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GENERAL INTRODUCTION

The Japanese crested ibis Nipponia nippon and the Oriental stork Ciconia boyciana are
endangered avian species, and their conservation is intensively promoted in Japan.
Historically, both avian species were found in Japan, but habitat loss and overhunting
caused a drastic decline in their numbers, resulting in their extinction. After their
extinction in Japan, captive-breeding programs were implemented using relatively small
numbers of individuals introduced from abroad as founders. As the size of the progeny
population became larger, projects for the reintroduction of captive-bred individuals into
the wild were launched.

It is necessary not only to increase the population size, but also to prevent loss of
genetic diversity in these conservation projects. Genetic diversity refers to the genetic
variability within species. Genetic diversity is important because it helps maintain the
health of a population, by including alleles that may be valuable in resisting diseases
and other stresses. Maintaining the diversity gives the population a buffer against
change, providing the flexibility to adapt. If the environment changes, a population that
has a higher variability of alleles will be better able to evolve to adapt to the new
environment.

In population genetics, genetic diversity is frequently evaluated using pedigree
information. Unfortunately, since the pedigree information among the founders of N.
nippon and C. boyciana in Japan is not available, genetic relatedness within the founder
population must be evaluated using molecular tools such as single nucleotide
polymorphism (SNP) and short tandem repeat (STR) markers. However, information on
the genome sequence or polymorphic markers in the both avian species remains sparse.

Although the development of comprehensive polymorphic DNA markers is laborious



and expensive, next-generation sequencing with ultra-high-throughput might enable us
to design an efficient, cost-effective approach for the discovery of genome-wide SNP
and STR markers. Several methods of next-generation sequencing coupled with
restriction enzyme digestion to reduce target complexity have been reported, such as
reduced representation libraries (RRLs) (Kraus et al., 2011; Van Tassell et al., 2008),
restriction-site-associated DNA sequencing (RAD-seq) (Baird et al., 2008), and
complexity reduction of polymorphic sequences (CRoPS) (van Orsouw et al., 2007).

In Chapter 1, a large number of polymorphic markers in the Japanese crested ibis
genome were developed using a combination of RRLs and next-generation sequencing.
In many studies, RRLs have been prepared from pools of DNA samples from multiple
individuals, thus allowing the detection of polymorphisms within a population but not
for each individual. In this study, because the current Japanese crested ibis population
originated from only 5 founder birds, 5 RRLs were independently prepared from each
of the founder genomes to detect genome-wide polymorphic markers and their
genotypes in each founder at the same time. Moreover, we investigated relative genetic
similarities between the founders based on their genotypes at each marker.

The majority of SNPs and STRs are neutral makers. In addition to neutral makers,
polymorphisms of functional genes could provide valuable information for the
conservation of endangered species. The major histocompatibility complex (MHC) is a
highly polymorphic genomic region that plays a central role in the immune system.

The MHC class | and class Il genes encode glycoproteins that transport foreign
peptides to the surfaces of cells for recognition by T-cell receptors on lymphocytes,
which in turn triggers the adaptive immune response (Klein, 1986). Therefore, this

genomic region is crucial for resistance and susceptibility to pathogenic disease.



Polymorphisms at MHC class | and class Il genes facilitate binding of a diversity of
pathogens, and these evolutionary selection pressures are thought to contribute to the
high genetic variation in MHC loci (Zinkernagel and Doherty, 1979).

Moreover, the MHC genotype might influence patterns of mate choice, local
adaptation, and expression of sexually selected ornaments (Von Schantz et al., 1997;
Ekblom et al., 2007; Hale ML et al., 2009; Roberts, 2009). For these reasons, the
diversity of MHCs is of major interest to the conservation of endangered species.

Polymorphism in the MHC is not restricted to allelic variation. The molecular
evolution of the MHC involves frequent gene duplication and gene loss resulting in vast
rearrangements and pronounced variation in gene number and genomic organization
among organisms (Kulski et al., 2002; Kelley et al., 2005). In addition, copy number
variations of MHC-IIB gene have been reported in many bird species (Hosomichi et al.,
2006; Eimes et al., 2011; Strandh et al., 2012; Alcaide et al., 2014). These results
suggest that the information of MHC genome structure is clearly required to exactly
evaluate the genetic diversity in MHC region

In Chapters 2 and 3, the genomic organizations of MHC regions in N. nippon and C.
boyciana were determined and then polymorphisms of MHC class Il regions among
their founder populations in Japan were investigated.

The information on genetic diversities and MHC structures presented here provides
valuable insight for the conservation of N. nippon and C. boyciana and for future

studies on the evolution of the avian MHC.



CHAPTER 1
Genome-Wide SNP and STR Discovery in the Japanese Crested Ibis and Genetic

Diversity among Founders of the Japanese Population

Introduction
The Japanese crested ibis Nipponia nippon is an internationally conserved bird, listed
as “Endangered” in the 2012 International Union for Conservation of Nature Red List of

Threatened Species (http://www.iucnredlist.org).

The Japanese crested ibis once flew over much of Japan and northeastern Asia, but
overhunting for the feathers and habitat loss devastated their numbers. After the
Japanese crested ibis was extinct in Japan, captive-breeding programs have been
continued with 5 birds (2 individuals introduced in 1999, 1 individual in 2000, and 2
individuals in 2007) donated by the Government of China, where a very small wild
population survived (Liu, 1981). The current size of the captive-breeding population in
Japan is approximately 180, mainly in the Sado Island. The idea of maintaining
captive-bred animals for eventual release into the wild is a major aim of modern
zoological collections (Durrell and Mallinson, 1987), and the Ministry of the
Environment of Japan launched a project for tentative release of the Japanese crested
ibis on Sado Island in 2008. In April 2012, 3 Japanese crested ibis chicks hatched on
Sado Island and became the first of their species borne in the wild in 36 years (News of
the week, Around the World, Sado Island, Japan, Back From the Brink, Science, 2012).

Conservation of small or captive populations requires particular concern for the loss of
genetic diversity through genetic drift and inbreeding (Lande, 1988). Knowledge of

genetic diversity and structure can be vital to the genetic management of captive
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populations and reintroduction of captive-bred individuals into the wild. However, it is
difficult to obtain precise knowledge of the genetic diversity and structure of the Sado
captive population, because there is no pedigree information regarding kinship among
the founders. Therefore, to improve management of the Japanese crested ibis toward
national project goals, it is important to evaluate the genetic relatedness between the
founders by using molecular tools such as single nucleotide polymorphism (SNP) and
short tandem repeat (STR) markers. However, information on the genome sequence or
polymorphic markers in the Japanese crested ibis remains sparse. Currently available
genetic markers include only 26 microsatellites (Ji et al., 2004; He et al., 2006; Urano et
al., 2013).

A general limitation of genome-wide polymorphic markers in non-model organisms
has been a lack of extensive genomic sequence information from multiple individuals
that represent a sufficient portion of the genetic variability of a given population or
species. However, next-generation sequencing coupled with restriction enzyme
digestion of target genomes to reduce target complexity, such as reduced representation
libraries (RRLs) (Kraus et al., 2011; Van Tassell et al., 2008), restriction-site-associated
DNA sequencing (RAD-seq) (Baird et al., 2008), and complexity reduction of
polymorphic sequences (CRoPS) (van Orsouw et al., 2007), has provided an efficient
approach to solving this problem (Davey et al., 2011). The Illumina HiSeq2000
sequencing system, released in 2010 provides the highest throughput available, and
might enable us to design an efficient, cost-effective approach for the discovery of
genome-wide SNP and STR markers.

The aim of this study was to develop a large number of polymorphic markers in the

Japanese crested ibis genome by using a combination of RRLs prepared from 5 founder



genomes and next-generation sequencing. We also investigated relative genetic

similarities between the founders based on their genotype at each marker.

Materials and Methods
Reduced representation library construction

Blood samples from the Japanese crested ibis were provided by the Sado Japanese
Crested Ibis Conservation Center (Niigata, Japan). Protocols of sample collection were
approved by the Animal Research Committee of Niigata University based on
conservation project of the Ministry of the Environment of Japan. Genomic DNA
samples were prepared from whole blood using the Wizard Genomic DNA Purification
kit (Promega) according to the manufacturer’s instructions with slight modification.
Blood (60 pl) was washed with 3 mL PBS, and red and white blood cells were lysed
with 6 mL Nuclei Lysis Solution (Promega). Aliquots of 80 pg of genomic DNA from
each individual were digested with 800 units of Haelll or Mbol (TAKARA) overnight
at 37°C. Digested DNA was separated by 1.5% agarose gel, and digestion products of
250-350 bp were gel purified using the Wizard SV Gel and PCR Clean-Up system
(Promega) according to the manufacturer’s instructions. The Haelll- and Mbol-digested
fragments were combined and processed as 1 RRL for sequencing on the HiSeq2000

(IMlumina). The RRLs were independently prepared from each of 5 founders.

Sequencing and data analysis
Sequencing was performed at the Hokkaido System Science Co. Ltd. (Sapporo, Japan).
Briefly, the combined DNA fragments were end repaired and ligated with the sequence

adaptor using the TruSeq DNA Sample Prep Kit (lllumina). The RRLs were



distinguished by adding sequence adaptors with different index sequences. The RRLs
were pooled and sequenced in a single sequencing lane on the HiSeq2000 for 101
cycles in pair-end mode. Raw data files from the sequencing instrument were deposited
in the DDBJ sequence read archive under accession number DRA000585.

Primary data analysis was also performed at Hokkaido System Science. After adaptor
trimming with the cutadapt program (http://code.google.com/p/cutadapt/) and
discarding reads containing N bases, filter-passed sequence reads from the founder
RRLs were divided into 3 groups by their 5’-terminal sequences (both-end Haelll,
both-end Mbol, and others). Sequence reads within a group were clustered by the

clustering program “SEED” (http://manuals.bioinformatics.ucr.edu/home/seed), and

consensus sequences of 300 bp (read-pair) were generated. These consisted of forward
and reverse 101-bp reads with internal 98 bases of N. Parameters in the program
“SEED” were as follows: --shift was 0 and other parameters were defaults. Consensus
sequences with depth >10 were used as reference sequences for mapping of read pairs
from each founder. Consensus sequences used for mapping were deposited in the DDBJ
sequence read archive under accession number DRZ002863. Mapping was performed
by the short read aligner program “bowtie” (http://bowtie-bio.sourceforge.net/index.
shtml). Parameters in the program “bowtie” were as follows: -1 was 300, -X was 300, -v

was 3, and --best option was specified.

SNP discovery, genotyping, and haplotyping
The 123,506 predicted SNPs whose depth was >100 were extracted from the mapping
results. Putative SNPs were selected by the following filtering processes: (1) Alleles

with a depth of 1 in a founder sample at predictive SNP positions were ignored. (2)
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SNPs with a depth of more than 300 reads in any individual were filtered out. (3) If the
read pairs for an allele were more than 5% of the total depth from a founder, the
corresponding alleles were considered present. Then, SNPs with 3 or more alleles in any
individual were discarded. (4) After the predictive SNPs with 2 alleles were identified,
predictive SNPs for which the depth ratio between the 2 alleles in any individual was
more than 3 were also removed. We used the putative SNPs with depth >20 in each
founder for the following genetic analysis.

For haplotyping, all consensus sequences with polymorphisms at more than 1 position
were extracted. Then, a set of SNPs with the same depth within 202-bp consensus
sequences was treated as a haplotype (if the difference in depth between SNPs was <4

due to sequence error, they were assumed to have the same depth).

Analysis for genetic similarities between founders

The numbers of single founder-specific alleles and the heterozygous and homozygous
loci were counted in each founder across the putative SNPs with depths >20 in each of
the founders. Then, the number of loci with the same genotype was also computed.
Principal component analysis (PCA) and multidimensional scaling (MDS) were
performed using the princomp function with cor=T option and the cmdscale function
with default option by setting 1 correlation as the distance measure in R
(http://www.R-project.org), respectively, where counts of the major allele for each locus
were used to calculate correlation matrix between founders. Hierarchical clustering was
also carried out using the R package pvclust
(http://www.is.titech.ac.jp/~shimo/prog/pvclust/) to evaluate stability in the clustering

results through multiscale bootstrap resampling. We applied “average” and “correlation”



options for the method of agglomerative clustering and the distance measure,
respectively, and computed approximately unbiased (AU) p-value and bootstrap

probability (BP) value based on 10,000 bootstrap replications.

STR discovery

All consensus sequences containing 8 or more di-nucleotide tandem repeats, 5 or more
tri-nucleotide tandem repeats, or 4 or more tetra-nucleotide tandem repeats were
extracted. Consensus sequences that were identical other than those in the
repeat-sequence region were grouped by self-mapping with the short read aligner
program “bowtie”. Using the mapping results described above, we counted the number

of read pairs corresponding to each STR allele.

Results
Sequencing strategy

To discover genome-wide SNP and STR markers in the Japanese crested ibis, we
generated sequences from RRLs using the next-generation HiSeq2000 sequencer
(Illumina). We simultaneously obtained genotype data on each of the markers by
sequencing the RRLs prepared independently from the founder genomes.

At the time of this study, the HiSeq2000 produced sequences of 150-200 million DNA
fragments with 100-bp read length in 1 sequencing lane. This allowed us to analyze
DNA fragments from 0.5 to 1 million loci per genome, with 5 DNA samples and a
sequencing depth of approximately 30 (5 sample x 1 million loci x 30 depth = 150
million). Pair-end sequencing with 100-bp read length of 0.5-1 million fragments

resulted in 100-200 Mb, which was estimated to represent 8-13% of the Japanese



crested ibis genome, supposing the genome size is 1.5 Gb based on several entries in the
eukaryotic genome size databases (Gregory et al., 2007).

To prepare RRL with the desired number of fragments, we digested genomic DNA
with Haelll or Mbol and extracted fragments in the 250-350 bp size range from agarose
gels. In a preliminary experiment, the number of size-selected DNA fragments by
digestion with Haelll and Mbol were estimated to be 0.34 and 0.44 million, respectively,
from the yield of isolated DNA fragments. We also chose DNA fragments in the
250-350 bp size range to prevent decreasing sequence data by overlapping forward and
reverse 100-bp sequence reads from a restriction fragment. Restriction fragments
generated by digestion with Haelll and Mbol were combined and processed as a single
RRL for sequencing.

