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Length variations in human mitochondrial DNA (mtDNA) offer useful markers
in the study of female aspects of human population history. One such
length variation is a 9-bp deletion in the small noncoding segment located
between the COIl and lysine tRNA genes (COIIl/tRNA™ intergenic region)
which usually contain two tandemly arranged copies of a 9-bp sequence
(ccceetcta) in human mtDNA. The mtDNA 9-bp deletion and polymorphic
variants of expanded 9-bp repeat motif in the intergenic COIl/tRNA™ region
have been found at varying frequencies among different human ethnic
groups. We have examined the length variation of the mtDNA COIl/tRNA™*
intergenic region from a total of 813 individuals in east Asian populations.
The occurrence of the 9-bp deletion was found to be relatively homogene-
ous in northeast Asian populations (Chinese, 14.2%; Japanese, 14.3%;
Koreans, 15.5%), with the exception of Mongolians (5.1%). in contrast, In-
donesians (25.0%) and Viethamese (23.2%) of the southeast Asian popula-
tions appeared to have relatively high frequencies of the 9-bp deletion. We
identified the existence of a new expanded 9-bp repeat motif which likely
resulted from a slip}zed mispairing insertion of six more cytosines in the
intergenic COI/tRNA™* region. It was present at low frequencies in the
Korean (2/349) and Japanese populations (2/147). Based on the resuits of
this study, the Korean population may reflect a close genetic affinity with
the Japanese and Chinese populations than the others surveyed east Asian

populations.

Genetic studies on the variations of classic genetic
markers of protein and nuclear DNA show that Koreans
tend to have a close genetic relationship with Mongo-
lilans among northeast Asians (Goedde et al., 1987,
Saha and Tay, 1992; Hong et al., 1993; Nei and Roy-
choudhury, 1993). In contrast, genetic surveys of mito-
chondrial DNA (mtDNA) and Y chromosomal DNA
polymorphisms indicate that Koreans are not closely
related to Mongolians, but closely allied with Japanese
and Chinese among several east Asian populations
(Harihara et al., 1988; Ballinger et al., 1992; Horai et
al., 1996; Hong et al., 1998; Kim et al., 1998; Shin et
al., 1998). The discordance between classic genetic
markers and mtDNA/Y chromosomal DNA results re-
mains somewhat puzziing in genetic studies of the
Korean population.

miDNA has widely been used as a genetic tool to
study evolutionary relationships among different human
ethnic groups. Since mtDNA is known to have parti-
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cular properties of inheritance (e.g.,, maternal inheri-
tance, absence of recombination and high mutation
rates), its variation resulting from the sequential addi-
tion of mutational changes along radiating maternal
lineages can give us valuable information for a better
understanding of human popuiation history (Brown et
al.,, 1979; Giles et al.,, 1980; Olivo et al., 1983). The
current analyses of variation in human mtDNA have
mainly been focused on nucleotide substitution (Horai
and Hayasaka, 1990; Vigilant et al., 1991; Horai et al.,
1995, 1996; Comas et al., 1996; Melton et al., 1998;
Schurr et al., 1999) and length variation (Wrischnik et
al., 1987; Redd et al., 1995; Soodyall et al., 1996;
Hong et al, 1998) to quantify genetic relationships
among human populations.

