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Abstract

MHC genes are highly polymorphic as antigen presenting molecules for adaptive immune response in vertebrates. In this
study, we evaluated the diversity of dog leukocyte antigen (DLA) class II genes among two Korean breeds, the Sapsaree and
the Jindo, and three Chinese native breeds, Tibetan Mastiff, Pug, and Pekingese, and determined their genetic relationships.
Sequence-based typing of DLA-DRBI and DLA-DQBI was performed in 138 dogs. We identified 27 alleles for DRBI and
24 for DQOBI, including five new alleles. DRB1*015:01 was shared among all five breeds and was a major allele for the Pug,
Tibetan Mastiff, and Sapsaree. The observed heterozygosity for the five breeds ranged from 0.67 to 1.00 for DRBI and from
0.80 to 1.00 for DOBI. A total of 40 DRBI-DQBI haplotypes, including nine new haplotypes, were identified. Interestingly,
most haplotypes (33/40, 82%) were specific to a single breed, and only seven were present in multiple breeds. Haplotype
sharing analysis together with previously available data from 109 breeds revealed that compared to within region distances,
Asian breeds were more distant than breeds from other regions. As a first report on the analysis of DLA genes of dog breeds
in Korean peninsula, our results show that these breeds carry unique DLA class II haplotype lineages. Our results indicate
that the diversity and breed specificity of DLA class II genes are much higher among East Asian breeds than among breeds
from other regions.
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Introduction from these antigens to CD4 + helper T cells (Lafuente

and Reche 2009). As a result of genetic diversity and

The major histocompatibility complex (MHC) is a fam-
ily of cell membrane proteins, consisting of classes I
and II, that plays a critical role in the adaptive immune
response of vertebrates (Zinkernagel and Doherty 1974;
Maenaka and Jones 1999). MHC class I presents peptides
generated from the breakdown of cytosolic antigens to
CD8 + cytolytic T cells, whereas MHC class II, found
in antigen-presenting cells that capture and internal-
ize antigens in endosomes, presents peptides generated
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the extreme polymorphism of the MHC loci, MHC mol-
ecules can bind a virtually unlimited range of nonself
peptides that serve as T-cell epitopes, and even a single
MHC molecule can bind a substantial number of peptides
(Matsumura et al. 1992).

Previous studies have shown that diversifying and bal-
ancing selection at the MHC peptide-binding cleft is a
major evolutionary force underlying the extreme poly-
morphism of MHC genes (Hughes and Nei 1988, 1989;
Hughes and Hughes 1995). Currently, more than 7000
MHC alleles from 70 nonhuman species, including 420
alleles from canids, are registered in the Immuno Poly-
morphism Database (IPD) (https://www.ebi.ac.uk/ipd/
mhce/). MHC polymorphisms have been reported to have
effects on disease resistance and susceptibility, mate
selection, and other traits and behaviors (Carrington et al.
1999; Milinski et al. 2005; Sommer 2005). MHC genes
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have also been used to evaluate the genetic fitness of ani-
mal populations (Oliver and Piertney 2012).

Canis lupus familiaris, the modern domestic dog, is
believed to have been domesticated about 15,000 years
ago, making it the earliest domesticated animal (Larson
et al. 2012). Both archaeological and genetic evidence
supports that the ancestors of modern domesticated dogs
are gray wolves (Morell 1997), but the geographic ori-
gin is still debated. Studies using mitochondrial DNA
(mtDNA) have proposed that modern dogs originated
from East Asian gray wolves about 15,000 years ago
(Savolainen et al. 2002). Shannon et al. (2015) concluded
a central Asian origin based on comprehensive analy-
ses using autosomal, mitochondrial, and Y chromosome
data, whereas Wang et al. (2016) concluded a southeast
Asian origin based on 58 canine whole genome sequenc-
ing (WGS) data. The Middle East has also been sug-
gested as the main area of origin (Vonholdt et al. 2010).
Interestingly, all of these studies have indicated an origin
in Asia.

The extreme genetic diversity of MHC genes has been
successfully used to determine the genetic diversity and
population dynamics of mammals (Buhler and Sanchez-
Mazas 2011; Niskanen et al. 2013; Le et al. 2020). Most
recent information on polymorphisms in the canine MHC
(also known as dog leukocyte antigen, DLA) is derived
from studies of European breeds (Kennedy et al. 2002,
2007b) and has limited data available for Asian breeds
(Niskanen et al. 2013). In this study, we analyzed the
DLA class II genes DLA-DRBI and DLA-DQBI (DRBI
and DQBI for short) in five East Asian dog breeds to
understand phylogenetic relationships to each other
based on MHC diversity. These included two Korean
breeds, Sapsaree and Jindo, and three Chinese native
breeds, Tibetan Mastiff, Pug, and Pekingese. This is the
first study to examine the diversity of MHC genes in the
Pekingese and any native dog breeds of the Korean Pen-
insula. Our study adds information on the global diver-
sity of dog MHC genes and contributes to illuminating
the genetic relationships among East Asian dog breeds
and their immunogenetic relationships to breeds in other
regions.