The RRLs were independently prepared from each of the 5 founder genomes. Each
RRL was distinguished by adding sequence adaptors with different index sequences.
The RRLs were pooled and sequenced on a single sequencing lane on a HiSeq2000

instrument for 101 cycles in pair-end mode.

Table 1. Summary of DNA sequence

founder individual

Total
A B C D E
No. of 101bp reads 339,597,768 51,920,408 63,860,862 78,009,738 73,383,930 72,422,830
No. of bases (Mb) 34,300 5,244 6,450 7,879 7,412 7,315
% of = Q30 Bases 92.3 92.3 92.2 92.2 92.2

No. of trimmed reads 316,436,996 48,357,306 59,497,380 72,706,332 68,382,502 67,493,476
% of = Q30 Bases : proportion of high quality bases (ZQ30) in filter—passed bases

Illumina sequencing results
We sequenced the 5 RRLs in pair-end mode, generating 339 million 101-bp reads
(Table 1). The proportion of high-quality bases (=Q30) over all sequence reads was

>92% in every sample. After adaptor trimming and discarding reads containing N bases,
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the remaining 316 million reads were used for analysis. The number of reads in each

founder was 48-72 million (Table 1).

Table 2. No. of Created consensus sequences and putative SNPs

group
Total
Both—End Haelll Both—End Mbol Others
No. of read—pairs 158,218,498 85,131,252 9,024,997 64,062,249
No. of consensus sequence 31,418,852 4,175,097 952,879 26,290,876
No. of consensus sequence (depth=10) 1,754,793 465,471 249515 1,039,807
No. of consensus sequence 532,712 294,989 13,353 224,370

(mapping depth=100 in total of 5 birds)
No. of putative SNP 52,512 28,764 321 23,427

No. of putative SNP

(mapping depth=20 in each of 5 birds) 32,157 16,334 224 15,599

Read pairs combined with paired forward and reverse 101-bp reads were divided into 3
groups by their 5'-terminal sequence (both-end Haelll, both-end Mbol, and others)
(Table 2). The read-pairs within a group were clustered and consensus sequences were
created (Table 2). In total, 31,418,852 consensus sequences were created. The number
of consensus sequences with depths (counts of read pairs clustered to identical
sequence) =10 was 465,471, 249,515, and 1,039,807 in both-end Haelll, both-end
Mbol, and others, respectively. Though different groups could contain a set of
overlapping sequences, estimation from the number of consensus sequences with >10
depth would mean that the sequence information generated here represented at least
6-10% of the Japanese crested ibis genome (0.46 million for Haelll to 0.71 million for

Haelll+Mbol, multiplied by 202 base yielded 0.09-0.14 Gb).

SNP prediction
Because no reference genome sequence is available for the Japanese crested ibis, we

searched putative SNPs by mapping read pairs from each founder to consensus
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sequences (depth >10) and filtering (see Materials and Methods for criteria).
Approximately 70% of read pairs from each founder were mapped (Table 3), resulting
in 532,712 consensus sequences with depth >100 in all 5 founders (Table 2). Out of the
123,506 predictive SNPs in these consensus sequences, 52,512 (42.5%) putative SNP
markers were detected, fulfilling the criteria (Table 2, the list of all putative SNP sites is
provided in supplementary Table S1). Further, the number of the putative SNPs with
depth >20 in each founder was 32,157 (Table 2), and these putative SNPs were used for
the collection of genotype data. The list of all genotype data is provided in

supplementary Table S2.

Table 3. Mapping results

founder individual

A B C D E
No. of read—pairs 24,178,653 29,748,690 36,353,166 34,191,251 33,746,738
No. of mapped read—pairs 16,154,580 20,825,091 26,120,640 23,684,263 22,881,668
% of mapped read—pairs 66.8 70.0 71.9 69.3 67.8

As the 4,842 consensus sequences contained multiple putative SNP sites within a
202-bp sequence; their haplotypes were deduced from mapping data (the list of all
consensus sequences containing multiple SNP sites is provided in supplementary Table
S3). Of these, haplotypes could be determined in 4,080 (84.3%) consensus sequences,
but not in 762 (15.7%) consensus sequences. The deduced haplotype numbers were 2—4

in most loci (Table 4).

Table 4. Number of haplotype on consensus sequence containing multiple SNP sites
Number of haplotype per locus 2 3 4 5 6
No. of locus 2,750 1,054 258 13 5

Genetic similarities between founders

The genotype data on 32,157 putative SNPs in each of the founders were used to

12



analyze genetic similarities between them. Single founder-specific allele numbers were
2,087, 1,367, 2,305, 1,676, and 1,003 in founders A, B, C, D, and E, respectively (Table
5). Proportions of heterozygous genotypes and of SNPs whose genotypes were common
in pair-wise combination were calculated. The proportion of heterozygous genotypes in
each founder was 0.49-0.56 (Table 5). The proportion of SNPs whose genotypes were
common in 2 founders was 48.5-59.4% (Table 6). Founders B and E had the highest
proportion of common genotypes. We performed PCA using the 32,157 SNPs and used
the first 2 principal components (PCs 1 and 2) to visualize the degree of relative genetic
similarities among the 5 founders, where PC1 accounted for 32.7% of the variation,
while PC2 accounted for an additional 23.1%. This analysis revealed that each
individual was located in a relatively dispersed position, although founders B and D
were plotted relatively closer (Fig. 1). The results of MDS and hierarchical clustering
(Figs. 2 and 3) were similar to the result from PCA, and AU and BP values by a
bootstrap procedure indicated that the dendrogram topology was stable (Fig. 3). The
results of common SNP genotype and the multivariate analyses were slightly
inconsistent owing to the difference between genotype sharing and allele sharing, but
seemed to indicate that the genomes of founders B, D, and E shared significant

similarities.

Table 5. Single founder—specific alle and SNP genotype

founder individual

A B C D E
No. of specific allele 2,087 1,367 2,305 1,676 1,003
major homo 12,871 14,504 13,613 15,684 15,506
minor homo 1,185 462 1,450 785 610
hetro 18,101 17,191 17,094 15,688 16,041
heterozygosity 56.3 53.5 53.2 48.8 499

13



Table 6. Number of common SNP genotype in pair—wise

founder
A B C D E
A 16715 15611 15931 19034
B 52.0 16403 18682 19095
C 48.5 51.0 16112 16410
D 49.5 58.1 50.1 17002
E 59.2 594 51.0 52.9

The numbers (above the diagonal) and the frequency (below the diagonal) were shown.
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Figure 1. Principal component analysis for the 5 founders by using genotyping data of 32,157
putative SNPs
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Figure 2. Multidimensional scaling analysis for the 5 founders by using genotyping data of 32,157

putative SNPs.
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Figure 3. Hierarchical clustering of the 5 founders based on the similarities of their genotype
patterns at 32,157 putative SNPs. Values at branch nodes represent AU values (left), BP values (right),

and cluster labels (bottom).

STR prediction

To detect STR markers, we extracted all consensus sequences containing 2-, 3-, or
4-nucleotide tandem repeats; we detected 162 putative STR markers, of which 155
STRs were 2 allelic and only 7 STRs were 3 allelic (all putative and all genotyped STRs
are listed in supplementary Tables S4 and S5, respectively). The numbers of single
founder-specific alleles at the 86 STR markers genotyped in every founder were 8, 4, 8,

2, and 2 in founders A, B, C, D, and E, respectively (Table S5).

Discussion
The Japanese crested ibis Nipponia nippon is a critically threatened species and an
internationally conserved bird. The Ministry of the Environment of Japan has been

engaged in a captive breeding and hopes to release the Japanese crested ibis on Sado
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Island. Whereas genetic management is critical for these projects, information on the
genome sequence or polymorphic markers remains sparse. Currently available genetic
markers include only 26 microsatellites (Ji et al., 2004; He et al., 2006; Urano et al.,
2013).

Several methods of next-generation sequencing coupled with restriction enzyme
digestion to reduce target complexity have been developed for the discovery of
genome-wide genetic markers, such as RRL (Kraus et al., 2011; Van Tassell et al., 2008),
RAD-seq (Baird et al., 2008), and CRoPS (van Orsouw et al., 2007). Next-generation
sequencing of RRLs has been effective in identification of SNPs in species with
reference genome sequences, such as mallard (Kraus et al.,2011), pig (Ramos et al.,
2009; Wiedmann et al., 2008), and cattle (Van Tassell et al., 2008), and in species
without reference genome sequences, such as the turkey (Kerstens et al., 2009) and
great tit (van Bers et al., 2010). In many studies, RRLs have been prepared from pools
of DNA samples from multiple individuals, thus allowing the detection of
polymorphisms within a population but not for each individual.

Because the current Japanese crested ibis population originated from only 5 founder
birds, we aimed to detect genome-wide polymorphic markers and their genotype in each
founder at the same time. We developed an approach using next-generation sequencing
and RRL. Five RRLs were prepared from each of 5 founder genomes and distinguished
by ligating a sequence adapter containing a different index sequence. The 5 RRLs were
pooled and sequenced on a single sequencing lane on the Illumina HiSeq2000
sequencing instrument.

Sequence information, including 316 million 101-bp reads (more than 31 Gb) from a

single sequencing lane on the Illumina HiSeq2000, was sufficient for the discovery of
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genome-wide genetic markers, providing an extremely cost-effective approach.

In this study, 52,512 putative SNPs were detected by creating consensus sequences by
clustering sequence reads, mapping sequence reads from each founder to the consensus
sequences, and filtering the predicted SNPs obtained by mapping. Of these, the 32,157
putative SNPs whose depth was >20 in each founder were selected to analyze genetic
similarities. As the 4,842 consensus sequences contained multiple putative SNP sites
within a 202-bp sequence, their haplotypes were deduced from mapping data
(supplementary Table S3). Haplotypes could be determined in 4,080 (84.3%) consensus
sequences but could not be determined in 762 (15.7%) consensus sequences, suggesting
that these sequences represented multiple loci or sequence errors. These results suggest
that putative SNPs include a considerable number of false SNPs. However, if 30% of
putative SNPs were false, the remaining 70% could provide a sufficient number of
markers for genetic management of the Japanese crested ibis population.

Approximately 52,000 putative SNPs (28,764 in both-end Haelll) were found in
530,000 of 202-bp consensus sequences (294,989 in both-end Haelll) (Table 2). A
rough estimation based on this frequency suggested that the whole genome of the
Japanese crested ibis contained approximately 700,000 SNP sites. Because
approximately 50% of SNP sites were homozygous in a single individual (Table 5), the
number of heterozygous SNPs in a single individual was found in approximately
350,000 sites (the SNP map might have an average density of one SNP per 2000 bp).
This may be an overestimation because the putative SNPs detected here apparently
included a considerable number of false SNPs.

In the whole-genome sequencing of a single giant panda individual (an endangered

species), 2.7 million heterozygous SNPs were detected (1 SNP per 750 bp) (Li et al.,

17



2010). This is approximately 1.95 times higher than that estimated for humans (1 SNP
per 1450 bp) (Wang et al. (2008). In thoroughbred horses, which are derived from a few
founders, 0.75 million heterozygous SNPs were detected (1 SNP per 3,000 bp) (Wade et
al., 2009). The number of heterozygous SNPs in a single Japanese crested ibis might be
much lower than that in pandas and humans, and comparable to or lower than that in
thoroughbred horses.

In contrast to SNP markers, which are usually biallelic, STR markers are expected to
be multiallelic (3 or more alleles). We extracted consensus sequences containing short
tandem repeats and detected 162 putative STR markers. Of these, 155 STRs were
biallelic and only 7 STRs were triallelic. We detected no STRs with 4 or more alleles.
Moreover, deduced haplotype numbers on consensus sequences containing multiple
putative SNP sites were 2—4 in most cases (Table 4). The allele numbers in several tens
of STRs previously developed were 2-5 in Chinese population and 2 or 3 in Japanese
population (Ji et al., 2004; He et al., 2006; Urano et al., 2013). The only 2 haplotypes in
mitochondria DNA control region were detected in Chinese wild and captive
populations (Zhang etal. 2004). Our results obtained using a large number of
genome-wide markers supported lower genetic diversity in the Japanese crested ibis
populations previously estimated from a small number of markers. It was reasonable
that the genetic diversity in Japanese population was somewhat lower than that in
Chinese population because 5 founders of Japanese population originated from China.

Unfortunately, because of the absence of a reference genome sequence for the
Japanese crested ibis, we could not determine whether putative SNPs and STRs
represented polymorphisms at a single locus or multiple loci associated with repeated

sequences or gene families. In addition, information about the locations of putative
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SNPs and STRs on chromosomes or linkage between markers remains unknown. To
determine whether the putative SNPs or STRs in this study were true heritable genetic
markers, further analysis is necessary.

Although validation of SNP and STR markers has not yet been performed, we thought
that the genotype data on putative SNPs or STRs in each of the 5 founders could be
useful for analyzing the relative genetic similarities between them. The proportion of
heterozygous genotypes in each founder was 0.49-0.56 (Table 5). The proportion of
SNPs whose genotypes were common in 2 founders was 48.5-59.4% (Table 6). PCA
and MDS indicated that each individual was located in a relatively dispersed position,
except for founders B and D plotted closely (Figs. 1 and 2). These results suggest that
genome similarities were not high. Whereas no pair having closely related genome
composition was observed, smaller numbers of 202-bp read-pair haplotypes and STR
alleles suggested that the genetic diversity of the population in total was much lower
than that expected when they were unrelated (i.e., 10 of maximum haplotype or allele
number in 5 birds). Lower genetic diversity in a population might be reflected by a
smaller number of alleles and haplotypes at any locus and/or longer linkage
disequilibrium, rather than by total number of SNPs in whole genome or proportion of
heterozygous genotypes.

The comparison of genotypes at each putative SNP revealed that each of the 5
founders had 1200-2000 potential single-founder specific alleles. The loss of these
specific alleles will directly reduce genetic diversity in the population. Therefore, it is
important that single-founder specific alleles are passed on to some descendants,
increasing the allele frequencies in the population.

The availability of a large number of SNPs and STRs predicted here provides
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sufficient markers to study the Japanese crested ibis population structure and to develop
methods for parentage testing, individual identification, and genetic management.
Further analysis of a large number of accurately inferred polymorphic markers will also
facilitate the construction of linkage maps of the Japanese crested ibis genome.