Cann and Wilson (1983) inferred several length
changes (deletions and insertions) in human mtDNA by
restriction enzyme analysis. Wrischnik et al. (1987)
demonstrated that one such inferred deletion was loss
of one of two adjacent copies of a 9-bp sequence (cc-
cecteta) in the small noncoding segment located between
the COIl and lysine tRNA genes (COI/tRNA™® inter-
genic region). A triplication of the 9-bp repeat and a
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T-to-C transition with subsequent slipped mispairing
insertion of three or four more cytosines have been
reported in humans (Wrischnik et al., 1987; Lum and
Cann, 1998). Recently, Watkins et al. (1999) report the
presence of four different variants of the expanded
9-bp repeat motif in populations of south India. The
9-bp deletion in the intergenic COIftRNA™ region has
been reported at varying frequencies in populations
from Asia, Polynesia, the New World and sub-Saharan
Africa (Horai et al., 1987, 1996; Stoneking and Wilson,
1989; Vigilant, 1990; Ward et al., 1991, 1993; Ballinger
et al., 1992; Harihara et al., 1992; Torroni et al., 1992,
1994; Horai, 1993; Melton et al., 1995; Redd et al.,
1995; Soodyall et al., 1996). There is a geographic
cline of the 9-bp deletion frequency across Pacific
Islander populations, as well as from mainland Asia to
the Malaysian peninsula (Horai et al., 1987; Hertzberg
et al., 1989; Stoneking and Wilson, 1989; Horai, 1991;
Ballinger et al., 1992; Harihara et al., 1992; Lum et al,,
1994; Redd et al., 1995). Therefore, the clinal pattern
suggests that the 9-bp deletion can be used for
studies of maternal lineages and population history in
east Asians.

Earlier surveys, based on the frequencies and the
distribution of the 9-bp deletion implied that the dele-
tion occurred once in Asia (Wrischnik et al., 1987,
Hertzberg et al., 1989; Horai et al., 1996). However,
other findings have suggested multiple origins of the
9-bp deletion in human populations (Schurr et al.,
1990; Ballinger et al., 1992; Torroni et al., 1994; Redd
et al., 1995; Watkins et al., 1999). The 9-bp deletion
was subsequently found in high frequencies in African
Pygmies (Vigilant, 1990; Chen et al., 1995). Soodyall
et al. (1996) also reported that the 9-bp deletion arose
independently in sub-Saharan Africa and Asia. The
9-bp deletion is thus not entirely exclusive to Asians
and may even have multiple origins in humans. On the
other hand, in the case of east Asia, the D-loop se-
quence variation indicated that the 9-bp deletion event
may have occurred only once in the ancestry of east
Asians (Horai et al., 1996). The 9-bp deletion marker
could be useful for investigating genetic relationships
and for complementing genetically based studies of
other markers in east Asians. To better understand the
genetic relationships and the distribution of the mtDNA
9-bp deletion in east Asians, we examined the length
variation of the COIl/tRNA™* intergenic region in several
east Asian populations. Here, we report results on the
frequency of the mtDNA 8-bp deletion and the
existence of a new expanded variant in the intergenic
COIl/tRNA™* region from east Asian populations.

Materials and Methods

Subjects

We analyzed a total of 813 unrelated individuals from
six east Asian populations (Chinese, Japanese, Koreans,
Mongpolians, Indonesians and Vietnamese). DNA samples
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were obtained from volunteers living in Korea (south):
349 Koreans, 3 Han Chinese, 15 Japanese, 40 Indo-
nesians (Java) and 8 Vietnamese (Most of these east
Asians usually come to Korea on temporary work
permits). We also isolated DNA samples from 55
Vietnamese volunteer donors living in Hanoi. In addi-
tion, the DNA samples provided by other investigators
are as follows: 39 Han Chinese and 39 Mongolians
{Buryats), by C. Tyler-Smith; 100 Japanese (lbaraki)
and 118 Chinese (Beijing), by S. Harihara; 9 Han
Chinese and 6 Vietnamese, by D. Labuda; 32 Japanese
(Oita) by Y. Tamaki.

DNA extraction

mtDNAs were prepared from whole blood by the
standard method (Sambrook et al., 1989). Many sam-
ples of total DNA were also extracted from buccal cells
according to the procedure of Richards et al. (1993).

