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Abstract

Background

The major histocompatibility complex (MHC) genes are one of thst nmportant genetic
systems in the vertebrate immune response. The diversity of MHEs gmay directly
influence the survival of individuals against infectious diseassveier, there has been no
investigation of MHC diversity in the Asiatic black beddrgus thibetanus Here, we
analyzed 270-bp nucleotide sequences of the entire exon 2 regionMiH®QB gene by
using 188 samples from the Japanese black hiaug thibetanus japonicuérom 12 loca
populations.

Results

Among 185 of 188 samples, we identified 44 MHC variants that encodddf&®nt aming
acid sequences (allotypes) and one putative. The phylogenetic arsalggiests that MH
variants detected from the Japanese black bear are derivedhig@B locus. One of th
31 DQB allotypes, Urth-DQB*01, was found to be common to all local papota
Moreover, this allotype was shared between the black bear onsthe ontinent and the
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Japanese black bear, suggesting that Urth-DQB*01 might have beetaimed in th
ancestral black bear population for at least 300,000 years. Ourg&mdrom calculating the
ratio of non-synonymous to synonymous substitutions, indicate that baleastetgion ha
maintained genetic variation of peptide-binding residues aD®B locus of the Japanege
black bear. From examination of genotype frequencies among local popsiave observe)

a considerably lower level of observed heterozygosity than expected.

Conclusions

The low level of observed heterozygosity suggests that genetic drift redQ@fdiversity in
the Japanese black bear due to a bottleneck event at the populatiocies &peel. Th
decline ofDQB diversity might have been accelerated by the loss ofviaiants that hav
been maintained by negative frequency-dependent selection. NexestB€)B diversity of
the black bear appears to be relatively high compared with soher endangered
mammalian species. This result suggests that the Japaneséddaskmay also retain mqre
potential resistance against pathogens than other endangered nzamepaties. To prevent
further decline of potential resistance against pathogens, a cormerypaticy for th
Japanese black bear should be designed to maintain MHC raemtsam each local
population.
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Background

In Japan, the Asiatic black beddréus thibetanusis classified as the subspeciésrqus
thibetanus japonicys The Japanese black bear currently inhabits two main islandpam,J
Honshu and Shikoku. Historically, these bears were also distributedushi{ybut no native
bears have been captured there for several decades [1,2]. Hotheverhave been several
reports of sightings of an animal believed to be a black bearuish(y[3]. Research on the
genetic diversity in the black bear has begun in recent yeatsaanokeen developed with the
use of genetic markers such as mitochondrial DNA (mtDNA) segseacd microsatellites
[4-12]. Using mtDNA markers we have found that the Japanese blacksbganetically
quite distinct from other Asiatic black bears [8]. Sequences ofrtiiNA control region
indicated that the Japanese black bear could be divided geneticalllgrieet groups: western,
eastern, and Shikoku/Kii-hanto populations [7,8]. Analyses of mtDNA andosait@llite
markers [6,8] revealed lower genetic diversity and higher genlfferentiation in the
western population than in the other populations. In fact, in most of thegeragat units in
western Japan the species has been designated as “endamgehe Red Data Book of
Japan [13] because of the fragmentation and isolation of their habitats.

The major histocompatibility complex (MHC) genes play an impbntale in the resistance
to various pathogens, especially in wild animals. If MHC polymomphdgclines, resistance
to infectious diseases will decrease [14]. The MHC geneshanaglit to influence the
survival of species or populations against pathogens. Therefore, MH@cge@bility in
local populations is regarded as a potentially important index in conservation gienetic



In the human genome, the MHC region is located on the short arm of adooma 6 at
6p21.3 and covers roughly 4 Mbp comprising 224 genes [15]. The human MHC region
encodes at least three functionally and structurally diffeggrast of molecules, class I, class

Il, and class lll. The MHC class Il region is composed of five sulensgDP, DQ, DR, DM,
andDO). Each sub-region contains at least one sét ahdB genes, and these encode two
polypeptide chainsg andg chains, respectively, which make up a heterodimeric molecule.
For example, in a DQ molecule, tB€A gene encodes thechain, whileDQB encodes the
S-chain. The DP, DQ, and DR molecules are primarily important Hfer pgresentation of
peptides and they are classified as classical class Il molecules.

For the last three decades, studies of MHC allele variatiores lieen performed not only in
humans and laboratory animals but also in populations of wild mammaits; 8lich studies

of wild mammals have demonstrated a relationship between lovg lelMHC diversity and
decreases in species population fitness (see below). MHC diweesitexamined in pinniped
species, which are believed to be closely related phylogahgtio ursine species [16,17].
Hoelzel and colleagues [18] reported that genetic variatiomed@®B locus in the southern
elephant sealMirounga leonind did not appear to be low, whereas the northern elephant
seal Mirounga angustirostris which was thought to have experienced a severe population
bottleneck, exhibited much less variation at this locus. Lento et9lahd Weber et al. [20]
demonstrated low genetic diversities at the MHC loci in thev NEealand sea lion
(Phocarctos hookeyj and the northern elephant seal. The census sizes of these pinniped
species have also diminished in the recent past probably due to hothaty. In the case of
non-carnivore mammals, heterozygosity of DBB gene in a population of the striped
mouse Rhabdomys pumil)p has been shown to influence infection status [21]. A low level
of diversity at theDAB locus (an MHC class Il gene in marsupials) in the westenredba
bandicoot Perameles bougainviljemay influence its vulnerability against novel pathogens
[22].

Many studies have revealed a correlation between MHC divensdyresistance against
infectious disease; however, others have demonstrated that tios tise case universally.
For example, genetic variation MQ and DR sequences in California sea lior&alpphus
californianug, which is a thriving species, is lower than that in several atr@nmalian
species [23,24]. The Tasmanian de@a(cophilus harrisj, which is an endangered species,
has low MHC diversity, but individuals with restricted MHC repeds (These individuals
possessing only one of two phylogenetic groups) may be resistdrg ttevil facial tumor
disease [25]. However, their MHC variants were not assigned itdéomause of a lack of
genomic information. Thereafter, the research group has shownthim& is no direct
evidence that MHC genetic difference between tumor-freerdedted animals is associated
with the resistance against the infection although certain gemoféwo MHC-linked
microsatellite markers seem to be more frequently detéaied healthy animals [26]. The
DRB locus in the mountain goaDfeamnos americanygxhibited low genetic diversity, but
this does not appear to have affected the resistance to infectious diseasespacies [27].

For Ursidae, studies of MHC diversity are somewhat limitedhéngiant pandaAfluropoda
melanoleucg MHC studies are relatively advanced and have been used to propose some
possible implications for captive management [28-34]. Low genetic Siiyeat theAime

DRB and AimeDQA loci has been observed in the giant panda [28,30]. Wan et al. [31]
attempted to understand the genomic structure and evolutionary lustime MHC genes.