In conclusion, this study provided important insight into protocols for genetic
management of the captive breeding population of Japanese crested ibis in Japan and
will help in extending the national project for reintroduction of captive-bred individuals
into the wild.

We proposed a simple, efficient, and cost-effective approach for the simultaneous
detection of genome-wide polymorphic markers and their genotype data for species
lacking a reference genome sequence. Our proposed approach might be useful for an
extremely small population such as an endangered species or a population originating

from a small number of dominant founders.
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CHAPTER 2
Structure and Polymorphism of the Major Histocompatibility Complex Class 11

Region in the Japanese Crested Ibis, Nipponia Nippon

Introduction

The major histocompatibility complex (MHC) is a highly polymorphic genomic region
that plays a central role in the immune system of all jawed vertebrates. The MHC class |
and class 11 genes encode glycoproteins that transport foreign peptides to the surfaces of
cells for recognition by T-cell receptors on lymphocytes, which in turn triggers the
adaptive immune response (Klein, 1986). Therefore, this genomic region is crucial for
resistance and susceptibility to pathogenic disease. Polymorphisms at MHC class | and
class Il genes facilitate binding of a diversity of pathogens, and these evolutionary
selection pressures are thought to contribute to the high genetic variation in MHC loci
(Zinkernagel and Doherty, 1979). The MHC class Il molecule is a heterodimer
consisting of an o and a B chain, which are encoded by MHC-IIA and -1IB genes,
respectively.

Polymorphism in the MHC is not restricted to allelic variation. The molecular
evolution of the MHC involves frequent gene duplication and gene loss that result in
vast rearrangements and pronounced variation in gene number and genomic
organization among organisms (Kulski et al., 2002; Kelley et al., 2005). In birds, two
MHC-I1IB lineages (DAB1 and DAB2) have been characterized (Burri et al., 2008).
Phylogenetic reconstructions and simulations using 63 MHC-1IB exon 3 sequences
from six avian orders have suggested that a unique duplication event preceding the

major avian radiations gave rise to ancestral MHC-1IB lineages that were each likely
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lost once later during avian evolution (Burri et al., 2010). However, to obtain deeper
insights into the long-term evolutionary history of the avian MHC, more data from other
exons, other genes and ultimately genomic structures are required

The domestic chicken (Gallus gallus, order Galliformes) has been most intensively
studied and its MHC (also known as MHC-B or B-complex) has a remarkable structure
referred to as a “minimal essential MHC” (Kaufman et al., 1999). In contrast to the
human MHC (human leukocyte antigen, HLA), which spans approximately 7.6 Mb and
contains 421 gene loci on a contiguous region (Horton et al., 2004), the chicken MHC-B
consists of only 19 genes spanning 92 kb (Kaufman et al., 1999). In addition to MHC-B,
chicken MHC class | and class Il genes are present in a separate and unlinked cluster
called the MHC-Y region (Miller et al., 1994; Delany et al., 2009).

The overall MHC-B structures of five other galliform species, Japanese quail
(Coturnix coturnix japonica), domestic turkey (Meleagris gallopavo), golden pheasant
(Chrysolophus pictus), black grouse (Tetrao tetrix), and greater prairie-chicken
(Tympanuchus cupido) are largely similar to that of chicken, whereas gene number,
order, and orientation in these structures vary among the species (Hosomichi et al.,
2006; Chaves et al., 2009; Ye et al., 2012; Wang et al., 2012; Eimes et al., 2013).

However, studies of non-galliform species, such as duck (Anas platyrhynchos, order
Anseriformes) and zebra finch (Taeniopygia guttata, order Passeriformes) have
suggested that the chicken minimal essential MHC is not typical among birds (Ren et al.,
2011; Balakrishnan et al., 2010; Ekblom et al., 2011). For example, the chicken MHC-B
contains two MHC-IIB genes (BLB1 and BLB2) but no MHC-IIA genes (BLA), whereas
the duck MHC possesses one MHC-IIA and five MHC-1IB genes (Ren et al., 2011).

Because taxonomic and genomic sampling of avian MHC regions is limited, it is
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unclear whether the minimal essential MHC represents the ancestral condition or
whether it is a highly derived condition unique to the Galliformes.

The Japanese crested ibis (Nipponia nippon, order Pelecaniformes) is an
internationally conserved bird, listed as “Endangered” in the 2012 International Union

for Conservation of Nature Red List of Threatened Species (http://www.iucnredlist.org).

The range of N. nippon formerly included much of Japan and northeastern Asia, but
habitat loss and overhunting for its feathers have caused a drastic decline in its numbers
and resulted in its extinction in Japan. Captive-breeding programs have been conducted
using five birds as founders (two individuals introduced in 1999, one introduced in 2000,
and two introduced in 2007) provided by the Chinese government. The current size of
the captive-breeding population in Japan is approximately 210 birds, most of which are
on Sado Island. The Ministry of the Environment of Japan launched a project to release
N. nippon on Sado Island in 2008; in April 2012, three chicks hatched there, the first of
this species born in the wild in 36 years (News of the week, Around the World, Sado
Island, Japan, Back From the Brink, Science, 2012).

Molecular ecology studies have shown that, in addition to adaptive immune responses,
the MHC genotype influences patterns of mate choice, local adaptation, and expression
of sexually selected ornaments (Roberts, 2009; Ekblom et al., 2007; Hale ML et al.,
2009; Von Schantz et al., 1997). For these reasons, the diversity of MHCs is of major
interest to the conservation of endangered species.

The Japanese crested ibis belongs to an avian lineage that is highly divergent from that
of chicken, duck, or zebra finch. Characterizing the MHC class Il region in N. nippon
may provide valuable information about the primordial avian MHC. In addition, insight

into the genetic diversity of this genome region could be vital to conservation of the N.
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nippon population. In this study, we investigated the genomic organization of the N.
nippon MHC class Il region and polymorphisms among the 5 founders of the Japanese

population.

Materials and Methods
Samples

Blood samples from N. nippon (5 founders, A-E, and 20 progeny) and the liver from a
dead female were provided by the Sado Japanese Crested Ibis Conservation Center
(Niigata, Japan). Sample-collection protocols were based on a conservation project of
the Ministry of the Environment of Japan and approved by the Animal Research
Committee of Niigata University. Genomic DNA samples were prepared from whole
blood and liver using the Wizard Genomic DNA Purification kit (Promega) according to

the manufacturer’s instructions.

Primers

Primers and annealing temperatures used for polymerase chain reaction (PCR) analysis
are shown in Table S1. To determine the partial sequence of the Japanese crested ibis
MHC class 1IB gene, degenerate primers BRMHCO05 and AIEx3R (Table S1) (Miller
and Lambert, 2004; Alcaida et al., 2007) were used for amplification and an amplified
1,057 bp fragment containing exon 2 was cloned and then sequenced. The resulting
sequence represented a part of the DAB2 locus (Figure 1). Primers 2F_penl and
intron2-01R (Table S1) were designed on the basis of a previous report (Tsuda et al.,
2001) and the sequence of this PCR product. Other primers were designed on the basis

of sequences determined in this study.
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Polymorphisms and PCR-restriction fragment length polymorphism (RFLP) of
MHC-11B Exon 2

A 279 bp fragment of MHC-IIB exon 2 was amplified using primers 2F_penl and
intron2-01R (Table S1) from two founders (D and E) and 20 progeny (At the time, three
founder samples, A—C were not available to us). In order to analyze polymorphism,
PCR products were cloned using the TOPO TA Cloning Kit (Invitrogen) and at least 8
positive clones were sequenced per individual. Based on the sequence information of
these clones, we identified possible restriction sites for further PCR-RFLP analysis and
chose the restriction enzymes Pstl, Rsal, or Sall. Digested fragments were separated on
a 3% agarose gel and revealed individual banding patterns for each of the different
MHC-I1B exon 2 sequences. MHC class Il genotypes of five founders were examined

by PCR-RFLP.

Construction of a genomic library and Screening

To determine the genomic structure of the N. nippon MHC class Il region, two
genomic libraries were constructed from a dead female and founder E. Genomic DNA
was partially digested with Sau3Al and separated on a 0.5% agarose gel. Digested
fragments (15-23 kb) were gel purified using the Wizard SV Gel and PCR Clean-Up
system (Promega), according to the manufacturer’s instructions, and ligated into the
Lambda DASH Il vector (Stratagene). The ligated DNA mixture was then packaged
using Gigapack Il Gold or XL packaging extract (Stratagene). Screening was
performed using a PCR-based method (Figure S1). Five lambda phage clones (16-D8,

6-F3, 5-3-1, 19-Al1 and 1-C1) were isolated by the PCR-screening with primers
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2F penl and intron2-01R (Figure 1 and Table S1). On the basis of the sequences of
both ends in two lambda phage clones (16-D8 and 1-C1), primers 16-D8Rev_Sl1,
16-D8Rev_A1, 16-D8Uni_S1, 16-D8Uni_Al, 1-C1BRD2_S1 and 1-C1BRD2_Al
(Table S1) were designed and used for genome walking. Two lambda phage clones
(2-L10 and 6-S9) were isolated by the PCR-screening with 16-D8Uni_S1/Al primer
pair, as were a clone 6-F3 with 16-D8Rev_S1/Al primer pair and two clones (16-C4
and 13-F9) with 1-C1BRD2_S1/A1 primer pair (Figure 1). These positive clones were
isolated from the genomic library constructed from a dead female. In addition, two
positive clones (XL2-6-8 and XL10-T2) were isolated from the founder E genomic
library by the PCR-screening with primers 2F_penl and intron2-01R (Figure 1 and

Table S1).

Analysis of isolated lambda phage clones

Phage DNAs of positive clones were purified, digested with BamHI and/or EcoRl, and
subcloned into pBluescript 1l vector (Stratagene). In some lambda phage clones,
additional restriction enzymes (Kpnl, Sacl, Sall and/or Xhol) were also used (Figure 1).
Sequences of both ends of some subclones were determined and analyzed through
homology searches using BLAST (http://blast.ncbi.nim.nih.gov/blast). Moreover,
subclones containing MHC-IIB exon 2 were identified by colony-PCR with primers
2F penl and intron2-01R (Table S1) and analyzed by PCR-RFLP for exon 2 sequence.
By combining with these results, restriction maps of each lambda phage clones were
constructed.

For complete sequencing of MHC class Il genes, insert DNA of subclones containing

MHC class Il genes was completely or partially digested with Sacl or Sau3Al and the
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resulting fragments were re-cloned into pBluescript Il vector (Stratagene). Positive
clones were sequenced using M13 forward and reverse primers. The remaining gaps
were filled by sequencing with specific primers. Every nucleotide position was
sequenced at least twice using both strands of a single subclone or the same strand of
several subclones. Sequencing was carried out by Greiner Japan Co., Ltd. (Tokyo,
Japan). Sequences were manually assembled using GENETYX version 11 (Software
Development). The sequences of MHC class 11 gene regions from haplotypes 1, 2, and 3
(approximately 8, 13, and 18 kb, respectively) were deposited in the DNA Data Bank of
Japan (DDBJ) under accession numbers AB872442, AB872443, and AB872444,
respectively. The sequence of the BRD2 gene in haplotype 1 was deposited in the DDBJ
under accession number AB890383. The partial sequence of COL11A2-like gene is

shown in Figure S2.

Gene Identification and Sequence Analysis
The assembled sequences were analyzed for coding regions using the GENSCAN
program (http://genes.mit.edu/GENSCAN.html) with vertebrate parameters and through

homology searches using BLAST (http://blast.ncbi.nlm.nih.gov/blast). Sequence

alignments and dot-matrix analyses were performed using GENETY X with the default

parameters.

Construction of Phylogenetic Tree
Phylogenetic relationships of MHC-I1B genes within Pelecaniformes as well as among
avian orders were analyzed using exon 2 or partial exon 3 (first 128bp) sequences, since

only 662 bp sequences containing full exon 2, intron 2 and partial exon3 are available in
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Pelecaniformes except for the Japanese crested ibis (Li et al., 2011). Eleven
Pelecaniformes and two species from each of seven avian orders used for the analyses
were shown in Table S3. The best-fitting nucleotide substitution model for each codon
position was evaluated using Find Best DNA/Protein Models (ML) in MEGA version
5.2 (Tamura et al.,, 2011) according to the Akaike information criterion. A
maximume-likelihood tree with exon 2 sequences was constructed by using a Kimura
2-parameter model with gamma distribution in MEGA. A maximume-likelihood tree
with partial exon 3 sequences was constructed by using a Tamura 3-parameter model

with gamma distribution in MEGA.

Southern blotting

In order to confirm haplotype identity for all founder individuals and to examine a
presence of additional MHC loci, we performed Southern blotting. Genomic DNA (10
ug) from the five founders was digested with BamHI and EcoRI and separated on a
0.7% agarose gel. These restriction enzymes were chosen on the basis of restriction
maps and sequences of three haplotypes and preliminary experiments. The gel was
blotted onto Hybond-N+ nylon membrane (GE Healthcare) and immobilized by UV
cross-linking. Three fragments (238 bp of MHC-11A exon 3, 279 bp of MHC-IIB exon 2,
and 307 bp of MHC-11B exon 3) were used as probes for the detection of MHC-I1A/IIB
fragments. The probes were labeled using a PCR DIG Probe Synthesis Kit (Roche) with
primers 1l1Aex3-F and l1Aex3-R for MHC-IIA exon 3, 2F penl and intron2-01R for
MHC-IIB exon 2, and IIBex3-F and II1Bex3-R for MHC-IIB exon 3 (Table S1).
Hybridization and detection were performed according to the manufacturer’s

instructions.
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Results
Polymorphism of MHC-11B Exon 2

To determine the polymorphism of the Japanese crested ibis MHC class 11B gene, 279
bp of exon 2 sequences were amplified from two founders (D and E) and 20 progeny.
Sequencing of the PCR products revealed four types of exon 2 sequences (temporally
named types I-1V for the 279 bp exon 2 sequences), suggesting that the N. nippon
population contained at least four alleles of the MHC class 1B gene (see below). Each
individual possessed one to three exon 2 sequences (Table S2). We developed a
PCR-RFLP method to distinguish the type (I-1V) of MHC-1IB exon 2. The four
sequences of exon 2 could be assigned to types by the combinations of profiles digested

with restriction enzymes of Pstl, Rsal, or Sall (Table 1).