Polymerase chain reaction (PCR) and Electrophoresis

The length variation in the intergenic COIl/tRNA™Y®
region was detected by PCR amplification using flank-
ing primers as described in Wrischnik et al. (1987):
forward primer, 8196-5-ACAGTTTCATGCCCATCGTC-
3°-8215; reverse primer, 8316-5-ATGCTAAGTTAGCT
TTACAG-3°-8297. The normal type of the intergenic
COItRNA™® region containing two tandemly arranged
copies of a 9-bp sequence resulted in a 121 bp PCR
product amplified by the flanking primers. In contrast,
the 9-bp deletion type in this region can be detected
by this set of primers as a size of the 112 bp fragment.
The PCR reaction was performed in a total volume of
50 ul containing 100ng of total DNA, 20pM each
primer, 200 UM dNTPs, 2.5 mM MgClz, 50 mM KCI, 10
mM Tris-HCI (pH 8.3), and 2.5 U AmpliTag DNA poly-
merase (Perkin-Elmer). PCR cycling conditions were
94°¢ for 10 min, and then 40 cycles at 94°C for 1 min,
55 for 30 sec, 72°¢ for 1 min, and final extension at
72°¢ for 10 min. The PCR products derived from the
intergenic COIl/tRNA™* region were separated by using
12% polyacrylamide gel electrophoresis (PAGE) for 12h
at 120V. Following PAGE, the DNA fragments were
visualized using ethidium bromide staining and ultravi-
olet light.

DNA sequencing

We have confirmed the expanded rePeat motif of 6-bp
insertion in the intergenic CON/tANA™® region by DNA
sequencing analysis. Each PCR product of the normal
type, 9-bp deletion and 6-bp expanded variant, was
then further cloned by ligation into pCR™II vector plas-
mids using the TA cloning kit (Invitrogen). Sequencing
was accomplished by the chain termination method
(Sanger et al., 1977) using the T7 reverse primer (5'-
TAATACGACTCACTATAGGG-3") and the Sequenase
kit (U.S. Biochemical) according to the supplier's pro-
tocol.
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Fig. 1. Electrophoretic analysis of three allelic classes in mtDNA
intergenic COI/tRNA™* region produced by PCR amplification. M, male-
cular size marker (100 bp ladder); 1-2, 112bp PCR products containing
a deletion of one of the 9-bp repeats; 3-10, 121 bp PCR products con-
taining both copies of the 9-bp repeat; 11, 127 bp PCR product carrying
an expanded 9-bp repeat motif with six more cytosines.

Results and Discussion

Based on the result of PCR amplification, three types
of PCR products of 121 bp, 112bp and 127 bp frag-
ments were found for a normal type (two copies), 9-bp
deletion and a new expanded variant in the intergenic
COIItRNA™* region, respectively (Fig. 1). DNA sequenc-
ing analysis indicated that the variant with the ex-
panded 9-bp repeat motif probably resulted from a
slipped mispairing insertion of six more cytosines (Fig.
2). In an earlier survey, a rare expanded variant in the
intergenic COIl/tRNA™® region have been reported in
humans, which differs from the normal type by two
mutations in the first copy of the 8-bp sequence: the
mutations were raised by a T-to-C transition followed
by a slipped mispairing insertion of four more cytosines
in this region (Wrischnik et al., 1987). Recently, poly-
morphic variants of the expanded 9-bp repeat motif
with three or four more cytosines were found at low
frequencies in South Indian populations (Watkins et al.,
1999). In contrast, the expanded variant detected in
this survey most likely resulted from a slipped mispairing
insertion of six more cytosines in the intergenic COIll/
tRNA™® region. This new additional variant was found
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Fig. 2. Nucleotide sequence segments of mtDNA intergenic COItRNAY®
region in three individuals from Korea. Each sequence represents the
complementary strand sequenced with the reverse primer. A, One copy
of the 9-bp sequence (5" CCCCCTCTA 3°). B, Two copies of the 9-bp
sequence (wild type). C, An expanded variant which was likely raised
by a T-to-C transition followed by a siipped mispairing insertion of six
more cytosines in this region.
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Tabie 1. Distribution of the frequencies of 9-bp deletion motif in the
intergenic COIlIRNAY® region in several east Asian populations

No. (%) of

Population (n)

Normal type 9-bp deletion 6-bp insertion
Northeast Asians
Chinese (169) 145 (85.8) 24 (14.2) 0
Japanese (147) 124 (84.4) 21 (14.3) 2 (1.9
Korean (349) 293 (84.0) 54 (15.5) 2 (0.6)
Mongolian (39) 37 (94.9) 2 (51) 0
Southeast Asians
Indonesian (40) 30 (75.0) 10 (25.0) 0
Vietnamese (69) 53 (76.8) 16 (23.2) 0

in only Korean (2/349) and Japanese samples (2/147)
(Table 1).