The study has showed that the giant panda possesses aDafiBgike pseudogene (the DY
subregion was thought to be ruminant-specific MHC genes, but may tes dhamembers



of Laurasiatheria superorder.). Chen et al. [34] examined gethggcsity at severAime
MHC class Il genes from 121 individuals and showed the preséma® ononomorphic and
five polymorphic loci. In brown beardJ(sus arcto} three DQA variants and 1DRB
variants were identified in 32 and 38 bears, respectively, although loci have notdigeachs
[35,36]. Kuduk and colleagues reported the expression of three MHCI,ctass DRB, two
DQB and one DQA loci in the brown bear [37]. Other than these stodi¢he giant panda
and brown bear, there have been no published reports on the MHC genesitydinethe
Ursidae.

Although the direct contribution of MHC genes to the immunological §gnaf animals is
still unclear, the relatively high genetic diversity of the MH&flects the abundance in
repertoire of binding peptides, derived from pathogens. We thus beligvektta diversity
potentially contributes to resistance against environmental path@gehspecies survival,
indicating that study of these loci is essential for desigranglan for conservation
management of animals. Because of large variability of MHE, eéxamination of MHC
diversity is also useful for the management of endangered witdaapiopulations that show
no variation in genetic markers such as microsatellite loci [88qur previous study, we
reported a functiondDQB sequence (1,150 bp) in the Japanese black bear, identified using
the rapid amplification of cDNA ends method [39]. Here, we ingastd polymorphism in
exon 2 ofDQB that contains the hypervariable region involved in binding antigenghéor
Japanese black bear to consider the potential implications foraresisagainst pathogens
and estimate the status of local populations on the basis of their MHC variation.

Results

Features of theDQB exon 2 variants in the Japanese black bear

The entire exon 2 region of th&QB locus (270 bp) was determined for the Japanese black
bear. The amplified region corresponded to amino acids 6 to 94 gfdain of the human

DR molecule [40,41]. The frequency of variant typing success avesst for tooth samples
(Ca. 54%), and was highest for blood (Ca. 92%). This result probakdgtsethe difference

in the amount of gDNA in each sample type. From 188 bear sam@dsinl9 conservation
and management units designed by Yoneda [42] (Figure 1), we detet2QB variants.
However, the application of criteria for genotyping used in thisystsele Methods) reduced
the number to 44 variants [DDBJ: AB634514-AB634536] and to 185 bear sampleggFigur
1, 2 and Table 1). In the present study, no more than two diffeagigints per individual
were detected from the clones of the PCR products.

Figure 1 Geographical distribution of DQB allotypes and haplotypes of mtDNA conl

region. The inner pie chart indicates the observed frequencies of DQB allotyfes in t
Japanese black bear. The outer pie chart indicates and the observed haplotypaedseguenc

the mtDNA control region [8]. Twelve local populations based on the conservation and
management units for the Japanese black bear [42] are shown as bold circles. The number of
samples for DQB allotypes from each location is depicted in the centerot@aesponding

chart, and the number in parenthesis indicates the sample size used for nmi@{yéds af

our previous study [8]. Superscript a represents the number of samples analyselddshi

and Saitoh [5]. Superscript b indicates the number was obtained by identification of
individuals using microsatellite analysis [90]. Superscript ¢ indicates th&vyau



pseudogene. Superscript d indicates haplotypes of mtDNA identified by IshapasSaitoh
[5]

Figure 2 Alignment of segregating sites among thBQB exon 2 variants in the Japanese
black bear. Dots indicate identity with the nucleotidesldfth-DQB*0101 The first two
numeric characters after an asterisk in a variant name represent goealloty

Table 1 The observed number of nucleotid®QB variants detected from each
conservation and management unit

Conservation and management CSGAI SOEM SANCAHO NK ECWC KH SKTotal
unit

No. of sample 521 1 13 1 12 36 23 8 53 3 1B5
No. of variant 24 1 7 1 10 18 8 7 10 3 6
Urth-DQB*0101 8 29 2 10 8 34 236 86 2 @17
Urth-DQB*0102 2 2
Urth-DQB*0103 2

Urth-DQB*0104 2
Urth-DQB*0105 2
Urth-DQB*0106 2
Urth-DQB*0107 1
Urth-DQB*0108

Urth-DQB*0109 1
Urth-DQB*0201 2 5 5
Urth-DQB*0202
Urth-DQB*0301 1 2
Urth-DQB*0302 2 2
Urth-DQB*0401 2 12 3
Urth-DQB*0402 1
Urth-DQB*0403
Urth-DQB*0501
Urth-DQB*0601 2

Urth-DQB*0701 9 5 2 1 2
Urth-DQB*0801 2

Urth-DQB*0901 2
Urth-DQB*1001 2
Urth-DQB*1101 2
Urth-DQB*1201 2

Urth-DQB*1301
Urth-DQB*1401 2
Urth-DQB*1501 2
Urth-DQB*1601 2
Urth-DQB*1701 1

Urth-DQB*1801 1
Urth-DQB*1901 1
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Urth-DQB*2001 1
Urth-DQB*2101
Urth-DQB*2201
Urth-DQB*2301
Urth-DQB*2401
Urth-DQB*2501 1

Urth-DQB*2601 1
Urth-DQB*2701 1

Urth-DQB*2801 1

Urth-DQB*2901 1
Urth-DQB*3001 1
Urth-DQB*3101 1
Urth-DQB*3201 1 1

CS: Chokai Sanchi; GAI: Gassan-Asahi lide; SO: Southern Ouu; EeMigo-Mikuni; SA:
Southern Alps; NCA: North-Central Alps; HO: Hakusan-Okumino; NrtNern Kinki; EC:
Eastern Chugoku; WC: Western Chugoku; KH: Kii Hanto; SK: Shikoku

T

RlRr|lRr[R|P|R[R|RR|PR|R|~

Thirty-one distinct amino acid sequences (Urth-DQB*01 to Urth-B&1B were translated
from nucleotide sequences of the 43 variabikh-DQB*0101to Urth-DQB*3101) (Figure

3). Because one variant examin&tth-DQB*32017) included a premature stop codon in the
sequence, it was recognized as a pseudogene (Figure 3AUMMBQB*3201was detected
from one individual which was heterozygous with this variant @nith-DQB*0101 An
NCBI BLAST search showed that sequence similarities betweanUrth-DQB and panda
Aime-DQB variants were 84% to 91% and 93% to 96% similarity at the anuitb and
nucleotide levels, respectively [34]. Of all the varianisth-DQB*0101, *0104, *0401,
*1001, and*2601 correspond to th&rth-DQB*a to Urth-DQB*e variants detected in our
previous study [39], at the DNA level. Thus, in the present studyddii@ally identified
39 novel variants at the DNA level in 178 samples. The nucleotide rsaxwé Urth-
DQB*0101was identical to that found in exon 2 of a cDNA sequence derived from mRNA of
a bear sample in our previous study [39]. This suggests the aaipdifi of a functionaDQB
locus in the present study, although there is no evidence of pn@esgtation. Deletions and
insertions were not detected among the sequences. There were §atgagmetes among the
44 different nucleotide sequences (Figure 2). Amino acid substitutioresolsserved at 30
sites among the 31 allotypes (Figure 3). While 11 of these tubdltisites were located in
the putative peptide-binding residues (PBRs) [40], 19 corresponded to nopd3RRns.
The presence of more substitution sites in the non-PBRs app&aigyest a loss of the open
reading frame in the beddQB gene. However, there were no frameshift or nonsense
mutations inUrth-DQB sequences with the exception of tigh-DQB*3201 although our
study was limited to exon 2 (Figure 3). In addition, amino acid&sait12 PBR codons that
showed a monomorphic pattern were also conserved in the HD@Bfh locus, and most of
the segregating sites at the non-PBRs among D& variants were singletons. Although
we cannot completely exclude the possibility that pseudogenes aenpire our data set, the
fact that our results show more substitution sites in the non-RBRSPBRS indicates that it
is unlikely that we amplified pseudogenes. Therefore, we defihdzbat DQB variants as
the putative functional DQB molecule with the exceptionUoth-DQB*3201 Thirty-one
DQB allotypes could be classified into 15 types of PBR (i.e., Herdnt amino acid
sequences of the PBRs; Figure 4). In 184 bears (excluding the indiwidlnahe putative