Table 1. Digestion profiles of 279 bp of MHC-IIB exon 2 sequence
Restriction enzyme

Exon 2 sequence

Pstl Rsal Sall
type | 279bp 124bp, 54bp, 101bp 279bp
type I 279bp 279 bp 279bp
type III 279bp 124bp, 54bp, 101bp 201bp, 78bp
type IV 168bp, 111bp 279 bp 279bp

Genomic Structure of MHC Class Il Region

To determine the genomic structure of the N. nippon MHC class Il region, we screened
a genomic library constructed from the liver of a dead female and assembled two
contigs (Figure 1). Restriction mapping and partial sequencing suggested that the
contigs represented two different homologous chromosomes. One contig
(approximately 35 kb) contained a partial copy of COL11A2, one copy of an MHC

IHA/1IB pair (DAA1*01/DAB1*01), and BRDZ2; this contig was designated haplotype 1
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Figure 1. Genomic organization of the Japanese crested ibis MHC class Il region. Three contigs
representing different haplotypes were constructed. Collagen-type XI a-2 (COL11A2), MHC-IIA (o),
MHC-IIB (5) and bromodomain-containing 2 (BRD2) genes and their orientations are indicated. Locus
names are indicated below the MHC-11A and -11B genes. The types of MHC-1IB exon 2 sequences (Table
1) are shown below the locus names. B, K, P, S, Sc, and X represent restriction sites used for subcloning
of BamHI, Kpnl, Pstl, Sall, Sacl, and Xhol, respectively. Solid bars below the map represent locations of
isolated lambda phage clones. The bidirectional arrow above DAB2 in haplotype 3 indicates the first

amplified MHC-11B fragment.

(HP1). (Note: the DAAL1/DAB1-nomenclature describes an allele of the full gene.)
PCR-RFLP analysis of the isolated clone revealed that the exon 2 sequence of the
DAB1*01 allele in HP1 was type I1. Another contig (approximately 40 kb) contained a
partial copy of COL11A2, three copies of MHC IIA/IIB pairs (DAA1*03/DAB1*03,
DAA2*03/DAB2*03, and DAA3*03/DAB3*03), and BRD2; this contig was designated

haplotype 3 (HP3). The exon 2 sequences of the DAB1*03, DAB2*03, and DAB3*03
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alleles in HP3 were types I, I, and 1, respectively.

To isolate a haplotype containing type IV of MHC-IIB exon 2, an additional genomic
library was constructed from founder E, in which type IV was revealed by the
sequencing of exon 2 PCR products (Table S2). Two positive clones were isolated and a
contig (approximately 35 kb) was assembled and designated as haplotype 2 (HP2). HP2
contained a partial copy of COL11A2, two copies of MHC IIA/IIB pairs
(DAA1*02/DAB1*02 and DAA3*02/DAB3*02), and BRD2 (Figure 1). The exon 2
sequences of DAB1*02 and DAB3*02 alleles in HP2 were types IV and I, respectively.
The names of the three MHC 1IA/IIB pairs in HP3 were assigned according to the
proposal for naming vertebrate MHC genes suggested by Klein et al. (1990). Names of
MHC-I1A and -11B genes in HP1 and HP2 were assigned based on homology with genes
in HP3. MHC-I1A and -11B genes were arranged head-to-head in all pairs.

To characterize the MHC-IIA and -1IB genes in detail, the complete sequences of
BamHI fragments (approximately 8, 13, and 18 kb from HP1, HP2, and HP3,
respectively) were determined. The coding sequences in MHC-IIA and -11B genes were
predicted using GENSCAN and deduced amino acid sequences were then aligned
(Figures 2 and 3). Frameshift mutations or premature stop codons were not detected in
predicted MHC-IIA and -11B genes, suggesting that every MHC class Il gene could
encode functional proteins. In the MHC-IIA genes, the DAA1*01, DAA1*02, and
DAA1*03 alleles encoded identical proteins. Another three alleles (DAA3*02, DAA2*03,
and DAA3*03) also encoded identical proteins. No single-nucleotide polymorphism
(SNP) sites were observed in exons within either of the two gene groups whereas two
SNP sites were detected in intron 1 of the DAA1 locus and one SNP site was found in

the promoter region of the DAA3-DAB3 locus. In the MHC-IIB genes, the DAB3*02
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and DAB3*03 alleles encoded identical proteins. Although the DAB2*03 allele was very
similar to DAB3 genes, one amino acid substitution was detected in exon 1 and seven
were detected in exon 3. The DABL1 loci (DAB1*01-*03) were highly conserved; 12

polymorphic amino acid residues were detected only within exon 2.

exon 1

Nini-DAA1*01 -25 MAGGRGIPLALLAVLTLRGAGAVEKV

Nini-DBAT*02 -25 ..........iuiiininnnnnnnn
Nini-DAR1*03 -25 ... ... vivuinvninnnnnnns
Nini-DAAZ*03 -25 ............. Ao
Nini-DAA3*02 -25 ............. Ao,
Nini-DAA3*03 -25 ............. Rivieviininn
Anpl-IIA -25 ..T...V..V.....A.Q.5..
Gaga-BLA -25 . .VLS.AAVP..LLGV.G.V...LK

exon 2

* * ¥ * ¥ * *% * * kkk * * * ** * *

Nini-DAA1*01 1 GNAIIQTDLYQRDERLQQEGGQFMFDFDGDEIFHVDLOKQETIWRLPEFGKFASFEAQGALONIAVMKQONLKIMTENSNHSQATIA
Nini-DAA1*02 e
Nini-DAA1*03 L
Nini-DAA2*03 L 2 U < ¥ 0 o = SI.G.SW.NFLAKQ..V..SPFV
Nini-DAA3*02 1 JHT . H. AEF . . V. P et s i e e e SI.G.SW.NFLAKQ..V..SPFV
Nini-DAA3*03 L - b U - ¥ 2 o SI.G.SW.NFLAKQ..V..SPFV
Anpl-IIA 1 .HVLM..EF..... TREK. .. ciovivsaasvsnas E.8:.viiaus I.TT.Tiiveiunnsonas D...ME..MKR. .R..G...
Gaga-BLA 1 PHVLL.AEF...S.GPDKAWA..G.H..A..L...E.DARQ.V....... Rivevvivvnnnns M..G....EV.IG...R..QDFV

exon 3

Nini-DAA1*01 87 SPEVTVFSEDPVELGDPNVLTCYVDKFWPSVISITWLRNGQEVTDGVLETVFYRGODCTFRKFSYLPFIPARGDYYDCRVEHEGLPTALLKHWE

Nini-DAA1*02 2
Nini-DAA1*03 - A I R e
Nini-DAA2*03 87 P...... PRRO. . i v vivi i ii it tas it asannanans I..PRD.HS. .. v iiisatiasaaa i taasannsanas
Nini-DAA3*02 87 P...... PRRO. « vttt et ittt e s B = = T = T
Nini-DAA3*03 87 P...... PRRD. .ttt i i e e I..PRD.NS. .. i i i i e
Anpl-IIA B7 Pt B T...MK...... E..S...... QA.NG.YK........ Toviiiinnann W..REP.MT...
Gaga-BLA 87 T..LAL.PAEA.S.EE....I..A.....P.ATME.R.S.AV.SE..YDS.Y.GRP.LL.........V.Q...V.S.A.R.W.AEGPVQRM.D
exon 4

Nini-DAA1*01 181 PQVPLPVSESTETLVCALGLAVGIVGIIVGTILIIKAMKMNSARNQRGLL 230

Nini-DAAT*02 181 ... .. i e s 230
Nini-DRAT*03 181 ... .ttt e e s 230
Nini-DRA2¥03 181 ... ..ttt iiiianit i aaneonennss Teuwuwaras 230
Nini-DAR3*02 181 ... .. vviiutir st inartinasaaenoinsens Toviuuan 230
Nini-DAAZ*03 181 ... ... .. i e O 230
Anpl-IIA 181 Veeweiiioianan N........ 230
Gaga-BLA 181 .E..E.P...SA..W..V......A..AA. . A..LR.VRR.A.NR.P... 230

Figure 2. Alignment of predicted amino acid sequences of six MHC class I1A alleles from three
haplotypes. The duck (Anpl-l1la) and chicken (Gaga-BLA) amino acid sequences are provided for
reference. The first amino acid of the al domain was designated as position 1. Identity with the
Nini-DAA1*01 sequence is indicated with a dot. Gaps are indicated by dashes. Asterisks above the

sequence of the al domain indicate peptide-binding residues (Stern et al., 1994).
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Figure 3. Alignment of predicted amino acid sequences of six MHC class 11B alleles from three
haplotypes. Duck (Anpl-11b) and chicken (Gaga-BLB1) amino acid sequences are provided for reference.
The first amino acid of the Bl domain was designated as position 1. Identity with the Nini-DAB1*01

sequence is indicated with a dot. Gaps are indicated by dashes. Asterisks above the sequence of the 1
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91
91
91

exon 1

METGRVLGAGAVLVALVVLGADVARGEETSA

e G

P H..... G

P H..... G

GS. . Iiviiiiinvnnsans RP.G....KG

GS PA........ LA...RP.A.TRP
exon 2

* ok * ok ok *k * * ok * ok kR ok * Rk Rk Rk
VFQELAVYECQFLNGTERVRFVERRIHNREQFMHFDSDVGLYVPDTPLGEPQAKSWNSQPDFMEQKRAEVDRVCRHNYGVVTPFTVERRV
............................ YA

YV.FQFKCD. Y. T, vv v vinannn
YV.FQFKCD.Y.T......cvvirnnnn
YV.FQFKCD.Y.T.
F.H.MLAF..HY..... Q..¥L..H.Y..Q
F.FCG.IF..HY......... LD.E.Y..Q.

exon 3

91 ..E.

91
91

185
185
185
185
185
185

185 .

185

E.EIY. V..o iinns ID s ot v i e e e e e e

E.EIY.V......oiiinunn, D, o it e e
E...Riooovviinannn, AY......... QL. ......... KH....... oo, S...H....E.H.Q.A. .KS.I.HE.V
E...R..AL..G E....AY.. P L..R...... M .V..V.R S.V.R...A..RQ.IS.A
exon 4 exon 5 exon 6
LOPDAARSKMLTGVGGFVLGLIFLALGLFLYVR-KK GASLPRLQ Gs-- 229
................................. ... e L= 229
................................. - P L.-- 229
................................. LI EEEEEEE Lom- 229
................................. s e L.-- 229
................................. - . L= 229

PA....G........ Lo s-R. Lo L.-- 229
PPA..G...L........... Viieiane VFL.GQ. .RPVAAAP .MLN 232

domain indicate peptide-binding residues (Brown et al., 1993).

A dot-matrix analysis of exons and introns revealed that the DAA2-DAB2 locus in HP3
was more similar to the DAA3-DABS3 locus than the DAA1-DABL locus (Figure 4). A
remarkable feature was observed in the DAB1*01 allele in HP1: its 3’-terminal region

was identical to that of the DAB3 locus, whereas its 5'-terminal region was identical to

that of the DABL1 locus.
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Figure 4. Dot-matrix analysis between three haplotypes of MHC class Il region. Diagonal lines

indicate regions where contiguous sequences align.

Phylogenetic Analysis of the Japanese Crested Ibis MHC Class 1B Gene

Phylogenetic relationships of MHC-1IB genes within 11 Pelecaniformes as well as
among eight avian orders were analyzed using exon 2 or partial exon 3 sequences. The
maximume-likelihood tree constructed using MHC-IIB exon 2 sequences showed that all
Pelecaniformes formed one cluster separated from other avian orders (Figure 5a). The
Japanese crested ibis belongs to family Threskiornithidae; the other 10 Pelecaniformes

belong to family Ardeidae. In the Ardeidae, two MHC-IIB loci, DAB1 and DAB2, were

35



91, Gorsachius magnificus DAB2 T
A 98 Ixobrychus flavicollis DAB2
Egretta eulophotes DAB2
Egretta sacra DAB2
Nycticorax nycticorax DAB2
1L Ardeola bacchus DAB2
» Ardea alba DAB2
0 Ardea cinerea DAB2
Bubulcus ibis DAB2
8 100! Egretta garzetta DAB2
Nipponia nippon DAB3'03
4| Nipponia nippon DAB2'03
Nipponia nippon DAB302 Pelecaniformes
Nipponia nippon DAB1*01
_Er Nipponia nippon DAB1'02
73 Nipponia nippon DAB1°03
63 Ardeola bacchus DAB1
Bubulcus ibis DAB1
Ixobrychus flavicollis DAB1
] Ardea alba DAB1
Ardea cinerea DAB1
i y DAB1
DAB1
Egretta eulophotes DAB1
Egretta garzetta DAB1
Egretta sacra DAB1 =

Eudyptula minor DRB

R : Spheniscus magellanicus DRB ] Sphemsc'formes

Accipiter gentilis DRB :I Accipitridae
Aegypius DRB

Aegolius funereus DAB1
- Aegolius funereus DAB2 Strigiform es
Asio otus DAB1
Asio otus DAB2
100¢ Agsiolis DAm"B 7 Passeriformes
Falco biarmicus DRB .
100L—— Falco femoralis DRB :I Falconidae
99 Anas DAB .
4'——* Caiina ] Anseriformes
” r Cotumnix japonica Cojall-14 g
To0l Gallus gallus B-LB1 ] Galliformes
e
005
9 Aegolius funereus DAB2

] strigiformes

Coturnix japonica Cojall-14 .
97 Gallus gallus B-LB1 ] Galliformes

Anas platyrhynchos DAB &

98 | Cairina moschata IIB :] Anseriformes

Eudyptula minor DRB

Spheniscus magellanicus DRB

Accipiter gentilis DRB TR

reappive monachs e | AcCCipitridae

Nipponia nippon DAB1*01 7]

