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Abstract Ancient DNA technique is a very powerful tool for the studies on past
human populations. However, in most cases ancient DNA is extremely degraded
into short fragments, and the information is limited because of the damaged state. A
large-scale dita analysis for human mitochondrial DNA (mtDNA) was carried out
to assess validity of the short nucleotide sequence for closely related human popu-
lations. We retrieved mtDNA data from the DDBJ/EMBL/GenBank nucleotide se-
quence database and constructed a data set containing 414 distinct mtDNA types
derived from 19 populations of East Eurasia and the surrounding area. A scries of
new procedures were applied and an mtDNA phylogenetic tree was constructed.
Six major star-like clusters were observed in this tree, and the corresponding six
radiation groups (1-VI) were characterized. Frequency distributions of each radia-
tion group showed remarkable difference in cach geographical area, suggesting that
the short mtDNA nucleotide sequences were valuable in analyzing ancient human
populations. The efficient procedure for data analysis will enhance the usefulness
of ancient DNA data. Additionally, we discuss a possibility of two human migration
routes from Africa to East Eurasia based on the mtDNA iree topology and the coa-
lescence times in cach radiation group.

Keywords: ancient DNA, mitDNA, East Eurasian populations, star-like clusters,
a large scale of data analysis

Introduction

Mitochondrial DNA (mtDNA) has been most often used to ancient DNA analysis
because of the high copy number per cell which gives higher chances for successful
amplification on DNAs from archaeological human remains such as bones and teeth
(e.g., Piiiibo et al., 1988; Horai et al., 1989; Kurosaki et al., 1993; Handt et al., 1994,
Oota et al., 1995; Krings et al., 1997). We recently analyzed the human remains
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excavated from a 2,000-year old site in the Shandong Peninsula of China and deter-
mined nucleotide sequences of their mitochondrial hypervariable regions I and 11
(HV1 and 2) (Oota et al., 1999a). The 185bp fragment sequence data were used for
the phylogenetic analyses, and showed that the 2,000-year old population was close-
ly related to modern Han Chinese in Taiwan. Our ancient DNA analyses thus have
offered important information regarding phylogenetic relationships among East Asians
(roughly corresponds to the so-called Mongoloid, Saitou 1995).

However, in general, ancient DNA is extremely damaged and degraded into short
fragments in most cases (Oota et al., 1999b), which occasionally do not indicate any
statistical significance in phylogenetic analyses using these nucleotide sequences.
This difficult situation calls for an efficient phylogenetic analysis to enhance the
usefulness of ancient DNA data. Recently a large number of nucleotide sequences,
especially for the hypervariable region I of the control region, have been deposited in
the DDBJ/EMBL/GenBank International Nucleotide Sequence Database (e.g., Vig-
ilant et al., 1991; Di Rienzo and Wilson 1991; Ward et al., 1991, 1993; Shields et al.,
1993; Batista et al., 1995; Redd et al., 1995; Sykes et al., 1995; Betty et al., 1995;
Kolman et al., 1996; Comas et al., 1996; Horai et al., 1996). In this study, we re-
trieved these human mtDNA nucleotide sequences from the DDBJ/EMBL/GenBank
database, in order to examine precision of the phylogenetic analyses using the mtD-
NA short sequence. Using these available data, we traced the genealogy of mtDNA
of human populations in East Eurasia and its surrounding area, showing remarkable
characters in each geographical area. Here we propose a series of efficient proce-
dures that have not been detailed in our previous study (Oota et al. 1999a) in order to
interpret ancient DNA data exactly.

Materials and Methods

Sequence Retrieval

Nucleotide sequences of mtDNA were retrieved from the DDBJ/EMBL/GenBank
International Nucleotide Sequence Database by using BLAST 1.49 (Altschul et al.,
1990) implemented at the supercomputer system of the National Institute of Genet-
ics, Japan. The 185-bp fragment corresponding to nucleotide positions 16,194 to
16,378 in the Cambridge Reference Sequence (CRS) (Anderson et al., 1981) was
used as a query. (Following this, we subtract 16,000 from the position number in the
CRS, and this simplifies the nucleotide position [np] designation. For example, CRS
position 16,194 is designated as npl194.) There are three reasons for choosing this
sequence region for this analysis and for ancient DNA analyses we have done (Oota
et al., 1995; 1999a). First, it includes many informative sites shared among East
Asians (Horai and Hayasaka 1990; Betty et al., 1995; Kolman ct al., 1996; Horai et
al., 1996). Second, it does not contain the cytosine-repeat between np184 and np193
that Bendall and Sykes (1995) mentioned the possibility of heteroplasmy, which is
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confusing for contamination. Third, most of the mtDNA sequences deposited in the
database included this 185-bp region. Therefore, this region is suitable for analyzing
phylogenetic relationships between closely related human populations, especially in
East Asia.

