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Abstract Mitochondrial DNA (mtDNA) polymorphisms
in the D-loop region and the intergenic COII/tRNAY* 9-bp
deletion were examined in 180 individuals from all nine
aboriginal Taiwanese groups: Atayal, Saisiat, Bunun, Tsou,
Rukai, Paiwan, Ami, Puyuma, and Yami. A comparison
of 563-bp sequences showed that there were 61 different
sequence types, of which 42 types were specific to respec-
tive aboriginal groups. D-loop sequence variation and
phylogenetic analysis enabled the 180 aboriginal lineages
to be classified into eight monophyletic clusters (desig-
nated C1-C8). Phylogeographic analysis revealed that
two (C2 and C4) of the eight clusters were new character-
istic clusters of aboriginal Taiwanese and accounted for
8.3% and 13.9% of the aboriginal lineages, respectively.
From the estimated coalescent times for the two unique
clusters, the mtDNA lineages leading to such clusters were
inferred to have been introduced into Taiwan approximately
11,000-26,000 years ago, suggesting ancient immigrations
of the two mtDNA lineages. Genetic distances, based on
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net nucleotide diversities between populations, revealed
three distinct clusters that were comprised of northern
mountain (Atayal and Saisiat), southern mountain (Rukai
and Paiwan), and middle mountain/east coast (Bunun,
Tsou, Ami, Puyuma, and Yami) groups, respectively. Fur-
thermore, phylogenetic analysis of 16 human populations
(including six other Asian populations and one African
population) confirmed that the three clusters for aborigi-
nal Taiwanese had remained largely intact. Each of the
clusters (north, south, and middle-east coast) was charac-
terized by a high frequency of a particular lineage (C4,
C2, and 9-bp deletion, respectively). This may result from
random genetic drift among the aboriginal groups after a
single introduction of all the mtDNA lineages into Tai-
wan, but another plausible explanation is that at least
three genetically distinct ancestral populations have con-
tributed to the maternal gene pool of aboriginal Taiwanese.

Introduction

Taiwan is a group of islands situated in the South China
Sea and has a population of more than 22 million accord-
ing to the census data in 2000. The population of Taiwan
is largely comprised of early immigrants from mainland
China from the 17th century and recent immigrants after
World War II, whereas the aboriginal population accounts
for around 1.5% of the total population (Jin et al. 1999;
Lin et al. 2000). On the basis of linguistic, cultural, and
geographical features of such aboriginal people, they can
be divided into nine ethnic groups: the Atayal, Saisiat,
Bunun, Tsou, Rukai, Paiwan, Ami, Puyuma, and Yami.
As shown in Fig. 1, six groups inhabit the central moun-
tain area of the main island of Taiwan: the Atayal and
Saisiat in the north, the Bunun and Tsou in the middle,
and the Rukai and Paiwan in the south. The Ami and
Puyuma inhabit the plains of the eastern coast surrounded
by high mountains and the Pacific Ocean, whereas the
Yami live on Lanyu Island, located off the eastern coast of
the main island. Although there are several hypotheses re-
garding the origin of these aboriginal people, none has



Fig.1 Geographic distribution of the nine aboriginal groups in
Taiwan. The approximate boundaries for these groups are indi-
cated by dotted lines. Insert Map showing an expanded view of the
surrounding regions of Taiwan in east and southeast Asia
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gained general acceptance (Melton et al. 1998; Jin et al.
1999).

One of the common characteristics of nine aboriginal
Taiwanese groups is that they are included in the Aus-
tronesian language group, although their languages can be
further classified into four subgroups: Atayalic, Paiwanic,
Tsouic, and Malayo-Polynesian (Table 1; Ruhlen 1987).
From a linguistic viewpoint regarding the worldwide di-
versification of the Austronesian language group, Taiwan
can be treated as the homeland of the Austronesian lan-
guages (Blust 1984—1985; Diamond 1988; Bellwood 1991;
Gray and Jordan 2000). In other words, the Austronesian
colonization in the Pacific and other regions including
Madagascar is thought to have originated in Taiwan (or
southern mainland China) approximately 6,000 years ago,
although opposition to this has been expressed in recent
studies (Oppenheimer 1998; Richards et al. 1998; Su et al.
2000; Oppenheimer and Richards 2001; Lum 2001). Thus,
an understanding of the temporal and geographic origins
of aboriginal Taiwanese may shed light on questions in-
volved in the Neolithic expansion of Austronesian-speak-
ing populations.

