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The red-crowned crane (Grus japonensis) is recognized internationally as an endangered species.
Migratory populations breed in eastern Russia and northeastern China, whereas the resident pop-
ulation inhabits the island of Hokkaido, Japan. Although the population inhabiting Hokkaido had
experienced a severe bottleneck by the end of the 19th century, the population size has recovered
to about 1500 and continues to increase now thanks to conservation efforts. A previous study
reported that no marked genetic differences were seen in the island population, and that the
genetic variation of the whole population on Hokkaido was lower than that of the continental popu-
lation. However, the precise genetic structure of the island population in the past or near present
remains unclear. To better understand the spatiotemporal changes in the genetic structure of the
island population, we performed mitochondrial DNA (mtDNA) analyses using stuffed specimens
(years 1878-2001) and tissue or blood samples (years 1970-2014). We found three haplotypes in
the island population, one of which was a novel mtDNA haplotype in 1997 and 2007 samples. In
addition, there was no clear difference in the haplotype frequency through the time span. These
results suggest that the low genetic variation of the island population persisted for the last hun-
dred years. It is thus nearly impossible for the island population to recover its genetic variation in
isolation. Conservation plans for this species should therefore include the promotion of genetic
exchanges between the continental and island populations, such as through artificial introduction
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to Hokkaido.
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INTRODUCTION

The red-crowned crane (Grus japonensis), listed as an
endangered species in the International Union for Conser-
vation of Nature Red List of the Threatened Species (BirdLife
International 2013), is distributed in the southeastern
Eurasian Continent and Japan. The island population inhab-
iting Hokkaido Island, Japan, is currently distributed in
several limited regions (Meine and Archibald, 1996). The
population size had been reduced to near extinction at the
end of the 19th century due to the decrease and fragmenta-
tion of its habitats and over-hunting. Approximately 20 indi-
viduals were rediscovered in the Kushiro marsh in 1926
(Masatomi, 2000), but since that time the crane population
inhabiting Hokkaido has recovered to approximately 1500
thanks to conservation activities. Generally, populations that
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have experienced a bottleneck show manifestations of
genetic effects, such as decreased effective population size,
fithess, genetic variation, disease resistance, and long-term
survival of wild populations in changing environments (Keller
and Waller, 2002). Understanding the genetic characteris-
tics of such bottlenecked populations is essential for plan-
ning wildlife conservation actions.

Mitochondrial DNA (mtDNA) is a useful tool for phyloge-
netic, phylogeographic, and population genetic studies
because of the rapid rate of evolution, haploidy, and mater-
nal inheritance mode (Sorenson and Quinn, 1998). Although
species classification based on mitDNA sequences alone
may sometimes result in misunderstanding (Edwards et al.,
2005), analyzing mtDNA features is a useful approach for
phylogenetic studies.

Hasegawa et al. (1999) reported 18 polymorphic sites in
418 base-pairs (bp) of the control region (CR) 2 in mtDNA to
determine haplotypes. Previous mtDNA analyses identified
only two haplotypes in the island population, whereas
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another 10 haplotypes were found in the continental popula-
tion (Hasegawa et al., 1999; Miura et al., 2013; Sugimoto et
al., 2015). However, our previous study (Akiyama et al.,
2017) reported that the mtDNA of the red-crowned crane
contains a duplicated region, including the control region;
the existence of orthologs (CR1) was not addressed in previ-
ous studies. We therefore focused on the overlapping region
to analyze mitDNA haplotypes of red-crowned cranes. In
addition, Sugimoto et al. (2015) analyzed microsatellite vari-
ation and found no regional genetic differences within the
island populations. This also suggested that the genetic
structure of the island population has changed as an effect
of the increased number of cranes on Hokkaido (Masatomi
et al.,, 2014). However, no direct comparison between the
historical and recent genetic structures on the island popula-
tion of the red-crowned crane has been performed to date.

In the present study, we conducted mtDNA analyses
using samples collected between 1878 and 2014. We dis-
cuss the lower genetic variation among island populations
and spatiotemporal changes in the red-crowned cranes on
Hokkaido.