pseudogen&rth-DQB*3201), 57 of 64 heterozygotes possessed a combination of different
types of PBR sequences.

Figure 3 Amino acid sequences and the variability in the exon 2 of be®QBs. (A - B)

Gray boxes indicate positions of the putative peptide binding residues (PBRs) deduced from
the amino acid position in the human DR molecule, and the numbers across the sequence
correspond to amino acid positions based on the chain of the human DR structure [40]. A
filled asterisk represents the putative site under balancing selectioifiedeoy both of

PAML and OmegaMap programs, while an open asterisk is that by the OmegaMapgpnly. (
Alignment of the predicted amino acid sequence translated from nucleotides o-DRQBC
variants in the Japanese black bear. Dots indicate identity with amino acidb-@Q@B*01.
Urth-DQB*32 includes the putative premature stop codon within the sequence. (B) The
variability level at amino acid residues amd»@B variants of the Japanese black bear. The
variability level was estimated by a Wu-Kabat plot [85]

Figure 4 Neighbor-joining tree and network based on amino acids in the PBR @QB
allotypes. (A) A neighbor-joining (NJ) tree was constructed by using the number of
differences methodQB sequences of the giant panda are used as outgroups. Only bootstrap
values over 50% are shown in this figure. (B) Neighbor-Net network is also based on the
sequences of NJ tree

On the basis of the nucleotide sequences of the blackD§@Brvariants, we performed a
search for intragenic recombination by using the GENECONV prodd@mn Permutation
testing indicated the possibility of recombination between some paix@riants (rth-
DQB*0101 Urth-DQB*0104 Urth-DQB*0109 Urth-DQB*0402 Urth-DQB*0601, Urth-
DQB*0701 Urth-DQB*0901, Urth-DQB*1101, Urth-DQB*1301, Urth-DQB*2001, Urth-
DQB*2501 Urth-DQB*2701, Urth-DQB*2901, Urth-DQB*3001, Urth-DQB*3101 and
Urth-DQB*3201). However, the Bonferroni-corrected BLAST-like test in GENEG/
indicated no significant value® = 1.0) for recombination events. In addition, not only the
method described by Satta [44] but also the RDP4 program [45] irdlinatesignificant
signals for recombination or gene conversion. Thus, we used ab@evariants of the
Japanese black bear for further analyses.

Gene tree based on exon 2 sequences of ursine MHE&ss Il genes

A maximum likelihood (ML) tree based on amino acid sequences bélpaQB and DRB
exon 2 from the Ursidae species was constructed (Figure 5).sinvthitree, the DQB
sequences formed a clearly separated cluster from the BRBesces, in agreement with
Yasukochi et al. [39]. These trees showed that the 31 sequencesiérdaptinese black bear
formed a monophyletic group with the DQBs of the giant panda. Thesia and
Neighbor-joining (NJ) [46] trees also showed a monophyletic cladieeoblack bear DQBs
and panda DQBs (see Additional File 1: Figure S1).

Figure 5 Maximum likelihood tree for the exon 2 region of MHC class Il genesThis tree

is constructed based on 79 amino acids in the MHC cl&RBlandDQB exon 2 region.

The genetic distances are computed by the JTT model with gamma distributipn. Onl
bootstrap values over 50% are shown in this figure. Numbers in parentheses are Genbank
accession numbers




In the ML tree, DRBs of some ursine species were mixetl egich other although the
orthology of their sequences was unclear, indicating a possilig-gpecific mode in the
DRBs of ursine species. In the black bear/panda DQB clade, yiidatk bear DQB
allotypes (Urth-DQB*02 to *04, *06 to *09, *11 to *14, *17, *19 to *22, *26 to *28, and
*30) appear to cluster more closely with panda rather than otherli@ackDQBs, suggesting
the trans-species polymorphism. However, the bootstrap value {@18%), and the pairwise
distance among the twenty bears and other bear DQB variantsdsletmger relationships
than those between black bear and panda DQBs. For example, thegdisiances between
the Urth-DQB*04 and other black bear DQBs ranged from 0.01 to 0.08n(vedue, 0.06),
while those between the Urth-DQB*04 and panda DQBs ranged from 0.09 t¢n@eaé
value, 0.13). In addition, the Bayesian tree showed that DQB sequandaganese black
bear formed a distinct clade from those of giant panda (seeidwitFile 1: Figure S1).
Therefore, the allelic lineage of twenty black bear DQB3 panda DQBs may be different
even though the ML tree appears to show the pattern of trans-species evolution.

Selection of theDQB exon 2 region

We estimated the mean numbers of synonymous and nonsynonymous subsiiithiaribe
267-bp region oDQB exon 2 variants in the Japanese black bear by using a modified Ne
Gojobori method [47] (Table 2). For the black bear, the ratio of nonsynonymaous
synonymous substitutiongi\/ds) was approximately 3.83 in the PBRs, 0.63 in the non-
PBRs, and 1.48 in the entire exon 2 region. Although three statitggtal did not indicate
recombination among all theQB variants, according to the BLAST-like test without the
Bonferroni-correction in GENECONV program (see above), 16 mmiaere shown to have
possibly undergone recombination or gene conversion. Recombination would ¢hange
dn/ds value, however, even if these possible recombinants were removed, aftiy/ds
showed slightly higher values: 4.20 in the PBRs, 0.58 in the non-PBR§,5#hoh the entire
exon 2 region. This shows that inclusion of the possible recombinantsndbeffect the
result. To evaluate thdy/ds of the black bear, we compared them with those of other
mammalianDQB or DRB loci (Table 2). In the family Ursidae, thdg/ds ratio within the
PBRs ofDQB in the black bear was higher than that of the giant p&@Bs, while it was
lower than that of brown be®@RBs (but thesdORB variants are derived from at least two
loci). Compared with other mammals, tthigds value of the black bear did not appear to be
low. In addition, by using the PAML program with models that dbscriarious selection
pressures (MO to M8) [48-50], ratios @fwere estimated for black bears (Table 3). Values of
o In the black bear were significantly higher than unity (ikglihood ratio test) under M2a
and M8 models that allow for balancing selectien £ 7.0 in M2a ando = 5.7 in M8). The
likelihood ratio test of hypotheses (M2a vs Mla and M8 vs M7) showettststally
significant valuesR < 0.001), suggesting a balancing selection model is a betterthieto
data compared to other models. Thus, the present results indicatgdhd ofDQB in the
black bear has been a target of balancing selection. The Bayaslysis also showed that
five codons were potentially under balancing selection. The mean ofaleestimated with
Bayesian inference by using the OmegaMap program [51], waslaiger than unity«f =
1.8). This analysis also suggested that 11 codons were probably undemigpselection. Of
these 11 codons, five were estimated by both the PAML and the ®apgarograms. A
majority of the selected sitef9, p28, 30, andp37) were located in the predicted PBRs
(Figure 3).