Sequences with insertions and/or deletions are not retrieved under the BLAST
version we used. In this study we did not include such sequences because the fre-
quency of insertions and deletions was much lower than that of substitutions (Saitou
and Ueda 1994) and less than 0.1% among all sequences deposited in the database.

We retrieved 2,215 sequences from the DDBJ database. Subsequently, we elimi-
nated those sequences containing various lengths and/or having undetermined nu-
cleotides designated by “N,” and also excluded non-Circum-Pacific populations (Eu-
ropean and African). In the International Nucleotide Sequence Database, sequences
were deposited mainly in two forms. Some rescarch groups (e.g., Ward et al., 1991,
1993) combine identical sequences while others deposit all sequences tested (e.g.,
Vigilant et al., 1991; Redd et al., 1995). In the former case, we examined the number
of individuals by referring to the original papers. There was no information about the
name of ethnic groups in the database entries for Sykes et al. (1995), though several
populations were specified. Therefore, the sequences, the names of ethnic groups,
and the number of individuals were added from their Table 2 after eliminating all of
their sequences from 2,215 sequences of our original data set. As a result, mtDNA
sequences for a total of 1,298 individuals were compared.

The naming system of human populations varied from paper to paper. Some pop-
-ulations were referred by the names of ethnic groups and others by geographical
regions. To facilitate comparison between populations in the continental region of
the East Eurasia, we used the names of ethnic groups defined by the authors when
describing East Asians. For example, we distinguished Taiwan Han Chinese from
Cantonese, and Siberian Altai from Mongolian. “Asian” described in Vigilant et al.
(1991) contained the following 11 groups according to Vigilant (1990) and Vigilant
(personal communication): Chinese, Southern Chinese, American Chinese, Hmog,
Japanese, Tongan, Indonesian, Taiwanese, Philippine, American Philippine and a
hybrid of Amerindian mother and African American father. We divided those “Asian”
into eight groups; Chinese (containing American Chinese), Southern Chinese (con-
taining Hmog), Japanese, Indonesian, Taiwanese (as Aboriginal Taiwanese), Philip-
pine, Tongan (as Polynesian) and Amerindian (or Native American). Yet distinction
between Chinese and Southern Chinese was vague, so we refer to them as “PRC
Chinese,” meaning Chinese from the People’s Republic of China. For the New World,
various ethnic groups were combined as a single population called “Native Ameri-
can.”

The original data set was thus classified into 19 ethnically defined populations,
and the 19 populations were combined into seven major geographical populations



296 H. Oota et al.
Table 1. Citations and acession numbers in the DNA data base
Geographic Population No. of Accession Ref.
region [total) ID Name individuals numbers clerence
West Asia I Turk 45 US%009-U59053 Comas et al., 1996
(45]
Far East Asia - 2 Ainu 51 D84965-D85015 Horai et al., 1996
(227)
3 Mainland Japanese 62  D84723-D84784 Horai et al., 1996
(M76257..M76368)*  Vigilant ct al., 1991
4 Southern Korean 64  DB84785-D84848 Horai ctal., 1996
- 5 Ryukyu Japanese 50 D84849-D84898 Horai ctal., 1996
Continental - 6  Taiwan Han Chinese 66  DB4899-D84964 Horai et al., 1996
East Asia 7 Cantonese 20 U37734-U37753 Betty et al., 1995
(221) 8 PRC Chinese 17 (M76257....M76368) Vigilant et al., 1991
9  Mongolia 101 U33336-U33418 Kolman et al., 1996
10 Alwi of Central Siberia 17 L20198-1.20213 Shiclds et al., 1993
New World 11 Native Americans 353 L20143-1.20155 Ward et al., 1991,
{353) Shields et al., 1993
1.20157-1.20197 Ward et al., 1993
1.39319-1.39325 Batista et al., 1995
1.39327-1.39355 Kolman et al., 1995
M75991-M76018 Ward et al., 1991;
Shields et al., 1993
(M76257.....M76368)* Vigilant et al.. 1991
Southeast 12 Indonesian 65  (U25334-U25413) Redd et al., 1995
Asia ' (U47145-U47271) Sykes et al., 1995
[136] ! (M76257..M76368)*  Vigilant et al., 1991
L 13 Aboriginal Taiwanese 35  (U47145-U47271) Sykes et al., 1995
L (M76257.....M76368)* Vigilant ct al.. 1991
14 Philippine 36 (U47145-U47271) Sykes et al., 1995
(M76257...M76368)* Vigilant et al., 1991
Australia 15 Australian Ahorigine 5 U37730-U37733 Betty et al., 1995
18] M76283 Vigilant et al., 1991
Oceania ~ 16  Melanesian 104 (M76257..M76368)*  Vigilant et al., 1991
1311] (U25354-U25413) Redd et al., 1995
(U47145-U47271 ) Sykes et al., 1995
17  Microncsian 5 (U47145-U47271)° Sykes ct al., 1995
18 Kapingamrangi 16  (U47145-U47271) Sykes et al., 1995
19  Polynesian 186  (U47145-U47271) Sykes ct al., 1995
(U25354-U25413)" Redd et al., 1995
- (M76257..M76368)*  Vigilant ct al., 1991
Total
[1298]) 1298

