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Abstract Intotal, 1218 Chinese from twelve ethnic groups
and nine Han geographic groups were screened for the
MtDNA 9-bp deletion motif. The frequency of the 9-bp
deletion in all samples was 14.7% but ranged from 0% to
32% in the various ethnic groups. Three individuals had a
triplication of the 9-bp segment. Phylogenetic and demo-
graphic analyses of the mtDNA hypervariable segment 1
(HV S1) sequences suggest that the 9-bp deletion occurred
more than once in China. The majority of the Chinese
deletion haplotypes (about 90%) have acommon origin as
amutational event following an initial expansion of mod-
ern humansin eastern Asia. Other deletion haplotypes and
the three haplotypes with a 9-bp triplication may have
arisen independently in the Chinese, presumably by repli-
cation error. HV S1 haplotype analysis suggests two possi-
ble migration routes of the 9-bp deletion in east and south-
east Asia. Both migrations originated in China with one
route leading to the Pacific Islands via Taiwan, the other
to southeast Asia and possibly the Nicobar Islands. Along
both routes of peopling, a decrease in HVSL diversity
of the mtDNA haplotypes is observed. The “Polynesian
motif (16217T/C, 16247A/G, and 16261C/T)” and the
16140T/C, 16266C/A, or C/G polymorphisms appear spe-
cific to each migration route.

Introduction

The mtDNA 9-bp deletion is caused by the loss of one
copy of the 9-bp tandem repeat sequence (CCCCCTCTA)
in the COII/tRNADS intergenic region of human mtDNA
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and was originally thought to be Asian-specific (Wrischnik
et al. 1987; Harihara et al. 1992; Passarino et al. 1993).
The deletion motif occurs at varying frequenciesin Asian,
Oceanic, and Amerindian populations (Ballinger et al.
1992; Harihara et al. 1992; Passarino et al. 1993; Redd et
al. 1995; Sykes et al. 1995; Betty et al. 1996; Melton et al.
1995, 1998; Lum et al. 1998; Merriwether et a. 1999;
Watkins et al. 1999; Shurr et al. 1990; Ward et al. 1991;
Shields et al. 1992; Kolman et al. 1995). Additional re-
ports have demonstrated the presence of the 9-bp deletion
in African (Soodyall et al. 1996; Wetkins et al. 1999) and
European (Torroni et al. 1995; Thomas et al. 1998) popu-
lations. The coalescent times of the 9-bp deletion haplo-
types are estimated to be 50,000—-70,000 years before pre-
sent (YBP; Redd et al. 1995; Soodyall et al. 1996; Thomas
et a. 1998). Phylogenetic analyses of these mtDNA hap-
lotypes aso suggest multiple independent origins of the
9-bp deletion in Africa (Soodyall et a. 1996; Watkins et
al. 1999), Europe (Torroni et al. 1995; Thomas et al.
1998), and Asia (Ballinger et al. 1992; Redd et al. 1995;
Watkins et al. 1999). Despite multiple origins of the 9-bp
deletion, the deletion motif remains a useful marker for
tracing population affinities and migration patterns. The
clinal increase of the 9-bp deletion frequencies from west
to east, together with a corresponding decrease in deleted
mtDNA diversity across contemporary Pacific Islanders
are consistent with current ideas regarding the prehistoric
peopling of the Pacific (Redd et a. 1995; Melton et al.
1995; Sykes et al. 1995; Lum et a. 1998; Merriwether et
al. 1999). In Africa, the distributions of the 9-bp deletion
are concordant with the migration route of the recent
“Bantu expansion” (Soodyall et a. 1996). Thus, the analy-
sis of 9-bp deletion haplotypes in world populations may
demonstrate their genetic contributors and elucidate pop-
ulation evolutionary history (Merriwether et al. 1999;
Watkins et al. 1999; Alves-Silva et al. 1999b).

