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Abstract. Ancient DNAs of Sus scrofa specimens ex-
cavated from archaeological sites on the Okinawa islands
were examined to clarify the genetic relationships among
prehistoric Sus scrofa, modern wild boars and domestic
pigs inhabiting the Ryukyu archipelago, the Japanese is-
lands, and the Asian continent. We extracted remain
DNA from 161 bone specimens excavated from 12 ar-
chaeological sites on the Okinawa islands and success-
fully amplified mitochondrial DNA control region frag-
ments from 33 of 161 specimens. Pairwise difference
between prehistoric and modern S. scrofa nucleotide se-
quences showed that haplotypes of the East Asian do-
mestic pig lineage were found from archaeological speci-
mens together with Ryukyu wild boars native to the
Ryukyu archipelago. Phylogenetic analysis of 14 ancient
sequences (11 haplotypes; 574 bp) indicated that S.
scrofa specimens from two Yayoi-Heian sites (Kitahara
and Ara shellmiddens) and two Recent Times sites
(Wakuta Kiln and Kiyuna sites) are grouped with mod-
ern East Asian domestic pigs. Sus scrofa specimens from
Shimizu shellmidden (Yayoi-Heian Period) were very
closely related to modern Sus scrofa riukiuanus but had
a unique nucleotide insertion, indicating that the popu-
lation is genetically distinct from the lineage of modern
Ryukyu wild boars. This genetic evidence suggests that
domestic pigs from the Asian continent were introduced

to the Okinawa islands in the early Yayoi-Heian period
(1700–2000 BP), or earlier.
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Introduction

The Ryukyu wild boar (Sus scrofa riukiuanus) inhabits
only the Ryukyu archipelago, which is an island arc
southwest of the main Japanese islands (Fig. 1). This
subspecies is distinguishable from continental boars (S.
s. ussuricus), Taiwan wild boars (S. s. taivanus), and
Japanese wild boars (S. s. leucomystax) on body size and
other morphological characteristics (Imaizumi 1973;
Hayashi et al. 1983). A large number of Sus scrofa bones
have been excavated from prehistoric sites on the Oki-
nawa islands within the Ryukyu archipelago. Morpho-
logically, most of these prehistoric S. scrofa are about the
same size as the present-day Ryukyu wild boar. Other
bone specimens excavated from early Yayoi-Heian sites
[1700–2000 years before present (BP)] are much larger
than the modern Ryukyu wild boar (Matsui 1997). In-
vestigation and identification of prehistoric S. scrofa in-
cluding these large specimens are extremely important
for estimating the movement of S. scrofa as well as the
prehistoric cultural exchange or trade systems by hu-
mans. However, morphological analysis of these bones isCorrespondence to: Naotaka Ishiguro; email: ishiguro@obihiro.ac.jp
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hampered by poor preservation, making osteometric
analysis almost impossible (Matsui 1997).

An alternative approach for identifying the bones is
using mitochondrial DNA (mtDNA) analysis of present
and prehistoric individuals of S. scrofa. We previously
examined the phylogenetic relationships among Ryukyu
and Japanese wild boars and East Asian domestic pigs
based on the mtDNA control region and cyt b gene se-
quences and found that the Ryukyu wild boar is geneti-
cally different from other Asian S. scrofa and Japanese
wild boars (Watanobe et al. 1999). Advances made dur-
ing recent decades in DNA analytical techniques allow
phylogenetic analysis of extinct species (Thomas et al.
1989; Cooper et al. 1992; Krings et al. 1997; Ozawa et al.
1997) and ancient animals and human populations (Horai
et al. 1991; Stone and Stoneking 1993; Hardy et al. 1995;
Oota et al. 1999). These studies indicate that genetic
information retrieved from ancient remains is extremely
useful for understanding the transitions of animal popu-

lations. Thus, mtDNA analysis can be used to establish
genetic relationships between prehistoric S. scrofa from
the Okinawa islands and modern wild boar and domestic
pigs from Okinawa and neighboring regions.

To investigate the genetic background of the prehis-
toric S. scrofa from the Okinawa islands, we extracted
ancient DNA from bones and determined the nucleotide
sequences of the mtDNA control region using polymer-
ase chain reaction (PCR) techniques. Our results showed
complicated phylogenetic relationships among prehis-
toric S. scrofa, modern wild boars, and domestic pigs.

Materials and Methods

Archaeological Sites and Samples

A total of 161 bone specimens (88 mandibles, 38 teeth, 9 ulnae, 8
maxillae, 6 humeri, 6 radii, 3 pelves, 2 femora, and 1 tibiae) was
derived from an estimated 73 individuals at minimum collected from

Fig. 1. Maps of the Ryukyu archipelago and Okinawa islands (a) and
sampling archaeological sites of prehistoric Sus scrofa specimens in the
Okinawa islands (b). Details of the shaded area in map a are shown in
map b. Chronological periods and approximate dates of the archaeo-
logical sites are as follows: early Jomon period—Noguni B shellmid-
den (6600–7000 BP); late Jomon period—Kogachibaru shellmidden
(3500–4000 BP) and Chiarabaru shellmidden (3000–3500 BP); final

Jomon period—Shinugudou site (2500–3000 BP); early Yayoi-Heian
period (1700–2000 BP, all sites)—Heshikiya Toubaru site, Kitahara
shellmidden, Shimizu shellmidden, Nagarabaru Nishi shellmidden,
Gushibaru shellmidden, and Ara shellmidden; Recent Times—Wakuta
Kiln site (16C AD) and Kiyuna site (18C AD). Numbers in parentheses
are the number of samples with DNA data/the number of samples
examined in this study.
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12 archaeological sites (including 7 shellmiddens) from the Okinawa
main island, Ie island, and Kume island in the Okinawan islands in the
central part of the Ryukyu archipelago (Fig. 1). The estimated mini-
mum number of individuals in each archaeological site was calculated
based on the most frequently occurring bone type from each stratum.