a. not series and containing other populations; b. including all populations
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(Table 1). The data sets are available at the following web site: http://smiler.lab.nig.
ac.jp/mtDNA/.

Phylogenetic Analysis

Conventional phylogenetic tree-making methods are not designed for short and
closely related sequences such as ancient human mtDNA sequences. To enhance
usefulness of such data, we therefore devised a series of procedures. The BLAST
outputs are preprocessed by using a series of programs developed by Saitou (2000),
and identical sequences as well as invariant sites were eliminated. We then count the
number of populations and individuals for each miDNA type thus obtained. This is
because the frequency information for each population is used to build a phylogenet-
ic tree in this new procedure. Using mtDNA types shared with more than one popu-
lation, we first constructed a skeleton network. MIDNA types were joined stepwise,
and types shared with more populations were given priority. When two types were
shared with the same number of populations, the type containing more individuals
was joined first. To represent incompatible parallel mutations, we permitted reticula-
tions (Bandelt 1994; Bandelt et al., 1995) in this step. However, the relationship of
non-recombining mtDNA sequences (Kumar et al., 2000) was expected to have a
tree structure without reticulation. Therefore, all the reticulations were resolved ac-
cording to the three criteria: (1) a connection between the types shared with more
populations is favored over a connection between the types shared with fewer popu-
lations, (2) when two types are shared with the same number of populations, a con-
nection between the types shared with more individuals is favored over a connection
between the types shared with fewer individuals (Excoffier and Langaney 1989;
Excoffier and Smouse 1994; Bandelt 1994; Bandelt et al., 1995), and (3) parallel
transition is favored over parallel transversion (Bandelt et al., 1995).

Fig. 1 illustrates this tree buildup procedure from the hypothetical data of Table 2.
Hypothetical miDNA types (A—TI) of Table 2 differ in onc substitution from one or
more other types. We first construct a skeleton network using the types (A-F) shared
with more than one population. The types shared with more populations arc given
priority, so we start by connecting types A and B, and the skeleton network is con-
structed (see Fig. 1). Reticulations appear when incompatible partitions exist, such
as between npl and np3. We then resolve those reticulations in order to make a tree
structure according to our criteria. Type B is shared with 45 individuals from nine
populations, whereas type E is shared with 30 individuals from five populations. The
connection of type B with type D has priority over that of type E with type D accord-
ing to criterion 1. Therefore, the connection between types D and E is eliminated.
Type C as well as type E is shared with the same number of populations. In this case,
the connection between types E and F is given priority over the connection of types
C and F, because type E is shared with more individuals than type C (criterion 2).
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Figure 1. Tree construction based on the hypothetical data of Table 2.

Table 2. Hypothetical data

Sequence data

t No. of shared  No. of
ype - Lo
populations  individuals npl np np3 np4 np3 npb

A 10 40 0 0 0 0 0 0
B 9 45 1 0 0 0 0 0
C 5 5 0 1 0 0 0 0
D 5 40 1 0 1 0 0 0
E 5 30 0 0 l 0 0 0
F 2 4 0 1 I 0 0 0
G 1 10 0 0 0 0 0
H 1 2 1 4] 0 1 0
I 1 1 0 0 0 0 0 1

“np” represents nucleotide position. “0™ means a consensus sequence,

n]n

means a nucleotide difference from that.

