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Abstract

Blakiston’s fish owl (Bubo blakistoni), the largest owl endemic to
northeastern Asia, comprises two subspecies: B. b. doerriesi in continental
Eurasia and B. b. blakistoni on Hokkaido Island and the southern Kuril
islands. Although Blakiston’s fish owl was formerly widespread on Hokkaido
Island, its population size decreased during the 20th century due to
reduction and fragmentation of its habitat through human activities.

The phylogenetic analyses based on the whole mitochondrial DNA
(mtDNA) sequences revealed a deep separation between continental and
insular subspecies, which diverged an estimated 670 kilo years before
present. The divergence times among haplotypes within each subspecies
showed that severer bottlenecks and subsequent founder events occurred at
least during the last glacial period. The whole mtDNA genome, which
included duplicated genes, was the largest (>21 kilo base-pairs, kbp) in
vertebrates to data. The large tandem repeat sequences were found in the
control region of B. blakistoni and the closest related species of Bubo.

To elucidate the temporal and spatial changes in population
structure and genetic diversity, 439 individuals including old museum
samples were collected for the last 100 years. I detected a population
bottleneck and fragmentation event by mtDNA haplotype and microsatellite
analyses. The effective population size, which was estimated by moment and
temporal methods from microsatellite data, showed the lowest value in
1980s. Most haplotypes were previously widespread across Hokkaido, but

have become fixed in separate areas after the bottleneck period. Genetic



differentiations among local populations was indicated from both mtDNA
and microsatellite data, and likely arose through population fragmentation.
In addition, the copy numbers of the major histocompatibility
complex (MHC) genes, whose variations relate to resistance against
pathogens, were analyzed to reveal the evolutionary pattern. The results of
quantitative real-time PCR and massively parallel pyrosequencing showed
suggested a higher level of MHC loci in B. blakistoni than other owl species.
The results of fluorescence in situ hybridization showed that the locations of
MHC class I and class IIB loci were closely linked on a micro-chromosomes,
indicating that the MHC loci were tandemly duplicated in a limited
chromosome regions. The gene duplication increases the variations of MHC
genes in this owl species, and could have improved adaptation of the tiny

populations to the island and cold climates.



General Introduction

Blakiston’s fish owl (Bubo blakistoni), the largest owl endemic to
northeastern Asia, comprises two subspecies: B. b. doerriesi in continental
Eurasia and B. b. blakistoni on Hokkaido Island and the southern Kuril
Islands (Slaght & Surmach 2008). This species is resident in riparian forests
and needs a large quantity of fish for food and large hollow trees for nesting
(Takenaka 1998; Yamamoto 1999). It can reach age of over 20 years and
inhabits restricted territories along rivers; the clutch size is usually two
(Hayashi 1997; Yamamoto 1999). Although Blakiston’s fish owl was formerly
widespread in forests on Hokkaido Island, its population size decreased
during the 20th century due to reduction and fragmentation of its habitat
through human activities. There have been no records of this owl in southern
Hokkaido since the 1950s, in northern Hokkaido since the 1970s, or in the
Ishikari lowlands since the 1980s (Hayashi 1999). Today Blakiston’s fish owl
survives only in eastern Hokkaido, where the population has declined since
the 1970s, and the total population size on Hokkaido in the 1980s was
estimated to be less than 100 individuals by field researches (Brazil &
Yamamoto 1989; Takenaka 1998). For this reason, Blakiston’s fish owl has
been listed as endangered on the IUCN Red List Ver.3.1, and as a National
Endangered Species under Japanese law. Recent field researches showed
that, due to conservation efforts involving artificial nesting and feeding, the
population has recovered to about 140 individuals in limited areas on
Hokkaido. During the last 25 years, most young owls from known nest

locations have been leg-banded through conservation activities by the



Japanese government. Familial relationships and dispersal patterns are
known for several individuals; movements of a few individuals among areas
have been observed since the 1990s (T. Takenaka, unpublished data).
Genetic information such as genetic diversity, history of population
structure, and relationships among the subspecies is needed to carry
conservation activities for the endangered species. In the present study, the
purposes are to reveal phylogeny of Blakiston’s fish owl in genus Bubo
(Chapter 1), discuss phylogeography on northeast Asia (Chapter II), reveal
temporal changes of genetic diversity and structure in the Hokkaido
population (Chapter III), and investigate variation and molecular evolution

of the major histocompatibility complex (Chapter IV).



Chapter 1

Phylogenetic relationships in Bubo species based on the mitochondrial DNA

control region sequences



Introduction

Genus Bubo in Family Strigidae comprises large owl species
distributed in many parts of the world. Wink et al. (2009) reconstructed an
owl phylogeny based on mitochondrial cytochrome b (cyt ») and nuclear
RAG-1 sequences and found Nyctea, Scotooelia, and Ketupa to be embedded
within a Bubo clade, which supported previous conclusions that these three
genera should be included in Bubo (e.g., Kénig & Weick 2008). The former
genus Ketupa included four species: Blakiston’s fish owl (B. blakistoni), buffy
fish owl (B. ketupu), tawny fish owl (B. flavipes), and brown fish owl (5.
zeylonesis). Wink et al. (2009) did not include B. blakistoni and B. flavipes in
their phylogenetic analysis.

The mtDNA control region is the major non-coding element and one
of the most variable regions in vertebrate mtDNA (Wenink et al. 1994). The
size of the mtDNA control region varies considerably in vertebrates,
resulting mainly from variation in the occurrence and number of tandem
repeats. In birds, the mtDNA control region is usually 1-1.5 kilo base-pairs
(kbp) long, located between the tRNAG" and tRNAPhe genes, and comprises
three domains that include several conserved regions (Roukonen & Kvist
2002). Although much of the variation consists of nucleotide substitutions
and insertions and deletions (indels), considerable length variation among
species can occur due to tandemly repeated units in the third domain, with
units ranging in size from four to hundreds of base pairs, and in number
from two to more than 100 copies (Lunt et al. 1998). As in other vertebrate

groups, species with a tandem repeat region also have a longer control region



overall, with the longest previously reported in birds being 3290 bp in the
short-eared owl (Asio flammeus) (Xiao et al. 2006). In this chapter, the
phylogeny of B. blakistoni and other fish owl species in Bubo is discussed
based on mtDNA sequences and the patterns of tandem repeat in control

region.

Materials and methods
Samples and DNA extraction

Total DNA was extracted from blood or cultured fibroblasts from 20
B. blakistoni individuals captured on Hokkaido Island, Japan, and from
cultured fibroblasts or feather roots from another eight Bubo species and an
outgroup taxon: B. ketupu and B. flavipes (formerly included in Ketupa),
Verreaux’s eagle-owl (B. Jacteus), spot-bellied eagle-owl (B. nipalensis),
barred eagle-owl (B. sumatranus), Eurasian eagle-owl (Bubo bubo), great
horned owl (B. virginianus), snowy owl (B. scandiacus), and Ural owl (Strix
uralensis; outgroup) (Table 1-1). Blood samples were preserved in ethanol or
dried on filter paper, and frozen at -20°C until use. Fibroblasts were cultured
from skin tissue and frozen in liquid nitrogen until use. Total DNA was
extracted from blood and fibroblasts by using the DNeasy Blood & Tissue Kit
(Qiagen), and from feather roots by using the QIAamp DNA Micro Kit

(Qiagen).

DNA amplification and sequencing

The polymerase chain reaction (PCR) primers for amplification of



the mtDNA control region and cyt b gene were designed de novo, or were
modified from primers previously reported by Sorenson et al. (1999) (Table
1-2). The PCRs were performed by using PrimeSTAR GXL DNA Polymerase
(Takara); cycling conditions were 35 cycles of 98°C for 10 sec, 60°C for 15 sec,
and 68°C for 1 min; products were stored at 4°C. The PCR products were
separated, and their molecular sizes were estimated, by electrophoresis on
2% agarose gels; they were purified with the QIAquick PCR Purification Kit
(Qiagen) and used as templates for nucleotide sequencing. Sequencing was
performed with an ABI 3130 or 3730 DNA automated sequencer. To detect
artifacts, the repeat region from each individual was sequenced at least
twice from independent PCR products. Sequences obtained have been
deposited in the DDBJ/GenBank/EMBL databases under accession numbers

AB741537-AB741546 and AB743785-AB743800.

Sequence data analyses

Sequences were aligned by using MEGA 5.0 software (Tamura et al.
2011). Gene locations were determined by comparisons with mtDNA control
region and cyt b sequences from chicken (Gallus gallus; accession no.
NC001323; Valverde et al. 1994), southern boobook (Ninox novaeseelandiae;
NC005932; Harrison et al. 2004), and spotted owl (Strix occidentalis;
AY833623; Barrowclough et al. 2005). An alignment of control region
sequences was referred to the following sequence blocks conserved in avian
mtDNA (Roukonen & Kvist 2002): extended termination-associated

sequences 1 and 2 (ETAS-1 and ETAS-2); B-box, C-box, D-box, E-box, F-box;



and conserved sequence box 1 (CSB-1). The control region comprises three
domains defined by variability and nucleotide composition (Saccone et al.
1991); the second domain was defined to begin with the F-box, and the third
domain to begin with CSB-1.

Phylogenetic trees for the control region (1282 bp, excluding indels),
complete cyt b (1140 bp), and combined control region + cyt b data sets,
including nine ingroup taxa and Strix uralensis as the outgroup, were
reconstructed by maximum likelihood implemented in TREEFINDER March
2011 (Jobb et al. 2004). A partition homogeneity test performed in PAUP 4.0
(Swofford 2002) indicated that the two genes did not contain significantly
different phylogenetic signals (P= 0.68). Since analyses of the three data sets
gave identical tree topologies, with the combined analysis having the highest
nodal support values, only the combined analysis was described in the text.
The optimal substitution model for the combined data set determined with
MEGA 5.0 was HKY+GI. The robustness of nodes was assessed from
analyses of 1000 bootstrap pseudoreplicates.

To examine more extensively relationships among species formerly
placed in Ketupa, a maximum-likelihood analysis was conducted based on
1001 bp of cyt 4 that included an additional six Bubo species over the
combined analysis above, for which sequences were obtained from GenBank:
pharaoh eagle-owl (B. ascalaphus; EU348976), cape eagle-owl (B. capensis;
EU348978), Indian eagle-owl (B. bengalensis; AJ003954), spotted eagle-owl
(B. africanus; AJ003952), lesser horned owl (B. magellanicus; AJ003971),

and brown fish owl (B. zeylonesis; EU348975) (Wink et al. 2009). The
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optimal substitution model determined with MEGA 5.0 for the expanded cyt

b data set was HKY+G.