Nipponia nippon DAB1*02

Nipponia nippon DAB1°03

Nipponia nippon DAB2'03

Ardeola bacchus DAB1

Ardea alba DAB1

Egretta eulophotes DAB1

Egretta sacra DAB1

Egretta sacra DAB2

Egretta eulophotes DAB2

Ardea alba DAB2

Ardeola bacchus DAB2

Egretta garzetta DAB1 Pelecaniformes

Egretta garzetta DAB2

Ardea cinerea DAB2

Bubulcus ibis DAB2

Ardea cinerea DAB1

Bubulcus ibis DAB1

Ixobrychus flavicollis DAB1

Nycticorax nycticorax DAB1

Nycticorax nycticorax DAB2

Ixobrychus flavicollis DAB2

Gorsachius magnificus DAB1

Gorsachius magnificus DAB2

Nipponia nippon DAB3"02

g7 Nipponia nippon DAB3°03 J

Falco biarmicus DRB 2
actraco morats o] Falconidae
Aegolius funereus DAB1 oo

Asio otus DAB1 ] strigiformes DAB1
r Agelaius

100! Aphelocoma coerulescens IIB

Asio otus DAB2

DAB2

:I Sphenisciformes

DAB1 "
7] Passeriformes

01

36



Figure 5. Maximum-likelihood tree with MHC-IIB exon 2 or partial exon 3 sequences from
Nipponia nippon and other bird species. The best-fitting nucleotide substitution model for each codon
position was evaluated using Find Best DNA/Protein Models (ML) in MEGA version 5.2 (Tamura et al.,
2011) according to the Akaike information criterion. (A) The tree of exon 2 was constructed by using a
Kimura 2-parameter model with gamma distribution in MEGA. (B) The tree of partial exon 3 was
constructed by using a Tamura 3-parameter model with gamma distribution in MEGA.. Bird species used
for the analyses were shown in Table S3. In both analyses, bootstrap values were evaluated with 1000
replications. Bootstrap values >60 are shown in this tree. Branch lengths represent the number of changes

per site.

identified on the basis of differences in the length of intron 1 (Li et al., 2011). Within the
Pelecaniformes cluster, three alleles (DAB3*02, DAB2*03, and DAB3*03) of the
Japanese crested ibis were included in the DAB2 subclade. Although the other three
DAB alleles (DAB1*01-*03) were grouped into independent subclade, this branching
was ambiguous because of a low bootstrap value (< 60). The maximum-likelihood tree
with partial exon 3 sequences was largely different from that with exon 2 sequences
(Figure 5b). Among seven avian orders except for Pelecaniformes, two MHC-1IB
lineages (DAB1 and DAB2) were observed (Burri et al., 2010). Within Pelecaniformes
Ardeidae, partial exon 3 sequences tended to cluster together within species and did not
show gene-specific cluster (Li et al., 2011). In contrast, four alleles (DAB1*01—*03 and
DAB2*03) and two alleles (DAB3*02 and DAB3*03) of the Japanese crested ibis were
grouped into two independent subclades separated from other Pelecaniformes.
Phylogenetic relationships with MHC-1IB exon 2 and partial exon 3 sequences
suggested that evolution of the MHC-IIB gene in N. nippon might be different from

other Pelecaniformes.
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Genetic Diversity of MHC Class Il Region among 5 Founders

The current N. nippon population in Japan originates from only five founders. To
investigate the genetic diversity of the MHC class 11 region among these founders, their
MHC genotypes were examined by PCR-RFLP (Figure 6). Non-digested fragments with
Rsal, Pstl-digested fragments, and Sall-digested fragments represented type |l
(DAB1*01 in HP1), type IV (DAB1*02 in HP2), and type 11l (DAB1*03 in HP3),
respectively (Table 1 and Figure 1). The genotypes of founders A, B, C, D, and E were

estimated to be hpl/2, hp1/3, hpl/3, hpl/1, and hp2/3, respectively.

Pst| Rsal Sall
ABCDE ABCDE ABCDE

< typell

StypelV <typelll

Figure 6. Genotyping of MHC class Il gene regions by PCR-RFLP. A 279-bp fragment of MHC 1IB
exon 2 was amplified from five founder genomes (A—E). PCR products were digested with Pstl, Rsal, or
Sall and digested fragments were analyzed by 3% agarose gel. Non-digested fragments with Rsal,
Pstl-digested fragments, and Sall-digested fragments represented type Il (DAB1*01 in HP1), type IV
(DAB1*02 in HP2), and type 111 (DAB1*03 in HP3), respectively (Table 1 and Figure 1).

The MHC genotypes of the founders were also analyzed by Southern blotting (Figure
7). Three bands of approximately 8, 13, and 18 kb were detected that corresponded to
HP1, HP2, and HP3, respectively. The genotypes indicated by Southern blotting were

the same as those determined by PCR-RFLP.
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Figure 7. Detection of MHC class Il gene regions by Southern blotting. Genomic DNA from five
founders (A-E) was digested with BamHI and EcoRI and hybridized with a mixture of three probes
(MHC I1A exon 3, MHC 1B exon 2, and MHC IIB exon 3). Three bands of approximately 8, 13, and 18

kb represented HP1, HP2, and HP3, respectively.

In four founder genomes (A-D), both of the alleles at the DAB1 locus were
individually amplified. Primers DAA-F1 and DAB*01-R1 were used for DAB*01, and
primers DAA-F1 and DAB*02,03-R1 were used for DAB1*02 and DAB1*03. The
DAB1*02 and DAB1*03 alleles in founder E were amplified from isolated lambda
phage clones. The resulting PCR products were directly sequenced and sequences

(approximately 1 kb) from exon 2 to exon 4 were compared. Four DAB1*01 sequences
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from founders A-D were completely identical, as were two DAB1*02 sequences from
founders A and E and three DAB1*03 sequences from founders B, C, and E. These
results strongly suggested that the founder population possessed only three MHC class
Il haplotypes. Moreover, no additional hybridizing bands besides the three haplotype
bands were detected in the Southern blotting, suggesting that the MHC class 1l region

was a single locus in the Japanese crested ibis genome.

Discussion

The Japanese crested ibis is a critically threatened and internationally conserved
species belonging to order Pelecaniformes, an avian lineage that is highly divergent
from order Galliformes. We isolated genomic clones encompassing MHC-IIB genes
from the N. nippon genomic libraries and constructed three contigs covering the MHC
class Il regions by genome walking (Figure 1). These contigs represented 3 different
haplotypes of MHC class Il regions. Our sequencing data revealed that the MHC class
Il genomic structure in N. nippon was largely different from that of chicken. The
MHC-I1B gene was flanked by the MHC-11A gene and the MHC IIA/IIB gene pair was
located between COL11A2 and BRD2 in N. nippon, whereas the chicken MHC-B
contained no MHC-11A gene (BLA) and two MHC-IIB genes (BLB1 and BLB2) located
on both sides of the Tapasin gene (Kaufman et al., 1999). We did not detect a
Tapasin-like gene in cloned fragments. The gene order COL11A2-MHC-IIA,
MHC-1IB-BRD2 in N. nippon was more similar to that in humans than to that in chicken
(Kaufman et al., 1999; Horton et al., 2004). In the duck MHC, a single MHC-IIA gene
was located next to five MHC-11B genes, whereas the genes on both sides of the MHC

IHA/IIB cluster are unknown (Ren et al., 2011). In contrast with the duck MHC, in
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which only the MHC-1IB gene was duplicated, gene duplications occurred as a unit with
MHC-1IA/IIB gene pairs in N. nippon.

Our results for polymorphism of MHC-I1B exon 2 (Table 1), cloning (Figure 1), and
Southern blotting (Figure 7) suggested that the MHC class 1l region was a single locus
in the Japanese crested ibis genome, although we cannot exclude the possible existence
of other MHC class Il loci with low sequence homology to those presented here. These
results are similar to findings in duck (Ren et al., 2011) but different from those in
chicken, in which additional MHC class Il genes were found in the MHC-Y region
(Miller et al., 1994; Delany et al., 2009). These combined results suggest that there is
large variability in MHC genomic organization among avian species at the order level.

The three haplotypes of MHC class Il regions in N. nippon had different copy numbers
of MHC IIA/IIB gene pairs (Figure 1). In MHC-1IA genes, three alleles
(DAA1*01-*03) at the DAAL locus encoded identical proteins, as did another three
alleles (DAA3*02, DAA2*03, and DAA3*03) (Figure 2). However, three MHC-1IB
alleles (DAB1*01-03) contained 12 polymorphic amino acid residues within exon 2
(Figure 3). MHC-11B genes were apparently more polymorphic than MHC-11A genes. In
contrast with the DAB1 locus, the alleles DAB3*02, DAB2*03, and DAB3*03 had an
identical exon 2. Haplotypes 2 and 3 might have been produced by duplication and/or
gene conversion during a relatively recent period in evolutionary time. Moreover, the
characteristic of DAB1*01, in which its 5'- and 3'-terminal regions were identical to
those of DAB1 and DABS3 loci, respectively (Figure 4), might indicate that DAB1*01
was produced by recombination between the DAB1 and DAB3 loci. Copy number
variations of MHC-11B gene has been reported in certain bird species (Hosomichi et al.,

2006; Eimes et al., 2011; Strandh et al., 2012; Alcaide et al., 2014). These results might
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indicate that gene duplication, gene loss and/or gene conversion are operating at
relatively high rate within a single bird species
Our phylogenetic analyses showed that Pelecaniformes formed one cluster separated
from other seven avian orders (Figure 5a), suggesting that MHC-1IB genes of N. nippon
were closely related to those of the other Pelecaniformes from family Ardeidae that
were examined in this study. Two MHC-IIB loci, DAB1 and DAB2, with longer and
shorter intron 1 lengths, respectively, were detected in Ardeidae (Li et al., 2011). The
three DABL alleles in N. nippon possessed a longer intron 1 (661 bp) than did DAB3*02,
DAB2*03, and DAB3*03 (285 bp). The latter three alleles were grouped into the DAB2
subclade, but DAB1*01-*03 were not in the DAB1 subclade in the maximum-likelihood
tree with exon 2 sequences , suggesting that evolution of the MHC-IIB gene might
differ among families within the same order. Moreover, the relationship between two
MHC-IIB loci (DAB1 and DAB2) in Pelecaniformes Ardeidae was obviously different
from that in Strigiformes (Figure 5). Although the maximum-likelihood tree with partial
exon 3 sequences suggested that the DAB3 and DABL loci in N. nippon might represent
two MHC-IIB lineages (DAB1 and DAB2) respectively (Figure 5b), the genome
structures emerged that three DAB loci might be a cluster in the same lineage (Figure 1).
To elucidate the long-term evolutionary history of the avian MHC, more data on
genome structure of MHC from a wide diversity of bird species are apparently needed.
As the current Japanese population of N. nippon originates from a small number of
founders, polymorphism among these founders should largely limit the genetic
diversity of progeny. We identified only three kinds of MHC class Il haplotypes among
the five founders. In the Chinese population of N. nippon, five alleles of MHC-11B

exon 2 were detected (Zhang et al., 2006). Three out of five alleles were not observed
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among the founder birds in Japan. Microsatellite markers in the Chinese population
contained two to five alleles, and only two haplotypes were detected in mitochondrial
DNA control regions (Ji et al., 2004; He et al., 2006; He et al., 2013). These findings
suggested that the Chinese population experienced a severe evolutionary bottleneck.
There were two to three alleles of microsatellite markers and haplotype numbers of
202-bp sequences containing multiple SNP sites in the five founders of the Japanese
population (Urano et al., 2013; Chapter 1). These results strongly suggested that the
number of alleles/haplotypes in the current Japanese population are three or fewer in
most genomic loci and that genetic diversity is extremely low. The finding of lower
genetic diversity in the Japanese population compared with the Chinese population is
reasonable because the founders of the Japanese population originated from China.

To our knowledge, this is the first report of MHC class Il genomic organization in
Pelecaniformes. Our results revealed that the MHC class Il genomic structure of the
Japanese crested ibis was largely different from that of Galliformes or Anseriformes.
Moreover, the fact that five founders possessed only three kinds of MHC class Il
haplotypes strongly suggested that the genetic diversity of the MHC region in the
Japanese population is extremely low. The recovery of a large population from a small
number of founders with low genetic diversity will be a significant challenge. If
successful, the process might provide a good model for investigating the expansion of
genetic diversity in a closed population through mutations and recombination events.
The structure of the MHC class 1l region presented here will provide valuable insights
for future studies on the evolution of the avian MHC and for conservation of the

Japanese crested ibis.
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Supporting information

Table S1. List of primers used for polymerase chain reaction analysis

Table S2. Polymorphism of MHC-1IB exon 2 in two founders and 20 progeny of
Japanese crested ibis

Table S3. Bird species used in phylogenetic analysis

Figure S1. Schematic of polymerase chain reaction (PCR) screening for the lambda
phage library

Figure S2. Partial sequence of collagen-type X1 a-2-like gene in the Nipponia nippon

MHC class Il region

44



Sunjlem swouos goe 86 VOOVOVYODVYIOIVOIDLVYOVO —<Hmn_mm_ 1O-1

' VOOVOL10VOIOOVIOD1OVD IS ¢aQda1o-1

Sunjem swouos 7eh 86 OV1IOVHYIIVOO1IDOVILD —<H_c3mn_|o—

' 0011v0HvO00111010919 1S lunga-91I

Sunjjem awouos 9gh 25 OL11190010VvOL1119991 —<H>omwn_|o—

' OVYVOL1DIODIVOVVYVLVY1DOO IS A948A-91

S93J|e €0 ‘20| dvQ 40} uoneolydwe oij109ds 601°¢ DIOIVL1DOVOOIIVOOVIIVYIV 14-£0°20xgva

3|9|le | 0] gvQ 404 uoneolydwe olj1oads 666'C 8¢ QVYVYHHIVIOVYVYIOIDILYHOOVOO 1d-10*x8vda

SNnoo| | gy(Q 404 uoneoijiidwe oy1oads VO1100VvDOD100IJVOVIODLVYIOD l4-vvda

aqoud 108 86 10919VO00IVLLIODDDDVO H-gxadIl

0YVIOL19VD00001010D01 4-gxadIl

aqoud 8z 86 09D1003VvH10I1D0VVIOIIIV H-EXaVII

OVOOVOLL0D19VIOIODIVIOL 4-Ex3VII

e o o s JOW00bLooolown  siogny

(L002) ‘[e 3@ spledly Suiuofo 150'L 89 O19DVOI1OSVY1IDD10SVYOOVOIVO Hex3av

(¥00¢) HequeT g J9|IN ' 10DADH1HD10VODO1IDD1OHLIDD GOOHNYE
. o)