These procedures produce the skeleton tree. After that, other types (G, H, and 1)
shared with a single population are joined. This final tree has identical topology with
that constructed by using the site-by-site method of Bandelt (1994).
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Because the actual data was complicated, mtDNA types found in a single popula-
tion were joined by applying the following two additional criteria; (4) a connection
between types shared with the same population is given priority, and (5) when all
criteria described above are not fitted, reticulations are split arbitrarily. The fifth cri-
terion, however, did not affect the entire result. To confirm the topology of the phylo-
genetic tree, we also constructed neighbor-joining trees (Saitou and Nei 1987) using
CLUSTAL W (Thompson et al., 1994) and maximum likelihood trees (Felsenstein
1981) using DNAML of PHYLIP 3.5 (Felsenstein 1993).

Results

Distribution of Variant Sites

Among 1,298 individual nucleotide sequences of mtDNA, 414 distinct types were
identified and differences among them reside in 109 variant sites. Fig. 2 shows the
frequency distribution of the variant sites. The frequency of transversional differ-
ence was less than 4%. Seven nucleotide positions with more than 10% frequencies
are shown. Np223 and np362 reached 47% and 29%, respectively among those sev-
en positions.

Frequency of the Types Sharing Multiple Populations

Table 3 shows frequency distribution of mtDNA types. Some mtDNA types con-
tained only one individual while others were shared among many individuals. Three
hundred and fifty two types were found only in one population, whereas 62 mtDNA
types were shared with multiple populations. Thirteen out of those 62 types (1, 3, 9,
13, 15, 25, 32, 33, 58, 61, 113, 138, and 173) were shared among five populations or
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Figure 2. The frequency distribution of the 109 variant sites in 414 mtDNA types. Nucleotide
position numbers showing 10% or more variant types are given.
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Table 3. mtDNA types shared multiple populations

No. of No. of No. of No. of

populations mtDNA types Type individuals descendants

14 1 13 30 32
11 1 25 49 30
9 1 138 45 13
8 | 3 18 15
7 2 9 53 17
1 23 33

6 3 61 14

15 7

58 11
5 4 173 135 14
113 107 15

32 10

33 5

4 10 72
3 12 7 70 12

& others

2 27 101

1 352 548

Total 414 1298

Types with more than 10 descendants types or shared with more than 5 populations are shown.
Bolds present backbone types.

more. Type 13 was shared with the largest number of populations while type 1 corre-
sponds to the CRS (Anderson et al., 1981). Those 62 types were used to construct the
skeleton tree.

Multiple Star-like Clusters in the Phylogenetic Tree

We first constructed an unrooted skeleton tree for the 62 mtDNA types shared
with more than one population following our five criteria, and then joined the re-
maining 352 types found in a single population to the skeleton tree. In the unrooted
tree using these 414 types, though it is just one of many possible trees, we observed
many star-like clusters, most of which originated from the mtDNA skeleton types
(tree not shown). Nine mtDNA types (1, 3,7, 9, 13, 25, 113, 138 and 173) among
those skeleton types had more than 10 descendant types, which are considered to be
the centers of radiations. We called those nine types RC (radiation center) types.
Eight of the nine types were shared with five or more populations and with more than
10 individuals in each (Table 3).
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Examination of the Network of RC Types

In our data set, we observed parallel mutations at np223, np311, and np362 that
were shared with 15% mtDNA types or more (Fig. 2). We thus constructed a phylo-
genetic network of those nine RC mtDNA types (Fig. 3). Pairs of incompatible sites
are expressed as reticulations in the network. Thirteen types (8, 18, 33, 41, 44, 61,
73, 74, 96, 164, 175, 268 and 356) shown in open circles were added to the phyloge-
netic network of nine RC types in Fig. 3 to clarify the reticulation patterns. Numbers
in parentheses represent the number of the populations sharing that type. A connec-
tion between the types shared with more populations is favored over a connection
between the types shared with fewer populations (criterion 1). For example, it was
more probable for type 44 in the connection with type 9 than with type 18 because
type 9 was shared with seven populations while type 18 was shared with only one
population. All the reticulations were resolved according to this rule, and parallel
mutations at np223, np31 1, np319 and np362 were assumed to produce a tree from
the network. The dotted lines represent the unconnected edges.