Results
Phylogenetic relationships among Bubo species

The maximum likelihood tree for the control region (1282 bp) and
complete cyt b sequences (1140 bp) combined (Fig. 1-1), and the maximum
likelihood tree for partial cyt b sequences (1001 bp) but including additional
species (Fig. 1-2), both show Bubo divided into two main clades (Clades 1 and
2, Fig. 1-2). Nodal support for these clades was generally high, 89—100% for
Clade 1 and 99% for Clade 2. The tree in Fig. 1-2 (cyt » more taxa) differs in
topology for the comparable nodes in Fig. 1-1 (combined control region and
cyt b; fewer taxa) in that the three main branches in Clade 1 form an
unresolved trichotomy, and B. ketupu is the sister group to B. blakistoni
rather than to B. flavipes. In both trees, species formerly placed in Ketupa
form a well-supported (99-100%) ‘Ketupa clade’, with the relationships
among the species in this clade (Fig. 1-2) weakly supported, except for the
sister group relationship between B. flavipes and B. zeylonensisin Fig. 1-2.

Clade 1 consists of Asian species, with the exception of B. Jacteus in Africa.

Organization of the Bubo mtDNA control region
The complete control region sequences (1478-1729 bp long) were
from B. bubo, B. virginianus, B. scandiacus, B. nipalensis, B. sumatranus,

and S. uralensis. By contrast, it was impossible to completely sequence the
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central part of the third domain in B. blakistoni, B. ketupu, B. flavipes, and
B. lacteus, due to an extended region of tandem repeats roughly 3.0-3.8 kbp
long (Fig.1-3), estimated from gel electrophoresis.

The control region in all species examined contained conserved
sequence blocks: ETAS-1 and ETAS-2 in the first domain; B-box, C-box,
D-box, E-box and F-box in the second domain; and CSB-1 in the third domain
(Fig.1-3). In the first domain, there were many indels and incomplete
repeated sequences, most of which were 22 bp long and similar to part of
ETAS-2. The first domain in B. Jacteus contained a unique insertion of more
than 100 bp. The second domain was more highly conserved in sequence
than the other domains. The repeat region toward the 3’ end of the third
domain in B. blakistoni, B. ketupu, B. flavipes, and B. lacteus contained an
estimated 20—25 copies of units 77 or 78 bp long; the nucleotide sequences of
these units were 80.6-98.5% similar among the four species. By contrast, the
third domain in B. nipalensis, B. sumatranus, B. bubo, B. virginianus, B.
scandiacus, and S. uralensis contained no complete tandem repeats, but did
contain at the same locus a sequence motif 72—82 bp long that was similar to
the repeated sequences in the four Bubo species having tandem repeats.
Similarity between tandem repeat units and non-repeated homologous loci in
species lacking a cluster was 56.7-79.1%. The control region in .S. uralensis

contained three and four copies of incomplete repeat units in two individuals.

Discussion

Phylogenetic relationships in Bubo
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The phylogenies in Figs. 1-1 and 1-2 based on mtDNA control region
and cyt b sequences showed Bubo subdivided into two main clades
(designated Clades 1 and 2), with species formerly in Ketupa included in
Clade 1. The analyses, however, failed to adequately resolve sister-group
relationships among members of the well-supported Ketupa clade (99%
nodal support in the cyt b tree, Fig.1-2), with low support values at relevant
nodes. This suggests that these three Asian species diverged rapidly or
relatively recently, and additional markers will be necessary to resolve the
relationships among them.

Among the Bubo species for which I examined the control region
(Fig.1-3), a long stretch of tandem repeats was found only in four species in
Clade 1; B. nipalensis and B. sumatranus in this clade lacked tandem
repeats. The interpretation of this pattern is that duplications of an
ancestral repeat unit and the expansion of a cluster occurred independently
in each species. Arguing against this interpretation is the presence of a
repeat cluster in three species (B. blakistoni, B. flavipes, and B. ketupu)
comprising a clade within the well-supported Ketupa clade (Figs. 1-1 and
1-2), the most parsimonious explanation for which is that the common
ancestor also had a repeat cluster. An explanation reconciling these
apparently contradictory results is that an ancestral cluster was present, but
that the repeat units within each species have undergone concerted
evolution through gene conversion (Chen et al. 2007), rendering paralogs

more similar to one another within a species than between species.
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Chapter I1I

Phylogeography on the continental and island populations of Blakiston’s fish

owl, in northeastern Asia
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Introduction

Blakiston’s fish owl (Bubo blakistoni) is endemic to northeastern Asia.
B. blakistoni constitutes a closely related monophyletic group with the tawny
fish owl (B. flavipes), buffy fish owl (B. ketupu) and brown fish owl (B,
zeylonesis) (Omote et al. 2013). Although these four fish owl species have
morphological and ecological characteristics similar to each other, only B.
blakistonilives in boreal forests, and the others live in tropical or subtropical
forests in southern Asia. The distribution of B. blakistoni has been
fragmented in the Russian Far East, northeastern China and northern
Japan (Fig. 2-1). There are two generally recognized subspecies: an island
subspecies B. b. blakistoni, which occurs on Hokkaido Island and Kunashir
and Shikotan Islands of the southern Kuril Islands; and a mainland species
B. b. doerriesi, which ranges in the continent from southern Mgadan to
Primorye and northeastern China (Slaght & Surmach 2008). Although
Blakiston’s fish owl was previously reported to be distributed on Sakhalin
Island before 1969, a survey in 2005 did not confirm their current occurrence
there (Slaght & Surmach 2008). There has been no genetic data for the
species on the Eurasian Continent, Sakhalin and southern Kuril Islands. In
this chapter, I determined nucleotide sequences of the complete
mitochondrial genomes to analyze the phylogenetic relationships among
subspecies from continental and insular areas, and discuss the

phylogeographic patterns and historical demographic events in northeastern

Aisa.

15



Materials and Methods
Whole mitochondrial DNA sequencing

For sequencing the whole mtDNA genome of B. blakistoni, 1 utilized
blood, tissue, and feather samples from Russia (six samples) and 10 blood
samples from Hokkaido. I used B. flavipes, a closely related species
distributed in southeastern Asia, as an outgroup taxon: to obtain the DNA,
fibroblasts were cultured from a skin sample obtained from the Ueno
Zoological Gardens. Blood and tissue samples were preserved in ethanol at
-20°C until use. Total DNA was extracted from blood, tissue or fibroblasts by
using the DNeasy Blood & Tissue Kit (Qiagen), and from feather roots by
using the QTAamp DNA Micro Kit (Qiagen).

The whole mitochondrial genomes were amplified from total DNA in
six overlapping fragments (2.5—7.8 kbp) by PCR using PrimeSTAR GXL DNA
Polymerase (Takara). The PCR cycling conditions were 98°C for 3 min; 30
cycles of 98°C for 10 sec, 60°C for 15 sec, and 68°C for 15 sec to 3 min; and
72°C for 10 min. The PCR products to be used as templates for nucleotide
sequencing were purified with the QIAquick PCR Purification Kit (Qiagen).
Sequencing was performed with the BigDye Terminator 3.1 Cycle
Sequencing Kit and an ABI 3730 DNA automated sequencer (Applied
Biosystems). Primers for PCR and sequencing (Table 2-1) were newly
designed, or used or modified from those in Sorenson et al. (1999) and Omote
et al. (2013). Nucleotide sequences were aligned by using MEGA 5.0 software
(Tamura et al. 2011). The whole mtDNA sequences of B. blakistoni and B.

flavipes were deposited in GenBank: accession nos. LC099100-L.C099107.
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Phylogenetic analysis

To examine the phylogenetic relationships among mtDNA haplotypes
and divergence times between clades, I used the sequences of all 13
protein-coding genes (11,373 bp), because extensive sequence data were
required for the accurate estimation of branch lengths among the closely
related lineages. The 13 protein-coding sequences were obtained from three
continental and four insular individuals, from samples from Primorye, Amur
and Hokkaido Island. In addition, the entire sequence of the mitochondrial
genome (including the 13 coding genes) was determined for B. flavipes, as an
outgroup taxon. Because two duplicated genes (cytochrome 52 and ND6-2)
were each identical in sequences within individuals, one set was removed
from subsequent molecular phylogenetic analyses.

Phylogenetic trees were reconstructed with the maximum likelihood
method implemented with Treefinder March 2011 software (Jobb et al. 2004),
and by Bayesian inference implemented with BEAST 1.6.2 software
(Drummond et al. 2006; Drummond & Rambaut 2007). The best-fit model of
substitution was determined independently for each of the 13 protein-coding
genes by using MEGA 5.0. A Bayesian skyline model or a coalescent constant
size model was used as a tree prior. A posterior set of trees was obtained
through the Bayesian MCMC analysis, which was run for 10,000,000
interactions. The Bayesian analysis was used to estimate the divergence
times between and within the continental and insular populations using a

strict clock model. To calculate the divergence times among haplotypes, I
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used 1.2% per million years as the evolutionary rate of all mitochondrial

coding genes according to those in Accipitridae (Eo & DeWoody 2010).

Haplotyping of mitochondrial DNA sequences

For revealing geographic distributions of mtDNA haplotypes, I
utilized blood, tissue, feather, and skull samples from Russia (34 samples
from Primorye, two from the Amur region, and one from Magadan); and
feathers obtained from stuffed specimens from Kunashir Island in the
southern Kuril Islands (two samples) and Sakhalin Island (one sample),
which were collected in 1928 before there disappearance in Sakhalin. On
Hokkaido Island, the population structure could have been changed due to
habitat fragmentation and reduction caused by human activities. To
reconstruct the structure of the Hokkaido population before this disturbance,
sequence data obtained in Omote et al. (2015) was used from museum
specimens (19 samples) collected before 1980. Stuffed specimens had been
housed in museums or research institutes in Japan. Total DNA was
extracted from blood or tissue by using the DNeasy Blood & Tissue Kit
(Qiagen), and from feather roots by using the QIAamp DNA Micro Kit
(Qiagen). Total DNA was extracted from a partial skull sample by using the
method of Masuda et al. (2001).

Sequencing from the DNA samples was performed on shorter
fragments (140—-590 bp), amplified by using the Multiplex PCR Master Mix
(Qiagen): the PCR cycling conditions were 95°C for 15 min; 40 cycles of 94°C

for 30 sec, 57°C for 3 min and 72°C for 30 sec; and 72°C for 10 min. The PCR
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products to be used as templates for nucleotide sequencing were purified
with the QIAquick PCR Purification Kit (Qiagen). Sequencing was
performed with the BigDye Terminator 1.1 Cycle Sequencing Kit and an ABI
3730 DNA automated sequencer (Applied Biosystems). Haplotypes of the
samples were assigned based on the nucleotide sequences of mitochondrial
control region 2 (CR-2), using the criteria for haplotyping specified in Omote

et al. (2015).

Nuclear microsatellite analysis

To estimate the genetic diversity for nuclear genes in continental
individuals, 34 samples from Primorye (fresh blood or other tissues) were
genotyped using seven autosomal microsatellite loci, according to the method
of Omote et al. (2015). Alleles were defined by the molecular size of PCR
products as determined with an ABI 3730 DNA automated sequencer using
the GS600 LIZ size standard and GENEMAPPER 4.0 software (Applied
Biosystems). Tests for departure from Hardy-Weinberg equilibrium and
calculations of observed (Ho) and expected (He) heterozygosities were

performed with ARLEQUIN 3.5.1.2 software (Excoffier & Lischer 2010).