90UdJ9}8Y QwNwD OLSHN;OQE@H £-.9 00:®360m aweu Jawld

9IS 3oNpoid Sulesuuy

d0d 4104 pesn siawld Jo 3sIT[S 9|qel

45



Table S2. Polymorphism of MHC-IIB exon 2 in two founders and 20 progeny
of the Japanese Crested lbis

ID of individual Detected exon2 sequences
51, 55, 61, 75 type 1I, IV

67, 81, 130, 116, founder E type I, III, IV

69, 113, 118,131, 133 type I, III

83, 99, 102, 121 type |, II, III

119, 122, founder D type Il

143 type [ II, IV
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Phage plating
2x10%pfulplate x 25plates
Genomic library 1Cut gelinto 1cm X 1cm block
(independentclone : 5x10°%) ’
' @ ......... @ in 24well plate

2nd: 1600 clone block x 96
3rd: 25cloneblock x 48

@ e

1st phage pool
(containing 20000clone)

Phage plating Zxlubes Selectpositive block
2nd : 80000pfu/plate x 4 1 1stPCR 7
3rd: 1250pfu/plate x 2 Selectpositive pool
Ath: “talphu/plec @ 1Cut blockinto 16 pieces
3rd, 4th /3 H —
screening 5 e """ 5
16 tubes

|2nd,3rd Single plaque x 20
3 Per

PCR
Selectpositive block

Single positive clone

Figure S1. Schematic of polymerase chain reaction (PCR) screening for the lambda phage library.
In the first screening, lambda phages from the primary library were plated on 90-mm plates at 20,000
pfu/plate. Twenty-five plates were used for the screening of 500,000 independent clones. After clear
plaques appeared, the plates were overlaid with 3 mL of SM buffer and stored at 4 °C overnight. Next,
phage solutions were individually collected into 25 tubes (first phage pool containing 20,000 clones).
Phage solutions were directly used as template DNA for PCR. The positive first phage pool was selected
by PCR using KOD-FX Neo DNA polymerase (Toyobo). In the second screening, phages from the
positive pool were plated on four plates at 80,000 pfu/plate. After clear plaques appeared, NZY agarose
gel with plaques was cut into 1- cm? blocks (containing approximately 1600 clones/block). Each block
was transferred into a 24-well plate with 400 uL of SM buffer. The second screening used 96 blocks.
Positive blocks were selected by PCR, further divided into 16 sections (0.0625 cm? containing
approximately 100 clones each), and transferred into 1.5-mL tubes with 100 uL of SM buffer. Positive
0.0625 cm? blocks were selected by PCR. In the third screening, phages were plated at 1,250 pfu/plate (n
= 2 plates). Positive 0.0625 cm? blocks (containing several clones) were selected in the same manner as
for the second screening. In the fourth screening, phages from the positive pool were plated 150 pfu/plate
(n =1 plate). After clear plaques appeared, 20 single plaques were transferred into 1.5-mL tubes with 100

pL of SM buftfer. A single positive plaque was selected by PCR.
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Haplotype 1 Sc X PBB B B B B X B B

2-L10

GOGAAACAAACCCOTCTCCTAGT TATCATCCATTCTAATTGTCAATT GGT GTGT GAGTGGTTCATCTGGTAT TGAAAGCATACT TAGGGAGGT TCAACCTCTGCCCACGT TTCATTAAATAAAAT TGCTCOCTCTAGAAAAA
GAATAACCGTTGGAT TTGCAGGOCORGGRCGTGAAGAGCCCOAAGGTAAGT TTTGAGCAGCGT TAAAGGRGGGGACT GT GAT CTCCCOCCT CCOCACACCCCT CTCCTGGRAGRT GRRGRAGCT CO0T GRGHGGGET GHAGEGEG
CCGAT GGACCAT COATCACCCCOCCT CGACCT COT COCGCAGRET COCAGGGAT GAGOGGGEGACOA CGA GRA GCCACCGRCAA GTCAGRGRCA AA GGT CAGT O T TRGRAGREGEAGEGGCGGRCT CACCOTGRCCCTTGTG
CGTGTACAATCGCACACGOGCGT GACAGCT CT GROACCGACGTGCROCHGAGOT GRGCA CCOGCT GRACACCOGCAA ACCT TCCTCGCT COOT GAGGECACGTCT GRCAGCGA TGRCCOCCACRECCCCCOAGRT GAACGGG
TAAGT GGGCGT CCOAGCCTGGAT T TAGAGGEGGRAGT GGRAGTCCCA GCT TGOACGAGCACOCTGGTGCTA T CCCCA COAGCCA COCACCGOACT GTGCCAAGET OT GRGACCCOCCCCCAGT GOCCGCCATCACCCAGI GO
CGCCAGCTCCCT COCGCOCHACAE0ACRCAGCTCCGT CTCCCOT CRCACCHAGET GRAGHAGEGATT GGT GAT GCT GTGCTAACGAGCT CNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NN
NNNNNNKNNNNNNNNNNNNNN NN RNNNN N RN NN NN NN NN NN CT CGA GCT GACGCCCTCCTCCCT CCAT OT TCCCCCA GRGCT COCCTRRERA G GAGGTGGCCCHAGECAAGGTGGTCCOGT TRGCCCCCCAGGA
CGACCAGGACCAGAGGEACCACCGRRCCCT GRCGGAGA GAA A GRAGT TCOCGT GAGT GOT CAGGGA GAT CCCCCT CGCAT CCOGTA GRGA AL GROGRUGRAT COA GRA GRGGT GOA AGRGRAT GRGTGCTT GCACCCCTCAC
CCCOCCOOTTTTCACAT CCCTOT AGGGTGAGA AGGGCCCTA T GRGTCCOGCTGGCOGGEA TGGOGT TCAGGGTCCTGT GAGTT T ACCTGGCCCAGCOGGOOCCCCORGRAGROCCOGGEEAGRA CGGTGACAAGRT GAGGT CC
TACCCTGCCCCGGT GTCACCGTGOGRCCOGAT GCACTGGRACTGAACACCCTTCTTCTCCO0T COAGRGTGAGRT GRGOGAGCCGRGACA GA A GRGCAGCA AAGGCA A CA AGRGOGA GLACGT GAGTGT GATGAGTGT COCC
CGCCTCCCCATACCT TGT COCT GOTGT COCCAGGGECTGT COCCAGCCT GACTGACCCCT TCOCTCCCT CACAGRGTCCTCCTGGTCCCCCTGGROCTA T CGGGT CAGT CRGGCAGCCOGGAGCOGCTGT GAGTATCCCAGAG
GOAGGGCAACGT GACGET CT GTGGGROGOGA TGT GRGACGGAAGGCTCCTGT GOCACA COT GCGGOCACA CRCAGT AGGGGA CGGTCT CAGCT AGGAGL CGT COCT GT CCT CNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNRNNNNNNNNNNN NN NN NNN NN NN NN NN NN N NN NN NN NN NN RN NN NN NN RSN NNNNNRNNN T GA GGGA CCCCAGREACCCCOT GRAGET GT TGRGAA CCT GGRAC
CTCCTGGT GAGAAGGTACGT COCOGEAGAT CGGGAT TCGCT COCCARGAGCCRCCOT AGCGRGGT GCAGAGGTGGERT GA GRCCAT GRAGCCGTAGTGGGT CTATGRGACAAGGAA CCAATCOGGAGRGCT TGATCCCAGAG
CGGEGACHAGET GRCACGGT GOGGREAGRGTT TGACACCTCTCTGTTCCOGTT T CAGGEGGEA COCCGRT GA ATCGGGAGECCOGEGAAT COA A GRGGAGCCA GA GT CAA GGT GAGT GT CAGCAGGGACACCCOGCTTTCTG
TCCCCGTCCOCT GRCTGGCCCTGOOGGOT GOT GACCCOA TCT TRCACCGRAGRGCOCACGAGGAGA GOGAGGREA GA A GRGAGA AGCCGGAGCTGCOGGTGCTGCTGGROCACCTRGAGGGA A AGGGCCCOCORGOGACGAC
GGGOCCAA GGGCAACCCOGT GAGT GCCGT GTCCOCACCCCAGRA TGOAGRGGA CACGREGAGGGA GCAGRAGRAGTT CROT COGREAAGGOGT TGGRACCOCTT GGAGRAGAGGTCCAGGGT COCT CAGGOT AGCAGCTCGC
TCTGTTTCAGEGTCCOGT TGGOT TOCCAGGOGA TCCOGGACCCCCAGGTGAAA T GRGTCCCAGGAT GAGTGT CGCAT CCCACCCCOT CTGRGCTT CTACTGGAGGGGGCT TCCOTGGRAA TGGOGT TGGGAT TT GGGRGGT GT
GTGOGGGACCT TGT GCT GACT COAGAT TTTCOCTT CCOGACAGRGOCA G3A TGGOGCCAA GRGOGA GOGTGGEEA GGA CRGOGA GOCCGGEGAGOCHAT GAGTGCCCCAT TCCGECACGT CCCCCCCT CACCATCRLTCT GG
GCAGGGGT GTCTCGACCAGATCOCCOTGOGAGGTT TGRGACT GRATT AACT COACT GOTTCAGGAA TGT GAGGEA GT GRAGAGCGCAGCCTGT COCCCOTT COGCGRCTA TTGGAT CTGGTCCCOCTGGTCCTGGGATCONN
NNNNNNNNNNN NN NN NN NN SRR RN NN NN NN SN NN N RN SN RN NNNN RN NN NN NN RN NN NN NN RN RN NN N RN NSNS NNN NN NN NNGGAT CCCTGRT G
CTACT GGACCOA TCGRECCOGOOGRCCCCOCOGGEACTT COCGTGAGT GOT COCCGT GTGCTATCGGGT COCTCOCTCT COT CRCCCCECT GOT CRCTCCCCCTCTCTCCT CCT TAT GOCT GRGCT COCAGT TTCCCTCLCTG
CGT TTGOGGEAGOGGEAGEACTGCTGT CTCCOCACCCOACT TTGCCA GCCCCAGTCGCT GAGAGACCT GGT T TTGCT T TGCAGGGCCCA GOT GGT CCCA AL GGT GOCA AGGGAGCCA TGGTAA GOGCCGAGGLGGTGCCOCC
ACCTTGCCACCACCT TCAGT COT GCCCAAGRCT GACCT CTGT GAGTGT CTCTT TCOT CTAGGGTCAAGCAGGACCCA AAGGTGA ACGTGGACCCOCAGGACCCCCTGGACACCOGRT GAGTGGCT CAAGCGT TGGCACCAGG
GAAGGAAT GACACCGERGTGGEGERATGT AGGAACAGCT COTCRGTAGGT AL A TGAGACCOA GRAAT GGA CGT GGAGGEATGT CT TCTATCT CAAAGCCT GAGCACGRAGTGGTT T GRGRCCCT GRAGAGT GAGGGCTTCG
CAGCCCCOCAT GCTCRRGTGOTGACAGTGGTGT GOCTGCCACAGGGT COCCCT GRAGAGGTGATCCAGCCCCTGCCAATCCAGCTGCCOAAGA AGA GLA AGCGOT COA TT GACGCGA GCANNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN N NN NS NNNN AN NN NN NN NN NSNS NN NN NN NN RSN NNNRNNNT A GA GGT GAGCACGCCCCA CCT GGAGCA GCT CCOGCT GCT GGACGT GOGCGT CA
TGGACT TCGGCGAGCCOGGCCAGAGRT TTGGAT TCGAGGTGGGCCCAGTCTGT TTCCTCGROTAGGACCAAACCGTCACCCTCOTT GCCACACCOT GRCCT CCAGTGGRACAAACCT TGCCT CCT CRCATCCCOCCACTGEC
TCCGAGOGGOGAAGCAGCAAGACCOGCCT COOCCT CGOA TCACGT GACCCACCCROT GRT GOGAGGAGCTGCGAT GOCAGCCCT GOCCACACGTA COGA G COGACRORRCRCCACT GCCGUCCOCACGEGGRICAGGRT CT
GGAGAGATGOCAAAGAGACT TTAACGCTTAGAATAAATCTATATTTTAAT ATGT AGAGAGGCAGAGAGGAAAAT TTT TAACGGA TCCOOCCOT CRGHEAGOT AT GROT GRGGA GAGGGGGCCA CACTCACCACCGGT CCTGG
TGGCCCAGCCT GROCTGT GATACCOGGTTTGOCTTGTTCTCCCT GOACAGGOGA GA GGAGAA GGT GAGT COCACCGRT CT GGAGTCGGT GCOGCOGGT GGOA GCGCACACCCCGRGCAGCTCCOCT TGAACCAT GGRCACAG
TGAGATGT COCAGT CCOCTCCOGGTGT GACAGT CAGACCCT CACCCOT COTCTGOGCTTTGACCCCGRGTA TGRGATCC

Figure S2. Partial sequence of collagen-gype XI a-2-like gene in the Nipponia nippon MHC class 11
region. B, P, Sc, and X represent restriction sites used for subcloning of BamHI, Pstl, Sacl, and Xhol,
respectively. Solid bars and arrows below the map indicate the location of isolated lambda phage clone
and sequenced regions, respectively. Gap regions are shown as “N.” A BLAST search against the human
genome + transcripts database revealed that this partial sequence was homologous to collagen-type X7 a-2

transcript.
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CHAPTER 3
Structure and Polymorphism of the Major Histocompatibility Complex in the

Oriental Stork, Ciconia boyciana

Introduction
The major histocompatibility complex (MHC) is the most important region in the
vertebrate genome regarding infectious disease defense and is crucial in adaptive and
innate immunity. It is notable for the extremely high polymorphism of class | and 1l
genes that are responsible for presenting pathogen-derived peptides and triggering the
adaptive immune response (Klein, 1986). Polymorphisms at MHC class | and class II
genes facilitate binding of a diversity of pathogens, and these evolutionary selection
pressures possibly contribute to the high genetic variation in MHC loci (Zinkernagel
and Doherty, 1979).