Studies of the genetic variation in human populations
allow us to reconstruct their evolutionary history. In par-
ticular, mitochondrial DNA (mtDNA) has been widely used
to investigate the genetic relationships among closely re-
lated populations because of its unique genetic properties,
including its high mutation rate and maternal inheritance.
Previous studies of mtDNA polymorphisms in aboriginal
Taiwanese population have contributed, to some degree,
to clarifying their genetic background (Melton et al. 1995,
1998; Sykes et al. 1995). However, such genetic studies
have sampled only four (the Atayal, Bunun, Paiwan, and
Ami) of the nine aboriginal Taiwanese groups, and there-
fore comprehensive analyses of all the nine aboriginal
groups are necessary to depict the entire scenario regard-
ing the formation of the aboriginal Taiwanese population.

In the present study, we have examined mtDNA poly-
morphisms in the major noncoding (D-loop) region and
intergenic COII/tRNAMs 9-bp deletion (Cann and Wilson

Table1l Summary statistics for mtDNA polymorphisms within aboriginal Taiwanese groups

Population Linguistic affiliation® No. of kb h¢ (meanzSE) Sd T (%)°
individuals (meantSE)

Atayal Atayalic 20 9 0.816+0.073 23 1.16£0.27
Saisiat Paiwanic 20 9 0.884+0.049 26 1.35+0.28
Bunun Paiwanic 20 11 0.92110.035 25 1.15+0.25
Tsou Tsouic 20 10 0.905+0.037 26 1.21£0.26
Rukai Tsouic 20 14 0.916£0.055 29 1.20£0.25
Paiwan Paiwanic 20 8 0.842+0.060 20 1.17+£0.29
Ami Paiwanic 20 13 0.937+0.035 27 1.10£0.25
Puyuma Paiwanic 20 11 0.916+0.041 30 1.51+0.30
Yami Malayo-Polynesian 20 10 0.895+0.043 22 1.36+0.29
total 180 61 0.973+0.004 67 1.36+£0.25

aAccording to Ruhlen (1987), in which all are members of Aus-
tronesian group
"Number of mtDNA sequence types

“Haplotype diversity
dNumber of polymorphic sites
*Nucleotide diversity (%)
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1983) in order to investigate the genetic background and
relationships among all nine aboriginal Taiwanese groups.
These analyses have revealed that the maternal gene pool
of the aboriginal Taiwanese consisted of eight mtDNA
lineage clusters, two of which are rare in other Asian pop-
ulations. Phylogeographic analysis of such two unique
lineages has provided new insights into the population
history of the aboriginal Taiwanese.

Materials and methods
Subjects and DNA samples

We examined a total of 180 unrelated individuals from nine abo-
riginal Taiwanese groups (20 each from the respective groups).
Genetic studies related to this research have previously established
the presence of serum protein polymorphisms (Umetsu et al. 1994,
1995; Yuasa et al. 2001), red cell enzyme polymorphisms (Jin et al.
1995, 1999), and the prevalence of human T-lymphotropic retro-
virus (Ishida et al. 1993) in all of the nine aboriginal groups. All
the individuals gave their informed consent prior to their inclusion
in this study. Total DNA was isolated from the buffy coat in blood
by treatment with sodium dodecyl sulfate and proteinase K and
subsequent phenol/chloroform extraction.