Two dating systems are frequently used to describe the prehistory
of Okinawa (Takamiya 1996). One system divides the prehistory of
Okinawa into the early and late Shellmidden periods. This stresses the
uniqueness of the development of prehistoric Okinawa culture. The
second system parallels the chronology of mainland Japan, where the
early and late Shellmidden periods correspond to the Jomon and Yayoi-
Heian periods, respectively. We used the Jomon and Yayoi designa-
tions to date each site because most readers are likely to be more
familiar with them. The legend to Fig. 1 gives the chronological periods
and approximate dates of each site.

DNA Extraction

To avoid possible contamination from the surfaces of the archaeologi-
cal remains, the soil and outer layers of the bone and tooth samples
were removed by scraping with a sterile razor blade. Bone powders (0.5
to 1.0 g) were collected from each sample using an electric drill. Bone
powder samples were suspended in 10 ml of 0.5 M ethylenediamine-
tetraacetate (EDTA), decalcified by rotating for a few days, and then
centrifuged at 3000 rpm for 10 min. The supernatant was removed, and
pellets of bone powders were repeatedly decalcified with 10 ml of 0.5
M EDTA. After decalcification, the bone powders were treated over-
night in 5 ml of 0.5 M EDTA with proteinase K (300 �g/ml) and
N-lauryl sarcosine (0.5%) with slight modifications of the method of
Hardy et al. (1995). The sample was centrifuged at 3000 rpm for 10
min, and the supernatant containing the ancient DNA was extracted
twice with phenol, once with chloroform:phenol (1:1) and once with
chloroform to remove proteins. The supernatant was concentrated using
a Centricon 30 microconcentrator (Amicon) and washed with distilled
water. These treatments concentrated the DNA samples to a final vol-
ume of 20–100 �l. The extracted ancient DNA was directly used as
PCR templates. Precautions were taken to prevent contamination from
other nonancient DNA, as described by Okumura et al. (1999). Blank
extractions without bone powders were used to verify that no contami-
nation occurred during extraction.

PCR and Direct Sequencing of mtDNA

To amplify the ancient DNA, we used three primer sets, A, B, and
C, designed within the pig mtDNA control region. Primers mitL76
(5�-AATATGCGACCCCAAAAATTTAACCATT130) and mitH62
(5�-CCTGCCAAGCGGGTTGCTGG351) for set A, primers mitL119
(5�-CAGTCAACATGCGTATCACC301) and mitH124 (5�-ATGGCT-
GAGTCCAAGCATCC567) for set B, and primers mitL104 (5�-TGGA-
CTAGTGACTAATCAGCCCAT518) and mitH106 (5�-ACGT-
GTACGCACGTGTACGC704) for set C amplify 258-, 305-, and
229-bp fragments, respectively (Watanobe et al. 2001). The numbers
on the upper right of the primers denote the corresponding nucleotide
positions of the 3�-terminal nucleotide of the primers (Okumura et al.
1996). L and H designate light and heavy strands, respectively. PCRs
were made using the following conditions: one cycle of DNA denatur-
ation and AmpliTaq Gold (Perkin Elmer) activation at 95°C for 10 min,
annealing at 57°C (60°C for primer set A) for 1 min, and extension at
72°C for 1 min was followed by 50 cycles of denaturation at 94°C for
30 s, annealing at 57°C (60°C) for 30 s, and extension at 72°C for 1
min. When few or no PCR products were detected, a seminested PCR
strategy was used. Seminested PCR amplifications were carried out
with primers mitL76 and mitH61 (5�-CTGGTTTCACGCG-
GCATGG336) for set A, primers mitL120 (5�-ACCGCCATTAGAT-
CACGAGC318) and mitH124 for set B, and primers mitL105 (5�-

CCATGCTCACACATAACTGAGGTT537) and mitH106 for set C,
with 1 �l of the first PCR product, for 30 cycles as described above. To
ensure the reliability of the results, we repeated the amplifications at
least twice for each sample, and blank extracts were amplified in par-
allel with samples.

PCR products were purified using a Centricon 100 microconcen-
trator (Amicon) for use as sequencing templates. Nucleotide sequences
of both strands were determined using an Applied Biosystems 377
DNA sequencer with a BigDye Terminator Cycle Sequencing Kit (Ap-
plied Biosystems). When nucleotide sequences obtained from two in-
dependent PCR products differed from each other, a third PCR ampli-
fication and subsequent direct sequencing were done to verify the
sequence. Moreover, the nucleotide sequences were independently
verified in the second laboratory. A 574 bp sequence was obtained by
connecting the three DNA fragments amplified by primer sets A, B,
and C.

Modern Wild Boars and Domestic Pigs

Watanobe et al. (1999) reported nucleotide sequences of the mtDNA
control region of 59 Japanese wild boars, 13 Ryukyu wild boars, 12
Asian domestic pigs, 7 European domestic pigs, and 3 European wild
boars. In addition, we analyzed 63 Japanese wild boars, 3 Northeast
Asian wild boars (1 from near Ulan Bator, northern Mongolia, 1 from
near Da-xinganling, southern Mongolia, and 1 from near Xiao-
xinganling, China), 65 Asian domestic pigs, and 66 European domestic
pigs using the procedure of Okumura et al. (1996) (accession Nos.
AB041464–AB041499). In total, 291 modern individual samples were
examined. Fifty-five haplotypes designated M1 to M55 obtained for the
574 bp of the mtDNA control region formed a database of modern S.
scrofa in this study. Five representative haplotypes of the five S. scrofa
groups, except for the northeast Asian wild boars, are listed in Table 2.