Materials and Methods

Extraction of Blood Samples and Preparation
of Genomic DNA

Blood samples were collected from the foreleg veins of
138 dogs, including 94 Sapsarees with pedigree infor-
mation, 13 Jindos, 9 Tibetan Mastiffs, 12 Pugs, and 10
Pekingese. The Sapsaree and Jindo are Korean native
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breeds, while the Tibetan Mastiff, Pug, and Peking-
ese originate from China (Lee et al. 2000; Swainston-
Goodger 2006; Li et al. 2008; Gajaweera et al. 2019). To
maximize genetic diversity, animals without direct pedi-
gree relationships at least at the parental generation
were used, except in the case of the Sapsarees. Jindo and
Sapsaree blood samples were obtained from populations
maintained, respectively, at Jindo Theme Park (Jindo
County, South Korea) and the Sapsaree Institute (Kyung-
san City, South Korea). Blood samples from Tibetan
Mastiffs, Pugs, and Pekingese were obtained from local
breeding centers in Jilin Province, China. Each sample
was collected by a veterinarian according to a memo-
randum of understanding between the research team and
breeding center. All blood samples were obtained in
an ethical manner, following the guidelines for animal
health and welfare of Konkuk University. The experi-
mental protocols were approved and supervised by the
Institutional Animal Care and Use Committee of Konkuk
University. Genomic DNA were extracted from 1 mL of
blood using the QIAamp DNA Blood Midi Kit (QIA-
GEN, Hilden, Germany) according to the manufacturer’s
protocol.

Amplification and Direct Sequencing of DLA-DRB1
and DLA-DQB1

Primers for the second exons of DLA-DRBI and DLA-
DQBI were used to amplify these locus-specific regions
according to previously described methods (Soutter et al.
2015). Briefly, an ABI 9700 thermocycler (Applied Bio-
systems, Foster City, CA, USA) was used to carry out
the polymerase chain reaction (PCR) in a 10-pL reaction
volume containing 25 ng of genomic DNA, 10 pmol of
the locus-specific primers (Table S1), 2.5 mM dNTPs,
1 X PCR buffer, and 0.5 U of Supertherm DNA poly-
merase (JMR Holdings, Kent, UK). To facilitate direct
sequencing of the PCR products, the DRBI reverse primer
and the DQBI forward primer both included the M13F
universal primer sequence at the 5’ end (Table S1). The
PCR profile consisted of an initial denaturation (5 min
at 94 °C), 25 amplification cycles (30 s at 94 °C, 30 s
at 50 °C, and 1 min at 72 °C), and a final extension
(7 min at 72 °C). The amplicons for DRB1 (337 bp) and
DQBI (318 bp) were electrophoresed on a 1% agarose
gel, stained with ethidium bromide, and visualized by
UV light. Direct sequencing of the PCR products was
performed as previously described (Park et al. 2010).
The M13F universal primer was used for the sequencing
reactions. In the case of a novel allele or unclear typing
result, additional sequencing was carried out on the other
strand using the appropriate locus-specific primer (DRB1
forward primer or DQBI reverse primer).
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Allele Identification

Reference sequences corresponding to 158 DLA-DRBI
alleles and 79 DLA-DQBI alleles were obtained from DLA
group entries in the IPD database (https://www.ebi.ac.uk/
ipd/mhc/group/DLA/). Additional information on DLA class
II alleles was obtained from the group curator of the Canine
MHC Nomenclature Committee of the International Soci-
ety for Animal Genetics (ISAG). DRBI and DQBI allele
sequences were determined by aligning our sequence-based
typing results with the annotated reference sequences from
IPD-DLA database by using the multiple alignment tool of
CLC Main Workbench 7 (CLC bio, Aarhus, Denmark). For
homozygotes, typing results were recorded without further
analysis. For heterozygotes, however, the typing results con-
sisted of the combined sequences of two different alleles,
necessitating deduction of the sequence of each individual
allele by matching against the reference alleles. The results
of allele assignment were confirmed using a MHC allele
assignment tool, SOAPTyping (Zhang et al. 2020). BLAST
searches of the NCBI nucleotide database (nr; https://
www.ncbi.nlm.nih.gov/nucleotide/) were used to deter-
mine whether the alleles distinguished had been previously
reported. For typing results involving putative new alleles
or uninterpretable allele combinations, the amplicons were
cloned using the TOPcloner TA cloning kit (Enzynomics,
Daejeon, Korea) according to the manufacturer’s protocol.
Subsequently, colony PCR was performed using independ-
ent colonies, and allele sequences were determined by direct
sequencing as described above. At least eight colonies were
sequenced for each sample, and the allele sequences were
accepted when more than two identical sequences were
observed from colonies of independent PCR. The sequences
of new DRBI and DQBI alleles were submitted to NCBI,
and accession numbers were obtained. New alleles were
given official designations by the group curator of the ISAG
Canine MHC Nomenclature Committee.