Amplification and direct sequencing
of the D-loop region of mtDNA

A fragment of the D-loop region of mtDNA was amplified with
primer pair A and E (see below) by the polymerase chain reaction
(PCR), as described elsewhere (Fucharoen et al. 2001; Qian et al.
2001). The amplified PCR products were purified on MicroSpin
S-400 HR columns (Amersham Biosciences, Piscataway, N.J., USA)
and were directly sequenced with primers B—E. Nucleotide se-
quences of the primers were as follows: A, 15897-5-GTATAA-
ACTAATACACCAGTCTTGT-3"-15921; B, 15985-5"-AGCAC-
CCAAAGCTAAGATTC-3"-16004; C, 16204-5-AGCAAGTAC-
AGCAATCAACC-3-16223; D, 16451-5-GCGAGGAGAGTA-
GCACTCTT-3"-16432; E, 100-5-CAGCGTCTCGCAATGCTA-
TCGCGTG-3’-76. The notation of Anderson et al. (1981) was used
for numbering of bases. Sequencing reactions were performed with
the Dye Terminator Cycle Sequencing FS Kit (Applied Biosys-
tems, Foster City, Calif., USA) according to the manufacturer’s in-
structions. Nucleotide sequences of both strands were determined
with an automated DNA sequencer (ABI model 377).

Typing of the COII/tRNAL* intergenic deletion

The mtDNA 9-bp deletion in the COII/tRNALYS intergenic region
was examined by the PCR method as described by Horai et al.
(1996). The amplified fragments (100bp or 91 bp in length) en-
compassing the intergenic region were separated by electrophore-
sis on 4% agarose gels, followed by staining with ethidium bro-
mide for typing.

Data analyses

A total of 563 nucleotide sites (positions 16048—16569 followed
by positions 1-41 (numbering according to Anderson et al. 1981)
were compared to estimate the number of nucleotide substitutions
per site between individual sequences under the two-parameter
model of nucleotide substitutions (Kimura 1980). On the basis of
the estimated number of nucleotide substitutions, a phylogenetic
tree for the mtDNA sequences was constructed by using the neigh-
bor-joining (NJ) method (Saitou and Nei 1987). The reliability of
the NJ tree was analyzed by the bootstrap method (Felsenstein
1985) with 1,000 replications.

Nucleotide diversity within and between populations (dy and
dyy, respectively) and net nucleotide diversity between populations
(d4; Nei and Li 1979) were computed with the SENDBS program
(provided by N. Takezaki), by using Kimura’s two-parameter cor-
rection. A phylogenetic tree for human populations was constructed
from the matrix of pairwise d, distances by the NJ method. At
the intrapopulational level, haplotype diversity (4: equivalent to
heterozygosity for diploid genes; Nei 1987) was calculated with
ARLEQUIN software ver2.001 (Schneider et al. 2001). Statistical
comparison was performed by using the y>-test; P<0.05 was con-
sidered significant.

Results and discussion
Sequence diversities in the D-loop region of mtDNA

Nucleotide sequences of 563-bp fragments of the D-loop
region were determined for 180 individuals from nine abo-
riginal Taiwanese groups. There were 61 distinct types of
sequence defined by 67 polymorphic sites, as summarized
in Fig. 2. A total of 42 types was unique to their respective
groups, whereas 19 were shared by 105 individuals (58.3%
of the aboriginal population) among two or more groups.
Fourteen of the 42 unique types were shared by two or
more individuals within each group (a total of 47 individ-
uals; 26.1% of the aboriginal population), whereas each of
the remaining 28 types was found in only one individual.

As shown in Table 1, haplotype diversities (%) at the se-
quence type level varied in the various aboriginal Tai-
wanese groups, ranging from 0.816 for the Atayal to
0.937 for the Ami. The total diversity for aboriginal Tai-
wanese was 0.973, which was lower than corresponding
estimates for most of the other east and southeast Asian
populations (e.g., Yao et al. 2002b). The relatively low
haplotype diversities both for each aboriginal group and
for the entire population are consistent with recent find-
ings regarding polymorphisms of HLA genes (Lin et al.
2000; Chu et al. 2001) and several serum protein loci
(Yuasa et al. 2001). At the nucleotide level, however, nu-
cleotide diversities () for the nine aboriginal groups were
in the range of 1.10% (for the Ami) to 1.51% (for the
Puyuma; Table 1). The overall diversity for the entire abo-
riginal population (1.36%) was the same magnitude as
that for east Asian populations (1.34%; Horai et al. 1996),
indicating a high level of DNA variation in the contempo-
rary aboriginal Taiwanese population.

