-270
bp). A total of 48 alleles were identified in this study, and all of
them were novel (Table 1). One to six putative functional alleles
were detected per individual, indicating that there are at least
three MHC class I loci in the raccoon dog. In comparison with
exon 2 (encoding &1 domain), exon 3 («2 domain) was some-
what higher in nucleotide diversity, and «2 domain included
more polymorphic amino acid sites as a result (Tables 2 and
3). Intervening intron 2 sequences (Supplementary Fig. S1)
showed remarkably low allelic variation compared to their exon
sequences. The distribution of the MHC class I alleles among the
geographical populations (Table 1) shows that although no
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Table 2 Sequence polymorphisms in exon 2, exon .3, and intron 2 of acid level for both domains (asterisks in Fig. 2 («1 domain)
raccoon dog MHC class I genes from Japan and Russia and Fig. 3 («2 domain)), but the 2 domain displayed more
Fragments Exon 2 Exon 3 Intron 2 sites (three) under positive selection than the «c1 domain (one).
(267bp)  (273bp)  (168-270bp)  Three out of the four sites under positive selection coincided
Variable si ) 58 3 with ABS codons inferred from the human HLA-A2 locus
ariable sites (Bjorkman et al. 1987). The GARD analysis detected one
Parsim informative sites 17 25 30 . .

) recombination breakpoint in exon 3, but none for exon 2.
Mutations ) ) 26 33 31 Our results indicate that in the &1 domain, positive selection
Number of amino acids 89 %2 ) was the main factor leading to allelic diversity in the raccoon
Polymorphic amino acid sites 12 16 -

Dashes indicate no values calculated, because the intron is non-coding
region

alleles were shared among all regions, Nypr-MHC1*01 and *02
were the most broadly distributed in six of the eight sampling
locations, excluding Hokkaido and Far Eastern Russia. Nypr-
MHCI*02 was the allele most frequently detected among the
individuals analyzed. Nypr-MHC1*08 was shared by raccoon
dogs from Hokkaido, Honshu, and Shikoku Islands, and Nypr-
MHC1%20 was shared only by raccoon dogs from Northern,
Central, and Southern Honshu. The native population in Far
Eastern Russia shared three alleles (Nypr-MHC1*#04, *06, and
*09) with the introduced population in Western Russia. The
degree of geographical restriction varied considerably, ranging
from no alleles specific to a region (central Honshu) to 10 region-
specific alleles (Hokkaido).

Selection mechanism of raccoon dog MHC class |
genes

Selection pressures on functional domains in the raccoon dog
MHC class I protein were analyzed to determine possible
evolutionary differences between exon 2 and exon 3. High
positive Tajima’s D values indicate balancing selection, while
the values lower than zero indicate purifying selection.
Tajima’s D values for both exons and the intervening intron
2 were significantly greater than zero (Table 3), indicating that
balancing selection has influenced the allelic diversity in both
exons and an intron. The w (dy/ds) value was markedly great-
er than 1 for the ABS codons in each exon (Table 4), indicat-
ing that positive selection on codons encoding ABSs in both
exons 2 and 3 has influenced allelic diversity. The MEME
analysis provided evidence of positive selection at the amino

dog, whereas in the x2 domain, both positive selection and
recombination could have influenced the allelic diversity.

Phylogenetic analysis of raccoon dog MHC class |
genes

Analysis of the partial ORF consisting of exons 2 and 3
(Supplementary Fig. S2) showed only weak or no evidence
of trans-species polymorphism (TSP). A separate analysis of
exon 2 (Fig. 4) showed a more strongly supported pattern of
TSP, in which two clades including both raccoon dog and
domestic dog sequences emerged; one of these clades showed
relatively high nodal support (posterior probability = 0.98). In
other words, in the two clades, raccoon dog sequences were
more closely related to a group of dog sequences than other
raccoon dog sequences. The same situation was evident from
exon 3 (Fig. 5), although the groupings of dog and raccoon
dog sequences were different than for exon 2. However, phy-
logenetic analysis of concatenated exon 2 and 3 sequences
(partial ORF) showed ambiguous evidence for TSP; one clade
of dog DLA alleles formed the sister group to a monophyletic
subclade containing all the Nypr-MHC1 alleles, with other
dog DLA alleles outside these two subclades, although the
node linking the two clades was weakly supported (posterior
probability = 0.89). In addition, intron 2 sequences mostly
formed clades by species in the phylogenetic analysis
(Supplementary Fig. S3), with the exception that one group
of raccoon dog sequences was more closely related to the dog
sequences (DLA) than to other raccoon dog sequences. No
specific patterns in the geographical distribution of alleles
were detected in any phylogenetic trees.