Phylogenetic Analysis and Haplotype Determination

The frequencies of alleles and genotypes and the level of
locus heterozygosity were calculated using Arlequin soft-
ware (ver. 3.5.2.2) (Excoffier and Lischer 2010). Allelic
richness was calculated using FSTAT version 2.9.4 (Gou-
det 2003; Foulley and Ollivier 2006). Multiple sequence
alignments and phylogenetic trees were constructed using
MEGA-X 10.1.8 software with neighbor joining and a boot-
strap value of 1000 (Kumar et al. 2018). Genetic distances
were estimated using the Jukes-Cantor substitution model
(Jukes and Cantor 1969). Determination of DRBI-DQBI1
haplotypes was performed using a reference database of 156
haplotypes, obtained from previous studies involving 4186
dogs of 109 breeds and 175 wolves from northwest Canada

(Angles et al. 2005; Kennedy et al. 2007a, b; Pedersen
et al. 2011; Shiel et al. 2014; Soutter et al. 2015; Ziener
et al. 2015; Gershony et al. 2019) (Table S2). For samples
homozygous at both DRBI and DQBI (n=21), haplotypes
were recorded without further analysis. However, for sam-
ples in which only one of the two loci was homozygous
(n=13) or both loci were heterozygous (n=104), two dif-
ferent allele combinations were distinguished based on
comparison with known reference haplotypes. In addition,
pedigree information was used for haplotype determination
in the Sapsaree. Information regarding the origins of dog
breeds was obtained from the American Kennel Club (www.
akc.org) and Niskanen et al. (2013). Haplotype trees were
constructed using 101 DRBI-DQBI haplotypes from 19 dog
breeds (> 50 animals per breed) and a wolf population from
northwest Canada (Table S2). The presence or absence of
each haplotype was scored from the haplotype data for each
breed and used for to determine haplotype distances or no
sharing among breeds. The haplotype discordance between
breeds relative to the list of identified haplotypes from all
breeds was estimated using DNAML, a program in the
PHYLIP package (Felsenstein 2005), and visualized using
Haplotype Viewer (Salzburger et al. 2011).

Results and Discussion

Characterization of DLA-DRB1 in 138 Dogs of Five
East Asian Breeds, Including New Alleles

We performed sequence-based typing in 138 dogs from
five East Asian breeds, including two Korean native breeds
(Sapsaree and Jindo) and three Chinese breeds (Tibetan
Mastiff, Pug, and Pekingese), and identified 27 distinct
alleles of DLA-DRBI, with no failed samples (Table 1).
Allelic diversity was highest in Jindos (12 alleles), fol-
lowed by Sapsarees (9 alleles), Pugs (6 alleles), Pekingese
(5 alleles), and Tibetan Mastiffs (5 alleles) (Table 2). We
analyzed the phylogenetic relationships between the DRBI
alleles identified in this study (n=27) and representative
alleles for all previously reported DRBI subgroups (n=79)
(Fig. S1). Although bootstrap support was low for many
of the branches in the tree because of extreme polymor-
phisms among DRBI alleles, the previously reported DRBI
alleles in the tree formed five major clusters, and all alleles
identified in this study were clustered together with the
major clusters, indicating that all major DRBI subgroups
were represented among the five breeds in the study. Four
new alleles were identified, distributed among only three
clusters.

The new alleles identified included DRB1*048:06 (acces-
sion no. MT639633) and *029:02 (MT639635), found in
Sapsarees; *020:03 (MT639636), found in Jindos; and
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Table 1 Allele frequencies of DLA-DRBI among five East Asian dog breeds