MATERIALS AND METHODS

Samples and DNA extraction

Information on stuffed specimens was collected with the coop-
eration of the Ministry of the Environment. Specimens with clear
information on sampling localities in Hokkaido were selected. From
these, feather roots were obtained from 17 stuffed specimens pre-
served in museums or research institutes in Japan (with the oldest
samples from the 1870s: Table 1). In addition, we collected 213
samples of blood or tissues obtained from chicks or young birds: 29
samples from the Kushiro City Zoo; 184 samples captured for the
bird banding by the Red-Crowned Crane Conservancy or wounded
in accidents and rescued by the Kushiro City Zoo. As all the crane
individuals mentioned above were captured in Japan, information
on capture points or birth locations was available. Total DNA was

extracted using the QlAamp DNA Micro Kit (Qiagen) or the DNeasy
Blood & Tissue Kit (Qiagen), following the manufacturer’s protocols.
To avoid contamination during the analysis of feather samples,
DNA extractions were performed using disposable plastic gloves,
tubes, and other equipment sterilized by using UV radiation.

Amplification and sequencing of mtDNA

Because two control region loci (CR1 and CR2) originated from
the gene duplication were found in mtDNA of the red-crowned
crane (Akiyama et al., 2017), new primers for polymerase chain
reaction (PCR) were designed to specifically amplify the CR2
region. Fragment 1 (Fig. 1), containing the complete CR2, was
amplified from 210 samples consisting of the stuffed specimens
and the contemporary individuals, using primers (primer 7: Lcr-
1cyt2, 5-GCC CAT ATT CCA CCC CTA TT-3’; primer 8: H15030,
Omote et al., 2013: the primers’ positions are shown in Fig. 1), and
sequenced by using internal primers (2: L90nd6, 5-CCA ACC CTC
CCA ATA CAA AA-3’; 6: H680cr, 5-TGT AAG CAC CCG CTG CAC-
3’; 7: HO1251, Omote et al., 2013). PCR amplifications were carried
out using the PrimeSTAR GXL DNA Polymerase (Takara) in a vol-
ume of 20 ul containing 70—100 ng of DNA template, 0.4 ul of Prime-
STAR GXL Polymerase, 4.0 ul of 5x buffer, 1.6 pl of 2.5 mM dNTPs,
and 0.3 pl of each primer (20 pmol/ul). The reaction conditions were
25 cycles of 98°C for 10 sec, 60°C for 5 sec, and 68°C for 2 min.
The amplicons were purified using the QlAquick PCR Purification
Kit (Qiagen), and sequenced with the BigDye v3.1 Cycle Sequenc-
ing Kit (Life Technologies) and an ABI 3730 DNA automated
sequencer (Life Technologies).

Amplification and sequencing of mtDNA with old feather sam-
ples

Because the stuffed specimens included feather samples
more than 100 years old, the genomic DNAs in the old specimens
were often highly fragmented, resulting in difficulties in the PCR
amplification of long sequences; we therefore designed other prim-
ers to amplify the shorter fragments of the CR2 region. Because the
418 bp region was located at the 5" end of the CR2 including 18
polymorphic sites, it was thought to be of sufficient length to distin-

Table 1. Profiles of feather samples collected from stuffed specimens examined in the present study.

Sample ID Year of sampling Location of sampling? mtDNA haplotype

Supplier

1C2 1878 Chitose Gj2
2K2 1927 Kushiro Gj2
3K2 1960 Kushiro Gj2
4K2 1971 Kushiro Gj2
5ND2 1983 N.A. Gj2
6ND2 1983 N.A. Gj2
7ND1 1983 N.A. Gj1
8ND2 1983 N.A. Gj2
9K2 1986 Kushiro Gj2
10B2 1987 Bekkai Gj2
11N2 1987 Nemuro Gj2
12A2 1988 Akan Gj2
13K2 1991 Kushiro Gj2
14A2 1992 Akan Gj2
15ND1 1997 N.A. Gijt
16S13 1997 Shibecha Gj13
17K2 2001 Kushiro Gj2

