Copyright © 1992 by the Genetics Society of America

Native American Mitochondrial DNA Analysis Indicates
That the Amerind and the Nadene Populations Were Founded by Two
Independent Migrations

Antonio Torroni,* Theodore G. Schurr,* Chi-Chuan Yang,* Emoke J. E. Szathmary,’
Robert C. Williams,* Moses S. Schanfield,’ Gary A. Troup,** William C. Knowler,"
Dale N. Lawrence,* Kenneth M. Weiss® and Douglas C. Wallace*

*Center for Genetics and Molecular Medicine and Departments of Biochemistry and Anthropology, Emory University School of
Medicine, Atlanta, Georgia 30322, TOffice of the Dean, Faculty of Social Science, University of Western Ontario, London, Ontario,
Canada N6A 5C2, *Department of Anthropology, Arizona State University, Tempe, Arizona 85281, SAnalytical Genetic Testing
Center, Inc., Denver, Colorado 80231, **Department of Pathology, University of New Mexico, Albuquerque, New Mexico 87131,
T Diabetes and Arthritis Epidemiology Section, National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK),
Phoenix, Arizona 850 14, #Division of Host Factors, Center for Infectious Diseases, Centers for Disease Control,

Atlanta, Georgia 30333, and 8Department of Anthropology and Graduate Program in Genetics, Pennsylvania State University,

University Park, Pennsylvania 16802

Manuscript received April 19, 1991
Accepted for publication September 13, 1991

ABSTRACT

Mitochondrial DNAs (mtDNAs) from 167 American Indians including 87 Amerind-speakers
(Amerinds) and 80 Nadene-speakers (Nadene) were surveyed for sequence variation by detailed
restriction analysis. All Native American mtDNAs clustered into one of four distinct lineages, defined
by the restriction site variants: Hincll site loss at np 13,259, Alul site loss at np 5,176, 9-base pair (9-
bp) COII-tRNA™" intergenic deletion and Haelll site gain at np 663. The HincIl np 13,259 and Alul
np 5,176 lineages were observed exclusively in Amerinds and were shared by all such tribal groups
analyzed, thus demonstrating that North, Central and South American Amerinds originated from a
common ancestral genetic stock. The 9-bp deletion and Haelll np 663 lineages were found in both
the Amerinds and Nadene but the Nadene Haelll np 663 lineage had a unique sublineage defined
by an Rsal site loss at np 16,329. The amount of sequence variation accumulated in the Amerind
Hincll np 13,259 and Alul np 5,176 lineages and that in the Amerind portion of the Haelll np 663
lineage all gave divergence times in the order of 20,000 years before present. The divergence time
for the Nadene portion of the Haelll np 663 lineage was about 6,000-10,000 years. Hence, the
ancestral Nadene migrated from Asia independently and considerably more recently than the
progenitors of the Amerinds. The divergence times of both the Amerind and Nadene branches of
the COII-tRNA'* deletion lineage were intermediate between the Amerind and Nadene specific

lineages, raising the possibility of a third source of mtDNA in American Indians.

HE considerable cuitural diversity, linguistic
complexity (SPENCER et al. 1977) and biological
variation (NEEL 1978; NEEL and THOMPSON 1978;
SzATHMARY 1984) of Native Americans has been the
subject of much speculation. The observed diversity
has at times been attributed to multiple migrations of
Asiatic peoples to the Americas, a few migrations of
ethnically distinct peoples, or in situ differentiation of
ancestral Native Americans occurring after the initial
colonization of the New World (LAUGHLIN 1988;
SZATHMARY 1991). A recent hypothesis proposes that
three waves of migration populated the Americas
(WILLIAMS et al. 1985; GREENBERG, TURNER and ZE-
GURA 1986), corresponding to the tripartite division
of Native American languages [Amerind, Nadene and
Eskaleut] (GREENBERG 1987). However, the common
origin of the numerous Amerind languages and the
time depth required to develop this plurality of
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tongues is disputed (D1AMOND 1990; LEwIN 1990).

Estimates of the time of arrival of the first migrants
have also varied widely (MARSHALL 1990; MORELL
1990). Dating of skeletal remains and Clovis lithic
artifacts yield values of 13-14,000 years before pres-
ent (YBP) (TAYLOR et al. 1985; NELSON et al. 1986)
while archaeological studies have reported North and
South American sites which date to more than 33,000
YBP (GuiDON and DELIBRIAs 1986; DILLEHAY and
CoLLINS 1988), with the best North American sites
starting at 20,000-25,000 YBP (Apovasio et al.
1983).