Allele Accession no No. of homozy-

Allele frequency (%)

gous samples

Jindo (n=13) Pug Pekingese  Tibetan Mas- Sapsaree  Total
(n=12) (n=10) tiff (n=9) (n=94) frequency
(n=138)
DRBI%001:01 DLA08021 11.5 0.0 0.0 5.6 0.0 14
DRBI%002:01 DLA08024 11.5 0.0 0.0 0.0 0.0 1.1
DRBI%003:02 DLA04851 2 15.4 0.0 0.0 0.0 11.2 9.1
DRBI%004:02 DLA08192 3.8 0.0 0.0 0.0 0.0 0.4
DRBI%006:01 DLA08029 2 0.0 29.2 50.0 0.0 0.0 6.2
DRBI%009:01 DLA08033 0.0 12.5 0.0 0.0 0.0 1.1
DRBI%010:01:1 DLA08034 0.0 20.8 0.0 0.0 0.0 1.8
DRBI%011:01 DLA08036 1 0.0 0.0 0.0 0.0 2.7 1.8
DRBI1%011:03 DLA04853 0.0 0.0 0.0 16.7 0.0 1.1
DRBI1%012:01 DLA08037 0.0 42 0.0 0.0 0.0 0.4
DRBI1%013:01 DLAO08038 0.0 0.0 0.0 5.6 0.0 0.4
DRBI1%015:01 DLA08040 7.7 29.2 10.0 66.7 33.0 30.8
DRBI*015:02 DLA08041 16 0.0 42 0.0 0.0 0.0 04
DRBI1%015:03 DLA08043 0.0 0.0 0.0 0.0 20.2 13.8
DRBI1%017:03 DLA04857 6 7.7 0.0 0.0 0.0 0.0 0.7
DRB1%020:01 DLA08048 3.8 0.0 5.0 0.0 0.0 0.7
DRB1%020:03 MT639636% 1.7 0.0 0.0 0.0 0.0 0.7
DRB1%023:01 DLA08051 0.0 0.0 0.0 0.0 22.3 15.2
DRBI1%025:01 DLA08053 4 0.0 0.0 20.0 0.0 0.0 1.4
DRBI1%029:01 DLA08057 154 0.0 15.0 0.0 0.5 29
DRB1%029:02 MT639635% 0.0 0.0 0.0 0.0 0.5 0.4
DRBI1*#048:06 MT639633% 0.0 0.0 0.0 0.0 43 29
DRBI1%049:01 DLA04865 3.8 0.0 0.0 0.0 0.0 0.4
DRBI1%#049:02 DLA04866 3.8 0.0 0.0 0.0 0.0 0.4
DRBI1*075:01 DLA04887 0.0 0.0 0.0 0.0 5.3 3.6
DRBI1*077:01 DLA04889 1 7.7 0.0 0.0 0.0 0.0 0.7
DRB1%#092:02 MT639634% 0.0 0.0 0.0 5.6 0.0 04

*New allele

*#092:02 (MT639634), found in Tibetan Mastiffs. Each
sequence included intact code for DRBI exon 2. These
results demonstrate the high genetic diversity of DRBI and
the need for further MHC typing in less-studied breeds.
The efforts to categorize the global diversity of MHC from
diverse dog breeds should contribute to understanding the
immunogenetic repertoires of different dog breeds and how
variability at MHC affects individual fitness, population
dynamics, and viability for dogs (Kennedy 2007).
Interestingly, in this study, 21 out of 27 DRBI alleles
(78%) were found in only a single breed in our panel
(Table 1), showing the strong breed specificity of these
sequences. Although this could be due partly to the small
number of animals typed, which was <13 for all breeds
except Sapsarees (n=94), genetic distance among breeds
or pure genetic drift in breed formation is more likely to
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be the cause of breed specificity (Wayne and Ostrander
2007). In contrast, DRB1*015:01 was found in all five
breeds and was a major allele (frequency ranging from
7.7% to 66.7%) for Pugs, Tibetan Mastiffs, and Sapsarees.
This suggest that alleles of the DRBI*015 subgroup might
originate from the ancestral population common to Asian
breeds. Interestingly, DRBI1*015 alleles are also com-
mon among non-Asian breeds such as mongrel dogs in
Brazil and various European dog breeds including Ger-
man Shepherd, Yorkshire Terrier and Labrador (Kennedy
et al. 2002, 2007b). This allele could have been selected
across various dog breeds due to functional importance
in immune defense against a common pathogen (Doherty
and Zinkernagel 1975; Jeffery and Bangham 2000). MHC
haplotypes are closely associated with disease resistance
and susceptibility (Sinha et al. 2007).
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Table 2 DLA-DRBI allel.ic Breed Number of Number of Allelic richness ~ Expected het- Observed het- P-value®
richness and hetero.zygosny animals alleles erozygosity erozygosity
among five East Asian dog
breeds Sapsaree 94 9 5.67 0.79 0.73 0.57
Jindo 13 12 10.37 0.93 1.00 -
Pug 12 6.24 0.80 0.83 -
Pekingese 10 4.90 0.71 0.80 -
Tibetan Mastift 9 5 5.00 0.55 0.67 -
Total 138 27 8.40 0.76° 0.81° -