Field Science Center for Northern Biosphere, Hokkaido University
Field Science Center for Northern Biosphere, Hokkaido University
Field Science Center for Northern Biosphere, Hokkaido University
Historical Museum of Hokkaido

Tsurui Village Furusato Information Center “Minakuru”

Tsurui Village Furusato Information Center “Minakuru”

Tsurui Village Furusato Information Center “Minakuru”

Tsurui Village Furusato Information Center “Minakuru”

Center for Molecular Biodiversity Research, National Museum of
Nature and Science, Tokyo

Betsukai Town Historical Museum
Nemuro City Museum of History and Nature
Abiko City Museum of Birds

Center for Molecular Biodiversity Research, National Museum of
Nature and Science, Tokyo

Miyazaki Prefectural Museum of Nature and History
Tsurui Village Furusato Information Center “Minakuru”
Abiko City Museum of Birds

Tomakomai City Museum

aN.A., not available.
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guish haplotypes. This region was divided into two fragments, and
each fragment was amplified by an independent PCR using primers
(2: L90Nnd6; 4: H196¢r2, 5-ATT GGG TTG GAC AGT GGT TG-3')
for the fragment | (286 bp), and the primers (3: L128cr2, 5’-CAT TCA
ATG TAA AAG ACA CAT CAC A-3; 5: H463cr, Akiyama et al., 2017)
for fragment Il (381 bp). The PCR amplifications were performed in
a volume of 20 ul containing 20—60 ng of DNA template, 0.4 ul of
PrimeSTAR GXL DNA Polymerase, 4.0 ul of 5x buffer, 1.6 ul of 2.5
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mM dNTPs, 0.2 ul of 20 mg/ml bovine serum albumin (BSA, Roche
Diagnostics), and 0.3 pl of each primer (20 pmol/ul). The BSA binds
to various PCR inhibitors possibly included in old samples. The
PCR conditions for the old samples were 35 cycles of 98°C for 10
sec, 60°C for 5 sec, and 68°C for 20 sec. The PCR products were
purified and sequenced as described above.

Analyses of mtDNA sequences
The mtDNA sequences were
aligned with MEGA v5.0 (Tamura

| Duplicated sequence | | |

Duplicated sequence Il

et al,, 2011). To investigate the

2>

2

relationships among mtDNA hap-

*CO

tRNA Thr
tRNA Thr

ND5 Cytb1 Cytb2

TENAGH
(@)
py)
—

E ND6-1

E ND6-2

lotypes, a parsimony network of
haplotypes was generated using
TCS v1.21 (Clement et al., 2000).

{RNA Phe

CR2 12S

TRNA GIu

e

0  500bp
| |

Lundetermined alignment

Ten additional haplotypes
reported in previous studies
(Hasegawa et al., 1999; Miura et
al., 2013b) were obtained from

&

X518

Old tissue & contemporary samples( fragment 1 P

Old feather samples(

Fig. 1.

Proline; Glu, tRNA-Glutamic acid; Phe, tRNA- Phenylalanine.

fragment 2 >——286 bp
fragment 3 P———<1381 bp

A scheme of mtDNA gene order around the duplicated region and position at which a primer
was used. The gray box indicates the target region (440 bp) for haplotyping the island population of the
red-crowned crane (Grus japonensis). For old tissues and contemporary samples, fragment 1 was
PCR-amplified. For old feather samples, fragments 2 and 3 were PCR-amplified. Arrows with number
show the primer positions. Closed arrows indicate primers annealing the specialized locations in the
duplicated region. Abbreviations for genes or region are as follows: ND5, NADH dehydrogenase subunit
5; Cytb1 and Cytb2, cytochrome b1 and cytochrome b2; ND6, NADH dehydrogenase subunit 6; 12S,
12SrRNA; CR1 and CR2, control regions 1 and control regions 2; Thr, tRNA-Threonine; Pro, tRNA-