Table 2 Comparison of non-synonymousdy) and synonymous @s) substitution rates at theDQB exon 2 region

Species Gene No. of sample No. of variant Length PBRs Non-PBRs Entire exon 2 region

dn/ds dy dyn/ds dy dn/ds dy ds
Ursidae
Japanese black b8ar DQB 184 43 267 bp 3.83 0.1%+0.040.63 0.02+£0.011.48 0.04+0.010.03+0.01
Giant panda DQB1 121 6 267 bp 1.33 0.020.060.47 0.01+0.020.71 0.02+0.050.01+£0.03
Brown bear® DRB 38 19 267 bp 4.09 0.060.290.72 0.02+£0.051.53 0.02+0.070.02+0.11
Other carnivores
African wild dod' DRB 320 19 267 bp 5.28 0.060.210.56 0.01+0.021.72 0.02+0.040.02+0.07
Namibian cheetah DRB 139 4 237 bp 2.01 0.060.250.37 0.01+0.050.76 0.04+0.130.02+0.10
European mink DRB 20 9 228 bp 1.78 0.060.160.26 0.01+0.020.65 0.03+0.090.02+0.06
Non-carnivores
Water buffalo® " DQB 210 22 243 bp 2.65 0.070.370.92 0.03+0.131.34 0.03+0.140.03%£0.19
Ma's night monkey DQB1 19 14 246 bp 2.71 0.050.190.95 0.02+0.071.39 0.02+0.070.02+0.10
Yellow necked mouse DRB 146 27 216 bp 7.75 0.000.381.13 0.02+0.062.46 0.02+0.050.02+0.12

Thedy andds are estimated by the modified Nei-Gojobori method.
2 present study®: Chen et al. [34]%: Goda et al. [36]%: Marsden et al. [91];

© Castro-Prieto et al. [92]; Becker et al. [93]: Niranjan et al. [94]™ Sena et al. [95];
' Diaz et al. [96]!: Meyer-Lucht and Sommer [97; An individual that has the putative pseudogéimth-DQB*3201, is excluded.
": The number of MHC variants may be derived from multiple loci.



Table 3Inference of balancing selection for 43 black beddQB variants

Method Model code Parameter Likelihood or Positively selected sites
estimates confidential
interval
Maximum MO (one ratio) » =0.41 -1570
likelihood M1a (nearly po=0.85,p; -1386
(PAML) neutral) =0.15
M2a w, = 7.00 -1326 B9, p26 ,p28 , p3C,
(balancing p37”
selection)
M3 (discrete) w,=7.98 -1325
M7 (beta) p=0.05,g= -1394
0.07
M8 (beta and  =5.71 -1337 B9”,p26", 28", p3C",
o) p37"
Bayesian - w=180 ©:0.30-12.49% B9~ p22",p26 ,p2¢,
inference (95% HPD) 297, p30, p37, P50,
(OmegaMap) p57, p68 , p84

The putative pseudogendr(h-DQB*3201]) is excluded from this analysie. = dy / ds. po:

the proportion of conserved sites with @<< 1.p; (=1 - pg): the proportion of neutral sites.
Values ofp andq are parameters of the beta distributiomosterior probabilityP < 0.95; " :
posterior probabilityP < 0.99.% a mean value. Bold characters indicate positions of the
putative peptide binding residues (PBRs) deduced from the aminpa@sittbn in the human
DR molecule [40].

Estimation of the divergence time oDQB variants in the Japanese black bear

To estimate the divergence time BB variants in the Japanese black bear, we calculated
the maximum genetic distance at synonymous sites that corresptntiesl time to most
recent common ancestor (TMRCA). The resulting value was 0.08 + &d3by assuming
3.5 x 10° per site per year as the average synonymous substitutiofiorateammalian
nuclear DNA [52], the divergence time of the bB&)B variants was estimated to be about
11 million years ago (MYA). Even if the possible recombinants destrabove were
removed, the result did not change.

Geographical distribution and genetic variation inthe MHC exon 2 variants
in the conservation and management units

Five DQB allotypes (Urth-DQB*01, Urth-DQB*02, Urth-DQB*03, Urth-DQB*Cdnd Urth-
DQB*07) were shared among the management units (Figure 1 and Djate particular,



Urth-DQB*01 was observed throughout all the management units. ThiypaloUrth-
DQB*01, corresponds to six nucleotiBd&)B variants Urth-DQB*0101to Urth-DQB*0109.

The variantUrth-DQB*0101was detected in a particularly large number (133) of bears. This
suggests that Urth-DQB*01 may have been dominantly maintained irbl#uk bear
population in recent times. This is probably because of its importanumne role against
pathogens or for demographic reasons.

On the basis of the variant frequency in each of the six mamaemits from which more
than 10 individuals were sampled, the expected heterozygbk)tyahged from 0.33 to 0.85
(meanH, 0.65) (Table 4). Values of observed heterozygosity (anged from 0.19 to 0.69
(meanH,, 0.42), which were lower than tl& for all six units. This suggests non-random
mating and/or population subdivision in each unit or the existence oflieldisa Among the
six units,He andH, were the highest in the North-Central Alps (NCA) uhlt € 0.85) and
the Echigo-Mikuni (EM) unit I, = 0.69), respectively, while those of Western Chugoku
(WC) were the lowestHe = 0.33,H, = 0.19). In the NCA unit, thel, value H, = 0.33) was
significantly low @ < 0.001) compared with the highe# value He = 0.85). The observed
and expected heterozygosities of bears in western Jélan {.54,H, = 0.31) were lower
than that of bears in eastern Japdp= 0.73,H, = 0.41). Nucleotide diversityz§) based on
synonymous substitutions within a unit ranged from 0.005 to 0.024 amoniy tna@ts, and
the overall value for black bears was 0.016. Zhealue of the WC unit (0.005) was the
lowest among the six units.