To test reproducibility of the tree topology, two neighbor-joining trees were con-
structed using nine RC types based on the two kinds of nucleotide lengths: 185-bp
and 341-bp nucleotide sequences corresponding to 16,194-16,378 and 16,038-16,378

Figure 3. A phylogenetic network of nine backbone types (shaded) and related 14 types (non-
shaded). Small letters correspond to nucleotide positions (a: np223, b: np311, ¢: np319,
d: np362, e: np290, f: np217, g: np304, h: np261, i: np247). The numerals in parenthe-
ses represent the number of populations sharing the miDNA types. Dotted lines repre-
sent disconnected edges.
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in the CRS, respectively (Fig. 4). We also included sixteen sequences of Pygmies
(Vigilant et al., 1991) with distinct mtDNA lineages. Furthermore, the mtDNA se-
quence of a Neanderthal (Krings et al., 1997) was used as the outgroup. The tree of
Fig. 4a was constructed based on 185-bp nucleotide sequences used to construct the
tree of Fig. 3. Types 25 and 113 form one cluster, while types 9, 138 and 173 form
another cluster, and this is further clustered with types 1 and 3. The topology of the
NJ tree of Fig. 4a was in accord with that of the tree of Fig. 3, except for the location
of type 7 that differed from types 1 and 25 in only one nucleotide (Fig. 3). Based on
the RFLP analysis of mtDNA of Native Americans, Forster et al. (1996) pointed out
that transitions at np362 were separated into two parallel events (Figure 1 of Forster
etal., 1996). This ambiguity in the location of type 7 probably caused the incompat-
ible parallel mutations at np362. However, we connected type 7 with type 25 in the
tree of Fig. 3 according to our criteria described in Materials and Methods. The tree
of Fig. 4b is based on 341-bp nucleotide sequences including the 185-bp ones, show-
ing the same topology as Fig. 4a. Furthermore, we constructed another unrooted tree
from 62 skeleton types based on 341-bp nucleotide sequences (tree not shown); this
tree had the same topology as Fig. 3.

In both trees of Fig. 4a and 4b type 13 is the closest sequence to the root of the
tree, which was confirmed by the maximum likelihood analysis based on 185-bp and

(b)

o {138
0.01 173

— 3

Figure 4. Neighbor-joining trees for the nine backbone types were constructed based on a) 185-
bp miDNA sequence, and b) 341-bp mtDNA sequence. Both trees were rooted by in-
cluding 16 mtDNA types of Pygmics (Vigilant et al., 1991) and a Neanderthal sequence
(Krings et al.. 1997). Positions of the rool are denoted by asterisks. Bootstrap resam-
pling was employed 1,000 times, and the resulting bootstrap probabilities (%) are shown
on interior branches.
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Figure 5. Characterizations of six radiation groups (I-VI). The nine radiation center (RC) miD-
NA types correspond 1o the centers of stars. Numbers on the branches represent nucle-
otide positions. The numerals in brackets represent the number of mtDNA types includ-
ed in the radiation groups.

341-bp nucleotide sequences (trees not shown). Among 414 types, type 13 was shared
with 14 populations (Table 3) that were derived from all of East Eurasia and the
Circum-Pacific region. We thus concluded that type 13 was the root of the tree.

Characterization of Six Radiation Groups

To reveal the general picture of the population structure, we characterized six ra-
diation groups. The rooted tree of Fig. 5 shows the genealogy of those radiation
groups (I-VI). Group I, which radiated from type 13, includes 127 mtDNA types.
We inferred that Group I was the root of six radiation groups at least in East Eurasia
and the Circum-Pacific area. Group I was characterized by both T at np223 and T at
np362.

Based on the D-loop region sequencing and the restriction fragments length poly-
morphism (RFLP) analysis, Torroni et al. (1993a, 1993b) divided mtDNA types found
in Native Americans into four major groups (haplogroups A, B, C, and D). In this
study haplogroup C belongs to group I, whereas haplogroup D belongs to group I
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Group II (containing 84 mtDNA types) corresponds to the radiation group centered
at type 25 with type 7 as a sub-center. Group II was characterized by C at np362 and
G atnp319. Group III (31 types), containing descendants of type 113, was character-
ized by T at np223, C at np362, and A at np319. Group V (55 types) was character-
ized by C at np217, C at np223, and T at np362. Groups I1I and V corresponded to
haplogroups A and B in Native Americans, respectively. Thus, haplogroups A and B
that contained the majority of Native Americans were located on the periphery of the
whole tree.

Group VI (30 types), which radiated from type 3, was characterized by C at np304,
T at np217, C at np223 and T at np362. Because group IV (87 types) was the CRS
and its descendants, it was characterized by subtracting groups I, II, III, V and VL
There were eight exceptional types in the characterization of radiation groups (see
the web site).

Pattern of Frequency Distribution

The number of individuals in each radiation group was counted and the pattern of
frequency distribution showed geographical characteristics (Table 4). A high fre-
quency (67%) in Group IV was found in West Asia. In Oceania, 62% were included
in Group V (haplogroup B). In the New World, 59% were included in Group III
(haplogroup A). The high frequency for Group V (35%) was also observed in South-
east Asia, though it was lower than that in Oceania. Thus, the frequency distributions
of groups III, 1V and V indicated clear features specific to each geographical area.