Table 3 Sequence diversity of

MHC class I exon 2, exon 3, and Gene region m N Ps 0 ™ Tajima’s D P

intron 2 in raccoon dogs
Exon 2 658 22 0.0824 0.0117 0.0269 3.1924 P<0.01
Exon 3 658 28 0.1026 0.0145 0.0364 3.8264 P<0.01
Intron 2 658 31 0.1975 0.0279 0.0731 4.1679 P <0.001

m, number of sequences; S, number of segregating sites; Ps, number of segregating sites divided by the total
number of sites; 6, 4N for an autosomal gene for a diploid organism; 7, nucleotide diversity; D, Tajima’s test
statistics; P, significance value for Tajima’s D
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Table 4 Ratio (w) of non- - -
synonymous (dy) to synonymous Population ~ Position Number of  dy (= SD) ds (= SD) w= (dn/ds)
(ds) substitution rates for antigen codons
binding sites (ABSs), non ABSs,
and all amino acids in MHC class Exon 2 ABS 16 0.145 (* 0.060) 0.049 (+ 0.044) 2.9592
I exons 2 and 3 in raccoon dogs Non-ABS 73 0.009 (= 0005 0.018 (= 0012) 05
Overall 89 003 (= 0.011) 0.024 (= 0.011) 125
Exon 3 ABS 15 0252 (= 0.088) 0.111 (= 0.078) 22702
Non-ABS 77 0.013 (= 0.006) 0.007 (= 0.004) 1.8571
Overall 92 0.047 (= 0.013) 0.019 (= 0.008) 24737

SD standard deviation

Discussion
Allelic diversity of raccoon dog MHC class | genes

This is the first study to characterize MHC class I genes in the
raccoon dog. Overall, our study identified 48 novel Nypr-
MHCI alleles, one to six alleles per individual (one to three
loci). The level of allelic variation was higher than in most
other mammalian species: 16 alleles from 26 individuals of
the giant panda (Zhu et al. 2013); 111 alleles (30 alleles of
Patr-A, 41 alleles of Patr-B, 29 alleles of Patr-C, and 11
alleles of Patr-AL) from 30 individuals of the chimpanzee
(including 20 Pan troglodytes schweinfurthii, four P. t. verus,
and six P. t. troglodytes) (Maibach et al. 2017); 17 transcribed

Nypr - MHC1*01
Nypr - MHC1*02
Nypr - MHC1*03
Nypr-MHC104 . . . -B o
Nypr-MHC1*05 . . . . . . . ....A. ..

Nypr-MHC106 . . . . . . F .

Nypr - MHC1*07

Nypr-MHCT*08 . . . . . . F . . . .. . ..o
Nypr-MHC109 . . L. FL

Nypr - MHC1*10
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Nypr-MHC1*12 . . . . . . ..
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Nypr - MHC1*46
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Nypr - MHC1*48

Fig. 2 Alignment of amino acid sequences deduced from partial
sequences of MHC class I (Nypr-MHCI) exon 2 from raccoon dogs.
Dots indicate the identity with the Nypr-MHC1*01 sequence. Number
at the top indicates amino acid positions in the «1 domain. Gray shading

2= 2=

-2 222

Lzz.o.

zz.z. =z .

z.

MHCI alleles (six DLA-12, two DLA64, two DLA-79, and
seven DLA-88) from the transcriptome of the four wolf, Canis
lupus blood samples (Liu et al. 2017); 33 alleles from 12
individuals of the domestic cat, Felis catus (Holmes et al.
2013); 37 alleles (13 alleles of Papa-A, 13 alleles of Papa-B,
and 11 alleles of Papa-C) from 21 individuals of the bonobo,
Pan paniscus (Maibach et al. 2017); and 37 alleles from 234
individuals of the brown bear (Kuduk et al. 2012). The do-
mestic dog is an apparent exception among canids, showing
higher allelic variation, with 81 known alleles (73 DLA-88,
one DLA-12, one DLA-64, and six DLA-79) (Wagner et al.
2002; Ross et al. 2012; Miyamae et al. 2017; Venkataraman
etal. 2007, 2017). This might be the result of higher sampling
effort in this well-studied model species. By the same token,

70 80 %
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B I F . G .
I F G
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N . A
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Kv..S8.RTF.
I F . .. .G .
I F . B G .
KV . S . RTF .
I A
A oo
IF . G
A \% .G .

indicates antigen binding sites (ABSs) predicted from human MHC class
I (Bjorkman et al. 1987). The asterisk indicates an amino acid site under
positive selection, as calculated by a MEME (mixed effect model of
evolution) analysis
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Fig. 3 Alignment of amino acid sequences deduced from partial
sequences of MHC class I (Mypr-MHC1) exon 3 from raccoon dogs. A
triangle indicates a recombination break point, determined by a GARD

our study was limited to the Japanese and Russian raccoon
dog populations, and we might have detected additional al-
leles if raccoon dogs from other areas had been included and
other primer sets were used.