Phylogenetic Analysis

Neighbor-joining analysis (Saitou and Nei 1987) was made using the
PHYLIP program package, version 3.572 (Felsenstein 1995). A dis-
tance matrix for the neighbor-joining tree was constructed with Kimu-
ra’s (1980) two-parameter distances. We used 1000 bootstrap replica-
tions to determine the confidence intervals of the phylogeny.
Parsimony analysis was also performed using the MEGA 1.02 (Kumar
et al. 1993).

Results

Preservation and Amplification of Ancient DNA

Archaeological information and success of PCR and se-
quencing are summarized in Table 1. No negative con-
trols yielded any PCR products. Thirty-three of 161
samples were successfully amplified and sequenced. The
hard, less-colored bone samples were successfully am-
plified corroborating the observations previously made
by Hardy et al. (1995) and Okumura et al. (1999). In
general, samples from shellmiddens of the early Yayoi-
Heian period were well preserved, as most of the
shellmiddens in this period were formed on sandy
beaches. In contrast, samples from other periods were
poorly preserved, as these sites were under cliffs or on
gentle hilly areas (Okinawa Prefectural Board of Educa-
tion 1997) where the soils would be unsuitable for bone
preservation.
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The amplification success of ancient DNA was mark-
edly lower in S. scrofa specimens from the Jomon period
(7 samples of 93) than from the early Yayoi-Heian pe-
riod (22/64) and in Recent Times (4/4). The amplifica-
tion success of ancient DNA appeared to be correlated
with the degree of preservation and the age of the ar-
chaeological specimens.

Among the 33 successfully amplified samples, frag-
ments A (fA), fB, and fC were amplified from 28, 16,
and 27 samples, respectively (Table 1), indicating that
the long DNA fragment (fB, 305 bp) is more difficult to
amplify than the shorter DNA fragments (fA, 258 bp;
and fC, 229 bp). This shows that ancient DNAs have
been fragmented by autolysis, oxidation, and/or bacterial
digestion (Pääbo 1989).

DNA Sequences of Prehistoric Sus scrofa

Table 2 shows polymorphic sites in the 574 bp control
region sequences of all ancient and five representative

modern haplotypes. Among the 33 ancient DNA se-
quences, 29 polymorphic sites were identified. Thirteen
of these 29 sites were newly found in this study, and the
other 16 sites were shared with the modern haplotypes.
Nineteen of the 33 ancient sequences were partial, be-
cause one or two DNA fragments (fA, fB, or fC) could
not be successfully amplified by PCR. The 574 bp an-
cient DNA sequences from 14 archaeological specimens
were submitted to the DDBJ/EMBL/GenBank database
(accession Nos. AB050869–AB050882). Among these
14 ancient sequences, the 11 distinct haplotypes were
designated A1 to A11 (Table 2). Haplotypes A1 and A2
were identical to modern haplotypes M33 (from Berk-
shire and Largewhite) and M31 (from Okinawa native
pig and Berkshire), respectively.

Pairwise differences between each ancient sequence
and all distinct sequences of the East Asian domestic pig
and the Japanese and Ryukyu wild boar are listed in
Table 3. Fourteen sequences (specimens 130, 146, 150,
87, 17, 20, 115, 119, 120, 123, 124, 157, 126, and 127)

Table 1. Characteristics of archaeological specimens and their mtDNA amplification

Archaeological site Bone part Period
Specimen
no.

PCR resultsa PCRb

fA fB fC Ordinary Seminested

Noguni B shellmidden Radius Early Jomon 81 +++ −− +++ fA, fC
Mandible 130 +−− −− ++ fA, fC

Kogachibaru shellmidden Mandible Late Jomon 143 ++ −− ++ fA, fC
Mandible 144 +++ −− ++ fA, fC
Mandible 146 ++ ++ −− fA, fB

Chiarabaru site Mandible Late Jomon 150 ++ −− +−− fA, fC
Mandible 151 ++ −− −− fA

Kitahara shellmidden Maxilla Early Yayoi-Heian 87 +++ ++ ++ fC fA, fB
Shimizu shellmidden Mandible Early Yayoi-Heian 102 +++ −− +++ fA, fC

Mandible 104 +−− ++ ++ fA fB, fC
Mandible 105 +++ ++ ++ fA, fC fB
Mandible 107 +++ +−− ++ fA fB, fC
Mandible 108 +++ −− +++ fA, fC
Mandible 109 +++ ++ +++ fA, fB, fC
Humerus 110 ++ +−− −− fB fA
Femur 111 +++ −− ++ fA, fC
Ulna 152 ++ ++ ++ fA, fB, fC
Ulna 155 ++ ++ ++ fA, fB, fC
Ulna 156 +++ ++ ++ fA, fB, fC

Nagarabaru Nishi shellmidden Teeth Early Yayoi-Heian 5 ++ ++ ++ fA, fB, fC
Teeth 13 ++ ++ ++ fA, fB, fC

Gushibaru shellmidden Mandible Early Yayoi-Heian 17 ++ ++ ++ fA, fB, fC
Mandible 20 ++ ++ ++ fC fA, fB

Ara shellmidden Maxilla Early Yayoi-Heian 115 ++ +++ ++ fA, fB fC
Mandible 119 +++ −− −− fA
Mandible 120 +++ ++ +++ fA, fB fC
Mandible 123 +−− −− +++ fA fC
Mandible 124 ++ −− +−− fA, fC
Humerus 157 ++ −− ++ fA, fC

Wakuta Kiln site Mandible Recent Times 125 ++ ++ +++ fA, fB, fC
Mandible 126 +−− −− ++ fA fC