Somewhat regional differences in the distribution pat-
tern of mtDNA 9-bp deletion frequencies were observed
among east Asian populations (Table 1). The northeast
Asian populations (Chinese, 14.2%; Japanese, 14.3%;
Koreans, 15.5%) reflected a homogeneous distribution
pattern of the 9-bp deletion frequencies, with the ex-
ception of Mongolians (5.1%). In contrast, Indonesians
(25.0%) and Vietnamese (23.2%) of the southeast Asian
populations represented relatively high frequencies of
the 9-bp deletion when compared with other northeast
Asians surveyed here. This result is consistent with the
earlier surveys that showed a general increase in the
frequency of the 9-bp deletion from Japan to mainland
Asia to the Malaysian peninsula (Horai et al., 1987,
Hertzberg et al., 1989; Stoneking and Wilson, 1989;
Horai, 1991; Ballinger et al, 1992; Harihara et al,
1992; Chen et al., 1995). The 9-bp deletion frequency
in our sample of Koreans (15.5%) is almost the same
as that of the previous result of Koreans (16.0%) re-
ported by Hong et al. (1998). Hong et al. (1998) also
pointed out the homogeneous distribution pattern of
the 9-bp deletion frequencies from those found in
northeast Asians including the Koreans, Japanese and
Mongolians. Most northeast Asians studied here shared
a common ancestral population (Nei and Roychoudhury,
1993; Horai et al., 1996; Hong et al., 1998; Kim et al.,
1998; Shin et al., 1998). However each population of
northeast and southeast Asians may not be neces-
sarily similar. Because 9-bp deletion frequencies ap-
peared to be relatively homogeneous in most northeast
Asian populations, their mtDNA are not discriminated.
Far example, the occurrence of homogeneous distribu-
tion pattern of the 9-bp deletion indicates that very few
mtDNA were differentiated in Chinese, Japanese and
Korean populations (14.2-15.5%) (Table 1). Therefore
we need to use additional mMDNA markers (e.g., D-loop
sequence variation) and populations from diverse regions
in Asia to differentiate more mtDNA in these popula-
tions.

The 9-bp deletion frequency of Mongolians (5.1%) is
lower than those of Koreans, Japanese and Chinese
(Table 1). This result suggests that Koreans are not so
closely related with Mongolians, but closely allied with
Japanese and Chinese among east Asian populations.
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Table 2. Cavalli-Sforza's genetic distance for the intergenic COIftRNAY®
region in six east Asian populations. Cavalli-Sforza’s cord genetic
distance (4D) in the Table body was based on allele frequency in the
intergenic COIl/tRNAY® region