Exposure over a long period of time to a wide variety of
intracellular pathogens, such as the canine distemper virus
(Suzuki et al. 2015), SARS (IASR 2005), rabies (Kurosawa
etal. 2017), Trichinella sp. (Pozio 2000), and six bacterial and
five viral pathogens (Sutor et al. 2014), may have been the
driving force for the high variation in Nypr-MHC]1 in raccoon
dogs. The high allelic MHC class I variation in raccoon dogs,
along with their high dispersal capability, adaptation to a wide
range of climatic and environmental conditions (Caut et al.
2008), omnivorousness, and a high reproductive rate
(Kauhala and Kowalczyk 2011) could have contributed to
the raccoon dog’s successful expansion in Europe after being
introduced there from their native range in East Asia.

Bartocillo et al. (2020) reported similar high variation of
MHC class II DRB alleles in raccoon dogs, with both locally
restricted and widespread alleles. Locally restricted alleles
could have resulted from balancing selection with the pres-
ence of some native pathogens (Hughes and Yeager 1998).
Interestingly, the MHC class I allelic diversity of raccoon dogs
observed in this study showed that the highest number of
locally restricted alleles (10 alleles) was found in Hokkaido.
However, the seven most frequent alleles identified in this
study were not found in this island. The geographical isolation
of Hokkaido from other parts of Japan by the Tsugaru straits
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(genetic algorithm for recombination detection) analysis. For other
information, see the caption of Fig. 2

during the last glacial maximum (Ohshima 1991) could have
prevented gene flow and resulted in increased genetic drift in
Hokkaido, which would have promoted genetic divergence of
MHC I between the raccoon dog populations in Hokkaido and
the other islands of Japan. On the other hand, widespread
pathogens might explain alleles shared among regions.
Kurosawa et al. (2017) reported that rabies originated in
Japan locally and then spread throughout the country. Not
only the distribution but also the pattern of spread of infectious
disease might have had an effect on the allelic variation of
MHC I genes in raccoon dogs.

Evolution of raccoon dog MHC class | genes

We found genetic evidence of historical positive selection on
both the &1 and &2 domains of MHC class I proteins in
Japanese and Russian raccoon dogs, based on the ratio of
the non-synonymous and synonymous substitution rates
(Table 4). Our results were congruent with a study on wolf
MHC class I genes (Liu et al. 2017), which showed strong
positive selection. Similarly, Bartocillo et al. (2020) detected
strong positive selection in MHC class II DRB exon 2 in
raccoon dogs. Separate analysis of the two exons indicated
stronger positive selection on exon 2 (encoding the «l do-
main) than on exon 3 (encoding «2 domain) (Table 4).
Specifically, for exon 2, only ABS codons showed evidence
of strong positive selection, which was in agreement with
MHC class I studies in badgers (Sin et al. 2012; Abduriyim
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Fig. 4 Bayesian phylogenetic tree for exon 2 of MHC class I alleles from
raccoon dogs (indicated by red characters); representative species of
canids (blue), felids (purple), mustelids (green), ursids (brown), and
humans (light blue). Numbers near nodes are posterior probability
values. DDBJ/EMBL/GenBank accession numbers for nucleotide

et al. 2019). In contrast, for exon 3, not only ABS codons but
also non-ABS codons (i.e., all codons) showed evidence of
strong positive selection. In addition, there were fewer poly-
morphic amino acid sites in both domains in the raccoon dog
(Table 2) compared to other carnivoran species reported by
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sequences are included after allele names for sequences retrieved from
GenBank. Abbreviations within allele names indicate different species:
Nypr, raccoon dog; DLA-88, domestic dog; FLA, domestic cat; Meme,
European badger; Aime, giant panda; HLA, human

Sin et al. (2012) and Abduriyim et al. (2019). Nevertheless,
even with a lower number of polymorphic amino acid sites
and ABS-restricted polymorphic sites, we found high allelic
variation in raccoon dogs. This indicates that positive selec-
tion could have contributed to maintaining the high allelic
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Fig. 5 Bayesian phylogenetic tree for exon 3 of MHC class I alleles from raccoon dogs; representative species of canids, felids, mustelids, ursids, and
humans. Alleles of different species are shown in different colors. For other information, see the caption of Fig. 4

variation of MHC class I in raccoon dogs. Positive selection
on ABSs is favorable to a population, as it gives a wider range
of antigen peptides for recognition of a wider variety of path-
ogens and increases the chance of survival from pathogenic
infections (Hughes and Nei 1992; Hughes and Yeager 1998;
Jeffery and Bangham 2000).