Prehistoric demographic expansion and migration pat-
ternsin east and southeast Asia are not well resolved. Re-
cent studies of mtDNA, Y-chromosome biallelic markers,
and nuclear variation suggest that the northern Asians and
the Pacific Islanders can trace their origins to southeast



Asia(Ballinger et al. 1992; Redd et al. 1995; Melton et al.
1998; Su et al. 1999). South China may be the center of
Asian mtDNA radiation (Ballinger et al. 1992; Melton et
al. 1998; Y.-G. Yao et a., unpublished). It is estimated that
the first settlement of modern humans in south Asia oc-
curred 50,000-100,000 years ago, followed by a north-
ward migration into northern China and Siberia (Su et al.
1999) and more recent eastward migrations to the Pacific
Islands (Redd et al. 1995; Merriwether et al. 1999). The
MtDNA haplotypes with the 9-bp deletion found in the
Pacific Idlanders and Amerindians trace their ancestral
types to China. However, no systematic study of the
MtDNA haplotypes with the 9-bp deletion in Chinese
populations has been reported.

Frequency distributions of the mtDNA “Polynesian mo-
tif” traceits origin to Taiwan and support the “expresstrain
model” of Polynesian expansion (Melton et a. 1995; Redd
et a. 1995). Recently, Richards et a. (1998) have argued
that eastern Indonesia might be the origin of the Polyne-
sian expansion based on an almost complete absence of
the full motif in western Indonesia and the Philippines
(Melton et al. 1995; Sykes et al. 1995). A systematic
analysis of the mtDNA deletion motif and HV S1 variation
in the Chinese population should help to resolve popula-
tion affinities and historic migration routes of mainland
Asians into southeast Asia and the Pacific Islands.

This study analyzes the 9-bp deletion motif in 12 Chi-
nese ethnic populations, nine Han geographic populations,
and 32 Thais and demonstrates (1) the distribution and evo-
[utionary history of the 9-bp deletion in Chinese, (2) its
concordance with the geographic distribution and historic
migration of the east and southeast Asian populations.

Material and methods
Samples
A total of 1218 individuals from 12 Chinese ethnic populations

and nine Han geographic groups were selected for mtDNA 9-bp
deletion screening. In addition, we also typed 32 Thais for the
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presence of the 9-bp deletion. The sample sizes and locations of
the populations are shown in Fig.1 and Table 1. The geographic
origin, nationality, and maternal pedigree (unrelated through at least
two generations) of each sample were ascertained before sampling.

DNA amplification and sequencing

Genomic DNA was extracted from whole blood by standard phe-
nol/chloroform methods. The intergenic COII/tRNALYs 9-bp re-
gion was amplified and detected with methods described by Hari-
haraet al. (1992) under modified thermal cycling conditions (94°C
for 40 s, 57°C for 50 s, and 72°C for 1 min for 30 cycles). The
mtDNA HVS1 was amplified and sequenced by using primers
L 15996 and H16498 following the same methods as those in our
previous work (Yao et al. 2000). In total, 25 individuas with the
deletion were sequenced with the same primers as those used for
the polymerase chain reaction (PCR). These samples included 17
individuals in cluster Il and eight individuals in cluster | (see be-
low). Randomly selected individuals lacking the deletion motif
were also sequenced. Additionally, the intergenic COII/tRNALYs
9-bp region was sequenced in al individuals with atriplication.