Population Chinese Korean Japanese Mongolian Indonesian Vietnamese

Chinese
Korean
Japanese
Mongolian  0.0251
Indonesian  0.0188
Vietnamese 0.0135

0.0141
0.0064 0.0019
0.0403
0.0316

0.0265

0.0376
0.0198
0.0153

0.0869

0.0750 0.0004

Based on the result of Cavalli-Sforza’s Chord genetic
distance (4D) (Cavalli-Sforza and Bodmer, 1971), it
revealed a close genetic affinity between the Japanese
and Korean than the others surveyed east Asian
populations (Table 2). There is also evidence for a
migration of Yayoi people from their original places via
China and the Korean peninsula to Japan starting
around 2,300 years ago (Chard, 1974; Hanihara, 1991;
Hammer and Horai, 1995; Horai et al.,, 1996; Omoto
and Saitou, 1997). The Yayoi migration would lead us
to expect a common genetic affinity in contemporary
populations from Korea and Japan. The mtDNA D-loop
variation detected by Horai et al. (1996) supported that
a great quantity of maternal lineages were introduced
into Japan by immigrants from the Korean peninsula
after the Yayoi period. Our earlier surveys on the vari-
ation of Y chromosomal DNA haplotypes also revealed
that Koreans and Japanese are more closely related
than those of Mongolians (Kim et al., 1998; Shin et al.,
1998). Further genetic surveys are required to verify
this pattern of genetic relationship with sufficient sam-
ples from various Mongolian tribes which are known to
vary greatly even along tribal lines.

Acknowledgements

We would like to thank MF Hammer and K Omoto for their
suggestions and valuable discussions on the genetic features
of the Yayoi people. We especially thank volunteers for provid-
ing DNA samples in this survey.

References

Ballinger SW, Schurr TG, Torroni A, Gan YY, Hodge JA,
Hassan K, Chen KH, and Wallace DC (1992) Southeast
Asian mitochondrial DNA analysis reveals genetic continuity
of ancient Mongoloid migrations. Genetics 130: 138-152.

Brown WM, George M, Jr, and Wilson AC (1979) Rapid evolu-
tion of animal mitochondrial DNA. Proc Natl Acad Sci USA
76: 1967-1971.

Cann RL and Wilson AC (1983) Length mutations in human
mitochondrial DNA. Genetics 104: 699-711.

Cavalli-Sforza LL and Bodmer WF (1971) The Genetics of
Human Populations. Freeman WH, San Francisco.

Chard C (1974) Northeast Asia in Prehistory. University of
Wisconsin Press, Madison.

Chen YS, Torroni A, Excoffier L, Santachiara-Benerecetti AS,
and Wallace DC (1995) Analysis of mtDNA variation in African
populations reveals the most ancient of all human continent-
specific haplogroups. Am J Hum Genet 57. 133-149.

Comas D, Calafell F, Mateu E, Perez-Lezaun A, and Bertranpetit
J (1996) Geographic variation in human mitochondrial DNA

396

control region sequence: the population history of Turkey and
its relationship to the European populations. Mol Biol Evol 13:
1067-1077.

Giles RE, Blanc H, Cann HM, and Wallace DC (1980) Mater-
nal inheritance of human mitochondrial DNA. Proc Natl Acad
Sci USA 77: 6715-6719.

Goedde HW, Paik YK, Lee CC, Benkmann HG, Kriese L,
Bogdanski P, and Winkler M (1987) Red cell and serum
protein polymorphisms in three population groups of south
Korea. Gene Geogr 1: 177-188.

Hammer MF and Horai S (1995) Y chromosomal DNA varia-
tion and the peopling of Japan. Am J Hum Genet 56: 951-
962.

Hanihara K (1991) Dual structure model for the population
history of the Japanese. Jpn Rev 2. 1-33.

Harihara S, Hirai M, Suutou Y, Shimizu K, and Omoto K
(1992) Frequency of a 9-bp deletion in the mitochondrial
DNA among Asian populations. Hum Biol 4. 161-166.

Harihara S, Saitou N, Hirai M, Gojobori T, Park KS, Misawa S,
Ellepola SB, Ishida T, and Omoto K (1988) Mitochondrial
DNA polymorphism among five Asian populations. Am J Hum
Genet 43: 134-143.

Hertzberg M, Mickleson KNP, Serjeantson SW, Prior JF, and
Trent RJ (1989) An Asian-specific 9-bp deletion of mitochon-
drial DNA is frequently found in Polynesians. Am J Hum
Genet 44: 504-510.

Hong SS, Horai S, and Lee CC (1998) Distribution of the 9-bp
deletion in COIl/tRNA™® intergenic region of mitochondrial
DNA is relatively homogeneous in east Asian populations.
Korean J Biol Sci 2: 259-267.