A

the DNA Data Bank of Japan
(DDBJ)  (accession numbers
AB714138—AB714140 for Gj3-5;
and AB669093-AB669095 for
Gj10-12; Table 2). For further
study on the evolutional relation-
ships among mtDNA haplotypes,
we reconstructed a phylogenetic
tree by Bayesian inference (Bl).
This analysis used the complete
CR2 sequences (haplotypes
Gj1-5, Gj9-13 and that of Grus
leucogeranus as an outgroup;

Table 2. Alignment of control region 2 (CR2; 1165 bp) haplotypes of the red-crowned crane. Only substitutions are shown. Nine haplotypes
(Gj1—Gj9) were reported by Hasegawa et al. (1999), and three haplotypes (Gj10—Gj12) were reported by Miura et al. (2013b). Haplotype Gj13
(bold) was newly identified in the present study. Nucleotides identical to those in Gj1 are indicated by dots; nucleotides different from Gj1 are
shown by letters. Dashes show no sequence information (not gaps.) Sequence data were not available at positions 550—1000 for haplotypes

Gi5-Gjo.

Haplotype 23 24 25 49 74 130 166 190 237 239 247 257 274 318 323 402 407 440 550 562 622 808 836 1000 Reference accne:§i°”
Gi TACAATCCCGGACTGA AT CT CTTGCTG CTCG A ';ta:fﬁggg AB714136
G2 . . . .. . T . T A A AGTTCT . TA G ':tasfﬁggg AB714137
G . . ...c T . . . AG . C T C T T G ';ta:fﬂggg AB714138
G4 . . .G. . T . . . A T C G ':tasfﬁggg AB714139
G5 . . . . . . T . . . A G T C T G ':tasfﬁggg AB714140
G . . . . . . T . . . A T - - - - - - ':tasfﬁggg -

G7 . . . . . . T . . A A A G T - - - - - - ztasfﬁg‘gg -
G . . . . . . T . . . A . T G T - - - - - - ztasfﬂg‘g’g -
Go . . ... . T . . . AaG .cC T - - - - - - zta:f%?"gg -
GIo CTA . . . T . . . A G T C T G ;\l’fi;gﬁ% AB669093
Gt . . . . . . . T . . A G T Cc T T G ;\I’";E; 45 AB669094
G2 . .. .G . T . . A A A G cC T T G ;\fi;gawa AB669095
Gj13 C . . . . . Thisstudy LC129041
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LC114478) aligned with the MUSCLE algorithm (Edgar, 2004). The
best-fit nucleotide substitution models under the Bayesian informa-
tion criterion (BIC) for Bl analysis were estimated using Kakusan4
(Tanabe, 2007, 2011). The Bl analysis was executed with MrBayes
v3.2 (Ronquist and Huelsenbeck, 2003). Parameter spaces were
explored in the analysis using one cold chain and three incremen-
tally heated chains; each analysis was run for one million genera-
tions, with sampling every 1000 generations, and first 25% of saved
trees were discarded as burn-in. To verify convergence of the
Metropolis-coupled Markov chain Monte Carlo (MCMCMC) pro-
cess, two simultaneous runs were continued until the standard
deviation of split frequencies between the chains was lower than
0.01. Convergence of MCMCMC parameter estimates was con-
firmed using Tracer v1.6 (http://beast.bio.ed.ac.uk/Tracer). Effective
sample size values of all parameters were at least 200. The Bl trees
were edited using FigTree v1.4.2 (http:/tree.bio.ed.ac.uk.software/
figtree/). To visualize the spatiotemporal changes of distribution
and frequencies of mtDNA haplotypes, we plotted haplotypes on a
map of Hokkaido over the last several decades.

RESULTS

Relationships of mtDNA haplotypes

Partial (440 bp containing the 418 bp region) or complete
(1162 bp) sequences of the mtDNA CR2 were determined on
the samples, including 17 stuffed specimens (collected in
1878—2001) and 213 tissue or blood samples (collected in
1970—-2014). In the present study, three haplotypes (Gj1, Gj2
and Gj13) were identified from the island population. Haplo-
types Gj1 and Gj2 were frequently found among individuals
of the island population (Hasegawa et al., 1999; Miura et al.,
2013a; Sugimoto et al., 2015). In contrast, in the present
study, haplotype Gj13 was identified for the first time as a
novel haplotype from a single stuffed specimen and one
contemporary sample. The obtained sequence data were
deposited to the DDBJ/EMBL/GenBank under accession
no. LC129041. This new haplotype Gj13 had only two substi-
tutions from haplotype Gj1 at nucleotide positions 440 and
550, both of which were highly polymorphic sites within the
CR2 (Table 2).