Fig.2 Nucleotide sequence differences in the D-loop region of p

mtDNA for 180 aboriginal Taiwanese. The positions of 67 poly-
morphic sites observed are numbered according to the published
reference sequence for human mtDNA (Anderson et al. 1981), as
indicated by an uppercase letter (A, T, G, or C) below the vertical
five-digit numerals. For other sequences (types [-61), only the dif-
ferences from the reference sequence are indicated, whereas dots
show identity with the reference. The number of individuals for
each sequence type from nine aboriginal Taiwanese groups is rep-
resented right, where abbreviated population names are as follows:
ATA Atayal, SAI Saisiat, BUN Bunun, 7SO Tsou, RUK Rukai, PAI
Paiwan, AMI Ami, PUY Puyuma, YAM Yami. The total number
(N) for each type is shown in the column of the extreme right.
Boxed letters right Phylogenetic clusters characterized in Fig. 3
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Two unique lineages of mtDNA in aboriginal Taiwanese

Figure 3 shows a phylogenetic tree for the 180 sequences of
the D-loop region from nine aboriginal Taiwanese groups.
This unrooted NJ tree revealed that the 180 mtDNA lin-
eages could be classified into eight monophyletic clusters
(named C1-C8), although the lineages from different abo-
riginal groups were intermingled in each cluster. All of the
eight clusters except C1 possessed either specific combi-
nations of three or four shared polymorphic sites (C2, C3,
C6, C7, and C8) or single unique polymorphisms (C4 and
C5; Fig. 2). In particular, an A-to-C transversion at 16220
and a T-to-C transition at 16298 were unique polymor-
phisms among 15 individuals in C2, whereas a T-to-C
transition at 16297 was specific to C4. Thus, most of these
phylogenetic clusters seem to retain the ancestral poly-
morphic state before genetic diversification within and

Fig.3 Phylogenetic tree for
180 mtDNA sequences from
nine aboriginal Taiwanese
groups. Bootstrap values (more
than 50%) are attached to the
internal branches. The scale
for the distance is shown bot-
tom left. The eight mono-
phyletic clusters in the tree are
indicated by brackets with
cluster numbers (C1-C8). The
individual sequences at the tips
of branches are represented by
the abbreviations of population
names (as in Fig. 2) followed
by the three-digit numerals for
the sample numbers
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among clusters, thereby suggesting several distinct mater-
nal lineages in the aboriginal Taiwanese population.

To ensure the robustness of the phylogenetic clusters
further, we inferred the mtDNA haplogroup status of the
clusters from their respective D-loop sequence motifs.
According to mtDNA haplogroup nomenclature based on
complete mtDNA sequences from Asian populations (Kivi-
sild et al. 2002), clusters C1, C3, C6, C7, and C8 would
correspond to haplogroups F*, Fla, BSa, B4*(+B4b), and
B4a, respectively, whereas C5 contained several other haplo-
groups such as haplogroup D belonging to Eurasian super-
haplogroup M. Thus, these haplogroup assignments reveal
that most of the clusters appear to be monophyletic at the
haplogroup level, although the present cluster identifica-
tion in the NJ tree is somewhat arbitrary. Moreover, be-
cause two haplogroups (B and F) belong to Eurasien su-
per-haplogroup N (Kivisild et al. 2002; Yao et al. 2002a),
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Table2 Frequency distribution of mtDNA phylogenetic clusters in nine aboriginal Taiwanese groups

Population  Frequency (%)
Cl Cc2 C3 c4 C5 Co Cc7 C8 9-bp deletion
(C6+C7+C8)
Atayal 40 - - 30 20 - 5 5 10
Saisiat 15 - - 40 25 10 - 10 20
Bunun 15 - - 5 30 20 30 - 50
Tsou 25 5 15 - 10 20 10 15 45
Rukai - 35 10 10 35 - 5 5 10
Paiwan - 20 - 10 30 - - 40 40
Ami 15 - - 5 50 - - 30 30
Puyuma 5 15 25 10 15 - 20 10 30
Yami - - 25 15 20 5 15 20 40
average 12.8 8.3 8.3 13.9 26.1 6.1 9.5 15.0 30.6
® (%)*+SE  0.393+£0.136 0.177+0.123 0.610+0.230 0.404+0.126 0.791+0.126 0.182+0.087 0.603+£0.211 0.329+0.136