#Hardy—Weinberg equilibrium was tested using the chi-square statistic. Statistical significance was calcu-
lated only for the Sapsaree, as sample sizes for the other breeds were insufficient

b Allelic richness for the total populations combined

Average value

The average observed heterozygosity (H,) of DRBI in
the five East Asian breeds was 0.81, much higher than that
previously reported for 27 North and East Aisa breeds (0.43;
Kennedy et al. 2007b; Niskanen et al. 2013) (Table 2). How-
ever, the allelic richness of the previous study was larger
(11.38) than this study (8.40), consistent with strong breed
specificity of alleles in light of the larger number of breeds
included in that study. Because observed heterozygosity
should not be affected by the number of animals studied
except for the effects of pure chance, observed heterozy-
gosity should primarily reflect degree of genetic diversity
despite small sample sizes. In Sapsarees, the most frequent
alleles were DRB1*015:01 (33.0%), *023:01 (22.3%), and
*015:03 (20.2%); as the Sapsaree sample size was large, this
strongly suggests that these are the most frequent alleles for
the breed overall, which may be due to a bottleneck effect
resulting from the breed’s recent population expansion from
a small number of individuals (Oliver and Piertney 2012;
Ploshnitsa et al. 2012). The high frequency of DRB1*¥015:01
(67%) in Tibetan Mastiffs is also interesting, but more indi-
viduals must be analyzed to accurately evaluate the allelic
diversity of the breed. It has been reported that the MHC
region is associated with non-immune phenotypes in domes-
tic animals in addition to its role in the adaptive immune
respons, (Shiina et al. 2009). As our sampling strategy tried
to exclude closely related individuals (as indicated by a close
pedigree relationship), the high frequency of DRB1*015:01
in Tibetan Mastiffs is notable enough to warrant further
investigation. Analysis of SNP array data has revealed sev-
eral genes with selective signatures in Tibetan Mastiffs,
including the EPAS] gene, which is reported to influence
high altitude adaptation (Li et al. 2014).

Characterization of DLA-DQB1 in 138 Dogs of Five
East Asian Breeds, Including New Alleles

Dgbl typing of five East Asian dog breeds resulted in
the identification of 24 alleles (Table 3). One new allele,

Dgb1%020:03:2 (accession no. Mt639637) was identified in a
Tibetan Mastiff. We analyzed the phylogenetic relationships
between the Dgb] alleles identified in this study (N=24) and
reference alleles representing all Dgbl subgroups (N=37)
(Fig. S2). The previously reported Dgb1 alleles in The tree
formed four major clusters; as with Drb1, the alleles identi-
fied in this study were distributed among all these clusters,
indicating that all major Dgbl subgroups were represented
among the five breeds in the study. The fact that only one
new allele was identified is consistent with the lower genetic
diversity of Dgbl compared with that of Drb1.

Out of the 24 alleles identified, 12 (DQBI1*001:01,
*005:02, *008:01:1, *013:01, *013:05, *015:01, *019:01,
*020:03:2, *026:01, *035:01, *048:02, and *054:01)
were present in only a single breed, which is consistent
with the results for DRBI and suggests that each breed’s
DQBI gene pool is unique (Table 3). Although none of
the identified alleles was found in all five breeds, the most
widespread were DQB1%013:03 and *023:01, which were
shared across four breeds and had relatively high frequen-
cies. DOB1%013:03 was the most abundant allele in Jindos
and Tibetan Mastiffs. The allele with the highest frequency
was DQB1*005:01 (15.6% of total DQBI alleles, 22.3%
frequency in Sapsarees). The major alleles for DOBI thus
appear to be less predominant than those for DRBI. The
genetic diversity of DQBI was highest in Tibetan Mastiffs
(12 alleles), followed by Sapsarees (10 alleles), Jindos (9
alleles), Pugs (7 alleles), and Pekingese (5 alleles) (Table 4).

Extreme Diversity of DLA Class Il Genes in Jindos
and Tibetan Mastiffs

The diversity of MHC genes is important for population
fitness and can be described as the level of heterozygo-
sity in the population (Oliver and Piertney 2012). For the
five breeds examined in this study, the level of observed
heterozygosity (H,) ranged from 0.67 to 1.00 (mean 0.81)
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Table 3 Allele frequencies of DLA-DQBI among five East Asian dog breeds

Allele Accessionno  No. of homozy- Allele frequency (%)
gous samples

Jindo (n=13) Pug(n=12) Pekingese Tibetan Mas- Sapsaree  Total
(n=10) tiff (n=9) (n=94) frequency