Hong SS, Suh JA, Chae JJ, Goh SH, Kim YS, Kim UK,
Namkoong Y, and Lee CC (1993) Frequency distribution of
alleles at D1S80 and apo-B 3" VNTR loci in Korean popula-
tion. Mol Cells 3: 457-463.

Horai S (1991) A genetic trail of human mitochondrial DNA. In:
Mukohata Y (ed), New Era of Bioenergetics, Academic Press,
Tokyo, pp 273-299.

Horai S (1993) New developments of molecular genetic an-
alysis on human mitochondrial DNA. Nip Rinsho 51: 2258-
2263.

Horai S, Gojobori T, and Masunaga E (1987) Evolutionary
implications of mitochondrial DNA polymorphism in human
populations. In: Vogel F and Sperling K (eds), Human Gene-
tics: Proceedings of the 7th International Congress, Springer-
Verlag, Heidelberg, pp 177-181.

Horai S and Hayasaka K (1990) Intraspecific nucleotide se-
quence differences in the major noncoding region of human
mitochondrial DNA. Am J Hum Genet 46: 828-842.

Horai S, Hayasaka K, Kondo R, Tsugane K, and Takahata N
(1995) Recent African origin of modern humans revealed by
complete sequences of hominoid mitochondrial DNAs. Proc
Natl Acad Sci USA 92: 532-536.

Horai S, Murayama K, Hayasaka K, Matsubayashi S, Hattori Y,
Fucharoen G, Harihara S, Park KS, Omoto K, and Pan IH
(1996) mtDNA polymorphism in East Asian populations, with
special reference to the peopling of Japan. Am J Hum Genet
59: 579-590.

Kim W, Shin DJ, You SA, and Kim YJ (1998) Y-specific DNA
polymorphisms of the YAP element and the locus DYS19 in
the Korean population. J Hum Genet 43: 195-198.

Lum JK and Cann RL (1998) mtDNA and language support a
common origin of Micronesians and Polynesians in Island
Southeast Asia. Am J Phys Anthropol 105. 109-119.

Lum JK, Rickards O, Ching C, and Cann RL (1994) Polynesian
mitochondrial DNAs reveal three deep maternal lineage clus-
ters. Hum Biol 66: 567-590.

Melton T, Clifford S, Martinson J, Batzer M, and Stoneking M
(1998) Genetic evidence for the proto-Austronesian homeland
in Asia: miDNA and nuclear DNA variation in Taiwanese
aboriginal tribes. Am J Hum Genet 63: 1807-1823.

Melton T, Peterson R, Redd AJ, Saha N, Sofro ASM, Martinson
J, and Stoneking M (1995) Polynesian genetic affinities with



southeast Asian populations as identified by mtDNA analysis.
Am J Hum Genet 52: 403-414.

Nei M and Roychoudhury AK (1993) Evolutionary relationships
of human populations on a global scale. Mol Biol Evol 10:
927-943.

Olivo PD, Van de Walle MJ, Laipis PJ, and Hauswirth WW
(1983) Nucleotide sequence evidence for rapid genotypic
shifts in the bovine mitochondrial DNA D-loop. Nature 306:
400-402.

Omoto K and Saitou N (1997) Genetic origins of the Japanese:
a partial support for the dual structure hypothesis. Am J Phys
Anthropol 102: 437-446,

Redd AJ, Takezaki N, Sherry ST, McGarvey ST, Sofro ASM,
and Stoneking M (1995) Evolutionary history of the COIl/
tANA™ intergenic 9 base pair deletion in human mitochon-
drial DNAs from the Pacific. Mol Biol Evol 12: 604-615.

Richards B, Skoletsky J, Shuber AP, Balfour R, Stern RC,
Dorkin HL, Parad RB, Witt D, and Klinger KW (1993)
Multiplex PCR amplification from the CFTR gene using DNA
prepared from buccal brushes/swabs. Hum Mol Genet 2:
159-163.

Saha N and Tay JSH (1992) Origin of the Koreans: a popula-
tion genetic study. Am J Phys Anthropol 88: 27-36.