a2Nucleotide diversity (%) within cluster. Standard error (SE) of each diversity is calculated by the bootstrap method (500 replications)

the two super-haplogroups contribute to the maternal gene
pool of modern aboriginal Taiwanese. In general, hap-
logroups B, F, and M constitute the majority of mtDNAs
in southeast Asian populations (Schurr and Wallace 2002),
and hence the present findings indicate that aboriginal
Taiwanese have some degree of genetic affinity with south-
east Asian populations in terms of mtDNA haplogroup
distribution.

On the other hand, we were not able to determine mtDNA
haplogroups for clusters C2 and C4, which accounted for
8.3% and 13.9% of the aboriginal mtDNA lineages, re-
spectively (Table?2), because they had no characteristic
sets of D-loop mutations required for assignments. On the
basis of the previous findings of mtDNA polymorphisms
in aboriginal Taiwanese (Melton et al. 1998), two of 28
aboriginal sequences apparently belong to clusters C2
(sample PAI16: A16220C-T16298C-T16311C-T16362C)
and C4 (ATA13: T16086C-G16129A-T16297C-T16324C).
These two clusters remain monophyletic in an NJ tree
rooted with two African orthologus sequences (accession
nos. D38112 and AF381988) from mtDNA haplogroup
L1la (Maca-Meyer et al. 2001; data not shown). Thus, the
inability to assign mtDNA haplogroups for the two clus-
ters implies the presence of unique haplogroups or new
branches of previously defined haplogroups in aboriginal
Taiwanese groups. The currently available sequence data
in the DDBJ/EMBL/GenBank databases reveal no identi-
cal sequence types belonging to C2 (types5-7) and C4
(types 12-20) in other human populations, whereas the re-
lated lineages to each cluster have been found at very low
frequencies. For example, each of two haplotypes, viz.,
haplotype 119 (C16168T-A16220C-A16265G-T16298C-
T16362C; C2) and 81 (T16086C-T16297C-T16324C; C4)
in Sykes et al. (1995) has been found in one Philippine.
Thus, the two phylogenetic clusters are not specific to ab-
original Taiwanese but are rare in other Asian populations.

Cluster C2 was observed in four (the Tsou, Rukai, Pai-
wan, and Puyuma) of the nine aboriginal Taiwanese groups,
whereas all of the nine groups except Tsou exhibited C4 at
various frequencies (Table?2). Nucleotide diversities for

the coalescence of the two clusters (C2 and C4) were esti-
mated as 0.177+0.123% and 0.404+0.126%, respectively
(Table 2). Based on complete mtDNA sequences from
three human individuals (Horai et al. 1995), we calculated
an average substitution rate for the 563-bp mtDNA seg-
ment examined in this study as 7.8x10-%/site per year. As-
suming this rate under a panmictic population model with
constant effective population size, we estimated coales-
cent times for the two clusters as 11,000+£7,900 years for
C2 and 26,000+8,100 years for C4. These estimates for
the clusters would be linked to their arrival times in Tai-
wan if there were little or no diversity within the respec-
tive founding lineages. As described above, the mtDNA
sequences related to the two clusters have been infre-
quently observed in neighboring Asian populations. There-
fore, it is plausible that the genetic diversification within
clusters C2 and C4 occurred mainly in Taiwan, but not
prior to settlement of individuals carrying the clusters in
Taiwan. This interpretation suggests an ancient genetic
isolation of the mtDNA lineages belonging to the two
clusters in the aboriginal Taiwanese. The implications for
this genetic isolation will be discussed later in Genetic re-
lationships among aboriginal Taiwanese groups.