Table 4 Gene diversities and nucleotide diversities for each conservation anthnagement unit

MHC DQB exon 2 region (267 bp) MtDNA control region (Yasukochi et al. 2009)
Conservation and No. of No.of He Ho Ts No. of No. of h 01
management unit samples alleles samples haplotypes
Eastern Gassan-Asahi lide (GAI)21 4 0.48 £ 0.08).33 0.018+ 6 5 093+ 0.011+
Japan 0.009 0.12 0.008
Echigo-Mikuni (EM) 13 7 0.79 £ 0.09.69 0.024 + 16 7 0.82+ 0.009 +
0.011 0.07 0.006
North-Central Alps 12 10 0.85 % 0.33 0.022+ 23 8 0.85+ 0.011+
(NCA) 0.05 0.010 0.05 0.007
Hakusan-Okumino (HO) 36 18 0.76+0.050.39  0.019+ 74 8 0.72+ 0.010 +
0.008 0.03 0.006
Western  Northern Kinki (NK) 23 8 0.68 + 0.060.56 0.016 + 96 (64) 4 0.75+ 0.011+
Japan 0.008 0.03 0.007
Eastern Chugoku (EC) 8 7 0.83+0.a¥38  0.013+ 31(22) 2 0.25+ 0.003 +
0.007 0.10 0.002
Western Chugoku (WC) 53 11 033+ 0.19 0.005+ 154 (33) 6 0.56 + 0.005 %
0.06 0.003 0.04 0.004
Shikoku
(SK) 9 6 0.73 % 0.33 0.021 + 11° 2 0.55+0.07 0.009 +
0.10 0.010 0.006
Overall 175 44 0.65 + 0.36 0.016 £ 455 24 090+ 0.013+
0.03 0.007 0.01 0.008

Bold character indicates conservation and management units which ha¢harorlO samples. Chokai Sanchi, Southern Ouu, Southern Alps
and Kii Hanto units are excluded due to small number of santhlethe expected heterozygosity,: the observed heterozygosit or 7. the
nucleotide diversityh: the haplotype diversity.: a significant departure from Hardy-Weinberg equilibriuh<{ 0.01). ( ): the number of
haplotype data analyzed by [8]the number includes subhaplotyptghe number was taken from the result of an identificatidndifiduals

using microsatellite analysis [90] because samples were abbtaynkair trap’: the number is samples that are newly added to samples used in
our previous study [8]: thex value described in [8)(= 0.001) was incorrect, and 0.01 was a correct value.



We calculated four statistics of genetic differentiatidsr( Fst, Hedrick'sG st and Jost’D)

for pairs of management units by using the nucleotide sequenbédBfariants (Table 5).
Among the six management units, mist andFst values indicated statistically significant
levels of genetic differentiation, including those between theaN€ other units (mealsr,
0.12; mearFsy, 0.17), and the Gassan-Asahi lide (GAIl) and other units (rHean0.05;
meanFst, 0.08). With respect to Hedrick@ st and Jost'D, these values trended to be high
between the WC and other units. The high value§&’'gf and D (more than 0.05) and
significant values of Kst and Fst were observed only between the WC and
EM/NCA/Hakusan-Okumino (HO) units (me&ir, 0.13; mearksy, 0.20; mearG’st, 0.12;
meanD, 0.07). We calculated average values for each of four statisieveen management
unit pairs in western and eastern Japan. The results indicated that thearalvestérn Japan
(Kst = 0.05,Fst=0.10,G' st = 0.05,D = 0.03) were higher than those for eastern Jagan (
=0.02,Fst=0.05,G'st=0.02,D = 0.01).



Table 5Four statistics of genetic differentiation forDQB variants between the pairs of management units

Eastern Japan Western Japan
Conservation anc Gassan-Asahi Echigo-Mikuni North-Central Hakusan-  Northern Kinki Eastern Western
management unit  lide (GAl) (EM) Alps (NCA) Okumino (HO) (NK) Chugoku (EC) Chugoku (WC)
Eastern JapanGAl Ksr/ Fst/
Hedrick'sG'sy/
Jost'sD

EM 0.046[ 0.06§/*
0.036°/0.022

NCA 0.057:/ 0.1121/ -0.006/ -0.012/ -
0.049°/0.030 0.022*/-
0.015

HO 0.030/0.063"/ 0.008/ 0.029; -0.001/ 0.028§ -
0.078/0.049  0.002/-0.002" 0.0137/ -

0.010"
Western NK 0.057/0.1047/ 0.017/ 0.05211** -0.002/ 0.069/ -o.ooyo.oz@l
Japan 0.063/0.037 0.016/0.011 0.021/0.015 0.0237/0.016

EC 0.009/0.11*61 0.03{:/0.0291 0.029/ 0.031/ 0.004/ 0.028 0.006/ 0.011/
0.056/0.033° 0.031°/0.021 0.047/0.033 0.062/0.044 0.002°/0.001

WC 0.051/0.073/ 0.151/ 0.141°/ 0.0987/0.118/ 0.140/0.163/ 0.031/0.236/
0.026'/0.010° 0.229°/0.114/ 0.247°/ 0.114/ 0.132/0.076  0.105/0.055 0.097/0.052
0.064 0.065
SK  0.000/ 0.032 /- -0.010/ -0.008 /0.008/ -0.005/ 0.005/ 0.008/ 0.021/0.047 0.016/0.025/ 0.077°/0.127/
0.003"/-0.002" -o.ood];*/ 0.003°/0.002" 0.026°/0.018" 0.029/0.018" 0.025/0.016 0.036 /0.017
0.00

From top line, the values in Table indicate tker and Fst, Hedrick'sG'st and Jost'dD statistics. Shaded area shows values which are
statistically significant for both dfst andFst, with positive values o&'st andD. Underline represents statistical signific&it andFst with
more than 0.05 o&'st andD. Bold characters indicate conservation and management units whicimbesr¢han 10 samples. Chokai Sanchi,
Southern Ouu, Southern Alps and Kii Hanto units are excluded due to smaknofisamples: P < 0.05;" : P < 0.01 (permutation test, 1,000
replicates).



Discussion

Estimations of trans-species polymorphism in th®QB variants of the
Japanese black bear

In this study, we detected £0QB variants in 185 Japanese black bears. These 44 nucleotide
variants translated to give 31 allotypes and one putative, and thkdo8bes were used to
construct an ML tree to examine relationships among MHC classquences of ursine
species (Figure 5). The tree showed that the DQB sequencks dhpanese black bear
formed a monophyletic group with those of the giant panda. In our previodg, sve
reported that black bear DQB sequences cluster with DQB seegieh various mammalian
species [39]. These results suggest that all MHC sequencesbfoglars are likely to have
been derived from thBQB gene.

The ML tree suggested a pattern of DRB trans-species evolutiongaarsine species, in
agreement with the Goda et al. [36] (Figure 5). The estimatedydivee time of black bear
DQB variants was approximately 11 + 4.6 MYA. Previous studies hairaatst that a rapid
radiation of the genudrsushas occurred at around 5 to 3 MYA [53,54]. Therefore, even if
our estimate overestimated divergence time because of thedimimber of synonymous
sites, it is possible that tHeQB allelic lineage of the Japanese black bear was shared with
other species in the genUksus In fact, Urth-DQB*0101 has been detected in the Asiatic
black bear in Russia (YY, unpublished observation), although the PCR aatymiii
indicating this was performed with the primer pair used in owigue study [39]. Fossil
records suggest that the ancestral Japanese black bear anigréte Japanese archipelago
during the Middle Pleistocene (0.5 MYA - 0.3 MYA) [55]. Thereforethe Asiatic black
bear, including the Japanese black bear, the Urth-DQB*01 lineagbama been maintained
for at least 0.3 million years (MY).