Results
Organization of the whole mitochondrial genes of Bubo blakistoni

The size of the whole mitochondrial genome of B. blakistoni was at
least 21 kbp. The genome contained a tandemly duplicated gene unit from

the cytochrome b (cytb) to control region (CR); due to sequencing difficulties
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and resulting ambiguity in the large tandemly duplicated repeat region in
CR-2, it was unable to determine the exact size of the genome. In the
duplicated repeat region, only cytb gene sequences were partial, and the
sequences of tRNAThr-2 tRNAFro-2 tRNAG-2 and ND6-2 were identical with
those of tRNAThr-1 tRNAPro-1, tRNAGu-1 and ND6-1. Both CR-1 and CR-2
included tandem repeats consisting of four to six copies of 49-bp units (51-bp
units in B. flavipes), whereas only CR-2 had a much longer tandem repeat
region consisting of more than 20 times of 78-bp or 79-bp units. There were
variations in the number and/or order of tandem repeat units as reported in
Omote et al. (2013). Sequence regions other than the tandem repeat regions
were similar between CR-1 and CR-2, and a few single nucleotide
polymorphisms (SNPs) within individuals from the Russian Far East and
from the Hokkaido Island were found in the first domain of CR-2 (Omote et

al. 2013).

Phylogenetic relationships and divergence times between clades

The phylogenetic trees from the maximum likelihood and Bayesian
analyses were 1dentical in topology, and only the Bayesian consensus tree
was shown in Fig. 2-2. Both analyses strongly supported high genetic
differentiations between continental and insular clades.

The Bayesian analysis indicated that continental and insular clades
diverged 670 kilo years before present (kyrBP) (95% highest posterior
density interval [HPDI], 560—770 kyrBP). The timing of the most recent

common ancestor for the continental clade was estimated to be 9.3 kyrBP
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(95% HPDI: 1.6-20 kyrBP), and that for the insular clade was estimated to
be 10 kyrBP (95% HPDI: 2.3-23 kyrBP) (Fig. 2-3). The divergence time
between B. blakistoni and B. flavipes was estimated to be about 3, 500 kyrBP

(95% HPDI: 3, 200-3, 700 kyrBP).

Geographical distribution of CR-2 haplotypes

Three and four CR-2 haplotypes based on nucleotide substitutions
were found from the Russian Far East and Hokkaido Island, respectively. On
Hokkaido Island, three of the four haplotypes were widespread, but the
fourth (Fig. 2-1, yellow diamonds) was found only in eastern Hokkaido and
on Kunashir Island (Fig. 2-1). The most frequent haplotype on Hokkaido (Fig.
2-1, red diamonds) was also found on Sakhalin and Kunashir Islands. In
northeastern continental Asia, I newly determined haplotypes for 13 samples
from Primorye, two from Amur and one from Magadan. The most common
continental haplotype occurred in 12 of the 13 samples from Primorye and in
the sample from Magadan, the northern boundary of the range of B.
blakistoni. The other two haplotypes were found only in inland areas (Fig.

2-1).

Microsatellite diversity

The 22 of 34 samples obtained from the Primorye area were
successfully genotyped for seven autosomal microsatellite loci reported in
Omote et al. (2015). The microsatellite analysis of these samples detected no

departures from Hardy-Weinberg equilibrium (£<0.05), and Ho and He in
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the Primorye population were 0.64 and 0.58, respectively.

Discussion
Duplication and variation in the mitochondrial genomes

Variations of gene rearrangements in the mitochondrial genome have
been reported in several avian taxa, including albatrosses, parrots, and
falcons (Gibb et al. 2007). Although no rearrangements had been reported in
the order Strigiformes in the present study, a gene duplication was found in
Bubo blakistoni and B. flavipes that is similar to that in albatrosses (Abbott
et al. 2005): there is an additional incomplete cytb gene and duplicates of
ND6, tRNAThr tRNAPre, tRNAGIu and CR. The rearrangements in
mitochondrial genomes have occurred several times in various linages of
birds. For example, Schirtzinger et al. (2012) identified six independent
origins of mitochondrial CR duplications within Order Psittaciformes alone.
Because the same regions in the mitochondrial genome between both B.
blakistoni and B. flavipes are duplicated, this gene rearrangement could
have occurred before their speciation. In the duplicated region, the
differentiation between paralogous sequences within each species was
smaller than that between orthologous sequences between the species,
indicating the result of gene conversions. A similar pattern has been reported
in some other avian lineages, such as Amazona parrots (Eberhard, Wright &
Bermingham 2001), Thalassarche albatrosses (Abbott et al. 2005), and
black-faced spoonbill (Platalea minor) (Cho et al. 2009). In several avian

lineages, the paralogous sequences, which duplicated before speciation, kept
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a higher similarity in each species rather than orthologous sequences,
indicating that there is some system synchronizing sequences in an
individual. The role of this system in the mitochondrial genome is unknown,
but it is possible to prevent heteloplasmy, which is one of factors causing

mitochondrial diseases.

Phylogeography of B. blakistoni populations

Blakiston’s fish owl is classified into two subspecies, B. b. blakistoni
on islands and B. b. doerriesi in the Eurasian Continent (Slaght & Surmach
2008). Although the two subspecies differ in call patterns and body markings
(such as a white spot on the head in B. b. doerriesi), the genetic relationships
between the two subspecies have not been well studied so far. The present
study found two clades that were clearly separated by genetic information
from the whole mitochondrial genome: one clade consisted of insular
individuals (B. b. blakiston1) and the other of continental individuals (B. b.
doerriesi). The genetic differences between the two clades were much higher
than those within either clade, suggesting that the two geographically
1solated subspecies have been separated without gene flow for a long time.

The results show that the insular and continental subspecies
diverged approximately 670 kyrBP (95% HPDI: 560-770 kyrBP).
Considering the data from Antarctic ice cores (Liithi et al. 2008), these two
subspecies have experienced five or six global glacial-interglacial cycles since
their divergence. Because B. blakistoni maintains territories in forests and

do not migrate to long distances, the two subspecies have remained
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reproductively isolated from each other after their geographical separation.
Although Sakhalin Island is located between the Eurasian Continent and
Hokkaido Island, northern Sakhalin as well as the adjacent continental
areas has non-forest areas that could have been a barrier to dispersal of this
owl. The divergence times within the continental and insular subspecies
were estimated to be approximately 9.3 and 10 kyrBP, respectively (Fig. 2-2),
which were later than the end of the last glacial maximum (LGM) in 19-20
kyrBP (Clark et al. 2009). Populations of this owl would have decreased in
size in the LGM due to the limited habitats and drastic changes in the
environment. The low differentiation in the mitochondrial genome within
the insular and continental subspecies indicates that the mtDNA haplotypes
within each subspecies diverged from single mitochondrial lineages that
survived the LGM. The much lower diversity of mtDNA sequences in the
continental subspecies suggests an even much severe bottleneck and/or
founder event. On the other hand, the nuclear microsatellite loci in the
continental population showed the heterozygosity values (Ho: 0.64 and He:
0.58) roughly equivalent to those in the Hokkaido population before 1980
(Ho: 0.59 and He: 0.58), but higher than that (Ho: 0.51 and He: 0.53) in the
Hokkaido population in 2005-2012 (Omote et al. 2015), which decreased in
the 19th century due to human activities. Because of high mutation rates of
microsatellite sequences, microsatellite analysis shows short-term
demographic events. The heterozygosity values obtained in the present study
suggest that the population size of the continental area was not remarkably

decreased in recent years.
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In continental northeastern Asia, the forest areas in the LGM were
much smaller and more fragmented than those at present (Harrison et al.
2001). Blakiston’s fish owls need forests and non-frozen rivers or lakes even
in winter. This means that most of the continental areas, where the owls live
at present, were unsuitable for them in the LGM. Refugia for the continental
populations were likely located in northeastern China or Korean Peninsula,
and owls likely dispersed to more northern areas after the LGM. The low
variation and distribution pattern of the mtDNA haplotypes in the present
continental population suggest a strong bottleneck followed by founder effect
through the last glacial period. Northeastern Hokkaido, Sakhalin, and Kuril
Islands could have been also unsuitable for the fish owl in the LGM. In
contrast, southern Hokkaido was covered with forests (Harrison et al. 2001),
and the insular population could have survived on southern Hokkaido or
Honshu Island, and migrated to northeastern Hokkaido, Sakhalin and the
Kuril Islands after the LGM. Since then, more variations might have been
accumulated in the mtDNA and been maintained in the Hokkaido population.
There are no paleontological records of Blakiston’s fish owl from the
Japanese islands, and future study on its past distribution is required for
clarification of the migration history.

Because all of the three fish owl species phylogenetically closest to B.
blakistoni occur in tropical forests in southern Asia (Omote et al. 2013), B.
blakistoniis assumed to have originated in southern Asia. The divergence
time between B. blakistoni and B. flavipes was estimated to be 3, 500 kyBP,

or late Pliocene. During the following Pleistocene, the climate and vegetation
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were repetitively changed via glacial-interglacial cycles. The ancestor of B.
blakistoni could have adapted to colder environments during glacial periods
and migrated to northeastern Asia during interglacial periods.
Glacial-interglacial cycles are thought to have stimulated speciation due to
geographical isolation of populations and high selective pressure for
adaptation. In the case of B. blakistoni, the results suggest effects of climate
changes on speciation. The large genetic differentiation between the
continental and insular populations may lead to speciation in the future,
because the two populations have not contacted each other through five or

six glacial-interglacial cycles.

26



Chapter II1

Fragmentation and low genetic diversity of the endangered Blakiston’s fish

owl population on Hokkaido Island
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Introduction

Population genetic theory predicts that bottlenecks lead to decrease
in genetic variability, individual fitness and the decreased capacity of
populations to adapt to environmental change (Keller and Waller 2002).
Fragmented populations may also face reduced gene flow, potentially leading
to lower genetic diversity, inbreeding depression, fixation of deleterious
mutations and a higher risk of extinction (Couvet 2002). A trial
microsatellite analysis of the Hokkaido population of Blakiston’s fish owl
(120 individuals) in the intermittent intervals (1986—1993, 1997—1999 and
2009-2010) suggested diminished genetic diversity and isolation of local
populations. The cause of the low level of genetic variation and gene flow was
thought to be recent bottleneck; however, no genetic data showed changes of
population size and structure before and after the bottleneck event assumed
from field observations.

In this chapter, to clarify the temporal changes of population
structure and genetic diversity in the Hokkaido population over longer
period, I examined microsatellite and mitochondrial DNA (mtDNA) analyses
on more current, museum and archaeological samples collected in the last

century.