Data analyses

Sequences were edited, aligned with Dnastar software (DNASTAR),
and compared with the published reference sequence (Anderson et
al. 1981, Fig.2). Previously published mtDNA data that was con-
sidered here included 78 Africans (32 with the deletion), 336 Amer-
indians (63 with the deletion), 118 Australian aboriginals (4 with
the deletion), 29 Taiwan aboriginals (12 with the deletion), 74 Pa-
cific Islanders with the 9-bp deletion (27 Indonesians, 23 coastal
Papua New Guinea, and 24 Samoan), 99 Indians (6 Nicobarese and
22 South Indians with the deletion), 6 Chinese, and 4 Cambodians
with the deletion (Ward et al. 1991, 1993; Vigilant et al. 1991,
Santos et al. 1994; Kolman et al. 1995; Redd et a. 1995; Mountain
et a. 1995; Betty et al. 1996; van Holst Pellekaan et al. 1998;
Melton et al. 1998; Krings et al. 1999; Watkins et al. 1999). Except
for the 28 Taiwan aborigina (Melton et al. 1998) and 71 Indians
(Mountain et a. 1995) sequences from Dr. T. Melton and Dr. J. L.
Mountain respectively, al other sequences were from the mtDNA
database (http://www.eva.mpg.de/hvrbase; Handt et al. 1998) or
GenBank. Sequences of 325 Chinese and 27 Thais without the
9-bp deletion were a'so included for comparison (Y ao et a. 2000;
Y .-G. Yao et a., unpublished). Because some of the published data
were only 360 bp (nucleotide positions 16024-16383), we re-
stricted our analyses to that 360-bp segment when global deletion
haplotypes were analyzed.
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Table 1 Frequencies of the mtDNA 9-bp deletion in Chinese ethnic populations. Populations 13-23 are different Han geographic
groups (capital lettersin parentheses are abbreviations for each population). Cantonese, Taiwan Han, and Thai were not included in the

total number
Population Locality No. of samples No. with Frequency of No. with
9-bp deletion 9-bp deletion (%)  deletion
sequenced
1 Miao Kaili, Guizhou 37 12 324 12
2 Buyi Zhenning, Guizhou 26 8 30.8 8
3 Dal Jinghong, Y unnan 34 8 235 8
4 Naxi Lijiang, Yunnan 18 4 222 4
5Nu Gongshan, Y unnan 30 3 10.0 3
6 Sali Yunnan 32 5 15.6 5
7 Wa Y unnan 36 1 2.78 1
8 Tu Huzu, Qinghai 42 7 16.7 7
9 Zhuang Y unnan 30 4 13.3 4
10 Man Fenchen, Liaoning 30 2 6.67 2
11 Uygur (Wei) Kashen & lli, Xinjiang 60 2 3.33 2
12 Kasak Kashen, Xinjiang 30 0 0.00 0
13 Xinjiang (XJ) Xinjiang 48 4 8.33 4
14 Guangdong(GD) Zhanjiang, Guangdong 34 8 235 8
15 Liaoning (LN) Liaoning 57 7 12.3 7
16 Qingdao (QD) Qingdao, Shandong 30 1 3.33 1
17 Wuhan (WH) Wuhan, Hubei 57 10 175 9
18 Yunnan (YN) Kunming, Yunnan 375 61 16.3 3
19 Sichuan (SC) Sichuan 112 18 16.1 0
20 Guizhou (GZ) Guizhou 70 8 11.4 0
21 Shanghai (SH) Shanghai 30 6 20.0 6
22 Cantonese? HongKong 20 4 20.0 4
23 Taiwan HanP Taiwan 20 8 40.0 -
24 Thai Thailand 32 5 15.6 5
Total 21 1218 179 147 94

aData from Betty et al. (1996)
bData from Ballinger et al. (1992)

Twenty Han individuals who lacked the 9-bp deletion and who
were sequenced in our former work (seven were from the Liaoning
Han group, seven from the Guangdong Han group, and six from
the Wuhan Han group; Y .-G. Yao et al., unpublished) were also in-
cluded in the phylogenetic analysis of the deleted haplotypes. Af-
ter removal of sites with extra C insertionsin the 1618316189 re-
gion, a neighbor-joining (N-J) tree of 98 haplotypes identified in
94 individuals with the 9-bp deletion, three with the triplication,
and 20 Han individuals without the deletion was constructed by
using PHYLIP 3.5C standard packages (Felsenstein 1993). Dis-
tances between haplotypes were computed with Kimura's two-pa-
rameter model (Kimura 1980), assuming a transition:transversion
ratio of 10:1. Phylogenetic analysis was carried out by using the
Neighbor program with 500 bootstraps, and the tree was drawn by
means of the Consense and Drawtree programs provided in the
PHY LIP package. Population phylogenetic analysis was based on
the net genetic distances (ds; Nei 1987) by using the N-J algo-
rithm.