If sequences of other ursine species are obtained in the futuré pie wnportant to carefully
distinguish orthologous genes from paralogous ones. It is possible tiaatyaf paralogous
genes can aberrantly reflect the trans-specific pattern ofsaltet@thologous genes.

Selective pressure on th®QB gene of the Japanese black bear

To estimate whether balancing selection had acted oD@® gene of black bears, we
calculateddy/ds (or w) ratios by using three methods: the modified Nei—Gojobori model, ML,
and Bayesian inferences. All three methods indicated thaktte values were significantly
higher than unity, supporting the influence of balancing selectiothe DQB locus of the
Japanese black bear. According to the modified Nei—-Gojobori methody/tkevalue in the
PBR was 3.8. This value is relatively higher than those of some wittiemalian species
(Table 2). The values of the giant pamiaB (1.3), the Namibian cheet&RB (2.0), and the
European minlORB (1.8) are all lower than that of the black bear. In additioenumber of
MHC variants in the black bear is considerably higher thandh#te three species even
though the variants of the Namibian cheetah may be derived from madtipl (Table 2).
Since these mammalian species are all designated as angemdhrspecies in the
International Union for Conservation of Nature (IUCN) Red List [SBje effective
population sizes of these species are expected to be quite smideory, the effect of
selective pressure decreases with diminishing the effective gimpukize, due to a larger
effect of random genetic drift [57]. Thus, since the census populsizenof the Japanese



black bear is relatively large, (more than 10,000 individuals; the exacber of individuals
is still unclear.), the black bear may show the higth¢ds value, compared with other
endangered species.

Peptide-binding repertoires of the DQB molecules ithe Japanese black bear

The amino acids in the PBRs for the Japanese black@8s can be divided into 15
different types (Figure 4). Theoretically, the average numbearoosynonymous changes
within the PBRs should be equal to the number of functionally diffedéies that segregate
in a population [58]. These groups might correspond to so-called “sypes™t}{p9-61]. A
super-type is a group of alleles with a similar repertoingeptide binding. The mean number
of nonsynonymous substitution in the PBRs)(of the black beaDQB was 10.3, and this
translated to an expected number of allelic lineages of appretiman. This is slightly
inconsistent with the number of different types in the PBRs gnirEi 4. This suggests that
some PBRs may be functionally similar (i.e., a same supei-tyAlternatively, since the
length ofDQB sequences is limited to exon 2 only, the resolution oKthestimate may be
lower.

Effects of demographic events on the Japanese blabkar population

We compared results obtained from analyses of the mtDNA [8D&y8lgenetic markers to

estimate demographic events that have occurred in Japanesédédacopulations. MHC

alleles are maintained for long periods by balancing sele¢f2-64], while the coalescence
times of mtDNA are short because of its maternal inheriterase and ploidy level. Due to
this characteristic, mtDNA has a higher susceptibilityhte éffect of recent demographic
factors. Therefore, the time scales in evolutionary history repted by these two types of
genetic markers are different.

The extent of sharing DQB allotypes among Japanese black beagemaent units was
higher than that of mtDNA haplotypes (Figure 1). In particulathddQB*01 Urth-
DQB*0101) was frequently found throughout Japan. This observation could reflect the
difference in coalescence time between the two systema &inte-dependent difference in
the degree of population fragmentation. Alternatively, if the saomeinant pathogen affects
different populations (i.e., a similar selective pressure), a Df8type that confers
resistance to this pathogen is expected to be shared by differenlfations. On the other
hand, the management unit-specific allotypes were found from mo#teotinits. This
suggests that rare allotypes also have been maintained irptreeda black bear population,
possibly due to negative frequency-dependent selection [64].

Values of observed heterozygositio were lower than theéde for all six units. Some
management units showed a significant departure from Hardgbafig equilibrium (HWE)
(Table 4). The excess bk appeared not to be associated with the quality of DNA samples as
there was no correlation between the number of homozygotes and titg qUdDNA
samples P = 0.90). In addition, to examine the possibility of null alleles,de&ermined
nucleotide sequences of the prime target region in 96 samples (YY, wheabtlata). While
all individuals showed only one degenerated site in the reverserpannealing region, 10
individuals possessed seven degenerated sites in the forward prgieer. in the forward
primer region of the 10 individuals, there were two sets of nucleséigeences that differed
by less than 7 bp. The seven degenerated sites are derbredtifese two nucleotide
sequences. However, the forward primer used in the present studyQ®BHX2-F4) is



designed to specifically anneal to only one particular sequeaeeMsthods) in the primer
region. Therefore, the seven degenerated sites are unlikely to teudesof null allele. This
suggests that the excess ldf is not caused by technical problems. Since cross-locus
amplification potentially decreases the possibility of theexcess (i.e., it increases thig
values because of false heterozygotes), Hheexcess suggests that our designed primer
amplifies a singldQB locus. Although we cannot completely exclude the possibility of null
alleles, theH. excess is more likely caused by demographic events such asndomra
mating and/or population subdivision in a local population.

In our previous study [8]Fst values for mtDNA haplotypes among the management unit
pairs in western Japan were larger than those among therpeastern Japan. Since mtDNA
haplotype distributions reflect recent demographic events, the Fygen western Japan
indicates a more infrequent gene flow within western Japanese popsilathe level of
genetic differentiation @dQB among the units in western Japan was also high. This increase
may be due to non-random mating and genetic drift in western dapacent history. Non-
random mating and genetic drift may be caused by fragmentation and isolatioitadf hab

The genealogical structure of MHC alleles under strong synuredlancing selection is
similar to that of neutral genes, with the exception of a diffee in time scales [65]. To
estimate the effect of population subdivision in the Japanese @acknbithe distant past, we
calculated the ratio of the largest genetic distance (TMRIg#kca) to the mean distanceg(

or d) in bearDQB variants. At neutral genedyvrca IS expected to be twice the valuedf

[66]. The ratio ofdryrca to ds in the DQB variants was approximately 8f;rca = 0.078 +
0.032,ds = 0.028 + 0.013), suggesting an effect of population fragmentation. Thus, the
Japanese black bear population might have been isolated and frafymentenly in the
recent past but also in the relatively distant past.

Genetic degradation of black bears in the WC unit

For the WC unit in western Japan, values of genetic diversityydioonly the MHCDQBs

(He = 0.33,7 = 0.005) but also mtDNAh(= 0.56,7 = 0.005; [8]), were significantly lower
than those for the other management units (Table 4). In additionFeptind Kst values
calculated between the WC unit and other units were significhigly, and also Hedrick’s
G’st and JosD tended to be higher than those among the other units. This suggests that
genetic drift and/or non-random mating also influence MHC diwenmsithe WC unit, and it
implies that black bears in the WC unit might be gradually mighing in their potential to
adapt to environmental adversity, such as the presence of various pathbges, even if
bears in the WC unit currently have resistance against iofsctlisease, we need to design a
conservation plan to maintain MHC diversity in the bears in this Thé.habitat area of the
Eastern Chugoku (SK), Kii Hanto (KH), and Shikoku (SK) units in waslapan are smaller
than that of the WC unit. Since previous studies that examined geinatrsities of black
bears by using mtDNA and microsatellite markers have sugg@stower level of genetic
diversities in the populations of western Japan [6,8], MHC variatioheéset management
units might be lower than that in the WC unit. Therefore, it $2m®$al to investigate MHC
variation in these units further by using an increased number of samples.