Material and Methods
Sampling and DNA extraction
The 439 individuals shown in Table 3-1 were used for the analyses.

Total DNA was extracted from blood, tissue or cultured fibroblast samples
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obtained from 405 B. blakistoni individuals (Table 3-1) using the DNeasy
Blood & Tissue Kit (Qiagen). Most samples came from young wild owls
captured at nests for banding, and the year and location of birth of these owls
were known. For the last 20 years, the samples included most owls born on
Hokkaido, and most wild owls injured or killed in accidents had been
banded.

Blood samples were preserved in ethanol or dried on filter paper, and
tissues were preserved in ethanol and frozen at -20°C until use. Fibroblasts
obtained by culturing small pieces of skin tissues were frozen in liquid
nitrogen until use. Total DNA was extracted from feather roots from 31
stuffed specimens (Table 3-1) using the QiaAmp DNA Micro Kit (Qiagen).
The stuffed specimens had been stored in museums or research institutes,
with the oldest dating from the 1880s.

In addition, using the method of Masuda et al. (2001), total DNA was
extracted from three archaeological bones from different individuals, which
were buried from the late 19th century to 1939 in the Nijibetsu site in the
Akan area. To prevent contamination of external DNA, extraction of DNA
from old samples of feathers, skins and bones was made in clean benches on
different floor from the laboratory where flesh samples were used.
Disposable pipette tips and microtubes were used for DNA extraction and
the following experiments. The samples came from the following areas: the
Ishikari Lowland, where this species is now locally extinct; the Daisetsu and
Hidaka Mountains; the Akan and Konsen areas; and the Shiretoko

Peninsula (Fig. 3-1). The interval used for partition data in statistical
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analysis was 8 or 16 years; this corresponds to the average generation or the

life span of the Blakiston’s fish owl.

Analysis of mtDNA sequences

From among samples, for which familial information was available,
one of sibs from each family was selected per sampling interval for analyses
of mtDNA, which is maternally inherited. Part of the first domain of mtDNA
control region (590 bp) was amplified and sequenced from modern samples
excluding sibs (n = 113) and museum and archaeological samples (n = 34).

DNA was amplified by PCR with primers reported in Omote et al.
(2013) or newly designed (Table 3-2). For analysis of old samples from
museums, I designed new PCR primers to amplify three shorter fragments
(78-148 bp) of the mtDNA control region. The PCRs for the museum samples
were performed in a volume of 20 ul , each containing 10 pl of 2 X Multiplex
PCR Master Mix (Qiagen), 4.6 1l of double-distilled water, 2.0 pl of each
primer solution (2 pmol/ml), 1.0 ul of DNA template and 0.4 pl of bovine
serum albumin (20 mg/ml); cycling conditions were 95°C for 15 min; 30 cycles
of 94°C for 30 sec, 57°C for 3 min, and 72°C for 30 sec; and 72°C for 10 min.
The PCR products were purified with the QIAquick PCR Purification Kit
(Qiagen) and used as templates for nucleotide sequencing. Sequencing was
performed with the BigDye Terminator v1.1 Cycle Sequencing Kit and an
ABI 3130 or 3730 DNA automated sequencer (Applied Biosystems). On each
of museum and archaeological samples, PCR and sequencing were performed

at least three times to eliminate the potential for contamination and
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sequencing errors, and confirmed the authenticity of data.

Nucleotide sequences were aligned by using MEGA 5.0 software
(Tamura et al. 2011). Haplotype diversity (4) and nucleotide diversity (mm)
were calculated using ARLEQUIN 3.5.1.2 software (Excoffier et al. 2010).
Genetic differences (#5t) among local populations (Ishikari, Daisetu, Hidaka,
Akan, Konsen and Shiretoko) on Hokkaido Island (Fig. 3-1) were calculated
by analysis of molecular variance (AMOVA) implemented, and tested with

10,000 permutations by using ARLEQUIN.

Analysis of microsatellite genotypes
The 407 samples of bloods, tissues, cultured fibroblasts and feathers

were genotyped for seven autosomal microsatellite loci. Microsatellite
markers designed for other owl species were cited: Oe058, Oe128, and Oel29
(Hsu et al. 2003, 2006); 13D8 and 4E10.2 (Thode et al. 2002); and FEPO5
and FEPO43 (Proudfoot et al. 2005). Forward primers were fluorescently
labeled with 6-FAM, NED, PET, or VIC. The molecular size of PCR products
was determined on an ABI 3730 DNA automated sequencer using the GS600
LIZ size standard and GENEMAPPER 4.0 software (Applied Biosystems).

Departures from Hardy-Weinberg equilibrium (HWE) and linkage
disequilibrium (LD) were tested for each microsatellite locus by using
ARLEQUIN. The observed (Ho) and expected (He) heterozygosities were
calculated by using ARLEQUIN. Allelic richness (A4r) and inbreeding
coefficient (FMs) were calculated with FSTAT 2.9.3 software (Goudet 2001).

Changes among sampling periods of Ho, He, Ar and Fis values were tested
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by pairwise non-parametric Wilcoxon signed-rank test by using STATISTICA
10 software (StatSoft). Because the sample size in older periods were small,
Fst values among local populations were calculated for each locus and
combined by jackknifing, providing confidence intervals via bootstrapping,
using FSTAT, and tested with 10,000 permutations by using ARLQUIN.

Effective population size (/Ve) was estimated by moment method,
the bias-corrected version of the method based on LD (Waples & Do 2010),
and temporal method using moment biased F-statistics (Jorde & Ryman
2007) by using NeEstimater 2.01 software (Do et al. 2014). On the moment
method, Ne was estimated on each sampling period with monogamous
mating model. On the temporal method, Ne was estimated between
continuous two sampling periods, assuming that generation time was five to
ten years and that census size was 100 to 150.

Populations that have undergone a bottleneck often exhibit a
reduction in allele number and Ho, with allele number decreasing faster
than Ho (Luikart & Cornuet 1999). Thus, after a bottleneck, Ho is larger
than He estimated from allele frequencies assuming mutation-drift
equilibrium (Cornuet & Luikart 1996). Based on this effect called
heterozygosity excesses, whether a population bottleneck had occurred was
tested with BOTTLENECK 1.2.0.2 software (Cornuet & Luikart 1996; Piry
et al. 1999). To identify heterozygosity excesses, the Wilcoxon signed-rank
test was used in default settings under three mutation models: infinite
alleles IAM), two-phased (TPM) and stepwise mutation (SMM).

To determine the number of genetic clusters that best fit the

32



microsatellite data, a Bayesian assignment analysis was performed with
STRUCTURE 2.3 software (Pritchard et al. 2000; Falush et al. 2003). The
STRUCTURE program groups multilocus data into K clusters without
considering population origin. The STRUCTURE analysis was run for
100,000 iterations after a burn-in of 50,000 iterations, using the admixture
model, and posterior probabilities were estimated for A =1 through K= 7.
For each value of K, 10 independent runs were conducted to quantify the
amount of variation in the likelihood value for K. To determine the probable
number of clusters, AK was calculated (Evanno et al. 2005). Each 10
replicate STRUCTURE runs were aligned by using CRUMPP software
(Jakobsson & Rosenberg 2007). Changes in Ho for the next 50 years were
simulated based on the latest genotype data in the 2005—2012 interval by
using BOTTLESIM 2.6.1 software (Kuo & Janzen et al. 2003). A single
population without barrier against random mating (Ve = 40) or completely
isolated five local populations in equal sizes (Ne = 8) were assumed. The Ne
values were based on the estimation by moment and temporal methods in
the latest interval. For estimates, 1000 iterations were performed with the
following constant parameters: mean life span = 16 years; age at maturity =
2 years; completely overlapping generations; each female mates with a single

male each year; and sex ratio = 1:1.

Results
Variation and distribution of mtDNA haplotypes

Part of the mtDNA control region (590 bp) was sequenced for 169
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individuals, including the old museum and archaeological samples;
sequences were obtained for 36 of 39 stuffed specimens and three of seven
archeological bones. Based on five substitution sites, five haplotypes were
detected in the Hokkaido Blakiston’s fish owl population and named BFHO1-
05. One of the five (BFHO05) occurred in samples collected before 1964, but
not in any subsequent samples. Before 1964, three haplotypes (BFHO1,
BFHO03 and BFH04) were widespread on Hokkaido (Fig. 3-1a). In the 1965—
1980 and 1981-1996 intervals, most haplotypes occurred in several areas
(Fig. 3-1b, c), although this owl disappeared from the Ishikari area. By
contrast, in the 1997-2012 interval, most haplotypes except for BFHO1 were
more restricted in distribution (Fig. 3-1d), and the haplotype frequencies had
markedly changed. In the pre-1964 and 1965-1980 intervals, AMOVA for the
haplotype data detected no genetic differences among the populations on
Hokkaido (Table 3-3). After 1981, however, Fst values among the populations
were significantly high (Table 3-4). Changes of 4 and 1 showed similar
trends (Table 3-3). In the overall Hokkaido population, both values slightly
declined without significance; however, these in the local populations

significantly decreased from pre-1964 to 1997-2012 intervals.

Diversity and population structure indicated by microsatellite analysis
Most individuals (99.6%, 405/407 samples) for the seven

microsatellite loci examined were genotyped using blood, frozen tissue, or

fibroblast samples. Attempts to amplify the microsatellite loci from old

museum samples were unsuccessful. When all samples from the Hokkaido
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population were analyzed as a single group, five and six of the seven loci
significantly departed from HWE in the samples from 1981-1996 and 1997
2012, respectively. By contrast, less than two loci departed from HWE in
each local population, excluding the Tokachi subpopulation in the 1997-2012
interval (four of the seven loci). The loci departing from HWE were different
among samples from each area and period. The significant LD was detected
in 0 to 14 pairs of markers, but the pairs were not common among samples
from each area and period. Figure 3-2 shows estimated MNe values by the
moment method on each period and temporal method assuming that the
generation time was eight years and that the census population size was 100.
Both methods indicated that Ne values were 20 to 50 in the last 20 years, Ne
was lowest in the 1980s about 10 at most 20, and the moment method
suggested a remarkably large value in the oldest period 1965-1980.

The STRUCTURE analysis showed A =4 to have the highest AK
value. The four clusters corresponded mostly to the local populations on
Hokkaido (Fig. 3-3). Before 1980, AMOVA for the microsatellite data detected
no significant genetic differences among those local populations, but in the
post-1980 intervals, F5t values among the local populations were generally
high and statistically significant (Table 3-4). Most individuals from the
1981-1996 interval were assigned only to clusters unique to local
populations. In the pre-1980 and 1997-2012 intervals, however, some
individuals were assigned to clusters predominantly representing other local
populations, or not clearly assigned (Fig. 3-3). Mean values of Ar were

significantly decreased from the 1965-1980 interval to the 1997-2012

35



interval in overall Hokkaido population. Although He was slightly declined,
Ho was significantly decreased more rapidly than He from the 1981-1996
interval to the 1997-2012 interval (Table 3-3). By contrast, Ho was often
higher than He in local populations after 1980, and Wilcoxon signed-rank
tests showed significant heterozygosity excess under all three models (IAM,
TPM, and SMM) in two of four local populations in the 1981-1996 interval
and in two of five in the 1997-2012 interval. Fis values were significantly
increased from the pre-1980 to the 1997—2012 interval (Table 3-3).
Simulations were used to predict changes in Ho over the next 50 years,
under two different assumptions: random mating occurs across the overall
Hokkaido population, or the five local populations are completely isolated.
The simulations under the respective assumptions predicted that Ho would
decrease to 0.44 and 0.28, respectively (86.5% and 56.2% of the values in the

2005—2012 interval).