(n=138)
DOBI*001:01 DLA07983 115 0.0 0.0 0.0 0.0 1.1
DOBI%002:01 DLA07984 115 42 0.0 0.0 0.0 1.4
DOBI*003:01 DLA07985 3 77 0.0 0.0 11.1 19.7 14.9
DQBI*004:01 DLA07986 0.0 0.0 15.0 0.0 0.5 1.4
DQBI*005:01 DLA07987 4 3.8 0.0 0.0 0.0 223 15.6
DQBI*005:02  DLA07989 0.0 0.0 0.0 56 0.0 0.4
DQBI*007:01 DLA07990 2 0.0 29.2 50.0 0.0 0.0 6.2
DQBI*008:01:1  DLA07991 0.0 12,5 0.0 0.0 0.0 1.1
DQBI*008:02  DLA07993 2 154 0.0 0.0 56 11.2 9.4
DQBI*013:01 DLA07996 0.0 0.0 0.0 56 0.0 0.4
DOBI*013:02  DLA07997 0.0 0.0 0.0 5.6 27 22
DOBI*013:03  DLA07998 1 19.2 0.0 5.0 16.7 53 6.9
DOBI*013:05  DLA04827 0.0 0.0 0.0 11.1 0.0 0.7
DOBI*015:01 DLA08000 1 0.0 20.8 0.0 0.0 0.0 1.8
DOBI*019:01 DLA08004 1 7.7 0.0 0.0 0.0 0.0 0.7
DOBI*¥020:02  DLA08007 7.7 0.0 0.0 56 0.0 1.1
DOBI*¥020:03:2  MT639637* 0.0 0.0 0.0 56 0.0 0.4
DOBI*023:01 DLA0S0I0 2 0.0 8.3 10.0 16.7 9.0 8.7
DOBI*026:01 DLA08012 0.0 16.7 0.0 0.0 0.0 1.4
DOBI*035:01 DLA08020 0.0 0.0 20.0 0.0 0.0 1.4
DQBI*048:02  DLA08120 6 0.0 0.0 0.0 0.0 20.7 14.1
DOBI*049:01 DLA04842 15.4 0.0 0.0 56 0.5 22
DOBI*054:01 DLA04845 0.0 0.0 0.0 56 0.0 0.4
DQBI*057:01 DLA0S183 1 0.0 8.3 0.0 0.0 8.0 6.2

*New allele

for DLA-DRBI and from 0.80 to 1.00 (mean 0.89) for Asian breeds (Niskanen et al. 2013). DRBI heterozygo-
DLA-DQBI (Tables 2 and 4). These values were signifi- sity in the gray wolf (Canis lupus), the wild ancestor of
cantly higher than those determined in a previous study  the dog, ranges from 0.62 to 0.87 (Hedrick et al. 2000;
of the DRBI gene, which reported a mean H, of 0.67 for ~ Seddon and Ellegren 2004), which is closer to the results
European breeds and a H, range of 0.37-0.44 among 128  of this study than to those of the previous study.

Table4 DLA-DQBI allelic

¢ . Breed Number of Number of Allelic richness ~ Expected het- Observed het- P-value®

richness and hetero;ygosuy samples alleles erozygosity erozygosity

among five East Asian dog

breeds Sapsaree 94 10 6.72 0.84 0.80 0.61
Jindo 13 9 8.38 0.90 0.92 -
Pug 12 7 6.63 0.85 0.92 -
Pekingese 10 5 4.90 0.71 0.80 -
Tibetan Mastiff 9 12 12.00 0.95 1.00 -
Total 138 24 9.59° 0.85¢ 0.89¢ -

#Hardy—Weinberg equilibrium was tested using the chi-square statistic. Statistical significance was calcu-
lated only for the Sapsaree, as sample sizes for the other breeds were insufficient

b Allelic richness for the total populations combined

‘Average value
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The complete heterozygosity of DQBI in Jindos and
DRBI in Tibetan Mastiffs is interesting and indicates
that they maintain extreme diversity in DLA class II
genes (Tables 2 and 4). Jindos, in particular, showed
extreme heterozygosity in both DRBI and DQBI. Differ-
ences in DLA heterozygosity values between our study
and previous ones could be due to differences in the con-
stitution of the breeds examined (Niskanen et al. 2013).
Only five East Asian breeds were included in this study,
and they might have had a shorter history of intensive
systematic breeding than the breeds in previous stud-
ies. Interbreed comparison of the heterozygosity ratio
between MHC and non-MHC genes may help illuminate
this issue.