Distribution of COII/tRNAL intergenic 9-bp deletion

A deletion polymorphism in a 9-bp tandem repeat of the
mtDNA COII/tRNAD* intergenic region is one of the
characteristics not only of Asians (Horai and Matsunaga
1986; Stoneking and Willson 1989; Ballinger at al. 1992;
Harihara et al. 1992), but also of the Asian descendents,
such as Pacific populations (Hertzberg et al. 1989; Hagel-
berg and Clegg 1993; Lum et al. 1994) and Native Amer-
icans (Schurr et al. 1990; Ward et al. 1991; Torroni et al.
1992; Horai et al. 1993). In particular, the geographic dis-
tribution of this deletion in the Pacific region has been as-
sociated with past range expansions of Austronesian-lan-
guage speakers (Melton et al. 1995, 1998; Redd et al. 1995;
Sykes et al. 1995).
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Consistent with the preliminary findings in six aborig-
inal Taiwanese groups (Horai 1991), the aboriginal groups
exhibited the mtDNA 9-bp deletion at various frequen-
cies, ranging from 10% for the Atayal and Rukai to 50%
for the Bunun (Table 2). These differences among the abo-
riginal groups were statistically significant at the 5% level
(P=0.039; y>-test), indicating an uneven distribution of
this deletion among aboriginal Taiwanese. The average
frequency in aboriginal Taiwanese was 30.6%, which was
slightly lower than those from previous studies in four
(the Atayal, Bunun, Paiwan, and Ami) of the entire abo-
riginal group (41.5%, Melton et al. 1995; 36%, Sykes et
al. 1995). A total of 55 aboriginal Taiwanese with the 9-bp
deletion appeared in the three clusters C6, C7, and C8 on
the basis of D-loop sequences (Fig. 3). The nucleotide se-
quences (Fig. 2) revealed that all the individuals with the
deletion showed a specific combination of two polymor-
phisms (T16189C and T16519C). Thus, this deletion event
appears to have occurred once on the background of mtDNA
carrying such a characteristic set of mutations.

A unique combination of three transitions (T16217C,
A16247G, and C16261T) with the 9-bp deletion has been
referred to as the “Polynesian motif” because of its high
frequencies in Polynesian populations (Melton et al. 1995;
Redd et al. 1995). With reference to the evolutionary his-
tory of Polynesian populations and/or Austronesian-lan-
guage speakers, much attention has been turned to where
and when this motif emerged in Asia-Pacific region (e.g.,
Richards et al. 1998). In this survey, we have found mtDNA
sequence types carrying only one (T16217C in cluster C7)
or two (T16217C and C16261T in C8) of the three muta-
tions in aboriginal Taiwanese population with the 9-bp
deletion. However, there is no A16247G mutation among
the aboriginal Taiwanese (Fig. 2). The lack of the Polyne-
sian motif in the aboriginal Taiwanese groups agrees with
previous findings (Melton et al. 1995, 1998; Sykes et al.
1995), indicating that the motif itself is unlikely to have
arisen in Taiwan.

Genetic relationships among aboriginal
Taiwanese groups

To investigate genetic relationships among the nine abo-
riginal Taiwanese groups, we estimated net (d,) nucleo-
tide diversities between each pair of the aboriginal groups.
Table 3 shows the d, distances and interpopulational (dyy)
and intrapopulational (dy or dy) diversities among the nine
aboriginal groups. The d, distances ranged from 0.038%
to 0.226% (between the Atayal and Paiwan). On the basis
of the geographic distribution of the aboriginal groups in
Taiwan (Table 3), the smallest values (0.038%) were found
in two combinations between the middle mountain groups
and east coast groups (the Bunun-Ami and the Tsou-
Puyuma), suggesting close genetic relationships between
these aboriginal groups.

Based on the d, distances, we constructed a phyloge-
netic tree for nine aboriginal Taiwanese groups by the NJ
method (Fig.4). The tree showed that there were four
clades of two aboriginal groups with bootstrap probabili-
ties over 50%: the Atayal-Saisiat (92%), the Tsou-Yami
(69%), the Bunun-Ami (55%), and the Rukai-Paiwan
(54%). Furthermore, the two clades of the Bunun-Ami and
Tsou-Yami formed a larger cluster, together with the
Puyuma. The remaining two clades (the Atayal-Saisiat
and the Rukai-Paiwan) correspond to northern and south-
ern mountain groups, respectively. It is worth noting that
high frequencies of the unique lineage cluster C2 are
found in the southern (Rukai and Paiwan) groups, and
those of another cluster (C4) in the northern (Atayal and
Saisiat) groups (Table2). On the other hand, the large
cluster of five aboriginal groups suggests close genetic
affinities between middle mountain groups and east coast
groups including the Yami. In spite of the heterogeneous
distribution of the mtDNA 9-bp deletion among nine abo-
riginal Taiwanese groups, higher frequencies of the dele-
tion (over 30%) are common to all of the five aboriginal
groups (Bunun, Tsou, Ami, Puyuma, and Yami) in the