Discussion
Temporal changes in the population structure

A trial microsatellite analysis of Blakiston’s fish owls on Hokkaido in
the intermittent intervals suggested that the local populations had been
genetically isolated in each area. But it was not directly shown whether the
local populations have been originally isolated or recently divided. To reveal
this question, the present study analyzed a large number of samples (439
individuals), including samples collected before the population decline, by

using mtDNA haplotype and microsatellite markers.
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Before 1964, most mtDNA haplotypes were distributed over large
areas of Hokkaido (Fig. 3-1), but subsequently became restricted in
distribution; haplotypes BFHO05, found only in a museum sample, was
probably lost before 1964 (Fig. 3-1b and 3-1c). All haplotypes except BFHO1
were limited to one or two areas in the 1997—2012 interval (Fig. 3-1d).
AMOVA for both the mtDNA haplotype and microsatellite data detected no
genetic differentiation among populations in different areas before 1964 and
in the 1965-1980 interval (Table 3-3). These results indicate that gene flow
occurred across large areas of Hokkaido before 1980. Among-population Fkt
values from both the mtDNA haplotype and microsatellite data markedly
increased after the 1980s (Fig. 3-3), suggesting major changes in the
frequencies of mtDNA haplotypes due to the separation and isolation of local
populations. Departures from HWE were detected for the overall Hokkaido
population in the 1981-1996 and 1997-2012 intervals, and this phenomenon
1s known as Wahlund effect and suggests the separation and isolation of the
local populations. Because marker pairs detecting LD were not common, it
could have been caused by biased mating rather than links of loci.
Heterozygosity excess in some local populations after 1981 also indicated a
recent bottleneck in the local areas. The results suggest that the
fragmentation of the owl population and subsequent reduction in population
size have occurred recently on Hokkaido, probably around 1980 judging from
the Fst values (Table 3-3). Field researches observed that the population size
on Hokkaido Island was minimized in the 1970s to 1980s (Brazil &

Yamamoto 1989; Takenaka 1998). Actually the change of Ne estimated from
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microsatellite data also supported the bottleneck event around the 1980s
(Fig. 3-2). Therefore, the population fragmentation occurred at almost the
same time with the recent bottleneck. Human activities such as cultivation,
housing, and building roads and dams destroy forest and river environments,
and must have caused population fragmentation and bottleneck. The
Blakiston’s fish owl population would have been decreased and fragmented
due to loss and division of habitats via vigorous human activities around the
1980s on Hokkaido.

The STRUCTURE analysis showed the optimal number of genetic
clusters in Blakiston’s fish owls on Hokkaido to be four; the clusters mainly
correspond to the local populations. Although individuals from the Hidaka
and Akan areas belonged to the same cluster, the pairwise Fst value between
the two local populations was significantly higher. The Hidaka population
would have been isolated rather than interacted with the Akan population,
and the small sample size in the Hidaka population probably caused the
STRUCTURE result. The 1981-1996 interval was unique in that the Daisetu,
Akan, and Konsen populations were each genetically uniform. In the 1997—
2012 interval, some individuals were assigned to clusters that had not
previously been detected in their local populations, especially in Daisetsu
(Fig. 3-3), suggesting gene flow among local populations, and in fact a few
owls were observed in the field to have moved from Akan and Shiretoko to
Daisetsu and to have bred there in 1990 and 2002 (T. Takenaka, unpublished
data). In addition, the mtDNA haplotype diversity and microsatellite

diversity have increased in Daisetsu from 1981-1996 to 1997-2012 intervals,
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and the lower pairwise Fst value between Daisetsu and Shiretoko (Table 3-4)
and significant departure from HWE in Daisetsu might have been caused by
the migration. Due to the small population size and long life span of
Blakiston’s fish owl, these movements of a few individuals among local
populations may have strongly affected the population structure and genetic

diversity.

Temporal changes of genetic diversity in the populations

Populations that undergo bottlenecks often lose genetic diversity
(Bellinger et al. 2003). Based on research on many threatened birds, Heber &
Briskie (2010) concluded that population bottlenecks increase hatching
failure due to inbreeding and the consequent loss of genetic diversity,
particularly when the population experiences a severe bottleneck to fewer
than 100-150 individuals. Changes in genetic diversity have been reported
in several avian species, for which samples were analyzed before and after a
bottleneck. A microsatellite analysis of the endangered black-capped vireo
(Vireo atricapilla), which apparently experienced a bottleneck early in the
20th century, showed lower genetic diversity and increased differentiation in
recent (2005—-2008) samples than in historical (1899-1915) samples (Athrey
et al. 2012). The great prairie-chicken (7ympanuchus cupido) in Wisconsin,
which decreased in number by 91% via loss and fragmentation of the habitat,
lost genetic diversity for both mtDNA and microsatellite markers over a
period of 50 years (Johnson et al. 2004). Other studies, however, have

documented no changes of genetic diversity in populations that experienced
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bottleneck events. For example, the white-tail eagle (Haliaeetus albicilla)
populations in Europe experienced dramatic declines during the 20th
century, but have retained high levels of genetic diversity probably because
of long generation time (average life span is around 17 years) (Hailer et al.
2006). Spanish imperial eagle (Aquila adalbert1), of which population
fragmented into small patches, reduced haplotype diversity and nucleotide
diversity of mtDMA, but a microsatellite analysis showed undiminished level
of nuclear diversity (Martinez et al. 2007).

Blakiston’s fish owl also has a long generation time, and the present
study indicated that the Hokkaido population experienced bottleneck and
fragmentation event around 1980s. Although species that have a long
generation time are hard to lose their nuclear diversity as reported by Hailer
et al. (2006) and Martinez et al. (2007), the results showed the loss of a few
alleles after the recent bottleneck and significant decrease in Ar and Ho
(Table 3-3). This indicates a severe bottleneck, and Ne value of the Hokkaido
population around 1980 (Fig. 3-2) was actually lower than Ne values
reported by Athrey et al. (2012) and Johnson et al. (2004) in populations
during bottlenecks. Generally, bottleneck events reduce heterozygosity via
loss of alleles, and make He smaller than Ho (Cornuet & Luikart 1996).
Heterozygosity excesses were observed in some local populations (Akan,
Konsen and Daisetsu), indicating a decline of the population size in each
local area. However, Ho was decreased more rapidly than He in the overall
Hokkaido population. So, this could have caused biased mating. Population

fragmentation could explain these results in the present study because it
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restricts random mating among areas and cuts a population into tinier local
patches. The Fis values increasing after 1981 (Table 3-3) indicate a higher
level of inbreeding. The mean of haplotype diversity on local populations was
significantly decreased much faster than haplotype diversity on the overall
Hokkaido population (Table 3-3). The results also support recent
fragmentation of the Blakiston’s fish owl population. Both researches on
white-tail eagle and Spanish imperial eagle reported undiminished level of
nuclear diversity and decline of mtDNA diversity (Hailer et al. 2006;
Martinez et al. 2007). Because Ne of the mitochondrial genome is four times
lower, mtDNA haplotype diversity would be more sensitive for demographic
events than nuclear diversity. The present study showed the level of genetic
diversity similar to the two eagle species, but Ho and Fis were significantly
changed. Therefore, it indicates that the Blakiston’s fish owl population on
Hokkaido would have undergone more serious fragmentation and
inbreeding.

Inbreeding often significantly affects birth weight, survival,
reproduction, and resistance to factors such as disease, predation and
environmental stress (Keller and Waller 2002). The hatching rate of
Blakiston’s fish owl was about 20% in 2010—-2013 (T. Takenaka, unpublished
data), although it is still unclear whether the low rate is caused by
inbreeding depression, poor food supply, aging parents or something else. For
conservation of species, I need to consider genetic factors as well as ecological
factors. The present study demonstrated that the genetic diversity in local

populations was decreased for the last 30 years due to population
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fragmentation, and that even a few movements among local populations
could counter the decline in genetic diversity in Blakiston’s fish owls.
Simulations of changes in Ho for the next 50 years indicated a more rapid
decrease in genetic diversity when the local populations remain isolated.
Therefore, conserving appropriate habitats for reproduction and promoting
movements among local populations will be critical for the survival of
populations and the species. Because this species has an ability to move
among areas on Hokkaido as shown in the present study, their moving
should be supported and promoted by conservation projects such as corridors
connecting isolated habitats. For long-term conservation management of
Blakiston’s fish owls on Hokkaido, it is necessary to monitor changes in

genetic diversity and study the movement of individual owls in the field.
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Chapter IV

Duplication and variation of the major histocompatibility complex genes in

Blakiston’s fish owl
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Introduction

The major histocompatibility complex (MHC) is a polymorphic
genomic region that contains many genes, and plays a role in the adaptive
immune system of jawed vertebrates. In case of human, the MHC has large
and complex genomic structures, and consists of over 200 genes including
class I, IT and III gene families (The MHC sequencing consortium 1999). The
MHC class I (MHCI) genes encode cell surface receptors to present antigen
peptides for pathogens from the cytoplasm or nucleus. The MHC class 11
(MHCII), which consists of a and B chains, expresses on a subset of cells such
as B cells and macrophages to present antigen peptides for pathogens in
itracellular vesicles and extracellular spaces. In avian species, the best
characterized MHC organization is that of chicken (Gallus gallus). The
chicken MHC possesses a highly streamlined MHC organization that
contains only 19 genes including two class I and two class IIB genes
(Kaufman et al. 1999). By contrast, the Japanese quail (Coturix japonica)
MHC has a similar overall organization to the G. gallus MHC but differs in
the number of duplicated genes with seven class I and 10 class 118 genes
(Shiina et al. 2004). More complex MHC organization, which highly
duplicated MHC genes, were found on several songbirds, which are the most
diverse group of bird and included in landbirds clade with a variety of birds
groups such as parrots, falcons, raptors, woodpeckers, and owls. In the great
reed warbler (Acrocephalus arundinaceus), Westerdahl et al. (2000) found
seven different sequences in exon 3 of MHCI and seven diverged sequences

at peptide binding region of MHCIIB per individual, and suggested that the
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class I and class IIB restriction fragments were linked. The zebra finch
(Taeniopygia guttata) has highly duplicated MHCI and MHCIIB genes,
which were fragmented and located on as many as four chromosomes
(Balakrishnan et al. 2010). By contrast, the chicken MHC genes were located
on only a micro-chromosome. This indicates that the gene fission and fusion
related to chromosome rearrangements plays an important role in the
evolution of complex MHC organization in passerine birds. However,
chromosomal studies for MHC gene duplications were reported only on
gallinaceous or passerine birds.