TSP is a phylogenetic pattern that results from the retention
of ancestral allelic lineages across divergence events, includ-
ing speciation (Penn and Potts 1999), and a typical phenom-
enon showing the contribution of balancing selection on a
gene (Klein et al. 1998). A phylogenetic analysis of MHC
class II DRB (Bartocillo et al. 2020) found no pattern of
TSP; instead, all raccoon dog sequences formed a

@ Springer

monophyletic clade within the Canidae clade. Our analyses
provided some evidence for TSP in MHC class I between the
raccoon dog and domestic dog (Figs. 4 and 5), but not be-
tween the raccoon dog and representatives of other carnivoran
families (Felidae, Mustelidae, Ursidae).

Indications of TSP for exon 2 (Fig. 4) or exon 3 (Fig. 5)
(especially for exon 2) were congruent with the Tajima’s D
values (D = 3.1924 for exon 2; D = 3.8264 for exon 3), which
indicate that these sequences have evolved under balancing
selection. However, no clear evidence of TSP was observed
based on the partial ORF which consists of exons 2 and 3,
even though the Tajima’s D value is sufficiently high, perhaps
because the raccoon dogs diverged long time ago from other
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canids and that no ancestral alleles have been retained. In
addition, data on MHC class I genes in canids are scarce,
and studies on other species should be conducted to further
understand the extent of TSP in canids.

Intron 2 sequences (Supplementary Fig. S1) in the raccoon
dog showed remarkably low allelic variation compared to
their exon sequences. The phylogenetic analysis of intron se-
quences was quite interesting (Supplementary Fig. S3), as it
showed two distinct clades of raccoon dog sequences, one of
which was highly supported (posterior probability = 1), and
the other of which was the sister group to domestic dog intron
sequences. The results were similar to the study of introns in
HLA-A, HLA-B, and HLA-C by Cereb et al. (1996), whereby
introns 1, 2, and 3 were relatively conserved compared with
their neighboring exons 2 and 3. Introns of HLA-A, HLA-B,
and HLA-C genes in humans have been reported to be con-
served and locus-specific, i.e., a byproduct of interallelic re-
combination and subsequent genetic drift which then leads to
the homogenization of introns over evolutionary time (Cereb
etal. 1997). It has been established before that introns have no
apparent purpose, but studies provide evidence that introns
may play a vital role in the long-term survival of genes by
preventing degenerative interlocus recombination (Kricker
et al. 1992). Overall, the presence of two highly conserved
clades of introns in the raccoon dog is still a mystery, and
studies on introns of MHC classs I genes in the Canidae
should be conducted.

Our results from positive selection and recombination analy-
ses revealed one codon (amino acid site) in exon 2 (Fig. 2) and
three codons in exon 3 (Fig. 3) that are under positive selection
and a recombination breakpoint only in exon 3 (Fig. 3). Positive
selection at the amino acid level could have contributed to main-
taining the high allelic diversity of exon 2, whereas for exon 3,
both positive selection and recombination could have
contributed to allelic diversity. Overall, differences in the
intensity of positive selection between the two exons, different
phylogenetic relationships evident in their trees, and the presence
of recombination in only exon 3 suggest that the exons 2 and 3
encoding «l and &2 domains, respectively, of MHC class 1
genes in the raccoon dog have different evolutionary histories.
This agrees with the conclusion of Sin et al. (2012) and
Abduriyim et al. (2019) that separate evolutionary analyses are
necessary for the two MHC class I domains.

In conclusion, our findings confirmed that historical positive
selection and recombination were the main forces that have
acted in the evolution of MHC class I genes in raccoon dogs.
Taken together, this work sheds light on the molecular evolu-
tionary adaptation of non-model species and free-ranging ani-
mal populations in mammals, especially in the Canidae. These
findings add to the growing body of literature that may guide
policy makers in assessing conservation actions among raccoon
dogs in Japan and Russia and/or help in the policy making of
introducing raccoon dogs to non-native geographical areas for

fur production. We believe that this work could be a framework
for more exploration in the evolutionary and population genet-
ics and conservation actions for raccoon dogs.
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