The effects of natural selection and genetic drifbn patterns of MHC variation

We observed significartie excess and genetic differentiation among the management units
due to population fragmentation. Ohnishi et al. [6] examined geneticsiivef Japanese



black bears by using 10 microsatellite makers. In the previous, shedgieviation oH, from
He was not statistically significant in all examined local popaote by using the HWE test.
However, microsatellite markers that were not used in the stu@®hnishi et al. [6] showed
such a deviation in the Eastern Chugoku (EC) and WC units in western Japanddjtitma
the genetic diversities within these units were similar toah#te isolated population of the
brown bear [6]. Sutton et al. [67] proposed that negative frequencydiageselection may
be predominant in pre-bottlenecked populations and that greater loss of diddSity
compared to neutral genetic diversity is accelerated becauseewén allele distributions.
Such skewed MHC allele frequencies can occur under negative frgegependent
selection or joint action of this selection [67,68]. Indeed, numerous KirCvariants of the
Japanese black bear were observed in the present study. Thedaftmaese black bears
might have lost som®QB rare variants due to a bottleneck event in their evolutionary
history.

Comparison of two criteria for MHC genotyping

Due to the possibility of PCR artifacts, criteria for MHOhggyping on the basis of partial
sequences (e.g., exon 2 only) remain a matter of debate. For ingiesgeus studies have
identified MHC variants according to more conservative criteifiaa rare sequence is
detected in one individual alone (heterozygote) and the sequence Hiffegss than 3 bp
from a known sequence of the same PCR product, the sequence is cdrisitheran artifact
introduced by PCR error [69,70]. Although we attempted to carefulhtifgeDQB variants,
the methods might not be definitive. Therefore, we compared shig®f analyses between
the two criteria. According to our criteria, we detected 44 wmgsidrom 185 bears.
Application of more conservative criteria reduced the number to 28nwsand to 179 bear
samples. Nevertheless, results of analyses such as estiofatd/ds ratio, genetic
differentiation among units and deviation from the HWE did not largeinge even though
the number of variants was different between two criteria. Tlggests that our conclusion
is not affected by the differences between criteria.

Future studies

In this study, we detected a maximum of 44 variants including pariative (23 at a
minimum). However, there is a possibility that some of thesentaraae pseudogenized (i.e.,
contain frameshift or nonsense mutations in other exons or promoiensealthough we
confirmed that the nucleotide sequence of exon 2 in a near full-leB§tA sequence was
identical to that of the Urth-DQB*01 [39]. Since a majority of oamples was collected
from tooth, the size of amplified DNA fragments was limitedhe 270 bp of exon 2. In
addition, the sample size of our study was not sufficient to inedstlHC diversity in each
management unit. To evaluate our results precisely, furtheysemblased on the sequences
of the entire coding region &QB should be performed by using more samples.

We designed two pairs of primers to amplify the H2@B exon 2. When one of these pairs
(URDQBex2-F1 and -R1) was used, three different sequences wtzetede from an
individual by TA cloning, suggesting that at least Q@B loci were amplified. Wan et al.
[31] have reported that the giant panda genome has Ei@&eloci, two functional and one
non-functional. Kuduk et al. [33] have also confirmed expression ofX@B genes in the
brown bear. The PCR results of our study suggest that the Jajdaesdear may also
possess at least tvi@QB loci in the genome (See Methods). It will be desirable to determi



the genomic sequence across the wider MHC region in order to #sswagecificity of each
MHC locus in the bear genome.

Conclusions

In the present study, we detected 44 MHC variants from 185 Japamegebelars. The
phylogenetic analysis suggests that their sequenceteaved from theDQB loci. The value

of dy/ds ratio indicates that the be&®QB variants have been maintained by balancing
selection. The estimation of TMRCA among their variants suggleatstheDQB lineages
arose before the origin of genussus At least, thdJrth-DQB*0101variant has been shared
between Japanese and continental black bears for 0.3 MY (before traionigf Asiatic
black bear from the Asian continent into Japanese archipelago).vEiQWw€)B genotyping

for the Japanese black bear showed considerably ldywealues thanHe values in each local
population. One may hypothesize that skewed allelic distribution duegettine frequency-
dependent selection and the bottleneck or population fragmentation imaaagement unit
might accelerate loss ®QB rare variants. Therefore, the results of our study imply that
MHC variation in Japanese black bears might have declined due tgdgrhic events such
as habitat fragmentation and isolation at the population or speceds Nevertheles)QB
genetic diversity in Japanese black bears appears to beealidtigh compared to some
other endangered mammalian species. This result suggests tha fmesent the Japanese
black bears appear to retain more potential resistance agaitigiggras than other
endangered mammalian species. To prevent further decline of ipbtesistance against
pathogens, a conservation policy for the Japanese black bear should hedl&signaintain
MHC rare variants in each of management units. To achieve thistiobjat is important to
stop further fragmentation and isolation of bear habitats.

Methods

Collection of samples from Japanese black bears

In this study, we collected 307 Japanese black bear samples throubbodapanese
archipelago. The samples were collected from individuals tha¢ tuemted or captured for
pest control. Of these samples, 185 were used for MHC genotyping I8&samples were
obtained from 12 conservation and management units designated by Yone(laddd 1)
between 1970 and 2006. Local populations of the black bears in Japan are dividEd int
conservation and management units, taking into account the prevention ehdeament,
such as rivers, railways and so on. The division of local populations sty followed the
divisions of the bear management units. Five samples were obtanedht Chokai Sanchi
(CS) unit; 21 from the Gassan-Asahi lide (GAI) unit; one fromSbathern Ouu (SO) unit;
13 from the Echigo-Mikuni (EM) unit; one from the Southern Alps (SA};ut2 from the
North-Central Alps (NCA) unit; 36 from the Hakusan-Okumino (HO) uB8&; from the
Northern Kinki (NK) unit; 8 from the Eastern Chugoku (EC) unit; 53 fritta Western
Chugoku (WC) unit; 3 from the Kii Hanto (KH) unit; and 9 from the Shiko&K)(unit
(Figure 1). We obtained the following types of samples: muscldiardissue, 42 samples;
blood, 10; hair, 12; oral mucous membrane, 4; and tooth or mandibula bone, 117. Based on
the mtDNA analysis (see above), there were three genetiigliyjct groups of Japanese
black bears. However, the sample sizes of the management urties 8hikoku/Kii-hanto
populations were quite small in this study (three samples in kthert and nine in the SK
unit). Therefore, for the purpose of discussion of population structurezombined the



Shikoku/Kii-hanto population with the western Japanese population, as iashevith our
previous study [8].