Recently, Kohyama et al. (2015) found up to 16 different MHCIIB
alleles per individual in B. blakistoni based on the next generation
sequencing approach. This result indicates that B. blakistoni genome
contains at least eight MHCIIB loci, which is the largest number of gene
copies reported in non-passerine birds. It is expected that the great number
of MHCIIB genes in B. blakistoni has derived from recent gene duplication
events. However, the sequencing-based approach is insufficient to reveal the
accurate number of gene copies and gene structures on chromosomal level.

In this chapter, the purposes are to (1) estimate loci numbers of
MHCI and MHCIIB genes, (2) observe the location of the loci on
chromosomes, (3) analyze the molecular phylogenetic relationships among
the alleles, and (4) discuss evolutionary patterns and variations of the MHC

genes in B. blakistoni and closely related species.

Materials and Methods
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RNA and DNA extraction

The samples for RNA extraction were obtained from two individuals
of B. blakistoni and eagle owl (B. bubo), and one individual of Ural owl (Strix
uralensis). Blood samples were stocked with heparin as anticoagulant, and
precipitated at 4°C within 12 hours since sampling. Lymphocytes were
isolated from the fresh blood and cultured at 39°C for 72 hours with 5% CO:2
in medium RPMI1640 supplemented with 20% fetal bovine serum (FBS), 90
pg/ml of phytohemagglutinin, 3 ug/ml of concanavalin A and 10 pg/ml of
lipopolysaccharide as mitogens. The RNA extraction was performed with the
RNeasy Plus Mini Kit (Qiagen). The extracted RNA samples were stored at
-80°C until use.

The samples for genomic DNA extraction were obtained from five
individuals of B. blakistoni, two individuals of B. bubo, great horned owl (B.
virginianus), snowy owl (B. scandiacus), and one individual of tawny fish owl
(B. flavipes) and S. uralensis. The DNA extraction was performed with the

DNeasy Blood & Tissue Kit (Qiagen).

Sequencing of the MHC class I and II genes

To determine long length sequences of RNA transcripts of MHCI and
MHCII genes, complimentary DNA libraries from the total RNA of B.
blakistoni, B. bubo and S. uralensis were synthesized by reverse
transcription with the 3-Full RACE Core Set (TaKaRa). The target genes
were amplified by PCR using unique forward primers and a common reverse

primer, 3"-site adaptor primer (3'-Full RACE Core Set), using PrimeSTAR
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GXL DNA Polymerase (TaKaRa). The forward primer, MHCI-ex2F (5'-CGC
TAC AAC CAG ASC RRS G-3') (Alcaide et al. 2008), was used for amplifying
MHC class I alleles, and the forward primers, AvesEx1-F1 (5-ACT GGT
GGC ACT GGT GGY GC-3) and AvesEx1-F2 (5'-GCA CTG GTG GYG CTG
GGA GC-3) (Burri et al. 2014), were used for semi-nested PCR to amplify
MHCIIB alleles. The PCR products were subjected to agarose-gel
electrophoresis and visualized by ethidium bromide staining under an
ultraviolet illumination, and candidate bands were excised and purified with
the QIAEX II Gel Extraction Kit (Qiagen). Purified PCR products were
cloned into the plasmid vector pBluescript II SK (+) and then transformed
into Escherichia coli strain DH5a. The plasmids were purified with the
QIAprep Spin Miniprep Kit (Qiagen) and used as templates for Sanger
sequencing. Sequencing was performed with the BigDye Terminator v3.1
Cycle Sequencing Kit and an ABI 3730 DNA automated sequencer (Applied
Biosystems) using M13 forward and reverse primers. Nucleotide sequences
were aligned using MEGA 5.0 software (Tamura et al. 2011).

The sequence data were referred from Kohyama et al. (2015) where
partial sequences (203 bp) of the MHCIIB exon 2 were obtained from 174
individuals of B. blakistoni by massively parallel pyrosequencing. In
addition, the sequences were obtained from one individual of B. flavipes, two
individuals of B. bubo, B. virginianus, and B. scandiacus by the same method
as in Kohyama et al. (2015). Briefly, pyrosequencing was performed on PCR
products, which were obtained from genomic DNA of the species by using the

primer set, BubllIb2F (5'-GAG TGT CAG YAC CTY RAY RG-3) and
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BublIIb2R (5'-CTT TCY TCT SCS TGA YGW AGG-3).

To reveal the relationships among MHCIIB alleles, I reconstructed
phylogenetic trees by Bayesian inference using BEAST 1.6.2 software
(Drummond et al. 2006; Drummond and Rambaut 2007). Phylogenetic trees
of MHCIIB alleles were reconstructed based on exon 2 and exon 3 sequences
separately. The phylogenetic analysis on MHCIIB exon 2 sequences used all
allele data of B. blakistoni (accession nos. LC007937-L.C007955) from
Kohyama et al. (2015). In addition, the analysis included sequences of 14

other owl species obtained from GenBank as references.

Quantifying copy numbers of MHC genes

To estimate the copy numbers of MHCI and MHCIIB genes,
quantitative real-time PCR (qPCR) was used with double-strand
DNA-binding dye as reporter on genomic DNA. Primer sets were designed
for MHCI exon 2, MHCI-Ex2-F3 (5'-CGC AAA TCA CCAAGA GGAAG-3)
and MHCI-Ex2-R1 (5-GCC CGT AGC TCA CGT ATT TC-3), and for MHCIIB
exon 3, MHCII-Ex3-F5 (5-CGA GGT GAA GTG GTT CCA GA-3') and
MHCIIEx3-R1 (5-TGG TTT CCA GCA TCA CCA G-3), based on sequences
conserved in B. blakistoni, B. bubo and S. uralensis. In addition, the
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was used as
reference gene, as it commonly used as a single copy gene control for the
qPCR based copy number validation in avian species (Criscuolo et al. 2009).
A primer set was designed for the GAPDH gene exon 3, GAPDH-F2 (5'-CCA

TCA CAG CCA CAC AGA AG-3) and GAPDH-R2 (5"-TTA GCA GCC CCA
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GTA GAT GC-3), based on sequences obtained from GenBank: Strix aluco
(KF201575), Taeniopygia guttata NM_001198610), Falco cherrug
(XM_014287574), Nipponia nippon (XM_009461700), and Gallus gallus
(V00407). The qPCRs were performed on the three genes for B. blakistoni, B.
flavipes, B. bubo, B. virginianus, B. scandiacus and S. uralensis. The qPCR
reactions were performed using KAPA SYBER Fast qPCR kit (Kapa
Biosystems). Quantitation real-time PCRs were performed using the primer
sets (MHCI, MHCIIB and GAPDH) for fourth times, respectively. The 20 pl of
reaction solutions contained 1-5 ng of genomic DNA, 400 nM of a primer sets
and 10 pl of KAPA SYBER FAST qPCR Master Mix. The real-time
amplification was performed with 7300 Real-Time PCR System (Applied
Biosystems) with the condition: 95°C for 10 min; 40 cycles of 95°C for 5 sec
and 60°C for 30 sec; and a following dissociation stage. To generate a
reference curve to control for the amplifying efficiency, gPCR run on serial
dilutions (4.8 ng, 2.4 ng, 1.2 ng, 0.6 ng, 0.3 ng and 0.15 ng of DNA per
reaction).

The number of MHC genes was estimated by comparing the
threshold cycles (Ct) with the GAPDH gene, an internal single gene control,
measured on the same sample of DNA. The number of MHC genes were

calculated by a following formula: gene number = 2-ACt where ACt = Cttarget

gene __ (Ctcontrol

Mapping of MHC loci on chromosomes

To investigate the location B. blakistoni and B. bubo MHC genes on

49



chromosomes, fluorescence in situ hybridization (FISH) was performed as
described in Matsuda and Chapman (1995). Cloned plasmids including
sequences of MHCI (1,035—1,036 bp) and MHCIIB (990 bp) genes were picked
up as proves. In addition, human rRNA gene sequences (pHr21Ab: 5.8 kbp,
pHr14E3: 7.3 kbp) provided from the Japanese Cancer Research Resource
Bank, Japan, was used because 18S and 28S rRNAs are located closely
together with MHC genes on the same micro-chromosome in some avian
species such as chicken (Delany et al. 2009) and turkey (Chaves et al. 2007).
Each probe was labeled with the Nick Translation Kit (Roche Applied
Science) using Cy3-dUTP, and ethanol precipitated with salmon sperm DNA
and £. coli tRNA.

Single color fluorescence in situ hybridization mapping for three
types of probes was performed on the same chromosome samples by
triplicate hybridization and washing in the following order: MHCIIB, MHCI,
and 18S/28S rRNAs. The slides of the chromosome samples were prepared
from cultured fibroblasts of B. blakistoni and B. bubo. After FISH, the slides
were washed with 3:1 methanol/acetic acid, rinsed in distilled water and
air-dried. The chromosomal locations of the genes were examined on the

same metaphase spreads for each FISH.

Results
Sequences and phylogeny of the MHC alleles
In MHCI genes, one allele was found from more than 10 clones in

both of B. blakistoni and B. bubo. Some sequence variations were also found
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from both species, but the possibility could not be denied that these
sequences are caused by errors occurred during PCR and/or sequencing, as it
was found from only a single clone. In MHCIIB, more than 10 alleles were
found from multiple clones of both B. blakistoni and B. bubo sequences. In
owl species, two distinct lineages of MHCIIB alleles, DAB1 and DAB2, were
defined based on exon 3 sequences (Burri et al. 2014). These two allelic
lineages were found from the sequences obtained in the present study.

The Bayesian tree of MHCIIB alleles based on exon 3 sequences (Fig.
4-1) showed that DAB1 and DAB2 alleles were clearly separated in Strigidae
species, while those of barn owl (7yto alba) in Tytonidae consisted of an
independent clade. The phylogenetic reconstruction based on MHCIIB exon 2
sequences (Fig. 4-2) also revealed that the DAB1 and DAB2 alleles of 7! alba
consisted of an independent clade. In the Strigidae clade, however, alleles in
one species are most closely related to alleles in other species, rather than
grouping by species. Since the most MHCIIB alleles were found by
pyrosequencing based only on exon 2 sequences, it could not be determined
which allelic lineages (DAB1 or DAB2) these alleles belong. Nevertheless,
the alleles of which allelic lineages are known showed that DAB1 and DAB2
alleles were completely mixed in exon 2 sequences. Alleles of B. blakistoni
were assigned into many clades together with those of Strigidae species

especially B. flavipes.