Identification of 40 DRB1-DQB1 Haplotypes,
Including 11 New Haplotypes

We compared the DRBI-DQBI haplotypes from all sam-
ples, except those containing new alleles, with previously
reported haplotypes. Haplotypes not included among
the known ones were identified as new haplotypes. We
identified a total of 40 haplotypes, including 11 new
ones (DRBI*048:06-DQB1%023:01, 029:02-004:01,
029:01-049:01, 015:01-013:01, 015:01-013:02,
049:02-019:01, 092:02-013:05, 015:01-020:03:2,
017:03-013:03, 020:03-013:03, and 004:02-005:01)
(Table 5).

Thirty-three haplotypes (82.5%) were specific to a sin-
gle breed, while only seven were present among multiple
breeds, indicating that each breed has its own unique lineage
of DLA class II genes. A previous study suggested that most
or all the alleles found in the current dog population were
already present among the wolf ancestors, considering the
non-synonymous substitution rate of 1.18%107 (Niskanen
et al. 2013). These results are similar to those for pigs, a
well-studied livestock species that likewise displays many
breed-specific haplotypes (Le et al. 2012).

Haplotype diversity by the number of haplotypes identi-
fied from each breed was greatest in Tibetan Mastiffs (13
haplotypes), followed by Sapsarees (12 haplotypes), Jin-
dos (12 haplotypes), Pugs (8 haplotypes), and Pekingese (5
haplotypes). As might be expected from the DRBI typing
results, haplotypes containing the DRB1*015 allele group
(DRB1*015:01, *015:02, and *015:03) were found in all five
breeds (Table 5). Haplotype DRB1*015:01-DQB1*003:01
was also found in the wolf population (Galaverni et al. 2013).
Interestingly, the haplotypes DRB1*003:02-DQBI1%*008:02
and DRBI1%029:01-DQB1%*049:01 were shared by both
Korean breeds. Seven haplotypes (DRBI*015:01-
DQBI1%*048:02, 015:03-048:02, 023:01-005:01,
075:01-013:03, 048:06-023:01, 011:01-013:02, and
029:02-004:01) were specific to the Sapsaree.

High Diversity of DLA Class Il Haplotypes
among Asian Dog Breeds

Data were obtained from previous studies of canine DRB1-
DQBI haplotypes that examined > 50 individuals per breed
(Table S2) and combined and analyzed to determine the
extent of haplotype sharing among 19 dog breeds (12
European, 3 Asian, 3 American, and 1 African) and a wolf
population from northwest Canada (Fig. 1). It showed the
contribution of each haplotype to 19 selected dog breeds
and wolves. Thirty-three percent (34 out of 101) of haplo-
types were shared among different breeds. DRB1*006:01-
DQBI1*007:01 was the most shared haplotype, occurring
in 14 breeds. Haplotypes DRBI1*006:01-DQB1*007:01
and DRB1%009:01-DQB1*008:01:1 were shared with the
wolf. As expected, the wolves showed the greatest number
of unique haplotypes (n=17).

All European breeds except the Beagle, together with the
sole African breed (Rhodesian Ridgeback), clustered around
the center of the tree (Fig. 2), indicating that they shared a
higher proportion of DLA haplotypes with one another than
with the remaining breeds. This suggests the occurrence of
crosses among their early ancestors. The low degree of DLA
haplotype sharing between Beagles and other European
breeds could be due to the haplotype difference between
laboratory and pet Beagles (Soutter et al. 2015). Mongrel
Brazilian dogs (mixed breeds from South America) also
showed a large genetic distance from the rest.

Among three Asian breeds (Pug, Sapsaree, and American
Akita), the Pug showed a closer relationship to European
breeds than to the other two in DRBI-DQBI haplotype
sharing, suggesting genetic exchanges between Europe and
China in the history of the modern Pug, possibly due to the
popularity of the breed in Europe. Previous studies using
SNPs and microsatellites showed that Korean Sapsaree and
Jindo breeds are most closely related to each other and form
a part of larger clusters with Chinese and Japanese breeds
(Kim 2001; Gajaweera et al. 2019). Considering their close
regional origin and established genetic proximity, the pres-
ence of a large diversity of DLA class II alleles among East
Asian dog breeds despite small sample sizes is interesting.
This may be explained by dog domestication from a large
population of wolves in East Asia (Niskanen et al. 2013).