Table3 Estimates of interpopulational (dyy), intrapopulational (dy or dy), and net (d,) nucleotide diversities among nine aboriginal Tai-

wanese groups

Population Central mountain groups? East coast groups

North Middle South On coast Off coast

Atayal Saisiat Bunun Tsou Rukai Paiwan Ami Puyuma Yami
Atayal 1.161° 1.297 1.325 1.377 1.331 1.391 1.282 1.445 1.464
Saisiat 0.042 1.348 1.394 1.473 1.401 1.421 1.365 1.544 1.479
Bunun 0.170 0.145 1.149 1.252 1.318 1.319 1.165 1.388 1.381
Tsou 0.190 0.192 0.070 1.214 1.368 1.378 1.271 1.399 1.365
Rukai 0.152 0.129 0.144 0.162 1.197 1.290 1.249 1.406 1.493
Paiwan 0.226 0.163 0.160 0.187 0.107 1.169 1.266 1.451 1.462
Ami 0.150 0.139 0.038 0.112 0.098 0.130 1.104 1.372 1.384
Puyuma 0.110 0.116 0.060 0.038 0.053 0.113 0.066 1.507 1.542
Yami 0.203 0.124 0.125 0.076 0.213 0.197 0.151 0.107 1.362

aThe classification is based on the places inhabited by the aborigi-
nal Taiwanese groups(Chu et al. 2001)

bAll values are multiplied by 100. The figures on the diagonal (bold)
refer to dy (or dy), those above the diagonal give dyy, and those
below the diagonal represent the values of d,=dyy—(dy+dy)/2



—— Bunun
55
—— Ami
28
—— Tsou
69
30
Yami
Puyuma
| Atayal
92 y
— Saisiat
Paiwan
54
Rukai
0.0005
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Fig.5 Neighbor-joining (NJ) tree for the nine aboriginal Tai-
wanese and other Asian and African populations, on the basis of d,
distances estimated from the nucleotide sequences of 482-bp frag-
ments of the D-loop region (positions 16129-16569 followed by
positions 1-41 in the reference sequence of Anderson et al. 1981).
The data sources for the seven other human populations are as fol-
lows: five east Asians (Horai et al. 1996), Thais Fucharoen et al.
2001), and Africans (Horai and Hayasaka 1990; Vigilant et al.
1991). Bootstrap probabilities (over 50%) are attached to the inter-
nal branches. The scale for the genetic distance is shown below
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middle mountain and east coast regions including the
Lanyu Island (Table 2). Thus, the present observations im-
ply that the aboriginal groups inhabiting the middle
mountain-east coast regions including the Lanyu Island
share some extent of a common maternal ancestry. Thus,
the phylogenetic relationships among the nine aboriginal
groups are likely to fit with their geographic distribution
(north, south, and middle-east coat), although the boot-
strap support is not so strong.

To infer phylogenetic relationships among the nine
aboriginal Taiwanese groups and other human populations,
we constructed an NJ tree for a total of 16 populations
(Fig.5), combined with the published data for five east
Asian (Horai et al. 1996), Thai (Fucharoen et al. 2001) and
African (Horai and Hayasaka 1990; Vigilant et al. 1991)
populations. The tree indicated that the three population
clusters (north, south, and middle-east coat) for aboriginal
Taiwanese remained largely intact, except that the middle-
east coat cluster lacked the Ami. The nine aboriginal
groups clustered further with Taiwan Han and Thais (boot-
strap value 63%), but there appeared to be two separate
sub-clusters, which consisted of the aboriginal Taiwanese
and Taiwan Han-Thai, respectively. The genetic differ-
ence between aboriginal Taiwanese and Taiwan Han at the
population level is consistent with those in the phyloge-
netic analyses undertaken with HLA loci (Lin et al. 2000;
Chu et al. 2001), although they have been neighbors on
Taiwan for the past four centuries.