Numbers of the MHC loci

The Ct values (CtMHCI CtMHCIB gnd Cteontrol) obtained by gPCR
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varied only slightly among replicates from the same sample. Thus, mean Ct
values were used to estimate the loci numbers. The qPCR results indicated
that the number of MHCI genes was two to four: 2-A¢t = 3.9 in B. blakistoni,
2.0 1in B. flavipes, 2.6 in B. bubo, 3.7 in B. virginianus, 3.7 in B. scandiacus,
and 2.1 in S. uralensis (Fig. 4-3). The number of MHCIIB genes was much
more various among the species: 2-4Ct = 11.9 in B. blakistoni, 6.0 in B.
flavipes, 4.1 in B. bubo, 5.9 in B. virginianus, 3.6 in B. scandiacus, and 4.1 in
S. uralensis (Fig. 4-3). The number of genes in B. blakistoni was the largest
for both MHCI and MHCIIB, and was twice as many as those of B. flavipes.
The number of alleles found from each individual by massively
parallel pyrosequencing on MHCIIB exon 2 was also shown in Table 4-1. The
maximum numbers of alleles per individual were larger in B. blakistoni (16
copies) than other species: 12 copies B. flavipes, 7 copies in B. bubo, 4 copies

in B. virginianus, and 7 copies in B. scandiacus (Table 4-1).

Location of the MHC genes on chromosomes

The locations of the MHCI, MHCIIB, and 18S and 28S rRNAs genes
were investigated on chromosomes of B. blakistoni and B. bubo. The results
of FISH mapping (Fig. 4-4) showed that the MHCI and MHCIIB loci are
closely linked on the same pair of micro-chromosome in the both of the
species. 18S and 28S rRNAs loci are located on a different pairs of

micro-chromosomes from the MHC loci in both species (Fig. 4-4).

Discussion
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Duplication patterns of MHC genes in Bubo species

The MHC region contains the most diverse set of coding genes in
vertebrates because variations of MHC genes are necessary to recognize
many types of antigens in immune responses. Chicken has the minimum
essential MHC (Kaufman et al. 1999), but MHC of quail and songbirds
contain much more genes (Westerdahl et al. 2000; Shiina et al. 2004;
Balakrishnan et al. 2010). Most genes of the MHC family are assumed to
have evolved by gene duplications. Gene duplication is mainly caused by
recombination, replication slippage, retrotransposition or chromosome
duplication. The number of retroelements found in quail and songbirds is
high for bird but smaller than that in human, whereas there is no
retroelement found in chicken (Hess et al. 2002). Balakrishnan et al. (2010)
reported highly duplicated and interspersed MHC genes on many
chromosomes in the zebra finch.

The present study revealed high variations in the numbers of MHCI
and MHCIIB loci among Bubo species by qPCR-based copy number
validation. The number of MHCIIB loci was more variable, and that of B.
blakistoni (12 + 2) was remarkably larger than the other Bubo species (less
than six) (Fig. 4-3). The result of massively parallel pyrosequencing showed
largest number of MHCIIB alleles on B. blakistoni (up to 16 alleles per
individual). This result indicated that B. blakistoni has more than eight
MHCIIB loci. The pyrosequencing results on the other Bubo species roughly
corresponded with the number of MHCIIB loci estimated by qPCR (Fig. 4-3).

These results indicate frequent duplication of MHCIIB loci in Bubo species.
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The numbers of both MHCI and MHCIIB loci in B. blakistoni were twice as
many as those in B. flavipes, the closest related species. This suggests
duplication of MHC genes in B. blakistoni after speciation: probably the
whole set of MHC gene family might have duplicated at one time.

To reveal the pattern of gene duplication, I investigated the location
of the MHC gene loci on chromosomes of B. blakistoni and B. bubo, whose
MHCI and MHCIIB loci were less than half of those of B. blakistoni. Bubo
blakistoni and B. bubo have 82 and 84 chromosomes including
micro-chromosomes, respectively. The FISH results showed that MHCI and
MHCIIB loci are located in the same site on a pair of chromosomes,
indicating that the duplication of MHC genes was not at chromosomal level,
but tandem replication within the gene family region. It is unclear whether
or not the whole MHC genes were duplicated at the same time as a group. To
clarify the details of MHC gene duplication history in B. blakistoni, it is
necessary to survey the genomic structures in the MHC region using such as

BAC clone sequencing.

Variation of MHCIIB alleles in Bubo blakistoni

Exon 3 sequences in the DAB1 and DAB2 alleles of Strigidae species
were completely separated (Fig. 4-1), indicating that the two lineages of
alleles had been diverged before speciation and evolved as paralogs. But only
the sequences of exon 2, which codes antigen-recognition sites, were mixed
among DAB1 and DAB2 alleles (Fig. 4-2). Gene conversion among DAB1 and

DAB2 alleles might have caused the rearrangements of sequences and
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increase of allele variations.

The MHCIIB alleles of B. blakistoni were assigned into several
clusters, which consist of those of Strigidae species, and nearest to those of B.
flavipes in the most clusters (Fig. 4-2). It means that most of the MHCIIB
alleles in B. blakistoni was derived from the common ancestor with 5.
flavipes. In general, high level of variations in MHC genes often observed in
wild animals are involved in resistance to diseases, but it is difficult to
maintain the variation in small populations because of the strong effect of
genetic drift and inbreeding. Bubo blakistoniis a unique raptor hunting
freshwater fish in the subarctic region, and needs large special habitats. The
other fish owl species including B. flavipes live in tropical or subtropical
regions in KEurasia. The B. blakistoni populations could have experienced
severe bottlenecks through the glacial periods. Population bottlenecks and
founder effects through glacial periods could have reduced genetic variations.
In addition, the recent population fragmentation and declining owing to
human activities decreased genetic variation, and the level of MHCIIB
variation became low in the current B. blakistoni population on Hokkaido
Island (Kohyama et al. 2015). But the allele number per individual was still
large among owl species (Table 4-1), probably because of multiple MHCIIB
loci. When the loci are duplicated, the expected number of alleles per
individual could be remarkably increased. The duplication of MHC genes
could have prevented declining of immunity in this tiny population and
contributed to the successful range expansion of B. blakistoniinto unstable

subarctic regions.
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General Discussion

Blakiston’s fish owl (Bubo blakistoni) comprises two subspecies: B. b.
doerriesi in continental Eurasia and B. b. blakistoni on Hokkaido and the
southern Kuril Islands. The phylogenetic analyses based on mtDNA
sequences showed that B. blakistoni was included in genus Bubo with other
three fish owl species in southern Asia. The tandem repeat sequences found
in mtDNA control region of fish owl species also suggest the close
relationship among them. The phylogenetic analyses using all mitochondrial
genes support the classification of the two subspecies in B. blakistoni with
deep divergence time (670 kyBP). The divergence among haplotypes (about
10 kyBP) within each subspecies was estimated to have occurred after the
last glacial period. Information on the paleodistribution of vegetation
suggests that main areas now inhabited by B. blakistoni were unsuitable as
habitats during the last glacial maximum. The low variations in the
mitochondrial genome within the insular and continental populations
indicate that severer bottlenecks and subsequent founder events occurred at
least during the last glacial period.

On Hokkaido Island, B. blakistoni was formerly widespread, but its
population size decreased during the 20th century due to reduction and
fragmentation of its habitat through human activities. Populations that
undergo bottlenecks often lose genetic diversity. The effective population size
estimated by microsatellite analysis showed decrease of population size
around the 1980s. To reveal the change of the population structure and

genetic diversity, the present study analyzed a large amount of samples (442
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individuals), including samples collected before the population decline, using
mtDNA haplotype and microsatellite markers. Most mtDNA haplotypes were
formerly distributed over large areas of Hokkaido, but subsequently became
restricted in distribution. Both of the mtDNA haplotype and microsatellite
data suggested no genetic differentiation among local populations before
1980, and remarkable differentiation after then. These results indicate that
gene flow occurred across large areas of Hokkaido before, and that the
fragmentation of the owl population and subsequent reduction in population
size have happened recently. Human activities such as cultivation, housing,
and building roads and dams destroy forest and river environments, and
caused population fragmentation and bottleneck. Both of microsatellite and
mtDNA analyses showed the loss of genetic diversity after the recent
bottleneck, and inbreeding coefficient values calculated by microsatellite
data indicated a higher level of inbreeding. In addition, the variations of
MHC genes, which play a role in the adaptive immune system, were
investigated. The results of quantitative real-time PCR and massively
parallel pyrosequencing suggested that numbers of MHC class I and class 118
loci in B. blakistoni were larger than other owl species, indicating recent
duplication of the genes. The chromosomal mapping showed that the
locations of MHC class I and class II8 were closely linked on a
micro-chromosomes. It means that the MHC loci were tandemly duplicated
in a limited chromosome region. The gene duplication increases the
variations of MHC genes in this owl species, and could have improved

adaptation of tiny populations. However, the diversity of the MHC class 118
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gene has also decreased for the last thirty years in Hokkaido (Kohyama et al.
2015). The present study demonstrated that the genetic diversity in local
populations was decreased due to population fragmentation, and that even a
few movements among local populations could counter the decline in genetic
diversity in Blakiston’s fish owls. Therefore, conserving appropriate habitats
for reproduction and promoting movements among local populations can be
critical for the survival of populations and the species. Thus, the results
obtained in the present study could very much contribute to not only basic
evolutionary study of populations and species, but also the advance of

conservation activities of endangered species.
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Fig. 1-1 Maximum-likelihood tree for nine Bubo species and the outgroup Strix uralensis, based on
a combined analysis of mitochondrial cyt b (1140 bp) and control region (1282 bp) sequences from
Omote et al. (2013). Numbers near nodes indicate bootstrap values derived from 1000 replicates.
Thick bars indicate species that have a large cluster of tandem repeats in the mtDNA control region.
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Fig. 4-2 Phylogenetic relationships
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blakistoni and B. flavipes.
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Fig. 4-3 Estimated numbers of gene loci by quantitative real-time PCR. Grey

and white bars refer to MHC class I and class IIf} genes, respectively. The error
bars show standard deviations.



Fig. 4-4 FISH mapping of MHC class I (red), MHC class II (green) and 18S and
28S rRNA (purple) on chromosomes of B. blakistoni (A) and B. bubo (B).
Allows with solid lines show MHC loci, and those with broken lines show 18S
and 28S rRNA loci. Scale bars = 10 um.