Frequency of Group VI was low in most of the geographical areas. It was less than
5% in West Asia, Far East Asia, and Oceania, but showed more than 10% in Conti-
nental East Asia. It is thus one of the characteristics of Continental East Asians.
Group II showed 33% in Far East Asia and 29% in Continental East Asia, whereas it
showed 19% in Southeast Asia and 6% in Oceania. West Asia and Oceania had lower
frequencies (7% and 6%, respectively) than Far East Asia and Continental East Asia.

Table 4.  Frequency distribution for radiation groups (%)

I 11 I v v VI
West Asia [N =45] 20 7 2 67 0 4
Far East Asia [N =227] 44 33 3 11 4 4
Continental East Asia [N =221] 31 29 5 14 10 13
New World [N =353) 11 10 59 2 17 0
Southeast Asia [N =136] 20 19 0 18 35 8
Australia [N =35] 80 0 0 20 0 0
Occania [N=311] 17 6 0 12 62 2
Europe [N=3519] 9 3 0 81 1 6
Africa [N=173) 79 5 0 16 0 0
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Southeast Asia had higher frequency in Group II than Oceania (19% and 6%, respec-
tively). Thus, the East Eurasian populations (Far East Asians and Continental East
Asians) had a relatively high frequency of Group II.

To compare with the distribution in East Eurasian and the Circum-Pacific area, we
retrieved 73 African and 519 European sequences from the DDBJ database (Vigilant
etal.. 1991; Di Rienzo and Wilson 1991; Sajantila et al., 1995; Arnason et al., 1996).
They were divided into six radiation groups according to the characteristics of nucle-
otide substitutions and the frequencies were counted. In Africa, Group I was remark-
ably high (79%) and Group IV existed in low frequency (16%), whereas the other
three groups (111, V and VI) were not found. In Europe, 81% was included in Group
IV. The reason why African and European are occupied in only one group is that the
radiation groups are characterized based on our original data set from populations in
East Eurasian and the Circum-Pacific area.

Heterogeneity of substitution rate for the human mtDNA D-loop region has been
known (e.g., Excoffier and Yang 1999; Meyer et al., 1999), and sites with high rates
such as np223, np311, np362 in fact caused reticulations observed in the phylogenet-
ic network of Fig. 3. Backward mutations occurred at those high-rate sites may cause
erroneous classification among the six groups defined above. However, substitution
rates of those sites are only four times higher than the average rate (Excoffier and
Yang 1999), so their effects caused by backward mutations may be relatively small.

Discussion

We analyzed nucleotide sequences of mtDNAs deposited in the DDBJ/EMBL/
GenBank International Nucleotide Sequence Database. A phylogenetic tree regard-
ing East Eurasian populations was constructed by applying a series of criteria. We
observed six major star-like clusters in this tree and characterized the corresponding
putative six radiation groups (I-VI). In spite of the short DNA fragment used for the
phylogenetic analysis, the frequency distributions of the radiation groups showed
obvious feature specific to each geographical region. This indicates that the short
region is suitable for ancient DNA analyses in East Eurasian populations, and im-
plies that the groups characterized by the star-like clusters have some meanings.

The star-like phylogeny may provide possible evidence of a demographic expan-
sion in past populations and the center of the star is the root lineage of expansion
(Slatkin and Hudson 1991; Sherry et al., 1994). This idea was initially proposed by
Di Ricnzo and Wilson (1991); the center of star-like phylogeny found by Di Rienzo
and Wilson (1991) corresponds to type 1 (CRS) in this study, which has the highest
frequency (more than 20%) in Europe (Richards et al., 1996). This type was suggest-
ed to be the ancestral mtDNA type of the modern European population (Bandelt et
al., 1995; Richards et al., 1996). In the tree based on 414 mtDNA types, there were
nine centers of radiation (RC types) and more than 20 centers of near star-like phy-
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logeny (tree not shown), implying that multiple demographic expansions might have
also occurred in the East Eurasia and its surrounding region.