The evolutionary history of the 9-bp deletion in Asian popula-
tions was also examined by the pairwise mismatch distribution
(Rogers and Harpending 1992) with the Arlequin software pack-
age (Schneider et al. 1999). The time of past population expansion
was measured in tau (1) units of mutational time (t=2 t, where p
is the mutation rate over all sites in the sequence and t is the time
in years). The mutation rate (33% site/million years) from Ward et
a. (1991) was used in converting the mutational time into real
time. The coalescent dates for the mtDNA clusters were calcul ated
by using the model of Tamura and Nel (1993) with a gamma cor-
rection of a=0.07+0.03, which was estimated directly from the data.

Results
The 9-bp deletion

The frequencies of the 9-bp deletion in the Chinese ethnic
populations and Thai population are givenin Table 1. The
deletion frequencies vary from 0% to 32%. The highest
frequency occurs in the Miao (32.4%) from the Guizhou
province, whereas no deletion has been found in Kazak
from Xinjiang province. The deletion frequencies among
the Han geographic populations were moderate (11%—23%)
with the exception of those from Qingdao Han, Xinjiang
Han, and Taiwan Han. The frequency of the 9-bp deletion
in al the Chinese samples was 14.7%, which was dightly
lower than that of Thai (15.6%), Vietnamese (17.9%;
Ballinger et a. 1992), and Japanese (16%; Harihara et al.
1992), and different from those of Indian Nicobarese
(24%; Watkins et al. 1999), the Pacific Islanders (40%—
100%; Redd et al. 1995; Sykes et al. 1995; Merriwether et
a. 1999), and the Amerindians (0%—45%; Shurr et al.
1990; Shields et al. 1992; Kolman et a. 1995).

The intergenic COII/tRNAYS 9-bp region of the 25 dele-
tion individuals showed no deviation from the results of
the PCR/polyacrylamide gel electrophoresis (PCR-PAGE).



Fig.2 Variable sites of mtDNA
CR segment | sequencesin

94 Chinese with the 9-bp dele-
tion and three with the 9-bp
triplication (double asterisks),
with respect to positions
16001-16495 of the reference
sequence (Anderson et al.
1981). The length polymor-
phisms of C in region 16179—
16192 because of the 16189T/C
substitution were removed
from the sequences. Sngle as-
terisks These eight individuals
have divergent haplotypes and
may represent multiple 9-bp
deletion events in the COI I/
tRNALYS intergenic region
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Sequencing of this region indicated that all individuals
with the deletion had one 9-bp motif. No expansions or
contractions of the poly-C tract in the motif were detected.

Triplication of the 9-bp segment

Three individuals with the 9-bp triplication were detected
by PCR-PAGE and confirmed by sequencing. One indi-
vidual was from Xinjiang Uyghr, the other two were from

Fig.3 Phylogenetic tree of 75 Chinese haplotypes with the 9-bp
deletion, 20 non-deleted haplotypes (filled circles in the tree), and
three haplotypes with the 9-bp triplication (abbreviations as in
Table 1). The eight deleted haplotypes labeled in Fig. 2, together
with the non-del eted hapl otypes and the 9-bp triplication individu-
als converge into cluster | (top right), whereas other deleted haplo-
types converge mainly in cluster 11 (bottom and left)
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the Wuhan and Liaoning Han populations, respectively.
The Liaoning Han appeared heteroplasmic with two bands
being detected by PAGE. Sequencing confirmed that one
band contained two 9-bp repeats, whereas the larger band
contained three repeats. Thomas et al. (1998) reported
similar heteroplasmy in a sample from Glasgow.