Experimental procedures for MHC genotyping

DNA extraction was performed using the procedure describedibprevious study [8]. To
amplify the entire exon 2 of thBQB in the Japanese black bear, we initially used a single
primer set URDQBex2-F1 and URDQBex2-R1 [39]. However, when thisepreat was
used, three variants per individual were detected from severaldudis (i.e., at least two
loci were amplified). When nucleotide sequences of the three vanantéscompared, two of
three variants showed nearly identical sequences. Thereforemfiifieation of a single
DQB locus, a pair of internal primers for introns 1 and 2, URDQBek2{E-
GAGGCTGTGGGTTGGCCTGAGGCGCGGAY and URDQBex2-R4 (5
CCGCGGGGCGCGAACGGCCTGGCTCAY3 was designed to specifically amplify the
sequences in intron 1 region of their two similar variants. TR Famplification,
identification of heterozygous or homozygous individuals by TA cloning, and 1seiqge
were performed as described by Yasukochi et al. [39]. Murra}. §71] showed that the
probability that both of two variant sequences in a heterozygotenareletected by
sequencing five clones (assuming that every variant is equalplifeed at an equal
frequency) is very lowH = 0.06). In our study, all final PCR products (188) were cloned, and
8 to 22 clones per individual were sequenced to decrease the pgssilfdise homozygotes
caused by amplification bias. In addition, to confirm sequencingii@lja we compared the
result of direct-sequencing at the polymorphic sites in uncloned P&Rigirwith cloned
sequences (see Additional File 2; Figure S2). Since such a si@eéncing are derived from
the PCR product amplified from an original gDNA, it decreasespibssibility of error
incurred during cloning or PCR of the plasmid insert after clonindpe frequencies of two
variants detected from a heterozygote were extremely diffeagck a double peak
corresponding to the correct nucleotides was not observed after saggéncing, that
individual was excluded from our analyses (see Additional Fileqir&iS2). In addition, we
used high fidelity polymerase during all PCRs (Ex Taq Hot Start VersikaRa Bio Inc.).

Phylogenetic relationships and population differenation

The nucleotide sequences were aligned and translated into amdadwaising MEGA v5.0
[72]. The NJ and ML trees were constructed on the basis of Jogks-Taornton (JTT)
model with gamma distribution [73]. The NJ tree construction anthastin of the best fit
substitution model were performed by using the same softwareMTheee was estimated
by using the PhyML 3.0 [74]. Bootstrap analysis was performed (lggd@ations in the NJ
tree and 500 replications in the ML tree). A network of MHC vasiavds constructed with
the Neighbor-Net method [75] by using Splits-tree4 ver. 4.11.3 [76]. Aed®an
phylogenetic analysis was conducted with MrBayes v3.2.1 [77]. Thdysawas
implemented considering 11,500,000 generations and tree sampling every l1@igener
The first 28,750 trees were discarded as burn-in. The genetic digtasastimated by using
the JTT model. The Bayesian and ML trees were visualized wighrée version 1.3.1
(http://tree.bio.ed.ac.uk/software/figtree/, [78]). The expected hewpoeity He) for each
management unit and Wrightsstatistics Fst) between the pairs of management units were
calculated using Arlequin v3.11 [79]. In addition, we calculdted[80] that, likeFsrt, is an
index of genetic differentiation, using the DnaSP 5.10 [Bi}.is based on frequencies at
polymorphic sites, whil&st uses the average number of differences between sequences. The
Fst and Kst are possibly misleading regarding the differentiation whenrdwtgosity is



high. Thus, we also calculated Hedrickdsst [82] and Jost' [83] using the SMOGD 1.2.5
[84].

Measure of genetic diversity and distance amongQB variants

The extent of amino acid variability was evaluated using a Wu-tabt[85]. The mean
numbers of nonsynonymous substitutions per nonsynonymous dyjje agd that of
synonymous substitutions per synonymous gitg \Were calculated for excluding identical
sequences dDQB variants. We estimated nucleotide diversity) @mong all the sequences
in each management unit or across the entire population. The divernyee of the Japanese
black beaiDQB variants was estimated using synonymous substitutions alone. \Weealss
that the maximum genetic distance at synonymous sites roughigponded to the TMRCA
of DQBs. These genetic distance parametets @y, and ds) were calculated using the
modified Nei—Gojobori method [47] with Jukes—Cantor correction [86] by usibg>M
v5.0. The transition/transversion bias in the calculation was assuniied 48 by the ML
method. Standard errors were calculated from 1,000 bootstrapping replicates.

Estimation of natural selection forDQB variants

Ratios ofdy/ds were calculated for each of the putative PBRs, non-PBRs, and foveha|
exon 2 region. The extent of selective pressure at the amindéeseldvas measured by the
ratio of nonsynonymous to synonymous raies=(dy/ds). We estimated» ratios with the
maximum likelihood method by using CODEML in the PAML programsien 4.2b [50].
Several models that differed in their hypotheses concernindatigtisal distributions of the
o ratio [48,49] were considered in this study. Nested models caorbpaced in pairs by
using a likelihood-ratio test [87]. A Bayesian approach (Baygqsreral Bayes) in CODEML
is usually used to predict codons that were potentially under poséleetion or balancing
selection in models M2a and M8 [49]. Although it is difficult to distiisty between positive
selection and balancing selection, we use this Bayesian approashintate sites under
balancing selection because MHC genes are thought to be affgctealancing selection
rather than positive selection [65,88]. The ML method has the potemt@alerestimates
values because of the existence of recombination [70]. Thereforestingated thev value
by using a Bayesian method with OmegaMap [51], which enabled u¥eio halancing
selection in the presence of recombination. The average number ofnaoynsious
substitutions in the PBR&§) was also estimated using method Il, as described by Satta et al.
[89].

Test for reciprocal recombination or gene conversio

The GENECONV program was used with default settings. Thbagltest for reciprocal
recombination or gene conversion events was performed with 10,000 pevnsuiaf the

sequence alignment to assess significance. Moreover, we exath@egdossibility of

recombination by using the method described by Satta [44]. In tthedjet is assumed that
the number of substitutions in a particular region to the entirerre binomially

distributed. We divided exon 2 into two regiofissheet and: helix, for the examination of
recombination. The RDP4 software was also used for detecting #lposombination

[45].
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Additional files

Additional_file_1 as PDF

Additional file 1. The NJ and Bayesian trees of urd@B andDRB genes. The NJ and
Bayesian trees were constructed based on amino acid sequences of partial gxond? re
ursineDQB or DRB genes. The JTT model with gamma distribution is used for the NJ and
Bayesian trees, respectively. Numbers in parentheses are Genbasioaauasibers. Only
bootstrap values over 50% and posterior probabilities over 80% are shown in the NJ and
Bayesian trees, respectively.



Additional_file_2 as PDF

Additional file 2. The comparison of nucleotides at the polymorphic sites between uncloned
and cloned PCR products. (A) An example that an individual is identified as a heterozygote
The upper figure is the alignment of nucleotide sequences of uncloned and cloned PCR
products. The lower figure is the result of direct-sequencing for uncloned PCR prBjluct. (
An example that an individual is not identified as a heterozygote. Such an individual is
excluded from analyses of the present study.
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