The three population clusters (north, south, and mid-
dle-east coat) in aboriginal Taiwanese also appear to cor-
respond to the geographic distribution of three mtDNA
lineages: C4, C2, and the 9-bp deletion (C6—C8), respec-
tively. This implies that at least three genetically distinct
human populations were involved in the prehistoric settle-
ment of Taiwan, although the three lineages (C2, C4, and
9-bp deletion) account only for 52.7% of the aboriginal
gene pool studied. Another explanation for the population
relationships is that a single introduction of all three mtDNA
lineages into Taiwan was coupled with subsequent isola-
tion and random genetic drift among the aboriginal groups.
One way of evaluating these scenarios is to determine an-
cestral source populations of these three mtDNA lineages,
especially the geographic origins of the unique lineage
clusters C2 and C4. However, the infrequent distribution
of the two unique lineages outside Taiwan prevents us
from verifying these in such a way. The divergence times
for the clusters C2 (11,000£7,900 years) and C4 (26,000x
8,100 years) suggest that mtDNA lineages leading to the
two clusters were separately brought into Taiwan. Thus,
these postulated human migrations may favor, even if
only partially, the former interpretation. There is no dis-
crepancy in dating between this suggestion and the earli-
est human remains in Taiwan (Lien 1981); modern hu-
mans probably settled here 20,000-30,000 years before
present (BP). Paleogeographic data (Voris 2000) have
suggested that Taiwan was connected to the Asian conti-
nent by the exposed continental shelf when sea levels were
at 120-75 m below present-day levels, during the last glacial
period. Subsequently, at approximately 11,000 years BP
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(50m below the present levels), there were no land con-
nections between Taiwan and the continent, and evidently,
Taiwan has been isolated since then. The deglaciation ac-
companied by sea-level rise at the end of the Pleistocene
would result in the characteristic geographic distribution
of the two mtDNA lineages (C2 and C4) to Taiwan. At
any rate, we should be able to characterize the unique
mtDNA lineages more minutely when obtaining complete
mtDNA sequences from such lineages and extensive geo-
graphic sampling from neighboring human populations.

Linguistic and cultural evidence for Austronesian-lan-
guage speakers (Blust 1984—1985; Diamond 1988; Bell-
wood 1991) has been mostly used to interpret the mater-
nal genetic background of aboriginal Taiwanese to date
(Melton et al. 1995, 1998; Sykes et al. 1995). In other
words, the population history of aboriginal Taiwanese is
supposed to date back to 6,000—4,000 BC (Melton et al.
1998), although there is no genetic evidence that excludes
the possibility of the earlier arrival of modern humans in
Taiwan. The present phylogeographic analysis of the two
unique lineage clusters allows us to infer that modern hu-
mans carrying the lineages migrated into Taiwan around
11,000-26,000 years ago, suggesting a longer history of
the aboriginal people in Taiwan. It should be noted that
comparative analyses of the geographic distribution of other
distinct mtDNA lineages (clusters C1, C3, C5, C6, C7,
and C8: haplogroups B, F, and M) in east and southeast
Asia are necessary to address the questions as to when and
how the respective lineages were brought into Taiwan.
These analyses should also be useful for clarifying the
prehistoric dispersal of the Austronesian-speaking popu-
lations. This is because the analyses would help us to test
two opposing views of aboriginal Taiwanese as a source
of the Austronesian expansion (Melton et al. 1995, 1998;
Sykes et al. 1995), and an isolated population of Austro-
nesian-language speakers/southeast Asians (Oppenheimer
1998; Su et al. 2000). To attain a deeper understanding of
the peopling of Taiwan, the maternal genetic view has
also to be integrated with wider knowledge from other ge-
netic studies, such as Y-chromosome haplotype analysis,
and many different disciplines.
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