The mtDNA HV S1 sequences of the three individuals
with the 9-bp triplication did not contain unique polymor-
phic sites distinguishing them from other Chinese lin-
eages with or without the 9-bp deletion (Fig. 2); however,
they differed from each other by at least six mutationa
events. The polymorphic sites (16192C/T, 16274 G/A, and
16362T/C) reported in a Brazilian and two Portuguese in-
dividuals with the triplication (Alves-Silva et al. 1999a)
were not found in the three Chinese, suggesting that they
may have originated from independent mutational events.
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Fig.4 Unrooted neighbor-joining tree of world populations with
or without the 9-bp deletion based on the genetic distances D, cal-
culated according to the formula: Dp=Dyy-(Dx+Dy)/2, where Dyy
is the pairwise mean between population X and Y, and Dy and Dy
are the pairwise means within population X or Y (Nei 1987). The
numbers on the branches are bootstrap values (percentages) based
on 500 bootstrap replications (9bp— deleted popul ations)

Sequence variation in Chinese with the 9-bp deletion

In al, 75 haplotypes were observed in 94 Chinese with
the 9-bp deletion (Fig.2). When six previously reported
Chinese were included (Betty et al. 1996; Weatkins et al.
1999), 79 unique haplotypes could be identified. The
“Polynesian motif” (16217T/C, 16247A/G, 16261CIT)
was only detected in one Chinese; however, the 16217T/C
and 16261C/T polymorphisms were relatively common,
with frequencies of 50% and 20.5%, respectively. The
unique polymorphic sites found in Indian (16017T/C,
16126T/C, 16256C/G, 16296C/T; Watkins et a. 1999), in
European (16306C/G, 16332C/G; Thomas et a. 1998),
and in African (16148C/T, 16187C/T, 16188C/A or G,
16230A/G, Soodyall et a. 1996; Watkins et al. 1999)
HV S1 haplotypes were not found in the Chinese with the
9-bp deletion. This finding is consistent with multiple
continent-specific deletion events. The 16189T/C substi-
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tution was found in the Chinese containing the 9-bp dele-
tion at afrequency of 93.5%. Other sites (16136T/C, 12%;
16140T/C, 26%; 16223C/T, 8.7%; and 16266C/A or C/G,
17%) were aso found at a high frequency in Chinese with
the 9-bp deletion. The 16292C/T, 16299A/G, and 16309A/G
polymorphisms that were observed in the deleted Chinese
(6%—9%) were not present in other populations with the
9-bp deletion. Based on the distribution of the variable
HV S1 sites (see Fig. 2), the group of eight deletion haplo-
types and the other remaining 67 haplotypes could not be
derived from an ancestral type by one or two mutation
events. This suggests that the 9-bp deletion motif may
have occurred more than once in the Chinese population.

Phylogenetic analysis

In the unrooted N-J tree of the 75 Chinese deletion haplo-
types, three haplotypes with the triplication, and 20 non-
deleted haplotypes, two main clusters (I and I1) can be dis-
cerned (Fig.3). The deletion haplotypes marked in Fig.2
and the three haplotypes with the 9-bp triplication were
clustered with those non-deleted haplotypes, whereas other
deleted haplotypes were mainly joined in cluster 1. The
phylogenetic branching pattern suggests that some 9-bp
deletion and insertion events have occurred several times
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in the Chinese; however, cluster 1l deletion haplotypes
probably originate from a common ancestor.

In the tree of world populations with or without the
9-bp deletion (Fig.4), deleted Africans cluster with non-
deleted Africans and are well separated from other world
populations. In the non-African populations, two main
clusters (deleted and non-deleted) can be discerned. The
deleted Indian and aboriginal Australian populations,
which have been reported to have independent origins
(Watkins et al. 1999; Betty et al. 1996), are also distinct in
the tree and are separated from other deleted populations.
The Chinese deletion cluster | presents closer affinity with
the non-del eted Chinese population, further arguing for its
independent origin. The deleted Thai, Cambodian, Nico-
barese, Amerindian, Taiwanese aboriginal, and the Pacific
Islander populations converge into two small clades that
diverge from the deleted Chinese cluster |1 population.