Figure 2 shows a parsimony network of the mtDNA hap-
lotypes based on the 5’ end of 440 bp in the CR2. Haplotype
Gj13 was a missing link between Gj1 and Gj6. Haplotypes
Gj3-9 were found in the continental population (Hasegawa
et al., 1999), and haplotypes Gj10-12 were found in the
feather samples of field-collected cranes in the Honshu
main island of Japan, which may have been derived from
continental individuals flying to Japan; no information was
available on whether the individuals were wild or bred (Miura
et al., 2013b). As the previous study (Hasegawa et al., 1999),
the three haplotypes identified from only the island popula-
tion (Gj1, Gj2 and Gj13) and ten haplotypes identified from
only continental individuals (Gj3—12) formed a common clus-
ter. In addition, continental haplotypes (Gj5, Gj6 and Gj7)
were positioned between the Hokkaido haplotypes Gj2 and
Gj13 and other continental haplotypes connected to the Gj5,
Gj6 or Gj7 (Fig. 2). Figure 3 shows the phylogenetic relation-
ships among haplotypes, reconstructed by the 1141 bp of
CR2. The optimal nucleotide substitution model determined
by BIC4 (sample size = the number of sites) using Kaku-
san4 was HKY85+Gamma. Haplotypes from the island
population were polyphyletic, whereas Gj1 and Gj13 formed
a well-supported clade, and Gj2 formed a clade with Gj12,

Fig. 2. Parsimony network of CR2 haplotypes from the red-
crowned crane. Gray circles (Gj1, Gj2 and Gj13) show haplotypes
identified from the island population in the present study. Open cir-
cles indicate previously reported continental haplotypes (Hasegawa
et al., 1999; Miura et al., 2013a) and closed circles indicate putative
haplotypes. Each line between circles indicates one base substitu-
tion.

7/ Grus leucogeranus (LC114478)

Gj2
7 0.61
L Gj12 (AB669095)

/L
7/ —— Gj11 (AB669094)

0525 (AB714140)

L Gj10 (AB669093)
L 10.52

Gj3 (AB714137)

0.77_ Gja (AB714139)
0.89
- Gi13
0.99
0.01 L Gj1

Fig. 3. Bayesian tree based on the CR2 sequences. Fifty percent
majority-rule consensus trees inferred from CR2 sequences (1141
bp) of different haplotypes. Haplotypes with gray backgrounds were
found in the island population in the present study. GenBank acces-
sion numbers of the previously reported haplotype sequences are
indicated in parentheses. Numbers on node show the posterior
probabilities values. The scale bar indicates the number of substitu-
tions per nucleotide site.

which was thought to be a continental haplotype.

Frequencies of mtDNA haplotypes in the island popula-
tion

The mtDNA haplotype frequencies in the island popula-
tions were as follows: 8.7% (20/230 individuals) for Gji;
90.4% (208/230 individuals) for Gj2; 0.9% (2/230 individuals)
for Gj13. Figure 4 shows the transition of the mtDNA haplo-
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Fig. 4. Haplotype frequencies and distribution of mtDNA haplotypes in the island population through 1878-2014:
(A) before 1979, (B) 1980s, (C) 1990s, (D) 2000s, (E) 2010s, respectively. Crcles with dotted lines indicate four
areas: Abashiri, Kushiro, Nemuro and Tokachi. MtDNA haplotypes were shown as follows: gray circle for Gji; tri-
angle for Gj2; dark gray square for Gj13. Abbreviations of sampling locations for stuffed specimens (A) are as fol-
lows: CT, Chitose; KS, Kushiro; BK, Bekkai; NM, Nemuro; AK, Akan; SB, Shibecha; ND, No data. The frequencies
of haplotypes are visualized by pie charts colored by gray (Gj1), white (Gj2) and dark gray (Gj13).