Kyuna site Mandible Recent Times 127 +++ ++ ++ fA, fB, fC
Mandible 128 ++ ++ ++ fA, fB, fC

a fA, fB, and fC show the DNA fragment amplified by the A, B, and C set primers, respectively. (−) Not amplified; (+) amplified once; (++)
amplified twice independently; (+++) amplified three times.
b Ordinary or seminested PCR was done to amplify the ancient DNA.
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were identical to sequences from modern animals. The
other 19 sequences were unique to the prehistoric speci-
mens examined in this study. Average numbers of pair-
wise differences within each Sus scrofa group (for ex-
ample, in the case of using sequences of fA + fB + fC,
0.7% within East Asian domestic pig, 0.6% within Japa-
nese wild boar, and 0.5% within Ryukyu wild boar) were
tentatively applied as criteria to measure similarity be-

tween each ancient sequence and the modern groups.
Among seven sequences obtained from the specimens of
the Jomon period, three (Nos. 143, 146, and 151) were
similar to the sequences of East Asian domestic pigs, one
(No. 150) was similar to the sequences detected in both
East Asian domestic pigs and Japanese wild boars, one
(No. 144) was similar to the sequences detected in
Ryukyu wild boars, and the other two (Nos. 81 and 130)

Table 2. Variability and haplotypes of the mtDNA control region (574 bp) from modern and ancient Sus scrofa

Archaeo-
logical
site

Source/
specimen no.

Nucleotide positionsa

Haplo-
typeb Clusterc

fA fB fC

1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 5 5 5 5 5 6 6 6 6 6 6 6 6 7
3 3 3 4 5 5 6 8 8 1 3 4 4 6 6 7 8 8 9 0 0 0 0 2 3 4 4 7 8 8 9 9 0 0 4 5 6 7 9 9 9 0 3 4 6 7 1 3 4 5 6 6 9 9 0
1 6 8 6 4 9 1 2 6 5 7 2 9 1 9 7 0 9 5 1 2 3 7 4 2 3 9 9 8 9 1 2 6 7 4 3 2 6 0 2 9 2 1 3 1 6 1 8 0 8 3 9 0 3 3

Meishan pig A− − T T GCCT TCCACCTT AGCCAT T CCCCAAT CT TACGCCCCAC AT GT GACCAT GG M23 I
Japanese wild boar � − − � � � � � C� � T G� � � � � � � � � � � � � � � � � � � � � � T � � � � � G� � C� � � � � � � � AA M13 I
Ryukyu wild boar � − − � � � � T � � � T G� � � � � � � � � C� � � � � G� � � � � G� � � � � � � � � C� � � � � � � � � � M16 II
European wild boar GC− C� � T T � � � T G� � � � � � � � � C� � � � � � � C� � � G� � � � � � � � AC� G� � � � GCA� M54 III
Landrace GC− CCA� T � � � T G� � � C� A� � � CC � � � � � � C� � � � � � � � � � � � � � A� � � � � � � � � M40 IV

Noguni B
shellmidden 81 � − − � � � � � � � � T G� T � C� � � � � � � � C� � � G� � � � � � ND

130 � C� � � � � � � � � � ND
Kogachibaru

shellmidden 143 � − − � � � � � � � � � � � � � � � � � � � � � � C� � � � � � � � � � ND
144 � − − � � � � T � � T T � � � � � � � � � � C� � C� � � � � � � CA� ND
146 � − − � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ND

Chiarabaru site 150 � − − � � � � � � � � T � � � � � � � � � � � � ND
151 � − − � � � � � � � � � � � � � C� � � � � � � ND

Kitahara
shellmidden 87 � − − � � � � � � � � T � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � A1 (M33) I

Shimizu
shellmidden 102 � − A� � � � � � � � T � � � � � � � � � � C� � C� � � � � � � CA� ND

104 � − A� � � � � � � � T � � � � � � � � � � C� � � � � G� � � � � G� � � � T � � � � C� � � � � � � CA� A7 IIa
105 � − A� � � � � � � � T � � � � � � � � � � C� � � � T G� � T � � G� � � � � � � � � C� � � � � � � CA� A8 IIa
107 � − A� � � � � � � � T � � � � � � � � � � C� � C� � � � � � � CA� ND
108 � − A� � � � � � � � T � � � � � � � � � � C� � C� � � � � � � CA� ND
109 � − A� � � � � � � � T � � � � � � � � � � C� � � T � G� � � � � G� � � � � T � T � C� � � � � � � CA� A9 IIa
110 � − A� � � � � � � � T � � � � � � � � � � C� ND
111 � − A� � � T T � � � T � � � � � � � � � � C� � C� � � � � � � CA� ND
152 � − A� � � � � � � � T � � � � � � � � � � C� � � � � G� � � � � G� � � � � � � � � C� � � � � � � CA� A10 IIa
155 � − A� � � � � � � � T � � � � � � � � � � C� � � � � G� � � � � G� � � � � � � � � C� � � � � � � CA� A10 IIa
156 � − A� � � � � � � � T � � � � � � � � � � C� T � � � G� � � � � GT � � T � � � � � C� � � � � � � CA� A11 IIa

Nagarabaru
Nishi
shellmidden 5 � − − � � � � T � � � T � � � � � � � � � � � � � � � � G� C� � � GT � � � � � � � � C� � � � � � � CA� A5 II

13 � − − � � � � T � � � T � � � � � � � � � � C� � T � � G� C� � � GT � � � � � � � � C� � � � � � � CA� A6 II
Gushibaru

shellmidden 17 � C� � � � � � � CA� ND
20 � C� � � � � � � CA� ND

Ara
shellmidden 115 � − − � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C� � T � � � � � � � � � � � � � � � � � � � A2 (M31) I

119 � − − � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C� � T � � � � � � � ND
120 � − − � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C� � T � � � � � � � � � � � � � � � � � � � A2 (M31) I