Mismatch analyses and coalescent time estimation

Mismatch analyses of the 100 deleted Chinese (including
the reported six Chinese) presented a unimodal distribu-
tion with a T value (6.8) dlightly lower than that of the
325 non-deletion individuals (7.11). Assuming the muta-
tion rate to be 33% site/million years (Ward et al. 1991),
the expansion time of the 9-bp deletion is approximately
57,000 YBP Thisresult is consistent with the previous es-
timation (Redd et al. 1995) and later than the settlement of
modern humansin east Asiabased on an initial population
expansion estimated by Su et al. (1999).

The average nucleotide diversities of the deleted indi-
viduals in the two clusters in Fig. 3 are 0.02133+0.01268
and 0.01686+0.00898, suggesting a coalescent time of ap-
proximately 65,000 and 51,000 Y BP, respectively, and in-
dicating different origins. The coalescent time of cluster
I, which might have a common origin and be the ances-
tors of those deleted haplotypes found in the Pacific and
southeast Asia, isin good agreement with the previous es-
timation (Redd et al. 1995).

Discussion

Previous studies have shown that the COII-tRNAYS inter-
genic region is unstable and may produce multiple dele-
tions and insertions by dslipped-strand mispairing during
DNA replication (Shields et al. 1992; Passarino et al.
1993; Redd et al. 1995; Thomas et al. 1998; Lum et al.
1998; Watkins et al. 1999). Our results support this opin-
ion. The phylogenetic relationship of the Chinese 9-bp
deletion haplotypes intermixing with those of non-deleted
Chinese and separating them from the other deleted hap-
lotypes suggests that they did not have a single recent an-
cestral type. The different coal escent times of the Chinese
deleted haplotype clusters and their different phylogenetic
positions in the tree of world populations further support
this finding.

The triplication of the 9-bp segment in this region has
been observed in a few Europeans (Thomas et al. 1998;

Alves-Silva et al. 1999a) and three Asians (Shields et al.
1992; Passarino et al. 1993; Lum et al. 1998). Alves-Silva
et a. (1999a) have suggested that the two Portuguese with
the 9-bp triplication might be from an ancestral type as
they differ from each other by only one transition in the
mtDNA control region. However, the three Chinese with
the triplication are different from each other by at least six
mutational eventsin HV S1, indicating that they have been
diverging for a long time and do not have a recent com-
mon origin. Triplication of the 9-bp motif appears to be a
rare and independent event in the Chinese based on the
low observed frequency of the triplication motif.

The evidence presented here suggests multiple origins
of the 9-bp deletion in Chinese. However, this motif is
still useful as a population-specific marker for tracing the
affinity and migration patterns of Chinese ethnic popula-
tions, as most of the deletion haplotypes (about 90%)
have a common origin. A frequency cline from south to
north and from coastal to inland, together with the more
intermixed phylogenetic pattern of the deletion haplo-
types in the south, suggests that the southern populations
are more ancient (Ballinger et al. 1992; Su et al. 1999;
Y.-G. Yao et a., unpublished). The various frequencies of
the 9-bp deletion in the nine Han geographic populations
support previous data suggesting that the Han is a hetero-
geneous population (Du et al. 1993).

Other studies have suggested that Taiwan is the origin
for a proto-Polynesian expansion (Melton et al. 1995,
1998; Sykes et al. 1995). Our results support this proposal
but suggest another migration route into southeast Asia
As shownin Fig. 4, two clusters with the 9-bp deletion are
rooted in China and expanded via two migration routes.
The route from Chinathrough a Taiwanese aboriginal bot-
tleneck and then to the Pacific Island has been discussed
in previous studies (Sykes et al. 1995; Melton et a. 1995,
1998). The second route, also originating in China, ex-
panded via Cambodia and Thailand to the Nicobar Islands
and has not been previously reported (see Fig.1). Evi-
dence for the two migration routes is also shown by an
increasing or decreasing trend of the frequencies of
some polymorphic sites along the route. The 16140T/C,
16266C/A, or C/G polymorphisms present increasing fre-
guencies in southeast Asia and are nearly fixed in the
Nicobarese, whereas these frequencies decrease along the
route to the Pacific Islands. In contrast, the “Polynesian
motif” sites (16217 T/C, 16261C/T, and 16247A/G) show
an opposing distribution to those of the 16140 and 16266
sites in the two migration routes (Table 2). The deleted
hapl otypes shared among or between the populations can
trace their roots to the Chinese and thus give indirect evi-
dence for the migration routes. One haplotype shared in
13 Chinese was found in one Indonesian, one Thai, and
one Nicobarese. The same sequence in two Chinese was
seen in 29 Amerindians, and a haplotype shared by five
Indonesian, two coastal PNG, two Samoan and two Tai-
wan aboriginals was also presented in one Chinese.