Table 1-1 Profiles of Bubo samples examined in the present study

Species n Tissue Source

B. blakistoni  Blakiston's fish owl 20 Blood, Fibroblasts  wild-caught in Hokkaido
B. ketupa buffy fish owl 1 Feather Matsue Vogel Park

B. flavipes tawny fish owl 1 Fibroblasts Ueno Zoological Gardens
B. lacteus Verreaux’s eagle-owl 1 Feather Matsue Vogel Park

B. nipalensis  spot-bellied eagle-owl 1 Feather Ueno Zoological Gardens
B. sumatranus barred eagle-owl 1 Feather Ueno Zoological Gardens
B. bubo Eurasian eagle-owl 2 Fibroblasts Tama Zoological Park

B. virginianus great horned owl 2 Fibroblasts Sapporo Maruyama Zoo
B. scandiaca showy owl 2 Fibroblasts Sapporo Maruyama Zoo
S. uralensis  ural owl 2 Fibroblasts Kushiro City Zoo




Table 1-2 Primers for amplification and sequencing of owl mtDNA genes

Primers

Nucleotide sequence (5'-3) ~

Locus

Citation

Lcontrol-01-kb
Lcontrol-02-kb
Hcontrol-03-kb
Lcontrol-10-kb
Hcontrol-11-bl

H01251
H01530
H01858
14080
L14649
L15560

H16064
L16728

AGCCACGAATTGCTCGTTGTAC
ATTCGTAAATTAAACCCAAACTC
TGAAGAGTTATGGTTTAGGTACG
CTTCTCACGTGAAATCAGCAACC
AGATGGTCCTGACCGAGGAAC

TCTTGGCATCTTCAGTGCCATGC
GTGGCTGGCACAAGATTTACC

Control region
Control region
Control region
Control region
Control region

tRNAP™
12S rRNA

TCGATTATAGGACAGGCTCCTCTAC 12S rRNA

AACCCATGCCTTCTTCAAAGCC

ND5

GGCTACTTCAACCCCCTAATACACCINDS

GTGACAAAATTCCATTCCACCC
CTTCATITCTTTGGTTTACAAGACC
CCAAGGTCTGCGGCTTGAAAAG

Cytochrome b
tRNA™
tRNA®"

This study
This study
This study
This study
This study

Sorenson et al. (1999)
Sorenson et al. (1999)
Sorenson et al. (1999)
Sorenson et al. (1999)
Sorenson et al. (1999)
Sorenson et al. (1999)

Sorenson et al. (1999)
Sorenson et al. (1999)

" Underlines show the nucleotides revised from sequences reported by Srenson et al. (1999).



Table 2-1 Primers for PCR and sequencing

Primer Nucleotide sequence (5-3") Position Citation

H1251 TCTTGGCATCTTCAGTGCCATGC tRNA-Phe Sorenson et al. 1999
L1753 AAACTGGGATTAGATACCCCACTAT 12S-rRNA Sorenson et al. 1999
H1858 TCGATTATAGGACAGGCTCCTCTAC 12S-rRNA Sorenson et al. 1999
L2258 CGTAACAAGGTAAGTGTACCGGAAGG 12S-rRNA Sorenson et al. 1999
L2724 ACCGAGCCGAGTGATAGCTG 16S-rRNA Sorenson et al. 1999
L3652 CCAGGGATAACAGCGCAATC 16S-rRNA Sorenson et al. 1999
H3827 GATAGAAACCGACCTGGATTGC 16S-rRNA Sorenson et al. 1999
L4017 CGAAAAGGCCCCAACATCGTAGG tRNA-Leu Sorenson et al. 1999
H4500 CTTCGTAGGAGATAGTTTGTG ND1 Sorenson et al. 1999
Hnd1-01 CAAGAGGAAATGGCAGAGG ND1 This study

Hnd1-02 CGGCGTATTCTACGTTAAATC ND1 This study

L5191 GCTATCGGGCCCATACCCC tRNA-Met Sorenson et al. 1999
L5758 GGCTGAATAGCTGCCATCCTC ND2 Sorenson et al. 1999
L6615 CCTCTGTAAAAAGGACTACAGCC tRNA-Tyr Sorenson et al. 1999
H6958 AGTCAGAAGCTTATATTGTTC Cco1 Sorenson et al. 1999
L7338 CAACATCTCTTCTGATTCTTCGG Cco1 Sorenson et al. 1999
L7956 CGTCGATACTCCGACTACCC Cco1 Sorenson et al. 1999
L9034 CAGCACTAGCCTTTTAAGCTA tRNA-Lys Sorenson et al. 1999
H9233 AAGAAGCTTAGGTTCATGGTCAG ATPS8 Sorenson et al. 1999
H9742 TGCTGTGAGGTTTGCTGTTAG ATP6 Sorenson et al. 1999
H10236 CTGGAGTGGAAGAATGCTCAG Cos3 Sorenson et al. 1999
L10647 TTTGAAGCAGCCGCCTGATACTG CO3 Sorenson et al. 1999
H10884 GGGTCGAAACCGCATTCGTATGG ND3 Sorenson et al. 1999
Lnd41-01 TCCACACGAACCCACGGCTCCGA ND4L This study

H11660 AGGGGGGAGGAGATTTGGTC ND4 Sorenson et al. 1999
L12134 CCCAAAGCCCACGTAGAAG ND4 Sorenson et al. 1999
L12976 CAAGAGCTGCTAACTCCTGCATCTG tRNA-Ser Sorenson et al. 1999
Hnd5-01 GAGGCTGTAGGTTGCAGTG ND5 This study

Hnd5-02 CGGATAAGTAGGAAGATTCC ND5 This study

Hnd5-03 GATGAACAGTATGGAGTATAG ND5 This study

L.14080 AACCCATGCCTTCTTCAAAGCC ND5 Sorenson et al. 1999
L14649 GGCTACTTCAACCCCCTAATACACCG ND5 Sorenson et al. 1999
L15560 GTGACAAAATTCCATTCCACCC CYTb Sorenson et al. 1999
Lcytb-01 AGCTGACTCAACCCTAGCTT CYTb This study

Hcytb-02 ACAAATGAAGAAGAATGAGGC CYTh This study

H16064 CTTCATTCTTTGGTTTACAAGACC tRNA-Thr Sorenson et al. 1999
L16206 CTTCATTCTTTGGTTTACAAGACC ND6 Sorenson et al. 1999
L16728 CTTTTCAGGCCGCAGACCTCGG tRNA-Glu Sorenson et al. 1999
Lcontrol-01  AGCCACGAATTGCTCGTTGTAC CR Chapter 1
Lcontrol-02  ATTCGTAAATTAAACCCAAACTC CR Chapter 2
Hcontrol-03  TGAAGAGTTATGGTTTAGGTACG CR Chapter 3
Lcontrol-17 AAATACTTACTATTAATGTACTGC CR-1 This study
Hcontrol-18 ~ GTACATGAATATGTGTGTCGTTT CR-1 This study
Lcontrol-19  TTACCATCAATGTGCTACG CR-2 This study
Hcontrol-20 GATGGGTATGTCGTTCTGTC CR-2 This study




Table 3-1 Numbers of Blakiston's fish owls examined, by sampling locations and

Sampling locations

Period Ishikari Hidaka Daisetsu Akan Konsen Shiretoko Total
pre-1964  [6] 1 [1] [3] [3] 3* [2] 19
1965-1980 [1] [2] 3 3 1 [6] 16
1981-1988 [1] 2 3 [1] 7 [1] 4 [3] 22
1989-1996 1 17 12 21[1] 29 81
1997-2004 25 21 36 44 126
2005-2012 17 29 20 39 70 175
Total 6 22 78 66 108 159 439

Numerals without brackets show numbers of tissue samples, and those with brackets
indicate numbers of feather roots from stuffed samples. Asterisks indicate
archeological bone samples.



Table 3-2 PCR primers for amplification and/or sequencing the Blakiston's fish owl mtDNA

control region

Primer

Nucleotide sequence (5'-3")

Citation

L16728

Hcontrol-03-kb
Hcontrol-05-kb
Lcontrol-06-kb
Hcontrol-07-kb
Lcontrol-08-kb
Hcontrol-09-kb
Lcontrol-12-kb

CCAAGGTCTGCGGCTTGAAAAG
TGAAGAGTTATGGTTTAGGTACG
GGGCATTAATGTCATGAAATTAG
TACTAATCCATGCACTAATCCC
GCCATGGATTGGAGTATTAATAG
CAGTTGTACATTAAACCATCTAC
GGCATGGATGTTATATCTTGGTG
GTACTAATCACATACAATTCATG

Sorenson et al. 1999
Chapter 1

This study

This study

This study

This study

This study

This study

Lcontrol-14-M13f GTAAAACGACGGCCAGCCATTAATGTGCTACGTAT# This study
Hcontrol-15-M13f GTAAAACGACGGCCAGATGGGATTAGTGCATGGAT This study
Lcontrol-16-M13f GTAAAACGACGGCCAGCCTATTCATGACAGAACGA!This study

Underlines indicate the attached sequences of M13-forward for sequencing.



Table 3-3 Genetic differentiations and diversities caluculated by mtDNA haplotype and microsatellite data for the periods
indicated

mtDNA haplotype Microsatellite

Period n F st h all h local = all n local n F st (95% CI) Ar Ho He Fis
pre-1964 19  0.05 0.68 059 0.0074 0.0066

1965-1980 16 -0.150 0.78 0.70 0.0085 0.0075 8 -0.07 (-0.18-0.07) 3.7 0.59 0.58 -0.02
1981-1988 16 0.31* 065 0.38 0.0067 0.0058 17 0.06* (-0.03-0.15) 3.5 0.53 0.56 0.05
1989-1996 28 055 0.71 038 0.0070 0.0035 81 0.19*(0.11-0.25) 3.3 0.52 0.55 0.05
1997-2004 31 049 065 0.39 0.0063 0.0036 126 0.16* (0.12-0.19) 3.2 0.47 054 0.13
2005-2012 40 0.60* 059 0.28 0.0065 0.0028 175 0.13*(0.08-0.16) 3.3 0.51 0.53 0.05

The following parameters are given: number of samples analyzed (n), genetic differentiation among local populations (F st),
haplotype diversity on the overall and local populations (h all and h local), nucleotide diversity on the overall and local
populations (= all and 7 local), mean of allelic richness (Ar), observed (H 0) and expected heterozigosity (H e), and
inbreeding coefficient (Fis). Asterisks indicate statistical significance of the F st values (P <0.05).



Table 3-4 Pairwise F st values among local populations in the
1997-2012 interval based on mtDNA haplotype (above) and
microsatellite (below) datasets

Hidaka Daisetsu Akan Konsen Shiretoko
Hidaka 0.583* 1.000* 0.136 0.893*
Daisetsu  0.170* 0.472* 0.210* 0.559*
Akan 0.181* 0.176* 0.527* 0.103
Konsen  0.188* 0.168* 0.173* 0.637*
Shiretoko 0.133* 0.101* 0.119* 0.090*

sterisks indicate statistical significance of the Fst values (P <0.0!



I able 4-1 Numbers of alleles per individual Tound by massively
parallel pyrosequencing. The data of B. blakistoni was sited from
Kohyama et al. (2015).

Species No. of samples No. of allele/individual
min mean max

B. blakistoni 174 8 11.7 16

B. flavipes 1 - 12 -

B. bubo 2 5 6 7

B. virginianus 2 3 35 4

B. scandiacus 1 - 7 -
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