If those nine RC m(DNA types are the centers of demographic expansion, their
appearance times correspond to the periods when these occurred. Assuming that is
true, we estimated these times in the following way. We assumed that each descend-
ing lineage from one center (backbone type) started to diverge from the common
ancestral type simultaneously. We further assumed existence of molecular clock, in
other words, the mean of the nucleotide substitutions between extant lineages and
the commen ancestor (center) was expected to be proportional to the divergence
time of these lineages from the ancestral type. Counting the number of lineage is a
problem in this simple procedure. When we found a unique nucleotide substitution
in one sequence from the ancestral type, the lineage to this extant sequence definitely
existed. For example, RC type 173 had 14 such descendant lineages. When there are
hierarchical structures for some lineages, nucleotide substitutions are averaged by
taking into account the tree structure following Ishida et al. (1995).

The biggest problem of this procedure occurs when some extant sequences are
identical with the center node. Because we have no information on the genealogical
structure for those identical sequences, we considered the two extreme situations.
One extreme is that all identical sequences are considered to represent independent
lineages. Under this assumption we obtain a lower bound for the estimate of diver-
gence time. Another extreme is the situation that all the identical sequences were
derived only recently and give only one lineage from the center. This gives us the
upper bound. For example, there are 135 individuals who had RC type 173 (Table 3).
Therefore, the lower bound for the average number of substitution between the com-
mon ancestral type and the extant sequences is 14/(14 + 135) = 0.09, while the upper
bound becomes 14/(14 + 1) = 0.93, more than ten times larger than the lower bound.

Furthermore, the evolutionary rate is necessary to obtain the time estimate. We
used the rate estimated by Horai et al. (1996). Their estimate (1= 8.6 x 10-8/site/
year) was based on the 482-bp HV 1 segment, and our 185-bp segment is overlapped
with this. It is possible that the real evolutionary rate for the latter region may be
different from that for the former region, but we assume that the difference is rela-
tively small. In any case, when the evolutionary rate () and evolutionary distance (d)
between extant and ancestral sequence is known, the divergence time (1) can be esti-
mated as t = d/I under the assumption of molecular clock. The assumption that gives
a lower bound is more appropriate, because the nine backbone types are considered
to be centers of demographic expansions and many lineages are expected 1o diverge
independently under the population expansion. Therefore, we mostly relied on lower
bound estimates in the following.

On the basis of the genealogy in the unrooted tree using 414 miDNA types. the
lower boundaries of coalescence times (years) of nine radiation center types were
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estimated (Fig. 6). Group I probably originated in Africa; their coalescence time was
estimated to be around 55,000 years ago. As well as Group I, Group IV also exists in
all geographic regions. Group IV showed high frequency in West Asia and Europe,
and its originating time was estimated to be around 64,000 years ago. This estima-
tion agreed with the time estimated by Richards et al. (1996). The coalescence time
estimation of Group IV is older than that of group I (55,000 yr). Because African
populations are not contained in our original data set, the coalescence time of Group
I may be a gross underestimation.

There were at least three major migrations into Oceania according to archaeolog-
ical and linguistic studies (Bellwood 1985). First, an ancient Australoid (Sahulian)
migrated from the Indo-Malaysian archipelago to Australia and New Guinea around
40,000 years ago. Second, Austronesians migrated from southern China and settled
in Southeast Asia, and some of them migrated to islands 4,000-6,000 years ago.
Third, migration of Austro-Asians began around 3,500 years ago. Groups V and VI
are descendants of the backbone mtDNA type 1 of Group IV. Group V contained
77% of Polynesians, 53% of Aboriginal Taiwanese and 33% of Melanesians. Group
V was not found in West Asia, and it existed in low frequency in Far East Asia (4%).

Northern route

Group I
New Workd @
Group 11 O
East Asia 8,000 yr
Group I
Africa 33,000 yr
Root @
76,000 3
55,000 yr 000 yr o Group VI
Continental East Asia
o 47,000 yr
Group IV
Europe & West Asia 64,000 y1 Group V Southern route

Southeast Asia & Oceania

19,000 yr 21,000 yr 5700 yr

Figure 6. Proposed model of the peopling history of East Eurasia and the Circum-Pacific area.
Lower limits of coalescence times (years) for the radiation groups are given for each
radiation center.
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Although it existed in Taiwan Han Chinese (14%) and Cantonese (10%), it was very
low in Mongolia (7%) and was not found in Siberian Altai. Radiation centers of
Group V are types 9, 138, and 173; the radiation cluster of type 9 contained 18% of
Native Americans and several individuals from the Eurasia continental populations.
In contrast, Native Americans were not found in the radiation of type 138, and Polyne-
sians were exclusively found in the radiation of type 173. This implies that the radi-
ation cluster of type 9 in Group V originated somewhere in the East Eurasian Conti-
nent, and the radiation clusters of types 138 and 173 originated in the southern part
of the East Eurasian Continent or Oceania. The coalescence times of the radiation
clusters in Group V overlapped with the periods of migration into Southeast Asia/
Oceania, which were based on archaeological and linguistic evidences. Thus the
mtDNA genealogy of group V can be considered as the trace of human migration via
the southern route crossing from India to Southeast Asia.