The expansion times of the 9-bp deletion populations
estimated by mismatch analysis further indicate succes-
sive peopling events from China. Along the migration
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Table 2 Frequencies of polymorphic sites in populations with the 9-bp deletion

Population n Pi T Polymorphic site (%)
16129G/A 16136T/C 16140T/C 16189T/C 16217T/C 16247A/G 16261C/T 16266C/A 16362T/C
or G
Chinese? 100 0.0179 646 6.5 13 26 935 52 11 22 16.3 13
Cambodian 4 00142 - 25 0.0 50 100 50 0.0 25 50 0.0
Thai 5 0.0114 - 40 0.0 60 100 20 0.0 20 80 0.0
Nicobarese 6 00112 - 0.0 0.0 100 100 0.0 0.0 0.0 83 0.0
Southeast 15 0.0152 577 20 0.0 73.3 100 20 0.0 133 733 0.0
Asian®
Taiwan 12 0.0137 534 16.7 16.7 25 91.7 66.7 0.0 50 25 16.7
aboriginal
Indonesian 27 0.0112 434 74 14.8 18.6 100 88.9 222 55.6 7.4 0.0
Coastal 23 0.0036 133 0.0 0.0 0.0 100 100 73.9 100 0.0 0.0
PNG
Samoan 24 0.0022 148 0.0 0.0 0.0 100 100 79.2 100 0.0 0.0
Amerindian 63 0.0048 232 0.0 0.0 0.0 100 96.8 0.0 6.6 1.6 16

aThe deleted Chinese include 94 individuals sequenced in the cur-
rent study and six reported individuals by Betty et al. (1996) and
Watkins et al. (1999). The values of nucleotide diversity (Pi) and
expansion time (1) were estimated from the 86 individuals belong
to cluster |1 in Fig. 3 and the six published individuals

routes shown in Fig.1 and Table 2, the oldest expansion
time are represented in the Chinese populations. We have
not estimated the respective expansion times of the
deleted Thai, Cambodian, and Nicobarese, because of their
small sample size; however, the sequence divergence
(t=5.77) of these 15 deleted individualsis lower than that
of the Chinese with the deletion.

Our results show that the 16261C/T substitution prob-
ably arose in south or central China based on a high fre-
quency (22%) in Chinese and did not occur uniquely in
Taiwan as suggested by Melton et al. (1995). The follow-
ing scenario for the evolutionary history of the 9-bp dele-
tion in southeast Asia and the Pacific Islands could be
compatible with our results. The 9-bp deletion arose about
~60,000 YBP (Redd et a. 1995) in China, followed by the
nucleotide substitutions at position 16217 and then at po-
sition 16261. The mtDNAS carrying these markers spread
extensively throughout east and southeast Asia and ex-
panded northward to Siberia and America, and eastward
into Taiwan and then to the Pacific Islands as shown in
other studies (Redd et al. 1995; Melton et al. 1995, 1998;
Su et al. 1999). During the expansion, the populations un-
derwent strong population bottlenecks (Melton et al.
1995, 1998; Bonatto and Salzona 1997), producing a gen-
eral decrease in HV S1 diversity among the deleted popu-
lations along the migration route (Redd et al. 1995). We
have observed this trend along both migration routes into
southeast Asia and the Pecific Island as shown in Fig.1
and Table 2. Analysis of additional individuals throughout
Asia should continue to improve our understanding of the
expansions, migrations, and diversity represented in the
populations of the Asian mainland and southeast Asia.
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