123 � C� � � � � � � CA� ND
124 � − − � � � � T � � � T � � � � � � � � � � C� ND
157 � − − � � � � T � � � T � � � � � � � � � � C� � C� � � � � � � CA� ND

Wakuta Kiln
site 125 � − − � � � � � � � � � � � � � C� � � � � � � � � � � � � � � � � � T � � � � � � � � � � � � � � � � � � � A3 I

126 � � � � � � � � � � � � ND
Kiyuna site 127 � − − � � � � � � � � T � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � A1 (M33) I

128 � − − � � � � � � � � T � � � � C� � � T � � � � � � � � � � � � � � � � T � � � � � � C� � � � � � � � � � A4 I

a Nucleotide position 1 corresponds to the first position of the complete sequences of the mtDNA control region described by Okumura et al. (1996). A dot denotes a
nucleotide identity with the Meishan pig sequence. A dash denotes a gap site.
b ND, not determined.
c Clusters are defined by the phylogenetic analysis in Fig. 2.
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were not similar to the sequences from any particular
group (Table 3). Among 22 sequences obtained from
specimens of the early Yayoi-Heian period, four (Nos.
87, 115, 119, and 120) were similar to the sequences
detected in East Asian domestic pigs, and four (Nos. 17,
20, 124, and 157) were similar to the sequences detected
in Ryukyu wild boars (Table 3). All DNA sequences
from Shimizu shellmidden samples were clearly differ-
entiated from the sequences of Ryukyu wild boars by a
specific nucleotide insertion at position 138, although
these sequences were closer to Ryukyu wild boars than
to East Asian domestic pig or Japanese wild boar (Tables
2 and 3). Three sequences (Nos. 125, 126, and 127) from
specimens of Recent Times were similar to the se-
quences detected in East Asian domestic pigs, and the
sequence from No. 128 was not similar to the sequences
from any particular group (Table 3). When only one or
two regions were available for analysis, there was not

enough information to estimate accurately the phyloge-
netic relationship, which was clarified by phylogenetic
analysis using the complete sequences of the control re-
gion and the cyt b gene (Watanobe et al. 1999). There-
fore, a phylogenetic analysis was made using 11 haplo-
types from 14 ancient 574 bp sequences constructed
from the fA, fB, and fC regions together with 55 modern
haplotypes.

Phylogenetic Analysis

The neighbor-joining tree was constructed for 11 haplo-
types from 6 archaeological sites (4 sites in the early
Yayoi-Heian period and 2 sites in the Recent Times) on
the Ryukyu Archipelago along with 55 modern haplo-
types. In the tree, haplotypes were clustered into two
lineages: Asian (haplotypes M1 to M39) and European

Table 3. Pairwise differences between ancient and modern mtDNA control region sequences (574 bp) of Sus scrofa

Archaeological
site

Specimen
no. Regiona

Pairwise nucleotide difference (%)b

Sus scrofa groupc
East
Asian pigs

Japanese
wild boars

Ryukyu
wild boars

Noguni B shellmidden 81 fA + fC 1.2 ± 0.3 1.6 ± 0.4 2.0 ± 0.4 (Unique)
130 fC 0.5 ± 0.3 1.5 ± 0.7 0.7 ± 0.7 East Asian pig, Ryukyu wild boar

Kogachibaru shellmidden 143 fA + fC 0.6 ± 0.2 1.5 ± 0.4 1.4 ± 0.4 (Unique)
144 fA + fC 1.9 ± 0.2 2.0 ± 0.3 0.8 ± 0.3 (Unique)
146 fA + fB 0.6 ± 0.4 1.2 ± 0.3 1.4 ± 0.2 East Asian pig

Chiarabaru site 150 fA 0.7 ± 0.5 0.9 ± 0.5 1.4 ± 0.4 East Asian pig, Japanese wild boar
151 fA 0.7 ± 0.4 1.1 ± 0.4 2.5 ± 0.4 (Unique)

Kitahara shellmidden 87 fA + fB + fC 0.5 ± 0.3 1.1 ± 0.2 1.2 ± 0.3 East Asian pig
Shimizu shellmidden 102 fA + fC 1.7 ± 0.3 1.7 ± 0.3 1.1 ± 0.3 (Unique)

104 fA + fB + fC 1.7 ± 0.2 1.9 ± 0.2 0.9 ± 0.2 (Unique)
105 fA + fB + fC 1.9 ± 0.2 2.1 ± 0.2 1.1 ± 0.2 (Unique)
107 fA + fC 1.7 ± 0.3 1.7 ± 0.3 1.1 ± 0.3 (Unique)
108 fA + fC 1.7 ± 0.3 1.7 ± 0.3 1.1 ± 0.3 (Unique)
109 fA + fB + fC 2.1 ± 0.2 2.3 ± 0.2 1.2 ± 0.2 (Unique)
110 fA 1.8 ± 0.5 1.7 ± 0.4 1.7 ± 0.7 (Unique)
111 fA + fC 2.1 ± 0.5 2.2 ± 0.3 1.1 ± 0.3 (Unique)
152 fA + fB + fC 1.5 ± 0.2 1.7 ± 0.2 0.7 ± 0.2 (Unique)
155 fA + fB + fC 1.5 ± 0.2 1.7 ± 0.2 0.7 ± 0.2 (Unique)
156 fA + fB + fC 1.9 ± 0.3 1.9 ± 0.2 1.2 ± 0.2 (Unique)

Nagarabaru Nishi shellmidden 5 fA + fB + fC 1.5 ± 0.2 1.6 ± 0.2 0.8 ± 0.2 (Unique)
13 fA + fB + fC 1.8 ± 0.2 1.9 ± 0.2 0.9 ± 0.2 (Unique)