type distribution in the island population over the past sev-
eral decades, although information on the old feather sam-
ples such as capture areas and birth years was incomplete.
Haplotype Gj2 occurred more frequently in all time-spans,
and this haplotype was widespread in eastern Hokkaido. In
addition, Gj1 was also found in most regions in Hokkaido
through 1878-2014, except in few occasions such as
Nemuro in the 2010s (Fig. 4E) and Abashiri across all time-
spans. The novel haplotype Gj13 was identified from one
stuffed specimen sample obtained in Kushiro in 1997 and
one contemporary sample, also obtained in Kushiro in 2007.
In most contemporary samples in the 2010s (Fig. 4E), no
additional novel haplotypes were found.

DISCUSSION

Frequencies of mtDNA haplotypes in the island popula-
tion

In the present study, three CR2 haplotypes were
identified from samples of the island population over the
past several decades. No common haplotypes between the
continental and island populations were found. Haplotype
Gj13 found in only two samples of Hokkaido was positioned
at a missing haplotype near haplotype Gj1 in the haplotype
network, indicating that Gj13 is specific but infrequent in the

no apparent spatial
genetic  structures
in the current island
population from
microsatellite and
mtDNA  analyses.
The present study
also showed a low
genetic variation of the island population, and that this state
has continued for about 100 years. The lower levels of
genetic variation in the red-crowned crane of Hokkaido may
have resulted from the population recovery from a very small
number of individuals over the past few decades, as reported
by Masatomi (2000). Unfortunately, the number of historical
stuffed specimens samples examined in the present study
was too low to assess the effects of the past population
decrease in Hokkaido. It is necessary to analyze older sam-
ples, such as archaeological remains or greater numbers of
historical samples of the red-crowned crane for the investi-
gation of the following points: (1) whether there were any
common haplotypes in mtDNA between the continental and
island populations in the past; (2) detailed genetic structure
changes during and before the population decline.

Evolutionary relationships among mtDNA haplotypes
of the red-crowned crane

The haplotypes of the red-crowned crane mtDNA found
in the island population did not form a single clade. This sug-
gests that the population was divided after the divergence of
the haplotypes, and it is possible that the island population
had other haplotypes and then lost some of them through a
bottleneck. To investigate the process of the genetic struc-
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ture formation, the migration rate and the diverged period
between the continental and island population, it is neces-
sary to precisely compare the genetic variation of the island
population with those of the continental population.

In a previous study on the structure of female unison
calls (Archibald, 1976), the island population has diverged
from the continental population at a subspecies level. How-
ever, the phylogenetic analysis of the present study shows
that the mtDNA haplotypes found from the two populations
were not largely differentiated. Although it was reported that
some individuals flew from the continent to Japan in 2008—
2011 (Miura et al., 2013b), the present study suggests no
gene flow (Fig. 4D, E). Genetic exchange between two pop-
ulations may improve the low genetic variation in Hokkaido.
It seems difficult for the island population, in which genetic
structure was equalized and genetic variation was low,
would be able to significantly recover the genetic variation
on its own. Accordingly, if mating between the continental
and island individuals is possible; conservation plans might
include the artificial introduction of continental individuals to
Hokkaido for the recovery of genetic variation in the island
population. If that is pursued, however, it will be important to
consider that encounters between individuals from different
habitats carry the risk of transmitting pathogens derived
from the each habitat. Because red-crowned cranes live in
narrow regions in Hokkaido at a high density, there is a seri-
ous concern about outbreaks of infectious disease. In future
conservation efforts, it is important to promote an expansion
of its distribution by artificial movement and dispersal in
order to reduce the risk of morbidity and population extinc-
tion. In addition, further studies on functionally important
genes, such as major histocompatibility complex genes,
could be useful for evaluating adaptive genetic variation in
the island population and monitoring the genotypes of the
continental individual to support potential introduction strat-
egies.
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