Polymorphism in the MHC is not restricted to allelic variation. The molecular
evolution of the MHC involves frequent gene duplication and gene loss resulting in vast
rearrangements and pronounced variation in gene number and genomic organization
among organisms (Kulski et al., 2002; Kelley et al., 2005). Since the discovery of the
mouse MHC in 1936, MHCs of many mammalian species have been characterized.
However, avian MHCs are not well characterized. The genomic organizations of the
MHC spanning class | and class Il regions have been reported in only 6 Galliformes,
domestic chicken (Gallus gallus) (Kaufman et al., 1999), Japanese quail (Coturnix
coturnix japonica) (Hosomichi et al., 2006), domestic turkey (Meleagris gallopavo)
(Chaves et al., 2009), golden pheasant (Chrysolophus pictus) (Ye et al., 2012), black

grouse (Tetrao tetrix) (Wang et al., 2012), and greater prairie-chicken (Tympanuchus
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cupido) (Eimes et al., 2013), and a Pelecaniformes, the Japanese crested ibis (Nipponia
nippon) (Chen et al., 2015).

The chicken MHC (also known as MHC-B or B-complex) has a remarkable structure
referred to as a “minimal essential MHC” and consists of only 19 genes spanning 92 kb
(Kaufman et al., 1999). The overall MHC-B structures of 5 other galliform species are
largely similar to that of chicken, whereas gene number, order, and orientation in these
structures vary among the species. In contrast, the MHC class 11 genomic structure in N.
nippon was largely different from that of chicken (Chen et al., 2015). For example, the
MHC-I1B gene was flanked by the MHC-1IA gene, and the MHC [1A/IIB gene pair was
located between COL11A2 and BRD2 in N. nippon; whereas, the chicken MHC-B
contained no MHC-IIA gene (BLA), and 2 MHC-1IB genes (BLB1 and BLB2) were
located on both sides of the Tapasin gene (Kaufman et al., 1999). These results suggest
that there is large variability in MHC genomic organization among avian species at the
order level. Because taxonomic and genomic sampling of avian MHC regions is limited,
it is unclear whether the minimal essential MHC represents the ancestral condition or
whether it is a highly derived condition unique to Galliformes. To determine the
long-term evolutionary history of the avian MHC, more data of genomic structures from
other avian species are required.

The Oriental stork (C. boyciana, order Ciconiiformes) is a large migrant and listed as
“endangered” in the 2015 International Union for Conservation of Nature Red List of

Threatened Species (http://www.iucnredlist.org). Historically, the Oriental stork was

found in Japan, China, Korea, and Russia, but habitat loss and overhunting caused a
drastic decline in its numbers resulting in its extinction in 1986 in Japan. In 1985,

captive-breeding programs were conducted at the Hyogo Park of the Oriental White
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Stork, by using 6 wild birds as founders provided by Russia. Thereafter, 19 Oriental
storks from Russia and some zoos in Japan such as Tama Zoological Park and Tennoji
Zoo were introduced into the Hyogo Park of the Oriental White Stork and used as
founders. The current size of the captive-breeding population in Japan is approximately
96 birds. A project to release C. boyciana into the wild was launched in 2005; and in
May 2007, one chick hatched in the wild, the first of this species born in the wild in 40
years (www.stork.u-hyogo.ac.jp).

Molecular ecology studies have shown that, in addition to adaptive immune responses,
the MHC genotype influences patterns of mate choice, local adaptation, and expression
of sexually selected ornaments (Mon Schantz et al., 1997; Ekblom et al., 2007; Hale ML
et al., 2009; Roberts, 2009). Therefore, the diversity of MHCs is fundamental to the
conservation of endangered species.

The Oriental White stork belongs to a different avian order from that of the chicken or
Japanese crested ibis. Characterizing the MHC region in C. boyciana may provide
valuable information about primordial avian MHCs. In addition, insight into the genetic
diversity of this genome region could be vital to conservation of the C. boyciana
population. In the present study, we investigated the genomic organization of the C.
boyciana MHC region and polymorphisms among the 6 dominant founders of the

Japanese population.

Materials and Methods
Samples
Blood samples from C. boyciana (6 founders, A—F) were provided by the Hyogo Park

of the Oriental White Stork (Toyooka, Japan). Six founders were selected on the basis of
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a larger contribution to the progeny population. Genomic DNA samples were prepared
from whole blood using the Wizard Genomic DNA Purification kit (Promega) according

to the manufacturer’s instructions.

Primers

Primers and annealing temperatures used for the polymerase chain reaction (PCR) are
shown in Table S1. Degenerate primer pairs MHC 1IBexon4-F1/R1, TAPlexon7-F1/R1,
and TNXB-S1/Al for amplification of MHC-11B, TAP1, and TNXB genes, respectively,
were designed on the basis of chicken, quail, and crested ibis sequences. Other primers

were designed on the basis of sequences determined in this study.

Construction of a Genomic Library and Screening

To determine the genomic structure of the C. boyciana MHC region, a genomic library
was constructed from founder B. Genomic DNA was partially digested with Sau3Al and
separated on a 0.5% agarose gel. Digested fragments (15-23 kb) were gel purified using
the Wizard SV Gel and PCR Clean-Up system (Promega), according to the
manufacturer’s instructions, and ligated into the Lambda DASH Il vector (Stratagene).
The ligated DNA mixture was then packaged using Gigapack 111 Gold packaging extract
(Stratagene). Screening was performed using a PCR-based method as described in
chapter 2. Once a positive phage clone was isolated, sequences of both its ends were
determined and then used to design primers to obtain the extended segments in the next
round of screening. In some PCR-screenings, positive- and negative-selection primers
were used to effectively isolate target phage clones. All isolated lambda phage clones

and primer pairs used for screening of each phage clone are shown in Figure S1 and
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Table S2.

Three lambda phage clones (C3D, J15A, and Al11B) were isolated by the
PCR-screening with primer pair MHC I1Bexon4-F1/R1 (Figure 1, Figure S1, and Table
S2). A lambda phage clone Q6A was isolated by genome walking to upstream of C3D.
A lambda phage clone Q17G was isolated by genome walking to downstream of A11B.

A lambda phage clone Q13C was isolated by the PCR-screening with primer pair
TAPlexon7-F1/R1. Two lambda phage clones (K8A and K6J) were isolated by genome
walking to upstream and downstream of Q13C, respectively. T69H and subsequent
V66E were obtained by 2 rounds of genome-walking to downstream of K6J. Five phage
clones (O19R, O62E, P32B, S14A, and X65K) were obtained as V66E F/R primer pair
positive clone.

A lambda phage clone Z34D was isolated with primer pair MHC-1 F/R that were
designed on the basis of the MHC-I gene sequence within the clone Q13C. A lambda
phage clone N49F was isolated by genome walking to downstream of Z34D.

Two lambda phage clones (L57C and G57G) were isolated by the PCR-screening with

primer pair TNXB-S1/A1.

Analysis of Isolated Lambda Phage Clones

Phage DNAs of positive clones were purified, digested with EcoRI and Xhol, and then
subcloned into pBluescript Il vector (Stratagene). In positive phage clones C3D, J15A,
A11B, and Q17G, EcoRlI, and BamHI were used (Figure 1). Sequences of both ends of
some subclones were determined by using M13 forward and reverse primers and

analyzed through homology searches using BLAST (http://blast.ncbi.nlm.nih.gov/blast).

Sequencing was carried out by Greiner Japan Co., Ltd. (Tokyo, Japan). By combining
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these results, restriction maps of each lambda phage clone were constructed. Complete

sequencing of the whole MHC region is ongoing (see results).

Genetic Diversity of MHC Class Il Region among 6 Founders

To investigate the genetic diversity of the MHC class Il region, genomic fragments
containing both DAB1 and DAB2 loci were amplified from 6 founders (A-F) with
primers DABLlintl-F1 and BRD2-R2 (Table S1). PCR products were cloned into
pBluescriptll (Stratagene) and 2 positive clones representing different alleles were
selected from every founder. Exon 2 sequences of both DAB1 and DAB2 genes in
positive clones were determined with primers DABLlintl-F1 and DAB2intl-F1 (Table
S1), respectively. The haplotypes of the MHC class 11 were decided by the combination

of DAB1 and DAB2 exon 2 sequences within a single clone.

Results and Discussion

Genomic Structure of MHC Region

The Oriental stork is a critically threatened avian species belonging to the order
Ciconiiformes, an avian lineage that is highly divergent from order Galliformes, but
close to the Japanese crested ibis (order Pelecaniformes). To determine the genomic
structure of the Oriental stork MHC region, we screened a genomic library and
assembled one contig (approximately 160 kb) (Figure 1, all isolated phage clones are
shown in Figure S1). Partial sequences of subclones suggested that this contig contained
a partial copy of COL11A2, 2 copies of MHC IIA/IIB pairs (DAA1/DAB1 and
DAA2/DAB2), BRD2, DMA, DMB1, DMB2, MHC | (UAA), TAP1, TAP2, 2 copies of

MHC | (UBAL and UBAZ2), and a partial copy of TNXB. MHC-1IA and -11B genes were
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arranged head-to-head. Partial sequences of the DNA fragment containing UBA1 were
almost identical to those of UBAZ2, suggesting that 2 regions were very long tandem
repeats. Although the number of tandem repeats containing the MHC-1 gene was
estimated to be 2 from comparison with short sequences (540 bp) from 9 phage clones
(O19R, O62E, P32B, Z34D, S14A, X65K, V66E, Z57G, and L57C) (Figure S2), we
cannot exclude the possibility that the number of tandem repeats are 3 or more. To

resolve this, further analysis is necessary.
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Figure 1. Genomic organization of the Oriental stork MHC. A single contig was assembled.
Collagen-type XI a-2 (COL11A2), 2 copies of MHC I1A/IIB pairs (DAA1/DAB1 and DAA2/DAB2), BRD2,
DMA, DMB1, DMB2, MHC | (UAA), TAP1, TAP2, 2 copies of MHC | (UBA1 and UBA2), and TNXB
genes and their orientations are indicated. Locus names are indicated below the MHC-I and -Il genes.
Solid bars below the map represent locations of isolated lambda phage clones consisting of minimum
tailing path. B, E, and X represent restriction sites used for subcloning of BamHI, EcoRlI, and Xhol,

respectively. Red arrows below the map represent very long repeat sequences containing the MHC-I gene.
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For complete sequencing of the MHC region, insert DNAs of subclones from phage
clones Q6A, All1B, Q17G, K8A, K6J T69H, V66E, and 234D were purified, mixed, and
sequenced with the next-generation sequencer HiSeg2500 (lllumina). Sequence data of
approximately 1.2 Gb (12 million reads) was obtained and reads were assembled using
the “Velvet” program. However, since the assembled sequence contained many gaps and
many ambiguous nucleotides, especially in repeat sequence regions, phage clones
consisting of minimal tailing paths were selected (Figure 1) for ongoing sequencing

with a Sanger sequencer.
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Figure 2. Comparison of the genomic organizations of the Oriental stork, Japanese crested ibis, and
chicken MHC. Since the Japanese crested ibis MHC contains a gap downstream of TAP2 gene, the

orientation of the fragment containing the MHC-I cluster and TNXB remains unknown (Chen et al.,

2015).
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The genomic structure of the Oriental stork MHC region was compared with those of
the Japanese crested ibis, and chicken (Figure 2). The MHC class Il regions (COL11A2
to BRD2) of the Oriental stork and the Japanese crested ibis showed complete synteny,
but they were largely different from that of chicken. The MHC-I1B gene was flanked by
the MHC-IIA gene and the MHC I1A/IIB gene pair was located between COL11A2 and
BRD2 in the Oriental stork and the Japanese crested ibis, whereas the chicken MHC-B
contained no MHC-I1A gene (BLA) and 2 MHC-I1IB genes (BLB1 and BLB2) located on
both sides of the Tapasin gene (Kaufman et al., 1999). In contrast to the MHC class 11
region, the internal region (BRD2 to TAP2) was highly conserved with perfect syntenic
gene order between the 3 avian species. The genomic structures of MHC class | region
(TAP2 to TNXB) were different in each species. The chicken MHC class | region
contained C4, CenpA, and CYP21 genes, but these genes were not detected in the MHC
class | regions of the Oriental stork or Japanese crested ibis. Whereas the orientation of
the fragment containing the MHC-I cluster and TNXB remains unknown because of a
gap downstream of TAP2 in the Japanese crested ibis (Chen et al., 2015), the number
and orientation of the MHC-I genes were different between the Oriental stork and
Japanese crested ibis. These results suggested that evolution of the MHC region might
differ largely among avian species. To elucidate the long-term evolutionary history of
avian MHCs, more data on genome structure of MHCs from a wide variety of bird

species are apparently needed.

Genetic Diversity of MHC Class Il Region among 6 Founders
To investigate the genetic diversity of the MHC class Il region among the 6 founders,

genomic fragments containing both DAB1 and DAB2 loci were amplified with primers
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DABL1intl-F1 and BRD2-R2 that were located in DAB1 intron 1 and within BRD2 gene,
respectively. PCR products of approximately 11 kb were detected in founders A, B, C,
and F (Figure 3). In addition to the 11 kb fragment, PCR products of approximately 5 kb
were detected in founders D and E, suggesting that shorter fragments represented one
copy of a MHC-IIA/IIB pair. Copy number variations (CNV) of MHC-IIB gene has
been reported in N. nippon (Chapter 2) and certain bird species (Hosomichi et al., 2006;
Eimes et al., 2011; Strandh et al., 2012; Alcaide et al., 2014). These results might
indicate that CNVs by gene duplication, gene loss, and/or gene conversion occur at a

relatively high rate within a single bird species.

Founder

ABCDEF

6kb — <q 5kb
3kb —

Figure 3. Amplification of the MHC-1IB gene locus from 6 founders. Genomic fragments containing
both DAB1 and DAB2 loci were amplified from 6 founder genomes (A—F) and analyzed by 0.7% agarose
gel. In contrast, a single PCR product (approximately 11 kb) was detected in founders A, B, C, and F, and
2 PCR products (approximately 5 and 11 kb) were amplified in founders D and E.
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Figure 4. Haplotypes of the MHC class 11 region in 6 founders. PCR products containing both DAB1
and DAB2 loci from 6 founders (A—F) were cloned and 2 positive clones representing different alleles
were selected in every founder. Exon 2 sequences of both DAB1 and DAB2 genes in positive clones were
determined. Eight and 6 exon 2 alleles were detected in DAB1 and DAB2 genes, respectively. The
haplotypes of the MHC class Il were decided by the combination of DAB1 and DAB2 exon 2 sequences

within a single clone.