Gushibaru shellmidden 17 fC 1.6 ± 0.4 1.8 ± 0.5 0.5 ± 0.7 Ryukyu wild boar
20 fC 1.6 ± 0.4 1.8 ± 0.5 0.5 ± 0.7 Ryukyu wild boar

Ara shellmidden 115 fA + fB + fC 0.6 ± 0.3 1.2 ± 0.2 1.9 ± 0.3 East Asian pig
119 fA + fB 0.8 ± 0.3 1.1 ± 0.2 2.2 ± 0.2 East Asian pig
120 fA + fB + fC 0.6 ± 0.3 1.2 ± 0.2 1.9 ± 0.3 East Asian pig
123 fC 1.6 ± 0.4 1.8 ± 0.5 0.5 ± 0.7 Ryukyu wild boar
124 fA 1.6 ± 0.4 1.7 ± 0.4 0.6 ± 0.7 Ryukyu wild boar
157 fA + fC 1.6 ± 0.2 1.7 ± 0.3 0.6 ± 0.3 Ryukyu wild boar

Wakuta Kiln site 125 fA + fB + fC 0.5 ± 0.2 1.0 ± 0.2 1.8 ± 0.3 (Unique)
126 fC 0.2 ± 0.4 1.5 ± 0.7 1.3 ± 0.7 East Asian pig

Kiyuna site 127 fA + fB + fC 0.5 ± 0.3 1.1 ± 0.2 1.2 ± 0.3 East Asian pig
128 fA + fB + fC 0.9 ± 0.2 1.3 ± 0.2 1.4 ± 0.2 (Unique)

a fA, fB, and fC show the DNA fragment amplified by the A, B, and C set primers, respectively.
b Mean values ± standard deviations are pairwise nucleotide differences (%) between an ancient and all distinct sequences detected in each Sus
scrofa group.
c Sus scrofa group with a sequence identical to each ancient sequence.
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(haplotypes M40 to M55) lineages (Fig. 2). The Asian
lineage was subdivided into two clusters, designated I
and II, and the European lineage was subdivided into two
clusters, designated III and IV (Fig. 2). Cluster I com-
prised haplotypes of Japanese wild boars, Northeast
Asian wild boars, and East Asian domestic pigs (haplo-
types M1 to M15 and M21 to M39), and cluster II com-
prised haplotypes of Ryukyu wild boars (haplotypes
M16 to M20). These major topologies were completely
identical to trees constructed using parsimonious meth-
ods (data not shown). Our previous report (Watanobe et
al. 1999) using complete sequences of the control region
and the cyt b gene also supports these tree topologies.
While low bootstrap values for clusters I (30.8%) and II
(34.2%) were obtained in this study, our previous study
showed higher bootstrap values for both clusters: cluster
I, 99.7%; and cluster II, 93.2 (Watanobe et al. 1999).

Ancient haplotypes from the archaeological sites on
the Okinawa islands belonged to clusters I and II (Fig. 2).
Cluster I included haplotype A1 (�M33) from the Ki-
tahara shellmidden and Kiyuna site, A2 (�M31) from
the Ara shellmidden, A3 from the Wakuta Kiln site, and
A4 from the Kiyuna site. They were closely related or
identical to Okinawa native pig (haplotype M33), Japa-
nese domestic pig breeds (haplotypes M30 to M32), and
East Asian domestic pigs. These East Asian pigs consist
of Meishan (haplotypes M23 and M24), Jinhua (haplo-
types M25 and M26), and Yontsuan (haplotype M28)
pigs. Haplotypes A5 and A6 from the Nagarabaru Nishi
shellmidden and A7 to A11 from the Shimizu shellmid-
den belonged to cluster II along with the haplotypes of
Ryukyu wild boars (haplotypes M16 to M20). Two hap-
lotypes from Nagarabaru Nishi shellmidden were more
closely related to the modern Ryukyu wild boar haplo-
type from the Okinawa main island (haplotype M20). All
haplotypes from Shimizu shellmidden formed a mono-
phyletic group designated subcluster IIa with a 74.9%
bootstrap value.

The phylogenetic analysis showed that S. scrofa ex-
cavated from the Kitahara (haplotype A1) and Ara (hap-
lotype A2) shellmiddens (both date to the early Yayoi-
Heian) and the Wakuta Kiln (haplotype A3) and Kiyuna
(haplotypes A1, A4) sites (both date to Recent Times)
are closely related to modern East Asian domestic pigs.
Moreover, the result clarified that the S. scrofa from the
Shimizu shellmidden belonged to the S. s. riukiuanus
group (cluster II), but they are a population (cluster IIa)
genetically independent from the other Ryukyu wild
boars.

Discussion

Prehistoric Introduction of Domestic Pigs

On mainland Japan, pig farming was interrupted from 8C
to the late 19C because meat consumption, including

pork, was forbidden by a Buddhistic prohibition on hunt-
ing and the Shinto belief of the uncleanliness of meat
(Hayashida 1971). However, domestic pigs were an es-
sential source of animal nutrients for a long time and
domestic pigs called “Okinawa native pigs” continued to
be raised on the Ryukyu archipelago until after World
War II. Previous molecular studies of modern Okinawa
native pigs linked their origins to Chinese domestic pigs
(Ozawa 2000). When were these pigs introduced into the
Ryukyu archipelago? Based on a morphological study of
faunal remains, Kaneko (1990) suggested that domestic
pigs were introduced into the Ryukyu archipelago be-
tween the late 13th and the 18th centuries. Ozawa (2000)
referred to historical documents of the Ryukyu dynasty
in his molecular study of Okinawa native pigs and sug-
gested that pigs were introduced into the Ryukyu archi-
pelago at the end of the fourteenth century. In a study of
the morphological characteristics of S. scrofa bones from
the early Yayoi-Heian period sites on Ie island, Matsui
(1997) found some bones that were much larger than the
average for Ryukyu wild boars. This suggests that the
domestic pig may have been on the Okinawa islands as
long as 1700 to 2000 years ago.