Group Il may be the trace of expansion in East Asia, and its origination time was
estimated to be around 33,000 years ago. Frequency of Group Ill, a descendant of
Group II, was remarkably high in the New World (59%; Table4). In contrast, Group
Il haplotypes were not found in Southeast Asia, and Oceania as well as Africa and
Europe. This implies that Group I1I originated in the northern part of the East Eur-
asian Continent. The population could have increased in size after ancestral people
of Native Americans migrated to the New World. The Group Il was estimated to
originate around 8,000 years ago. From these arguments, the mtDNA genealogy of
group 111 could be considered as the trace of human migration via the northern route
across the mountains lying south and west of Tibet. The first human migration to the
New World is thought to be around 15,000 years ago from the archaeological evi-
dence (Morell 1990). Based on the analyses of mtDNA RFLP, Torroni et al. (1993b)
estimated that the first migration occurred between 17,000 and 34,000 years ago.
Though the archaeological estimation is still controversial, these dates above overlap
with our estimations.

Although only 5% of the entire data set was included in Group V1, it was especial-
ly high (23%) in Taiwan Han Chinese; Group VI was one of the genetic characteris-
tics of Taiwan Han Chinese. We found the high frequency of Group VI in human
remains excavated from an archaeological site (around 2,000 years ago) at the Shan-
dong Peninsula in Mainland China (Oota et al., 1999a). The coalescence time of
Group VI estimated to be around 47,000 years ago suggests that the period when
putative demographic expansion occurred in Group VI preceded those of groups II,
Il and V. So far, we have no modern data from the land region of Southeast Asia,
where Group VI could be the major cluster. It is important to obtain data from these
regions in the near future.

Saitou (1995) proposed a new terminology of human population clusters existed
about 10,000 years ago: African, West Eurasian, and Circum-Pacificans including
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East Eurasian, Sahulian, North American, and South American. We discuss the
peopling history of Circum-Pacificans using this terminology in the following. In
evolutionary genetic studies, population trees have been constructed using tradition-
al markers. Based on the phylogenetic analyses, probably human populations can be
subdivided into several major groups. By using polymorphic nuclear marker data, it
is known that Circum-Pacifican was diverged from West Eurasian around 55,000
years ago after these two major groups diverged from African around 115,000 years
ago (Nei and Roychoudhury 1974). Nei and Roychoudhury (1993) proposed that
there were two migration routes to East Eurasia; one was the route crossing moun-
tainous area in south and west of Tibet, and the other was the route from India to
Southeast Asia.

Circum-Pacificans have been divided into northern (Sinodonts) and southern (Sun-
dadonts) groups based on dental morphology (Turner 1990). Two major lineages that
could be considered as traces of southern and northern routes were observed in our
mtDNA phylogenetic tree. Because Group Il contains some fraction of individuals
in southern populations, this is not incompatible with the model that Circum-Pacifi-
cans originated in the southern part of Asia. But it does not strongly support the
model for the following three reasons: 1) Group I considered as the root is more
frequent in the northern area than in the southern area; 2) Group 11 that would have
been the ancestral haplogroup of Group III was more frequent in the northern area
than in the southern area; and 3) from the topology of our mtDNA tree, it is possible
to conclude that both the southern and the northern routes existed. Therefore, it may
be necessary to revise the southern origin model of all Circum-Pacificans.

Conclusion

Even a single locus using a short sequence data, the phylogenetic trees by a new
series of procedure discussed in this study thus showed genetically remarkable char-
acteristics in each population. This means that the short DNA fragment can show the
genetic differentiation of Circum-Pacificans to the extent indicated in the frequency
distributions (Table 4). Meanwhile, the result also suggests that the longer DNA
region is necessary for studying further detailed genetic relationships between ethni-
cal populations within each geographical group. Using many primer-sets in PCR
amplification, the longer fragments (hopefully 300-400 bp) may be obtained by com-
bining those short fragments. This way to elongate DNA fragments should be tried
in all ancient DNA studies. However, in many cases it is impossible to obtain such
long fragments from all individuals constantly, because the damaged state of DNA is
extremely depending on individual states of preservation (Oota et al., 1999b). The
large scale screening of mtDNA data, therefore, plays an important role in compen-
sating missing data in ancient population studies.
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