Sambrook F, Fritsch EF, and Maniatis T (1989) Molecular
Cloning: a Laboratory Manual. 2nd Ed. Cold Spring Harbor
Laboratory Press, New York.

Sanger F, Nicklen S, and Coulson AR (1977) DNA sequencing
with chain-terminating inhibitors. Proc Natl Acad Sci USA 74:
5463-5467.

Schurr TG, Ballinger SW, Gan YY, Hodge JA, Merriwether DA,
Lawrence DN, Knowler WC, Weiss KM, and Wallace DC
(1990) Amerindian mitochondrial DNAs have rare Asian
mutations at high frequencies, suggesting they derived from
four primary maternal lineages. Am J Hum Genet 46: 613-
623.

Schurr TG, Sukernik R, Starikovskaya YB, and Wallace DC
(1999) Mitochondrial DNA variation in Koryaks and itel'men:
population replacement in the Okhotsk Sea-Bering Sea region
during the Neolithic. Am J Phys Anthropol 108: 1-39.

Shin DJ, Kim YJ, and Kim W (1998) PCR-based polymorphic

397

Korean J Biol Sci 3- 393 -397, 1999

analysis for the Y chromosome loci DYS19 and DXYS5Y
(47z) in the Korean population. Korean J Biol Sci 2; 281-285.

Soodyall H, Vigilant L, Hill AV, Stoneking M, and Jenkins T
(1996) mtDNA control-region sequence variation suggests
multiple independent origins of an “Asian-specific’ 9-bp dele-
tion in sub-Saharan Africans. Am J Hum Genet 58: 595-608.

Stoneking M and Wilson AC (1989) Mitochondrial DNA. in: The
Colonization of the Pacific. a Genetic Trail. Oxford University
Press, Clarendon, pp 215-245.

Torroni A, Neel JV, Barrantes R, Schurr TG, and Wallace DC
(1994) A mitochondrial DNA “clock” for the Amerinds and its
implications for timing their entry into North America. Proc
Natl Acad Sci USA 91: 1158-1162.

Torroni A, Schurr TG, Yang C-C, Szathmary EJE, Wiliams
RC, Schanfield MS, Troup GA, Knowler WC, Lawrence DN,
Weiss KM, and Wallace DC (1992) Native American mito-
chondrial DNA analysis indicates that the Amerind and the
NaDene populations were founded by two independent mi-
grations. Genetics 130: 153-162.

Vigilant L (1980) Control region sequences from African popu-
lations and the evolution of human mitochondrial DNA. Ph.D.
Thesis, University of California, Berkeley.

Vigilant L, Stoneking M, Harpending H, Hawkes K, and Wilson
AC (1991) African populations and the evolution of human
mitochondrial DNA. Science 253: 1503-1507.

Ward RH, Frazier BL, Dew-Jager K, and Paabo S (1991) Ex-
tensive mitochondrial diversity within a single Amerindian tribe.
Proc Natl Acad Sci USA 88: 8720-8724.

Ward RH, Redd A, Valencia D, Frazier B, and Paabo S (1993)
Genetic and linguistic differentiation in the Americas. Proc
Natl Acad Sci USA 90: 10663-10667.

Watkins WS, Bamshad M, Dixon ME, Bhaskara Rao B, Naidu
JM, Reddy PG, Prasad BVR, Das PK, Reddy PC, Gai PB,
Bhanu A, Kusuma YS, Lum JK, Fischer P, and Jorde LB
(1999) Multiple origins of the mtDNA 9-bp deletion in popula-
tions of South India. Am J Phys Anthropol 109: 147-158.

Wrischnik LA, Higuchi RG, Stoneking M, Erlich HA, Arnheim N,
and Wilson AC (1987) Length mutations in human mitochon-
drial DNA: direct sequencing of enzymatically amplified DNA.
Nucleic Acids Res 15: 529-542,

[Received August 28, 1999; accepted October 4, 1999)