The phylogenetic analysis showed that the mtDNA
haplotypes of the early Yayoi-Heian specimens from the
Ara shellmidden on Ie island (haplotype A2 from Nos.
115 and 120) and the Kitahara shellmidden on Kume
island (haplotype A1 from No. 87) are more closely re-
lated to mtDNA haplotypes of East Asian domestic pigs,
including Chinese domestic pigs (Fig. 2). Therefore, our
result placed the first introduction of domestic pigs from
the Asian continent to the Okinawa islands much earlier
than the date reported by Kaneko (1990) and Ozawa
(2000) and closer to that of Matsui (1997).

Phylogenetic relationships among continental and
Japanese S. scrofa (cluster I) and Ryukyu wild boar
(cluster II) have low bootstrap values in this study (Fig.
2). However based on previous studies, the phylogenetic
relationships between cluster I and cluster II are well
supported. The low bootstrap values of this study may be
attributed to using a large number of haplotypes (Sand-
erson 1989) and shorter sequences. In this study, 64 hap-
lotypes of the 574 bp partial sequences of the control
region were used in the bootstrap analysis, while only 27
haplotypes from the complete sequences of the control
region and the cyt b gene (2186 bp) were used in our
previous study (Watanobe et al. 1999).

Genetic characteristics of Jomon specimens were not
clarified by this study because the DNA regions ampli-
fied from the Noguni B and Kogachibaru shellmiddens
and the Chiarabaru site were too short to include in the
phylogenetic analyses (Table 2). However, some nucleo-
tide sequences of one or two of three regions, fA, fB, and
fC, from Jomon specimens were more similar to the
nucleotide sequences of East Asian domestic pigs than
the Ryukyu and Japanese wild boars (Table 3; Nos. 143
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Fig. 2. Neighbor-joining tree constructed from 11 ancient and 55 modern mtDNA control region haplotypes (574 bp). Haplotype numbers are the
same as in Table 2. The tree topology has four major distinct clusters (I, II with subcluster IIa, III, and IV). Bootstrap resampling was done 1000
times, and the resulting bootstrap probabilities of the four major clusters and more than 50% at other internal branches are shown.
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and 146 from the Kogachibaru shellmidden and No. 151
from the Chiarabaru site). This might place the introduc-
tion of domestic pigs as far back as the late Jomon pe-
riod. Sus scrofa bones excavated from the Noguni B
shellmidden were 10% smaller than those of modern
Ryukyu wild boars (Kawashima and Muraoka 1984),
also suggesting that domestic pigs were introduced.

Origin of a Unique S. scrofa on Prehistoric
Kume Island

We detected a one-nucleotide insertion (A at 138 in
Table 2) in all haplotypes (A7 to A11) from Shimizu
shellmidden specimens on Kume island. We named this
group the Shimizu boar group (cluster IIa). Interestingly,
no wild boards inhabit Kume island today, and the fol-
lowing two hypotheses explaining why the Shimizu boar
group existed in prehistoric times but are absent today on
Kume island are examined. The first hypothesis assumes
that this group descended from Ryukyu wild boards that
occupied the island more than 10,000 years ago. The
Ryukyu wild boar is thought to be a relict from ancient
times (Imaizumi 1973), having migrated to the Ryukyu
archipelago 1.7–1.2 million years BP or 30,000–10,000
years BP when the archipelago connected to the Asian
continent (Kizaki and Oshiro 1980). At that time, the
main island of Okinawa and its surrounding satellite is-
lands were probably connected by land bridges. By the
end of the Pleistocene, these land bridges submerged and
Kume island emerged, isolating this group of Ryukyu
wild boars, including the Shimizu boar group. According
to this hypothesis, the Shimizu boar would have lived for
at least thousands of years and become extinct due to
environmental or artificial pressures such as exhaustion
of food resources and excessive hunting after the early
Yayoi-Heian period. Kume island is too small (59 km2)
to maintain wild boars autogenously for several thousand
years, suggesting that this group was probably intro-
duced to Kume island from other areas of the Ryukyu
archipelago. However, the unique genetic characteristics
of the Shimizu boar group, sharing the nucleotide A in-
sertion and belonging to the independent subcluster IIa,
have not been found on other islands of the Ryukyu
archipelago (Okumura et al. 1996; Watanobe et al. 1999).

The second hypothesis assumes that the Shimizu boar
group was a domestic pig group that was introduced to
Kume island from the Asian continent as a source of
animal nutrients for prehistoric people. This group may
have been obtained as live animals or as meat with
bones. In this case, the ancestor of the Shimizu boar
group should be found somewhere in the Asian conti-
nent. Recently, we sequenced and analyzed the same
region of mtDNA from Vietnamese native pigs and Ko-
rean wild boars (Hongo et al., unpublished results), and
the results indicated that Vietnamese native pigs con-
tained nucleotide variations closely related to the
Ryukyu wild boar, including the Shimizu boar group.

The insertion of nucleotide A at position 138 in the
Shimizu boar group is also found in the Korean wild boar
and the domestic Hampshire pig breed (Okumura et al.
2001; Watanobe et al. 2001). These results suggest that
the genetic characteristics of the Shimizu boar group
may have been derived from ancestors on the Asian con-
tinent. Also, many Chinese coins issued in 2C BC and
7C AD have been excavated from Kume island (Kitahara
shellmidden, early Yayoi-Heian period) (Okinawa Pre-
fectural Board of Education 1997). Molecular and ar-
chaeological evidence suggests that the second hypoth-
esis is more credible. These two hypotheses for the origin
of prehistoric Sus scrofa on Kume island should be re-
assessed continuously using the latest information on
nucleotide sequences of prehistoric and modern Sus
scrofa from the Asian continent and the Ryukyu archi-
pelago.