Sequencing of PCR products revealed 8 exon 2 alleles in the DAB1 gene and 6 exon 2
alleles in the DAB2 gene among the 6 founders (Figure 3). The haplotypes of the MHC
class Il region were determined by the combination of the DAB1 exon 2 and DAB2 exon
2 alleles within a single PCR product. As a result, 9 haplotypes were detected in 6
founders (Figure 4). The MHC class Il genotypes of founders A, B, C, D, E, and F were
estimated to be hpl/2, hp3/4, hp5/6, hpa/7, hp3/7, and hp8/9, respectively.

Nine MHC class Il haplotypes were detected in 6 founders. The current C. boyciana
population in Japan originates from not only 6 founders used here but also a few other
founders. For the Japanese crested ibis, the current N. nippon population in Japan

originates from only 5 founders, from which only 3 MHC class Il haplotypes were
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detected. These results indicated that the genetic diversity of the MHC region in the
Oriental stork population is to some extent larger than that in the Japanese crested ibis

population.

Conclusion

We screened a genomic library and assembled one contig (approximately 160 kb).
Partial sequences of subclones suggested that this contig contained a partial copy of
COL11A2, 2 copies of MHC I1IA/IIB pairs (DAAL/DAB1 and DAA2/DAB2), BRD2,
DMA, DMB1, DMB2, MHC | (UAA), TAP1, TAP2, 2 copies of MHC | (UBA1 and
UBA2) and a partial copy of TNXB. This is the first report of MHC genomic
organization in Ciconiiformes. Our results revealed that the MHC genomic structure of
the Oriental stork was close to that of the Japanese crested ibis, but largely different
from that of Galliformes. Nine MHC class Il haplotypes were detected in 6 founders,
suggesting that the genetic diversity of the MHC region in the C. boyciana population in
Japan is to some extent larger than that in the N. nippon population. The structure and
polymorphism of the MHC region presented here will provide valuable insights for
future studies on the evolution of the avian MHC and for the conservation of the

Oriental stork.
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Supporting information

Table S1. List of primers used for polymerase chain reaction analysis

Table S2. Primer pairs used for screening of each positive clone

Figure S1. Genomic organization of the Oriental stork MHC

Figure S2. Alignment of nucleotide sequences of 540 bp from the Xhol site among 9

phage clones
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Table S2. Primer pairs used for screening of each positive clones

clone name positive selection primer pair negative selection primer pair
Q6A C3D-S/A [IBexon4-F1/R1
C3D [IBexon4-F1/R1

J15A [IBexon4-F1/R1

A11B [IBexon4-F1/R1

Q17G A11B-F/R A11B BRD2-F/R
K8A Q13C-S/A Q13C-F/R
Q13C TAP1 exon7-F/R

K6J Q13C-F/R Q13C-S/A
T69H K6J-F/R MHC I-F/R
O19R V66E-F/R

S14A V66E-F/R

X65K V66E-F/R

062E V66E-F/R

P32B V66E-F/R

734D MHC I-F/R

N49F Z34D-F/R, MHC I-F/R

V66E T69H-F/R K6J F/R

Z57D TNXB-S1/A1

L57C TNXB-S1/A1
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Figure S1. Genomic organization of the Oriental stork MHC. Collagen-type XI a-2 (COL11A2), 2
copies of MHC I1A/1IB pairs (DAA1/DAB1 and DAA2/DAB2), BRD2, DMA, DMB1, DMB2, MHC |
(UAA), TAP1, TAP2, 2 copies of MHC | (UBA1 and UBA2), and TNXB genes and their orientations are
indicated. All isolated lambda phage clones are depicted below the map. X on the map indicates the Xhol
site used for sequence comparison between 9 phage clones O19R, S14A, X65K, O62E, P32B, Z34D,
V66E, Z57G, and L57C (Figure S2).
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O19R 1 AGCTGGGTGGCTTGGACTTGGGCAGC 90
062E 1 “TC AGCTGGGTGGCTTGGACTTGGGCAGCT| 90
R t1 P32B 1pF AGAGGCAGAGCACTGG ATCTCTAGG AGCTGGGTGGCTTGGACTTGGGCAG 90
epea S14n 1 FTCGAGGAGTC AGAGGCAGAGCACTGGCCAC CAATCTCTAGGGCCAGCTGGGTGGCTTGGACTTGGGCAGCT| 90
X65K 1 ETCGAGGAGTC CAGAGGCAGAGCACTGGCC. CAGGCAGCAATCTCTAGGGCCAGCTGGGTGGCTTGGACTTGGGCAGC 90
734D 1 [FTCGAGGAGT! AGAGGCAGAGCAC 3 CTC C . CAGCTGGGTGGCTTGGACTTGGGCAG 90
V66E 1 LTCGAGGAGTC AGCTGGGTGGCTTGGACTTGGGCAGCT| 90
Repeat 2| 257G 1 Al GGGTGG 90
L57C 1 AGCTGGGTGGCTTGGACTTGGGCAG 90
Ol19R 91 CTGTAGTGACAGGACAAGGGCCGTGGARACGGCAAGAGGGGAGATCGA| 180
062E 91 [[CCTCGAAGGACGAAAGATGGAGAGAGACTTTATAC CTGTAGTGACAGGACAAGGGCCGTGGAAACGGCAAGAGGGGAGATCGA| 180
R 1 P32B 91 [FCCTCGAAGGACGAAAGATGGAGAGAGACTTTATA CTGTAGTGACAGGAC CAAGAGGGGAGATCGA| 180
epeat S14A 91 [rc GAAGGACGAAAGATGGAGAGAGACTTTATA CTGTAGTGACAGGA CAAGAGGGGAGA!' Al 180
X65K 91 [I¢ GAAGGACGAAAGATGGAGAGAGACTTTATA CTGTAGTGACAGGACAAGGGCCGTGGAAACGGCAAGAGGGGAGATCGA| 180
z34D 91 [rC "GAAGGACGAAAGATGGAGAGAGACTTTATA CTGTAGTGACAGGACAAGGGCCGTGGAAACGGCAAGAGGGGAGATCGA| 180
V66E 91 [I¢ CGAAGGACGAAAGATGGAGAGAGACTTTATA! CTGTAGTGACAGGACAAGGGCCGTGGAAACGGCAAGAGGGGAGATCGA| 180
Repeatz 257G 91 [rc CGAAGGACGAAAGATGGAGAGAGACTTTATACC. CTGTAGTGACAGGAC CCGTGGARACGGCAAGAGGGGAGATCGA| 180
L57C CGAAGGACGAAAGATGGAGAGAGACTTTATA CETGTAGTGACAGGAC GTGGAAACGGCAAGAGGGGAGATCGA| 180
O19R 181 [FATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGCTGGAACAGGTTGCGCGGAGAAGGTGTGGAAGCTCCATCATTGGAAGT| 270
062E 181 [GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGCTGGAACAGGTTGCGCGGAGAAGGTGTGGAAGC "ATCATTGGAAGT| 270
Repeat1 P32B 181 GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGCTGGAACAGGTTGCGCGGAGAAGGTGTGGAAGCT! CATTGGAAGT| 270
S14A 181 GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGC CGCGGAGAAGGTGTGGAAGC CATTGGAAGT| 270
X65K 181 [ATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGC GGAGAAGGTGTGGAAG CATTGGAAGT| 270

Z34D 181 GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGC GGAGAAGGTGTGGAAG
V66E 181 GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGCTGGAACAGGTTGC AGAAGGTGTGGAAG
Repeatz Z57G 181 GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGCTGGAACAGGTTGCGCRIGAGAAGGTGTGGAAGC
L57C 181 [GATTGGACGTAAGAAATGTTTTAGGATGAGGATGGTGAGAGGCTGGAACAGGTTGCGCRGAGAAGGTGTGGAAGC

CATTGGAAGT| 270
CATTGGAAGT| 270
“CATCATTGGAAGT| 270
"ATCATTGGAAGT| 270

O19R 271 [FTTTGAGGTGAGAGCAGA
062E 271 [ETTTGAGGTGAGAG AGAGGAA.
P32B 271 TTTGAGGTGAGAGCAGACGAGAGGAAA
S14A 271 GTTTGAGGTGAGAGCAGACGAGAGGAAACC
X65K 271 [GTTTGAGGTGAGAGCAGACGAGAGGAARACC
734D 271 GTTTGAGGTGAGAGCAGACGAGAGGAAACC
V66E 271 [GTTTGAGGTGAGAG

"GAGAGGAAACC 360
360
360
CACACTGCTGTGTGATAC 360
CACACTGCTGTGTGATACATCT| 360
ATCT| 360
CATCT| 360

Repeat 1 ) -
CTTGCTGTGTCTC

CTTGCTGTGTCT

Repeat 2| 257G 271 [TTTGAGGTGAGAG 360
L57C 271 BTTTGAGGTGAGAGCAGAC 360
019R 361 [[CCTATCTACAGCGG "CTTGAAGTATC 450
062E 361 [[CCTATCTACAGCGG TTGAAGTATC 450
Repeat 1 P32B CAGC g TTGAAGTATC
S14A
X65K e
734D TACTTTCAAGTCAATGCC 450
V66E CTTCACTT “TACTTTCAAGTCAATGCC 450
Repeat 2| 257G “CTTGAAGTATCTTCACTTCCTTGAAGC ACTTTCAAGTCAATG
L57C 361 CTTTGGATCCTTGAAGTATCTTCACTTCCTTGAAGCATCCTACTTTCAAGTCAATGCC 450
O19R 451 . CACTTC TGTTTCTCATTGGGCT CAGC CAATTGGGA! 'GT| 540
062E 451 : “TC CCGGTC C “TTGTTTCTCATTGGGCTCCCCTC : "AATTGGGATCCCCCCGT| 540
P32B 451 CAC : cc . CTTGTTTCTCATTGGG “AGC "AATTGGGAT ‘GT| 540
Repeat 1 S14A 451 CAC . CACTTC CTTGTTT ATTGGGA 540
X65K 451 CAC C “CGGTCACTTC . cTc o o o CAATTGGGATC "GT| 540
734D 451 8 540
V66E 451 . s CCGGTC C “TCATTGGGCT CAGC C 540
Repeat 2| z57G 451 . “TC CCGGTCACTTC c CTCATTGGGCTCCCCTC C : CCCCGT| 540

L57C 451 CACAGAGCCTCTGGACCGGTCACTTCTC CTTGTTTCTCATTGGGCT TC "AATTGGGATCC ) 540

Figure S2. Alignment of nucleotide sequences of 540 bp from the Xhol site among 9 phage clones.
540 bp sequences from 9 phage clones O19R, S14A, X65K, O62E, P32B, Z34D, V66E, Z57G, and L57C
were aligned. Nucleotide substitutions were detected in 2 positions. Polymorphism at nt239 suggested the
different loci (repeat 1: O19R, S14A, X65K, O62E, P32B, and Z34D, repeat 2: V66E, Z57G, and L57C),

whereas polymorphism at nt132 suggested 2 alleles within repeat 2.
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SUMMARY

The Japanese crested ibis N. nippon and the Oriental stork C. boyciana are endangered
avian species and their conservation projects are intensively promoted in Japan. It is
important for these conservation projects to obtain information on genetic relatedness
by using molecular tools such as single nucleotide polymorphism (SNP) and short
tandem repeat (STR) markers and maintain the genetic diversity among populations.

The current Japanese population of N. nippon originates from only 5 founders donated
by the Chinese government. To discover genome-wide SNPs and STRs while obtaining
genotype data of these polymorphic markers in each founder, reduced representation
libraries were independently prepared from each of the founder genomes and sequenced
on an Illumina HiSeq2000. This yielded 316 million 101-bp reads. Consensus
sequences were created by clustering sequence reads, and then sequence reads from
each founder were mapped to the consensus sequences, resulting in the detection of
52,512 putative SNPs and 162 putative STRs. Moreover, genotype data of 32,157
putative SNPs were estimated. The haplotypes numbers and STR alleles and the
investigation of genetic similarities suggested that the total genetic diversity between
the founders was low, although we could not identify a pair with closely related genome
sequences.

In addition to SNP and STR makers, polymorphisms of functional genes could provide
valuable information for the conservation of endangered species. The major
histocompatibility complex (MHC) is a highly polymorphic genomic region that plays a
central role in the immune system. Because of its high polymorphism and importance
for disease resistance and other functions, the MHC has been an important focus in the

conservation of endangered species.
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We investigated the structure and polymorphism of the N. nippon MHC class Il region
and the C. boyciana MHC region. In N. nippon, 3 contigs representing different
haplotypes of MHC class 1l regions were assembled. A pair of MHC-11A and -11B genes
was arranged head-to-head between the COL11A2 and BRD2 genes. The 3 haplotypes
contained 1-3 copies of MHC-1IA/IIB gene pairs. Genotyping of the MHC class 1l
region detected only 3 haplotypes among the 5 founders, suggesting that the genetic
diversity of the current N. nippon population is extremely low. In C. boyciana, one
contig (approximately 160 kb) was assembled. Partial sequences of subclones suggested
that this contig contained a partial copy of COL11A2, 2 copies of MHC IIA/IIB pairs
(DAA1/DAB1 and DAA2/DAB2), BRD2, DMA, DMB1, DMB2, MHC | (UAA), TAP1,
TAP2, 2 copies of MHC | (UBA1 and UBA2), and a partial copy of TNXB. These results
revealed that the MHC genomic structure of N. nippon and C. boyciana were conserved,
but they were largely different from that of Galliformes. Nine MHC class Il haplotypes
were detected in 6 founders of C. boyciana, suggesting that the genetic diversity of the
MHC region in the N. nippon population is lower than that in the C. boyciana
population in Japan.

The present study provided important insight into protocols for genetic management of
the captive breeding population of N. nippon and C. boyciana in Japan, toward the
national project for the reintroduction of captive-bred individuals into the wild and for
future studies on the evolution of the avian MHC. In addition, we proposed a simple,
efficient, and cost-effective approach for the simultaneous detection of genome-wide
polymorphic markers and their genotypes for species currently lacking a reference

genome sequence.
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