In this study, we performed sequence-based typing
of two major DLA class II genes, DRBI and DQBI, for
a population of Korean Sapsarees and four other East
Asian breeds. We identified five new alleles and showed
that the genetic diversity and breed specificity of DLA
class II genes are much higher in Asian breeds than in
those from other regions of the world. Because three
of the new alleles, DRB1*092:02, DRB1*029:02, and
DQB1%020:03:2, were identified from only a single indi-
vidual, their results were confirmed by multiple typing
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Table 5 DRBI-DQBI haplotype

° T ‘ Alleles Haplotype frequency (%) No. of
diversity in five East Asian dog ' ' . ' homozygous
breeds (n=138) DRBI DQOBI Jindo  Pug Pekingese  Tibetan Mastiff ~ Sapsaree amples

010:01:1 015:01 - 20.8 - - - 1
015:01 049:01 - - - 5.6 -

015:01 013:05 - - - 5.6 -

015:01 023:01 - 4.2 10 16.7 4.8

015:01 003:01 7.7 - - 11.1 19.7 3
015:01 013:01 - - - 5.6 -

015:01 013:02 - - - 5.6 -

015:01 020:02 - - - 5.6 -

015:01 026:01 - 16.7 - - -

015:01 054:01 - - - 5.6 -

015:01 057:01 - 83 - - 8.0 1
015:01 048:02 - - - - 0.5

015:02 023:01 - 42 - - -

015:03 048:02 - - - - 20.2 6
012:01 002:01 - 42 - - -

023:01 005:01 - - - - 223 4
025:01 035:01 - - 20 - -

029:01 004:01 - - 15 - -

029:01 049:01 15.4 - - - 0.5

049:01 019:01 3.8 - - - -

075:01 013:03 - - - - 53 1
077:01 020:02 7.7 - - - -

049:02 019:01 3.8 - - - -

001:01 008:02 - - - 5.6 -

002:01 001:01 11.5 - - - -

006:01 007:01 - 292 50 - - 2
013:01 005:02 - - - 5.6 -

020:01 013:03 3.8 - 5 - -

048:06* 023:01 - - - - 4.3

092:02* 013:05 - - - 5.6 -

011:03 013:03 - - - 16.7 -

003:02 008:02 15.4 - - - 11.2 2
011:01 013:02 - - - - 2.7

029:02* 004:01 - - - - 0.5

015:01 020:03:2* - - - 5.6 -

001:01 002:01 11.5 - - - -

009:01 008:01:1 - 125 - - -

017:03 013:03 7.7 - - - -

020:03 013:03 7.7 - - - -

004:02 005:01 3.8 - - - -

“New allele

and subsequent cloning. Although our study was limited Supplementary Information The online version contains supplemen-
to DLA class II genes, our results demonstrate a wide tary material available at https://doi.org/10.1007/s10914-021-09560-x.
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Fig. 1 Occurrence of specific DRBI-DQBI haplotypes among 19 tative and given only to facilitate data presentation. Detailed haplo-
selected dog breeds and wolves, based on available haplotype infor- type data are given in Table S2. The new haplotypes DRB1*048:06-
mation. Each breed is represented by a different color. Breeds with DQBI%023:01 (Hap 54), DRB1%049:02-DQB1*004:01 (Hap 55), and
more than 50 available DRBI-DQBI haplotype samples were used DRB1*029:01-DQB1%049:01 (Hap 95) are indicated by an asterisk
to construct the diagram. DRBI-DQBI haplotype numbers are ten- (*) after their names
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Fig.2 Tree illustrating dog
leukocyte antigen class IT
haplotype sharing (DRBI-
DQBI) among 19 dog breeds.
The diagram was plotted using
101 DRBI-DQBI haplotypes
from 12 European breeds, three
Asian breeds, three American
breeds, and one African breed.
The numbers within circular
terminal nodes correspond to
particular breeds, listed with
their sample sizes to the left of
the tree. The regional origins

of the breeds are indicated by
the colors of the terminal nodes
(gray, blue, green, and red for
Europe, America, Africa, and
Asia, respectively). A gray wolf
population in northwest Canada
(black terminal node) was used
as an outgroup. Dots on the
branches indicate intermediate
states corresponding to one hap-
lotype difference. For example,

20

17 haplotypes were discordant L. Sapsaree (n=1‘(.J3)
. . . . 2. Mongrel Brazilian (n=112)
in the total list of identified .
3.  Giant Schnauzer (n=110)
haplotypes (n=101) between ;
4. Ibizan Hound (n=51)
Sapsaree (node 1) and New-
foundland (node 15). Haplotype 2. Fug (n=i5]
. - HApotyp 6. Labrador Retriever (n=477)
distance was calculated using
7.  Gordon Setter (n=166)
the DNAML program, part of -
the PHYLIP package 8. Bearded Collie (n=105)
9.  West Highland White Terrier (n=214)
10. Springer Spaniel (n=336)
11. Cocker Spaniel (n=231)
12. Beagle (n=262)
13. Standard Poodle (n=142)
14. English Setter (n=177)
15. Newfoundland (n=75)
16. American Akita (n=51)
17. Greyhound (n=146)
18. Doberman (n=413)
19. Rhodesian Ridgeback (n=82)
20. Gray wolf (northwest Canada) (n=175)
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