Archaeological Suggestions for Routes of Domestic
Pig Introduction

Several possible modes of introduction of continental pig
to the Okinawan islands during the early Yayoi-Heian
period are considered here. One possibility is that do-
mestic pigs were brought directly from the Asian conti-
nent, as many Chinese coins have been excavated from
this region. The second possibility is that they were in-
troduced from mainland Japan. In the Okinawan islands,
more than 30 early Yayoi-Heian sites have yielded main-
land Yayoi pottery shards (Okinawa Prefectural Board of
Education 1997). Bracelets and tablets made of shells
collected only from the sea around Okinawa and farther
south have been found in many Yayoi sites on Kyushu,
western Honshu, and as far north as Hokkaido island,
indicating that mainland Yayoi and early Yayoi-Heian
populations actively engaged in trade.

Items brought to the Okinawan islands are not well
enumerated, except for Yayoi pottery. It is possible that
the domestic pig was also brought to Okinawa. Nishi-
moto (1993) analyzed morphological changes of prehis-
toric S. scrofa found on mainland Japan and suggested
that domestic pigs were introduced from the Asian con-
tinent to Kyushu island during the Yayoi period. These
pigs may have been exchanged for valuable shellfish
ornaments in the early Yayoi-Heian period. Geographi-
cal, archaeological, and genetic data from Ie island sup-
port this hypothesis. Ie island is less than 5 km from the
Okinawa main island and has wide plains and a natural
harbor. Several early Yayoi-Heian sites have been iden-
tified on the island. Some of them, such as the Gushibaru
shellmidden, may have been port sites for trade between
Okinawa main island and Kyushu island. Indeed, a rela-
tively large number of mainland Yayoi pottery shards
and shell artifacts used in trade have been excavated
from these early Yayoi-Heian period sites (Matsui 1997).
While Ie island is very small (23 km2) for wild boar to
survive, a large number of S. scrofa remains (from more
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than 300 individuals) have been excavated from several
early Yayoi-Heian sites (Matsui 1997). Among a large
number of prehistoric S. scrofa specimens, 40 specimens
from Ie island were examined in this study, collected
from the Nagarabaru Nishi, Gushibaru, and Ara
shellmiddens (Fig. 1). We detected East Asian domestic
pig haplotypes (A2, i.e., M31) from two specimens in
this study.

In addition to this evidence, the fact that no artifacts
identified as being from Taiwan island and the Sak-
ishima islands have been excavated, strongly suggests
that domestic pigs were introduced through trade to the
Okinawan islands from Kyushu island during the Yayoi
period. This hypothesis, together with the direct China–
Okinawa hypothesis based on the excavated number of
Chinese coins, must be confirmed by studying larger sets
of molecular data. mtDNA sequences of prehistoric S.
scrofa not only from Kyushu, Korea, China, Taiwan,
Southeast Asia, and Okinawa islands, but also from the
Satsunan islands between Kyushu island and the Oki-
nawa islands should be analyzed, as we have no data
from this intermediate region.
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(1997) Neandertal DNA sequences and the origin of modern hu-
mans. Cell 90:19–30

Kumar S, Tamura K, Nei M (1993) MEGA: Molecular evolutionary
genetics analysis version 1.02. Pennsylvania State University, Uni-
versity Park

Matsui A (1997) Animal remains in Gushibaru shellmidden. In: Oki-
nawa Prefectural Board of Education (ed) Report on cultural assets
of Okinawa Prefecture, Vol 130. Okinawa Prefectural Board of
Education, Naha, pp 159–187 (in Japanese)

Nishimoto T (1993) The physical character of the pig in the Yayoi
Period. Natl Museum Jpn Hist Res Rep 50:49–70 (in Japanese with
English summary)

Okinawa Prefectural Board of Education (1997) Summary of archaeo-
logical chronology and sites. In: Okinawa Prefectural Board of
Education (ed) Cultural properties of Okinawa, Part V: Buried cul-
tural properties. Okinawa Prefectural Board of Education, Naha, pp
18–73 (in Japanese and English)

Okumura N, Ishiguro N, Nakano M, Hirai K, Matsui A, Sahara M
(1996) Geographic population structure and sequence divergence in
the mitochondrial DNA control region of the Japanese wild boar
(Sus scrofa leucomystax), with reference to those of domestic pigs.
Biochem Genet 34:179–189

Okumura N, Ishiguro N, Nakano M, Matsui A, Shigehara N, Nishimoto
T, Sahara M (1999) Variations in mitochondrial DNA of dogs
isolated from archaeological sites in Japan and neighbouring is-
lands. Anthropol Sci 107:213–228

Okumura N, Kurosawa Y, Kobayashi E, Watanobe T, Ishiguro N,
Yasue H, Mitsuhashi T (2001) Genetic relationship amongst the
major non-coding regions of mitochondrial DNAs in wild boars and
several breeds of domesticated pigs. Anim Genet 32:139–147

Oota H, Saitou N, Matsushita T, Ueda S (1999) Molecular genetic
analysis of a remains of a 2,000-year-old human population in
China—and its relevance for the origin of the modern Japanese
population. Am J Hum Genet 64:250–258

Ozawa T (2000) Origin of the Ryukyuan native pigs inferred from
mitochondrial DNA sequences. Rep Soc Res Native Livestock 18:
209–216

Ozawa T, Hayashi S, Mikhelson VM (1997) Phylogenetic position of
mammoth and Steller’s sea cow within Tethytheria demonstrated
by mitochondrial DNA sequences. J Mol Evol 44:406–413
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