To further investigate the populating of the Amer-
icas, we have examined the mtDNA variation of Na-
tive American populations. Because of its maternal
inheritance (GILES et al. 1980), the mtDNA accumu-
lates sequential mutations along radiating female lin-
eages. The high mutation rate of the mtDNA
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(BROWN, GEORGE and WILSON 1979; WALLACE ¢t al.
1987) permits discrimination between even closely
related populations. In previous studies of Amerind
mtDNAs, we reported that North, Central and South
American populations exhibited high frequencies of
the same set of rare Asian variants which suggested
that they derived from a common ancestral population
(WALLACE, GARRISON and KNOWLER 1985; SCHURR et
al. 1990). Because these mtDNAs represented only a
small subset of all haplotypes observed in Asia (JOHN-
SON et al. 1983; Horal, GOJOBORI and MATSUNAGA
1984; HorAI and MATSUNAGA 1986; HARIHARA,
Hirar and OMOTO 1986; CANN, STONEKING and WIL-
SON 1987; HARIHARA et al.. 1988; STONEKING et al.
1990; BALLINGER et al. 1992), we hypothesized that
all Amerinds derived from an Asiatic population
which experienced a dramatic reduction of its effec-
tive size and genetic variation before or during its
migration to the Americas. We now report a quanti-
tative analysis of mtDNA sequence variation for some
Nadene and Amerind tribes which indicates that these
two groups derived from distinct populations which
originated at very different times.

MATERIALS AND METHODS

Samples: Blood cells in the form of lymphoblasts, platelets
or bufty coats were obtained from 167 subjects including
80 Nadene and 87 Amerinds.' The Nadene were comprised
of 30 Dogrib (NW Canada), 48 Navajo (Arizona and New
Mexico) and 2 Tlingits (Alaska), and their bloods represent
a random sampling of individuals within each respective
tribal group. The Amerinds were comprised of 30 Pima
(Arizona), 1 Hopi (Arizona), 1 Pomo (California), 27 Maya
(Mexico} and 28 Ticuna (Brazil), The Pima and Ticuna
individuals from whom blood was taken were known to be
unrelated for at least three generations, whereas the Maya
represent 2 random sample of that tribal group.

The Dogrib, speakers of a northern Athapaskan lan-
guage, are the largest Indian group in the Canadian North-
west Territories. Their traditional subsistence economy was
based on hunting and fishing in the boreal forest and adja-
cent barrenlands. Aboriginally they were subdivided into
several regional bands, i.e., socioterritorial groups that
moved within particular regions for much of the year (HELM
1981). The bloods used in this study were obtained from
adult members of the Rae Band (SZATHMARY, RITENBAUGH
and GoobpBY 1987). In 1979 about 1600 people (75% of all
Dogrib) were members of this band. Although traditionally
nomadic, by 1960 the majority of the Rae Band had settled
into permanent communities located within regional band
areas. Consanguineal and affinal ties continue to link people
in different settlements. Accordingly the Dogrib form a
recognizable genetic unit among other Athapaskan-speak-
ers, as shown by genetic distance analyses (SZATHMARY
1983). The maximum European admixture in the group
was 8.7%, based on blood group, serum protein and red

! The Native American tribal groups termed “Amerinds” are the descend-
ants of the original migrants (i.e., Paleoindian-derived), not the migrant
group itself; this term is borrowed from the linguistic classificatory term
“Amerind” (GREENBERG 1987), to permit us to group the non-Nadene tribes.
By using “Amerind” we do not imply any agreement or disagreement with
linguistic issues surrounding the term.

cell enzyme genes (SZATHMARY, FERRELL and GERSHOWITZ
1983).

The Navajo are southern Athapaskans who are closely
related genetically (SzZaATHMARY 1983) and linguistically to
the northern Athapaskan Indians living in Alaska and Can-
ada. Their ancestors were hunting-gathering people from
northwestern Canada who migrated to the southwest US
after 1000 AD (HASkeLL 1987). Having increased to the
present 150,000 from a total of no more than 15,000 people
in 1868 (SPENCER ¢t al. 1977), the Navajo are now dispersed
throughout the 30,000 square mile reservation in relatively
isolated family units (WILLIAMS et al. 1981; TROUP et al.
1982). The bloods analyzed in this study represent two
segments of the population, a northern one centered at the
Public Health Service Indian Hospital in Keams Canyon,
Arizona, in which Caucasian admixture was estimated at
1.1% (WiLL1AMS et al. 1981; 1985), and a southern one
based in Albuquerque, New Mexico, where individuals from
a wider region of the reservation were sampled and Cauca-
sian admixture was estimated at 5.0% (TROUP et al. 1982).

The Pima of southwestern Arizona are descendants of
the Hohokam who migrated north from northwestern Mex-
ico around 300 B.C., and belong to the Uto-Aztecan lan-
guage family which includes the Papago, Hopi and several
northern Mexican tribes (MATSON et al. 1968; HAURY 1976).
Upon entering and settling the area, they are believed not
to have intermingled with the Puebloan peoples who already
occupied the region, but may have mixed considerably with
other Southwest Indians (MATSON et al. 1968). In 1977, the
Pima numbered some 8,000 people (SPENCER et al. 1977).
Gm allotype studies indicated that Caucasian admixture in
the Pima was 1.0% (WILLIAMS et al. 1985, 1986). Bloods
were collected at the Gila River Indian Community in
Sacaton, Arizona, by the NIDDK as part of a diabetes study
(KNOWLER et al. 1978).

The lowland Maya occupy parts of Mexico, Guatemala
and Honduras, and are known to have inhabited the area
continuously for at least 5,000 years (MACNEISH 1983).
Blood samples were drawn from individuals living in an
isolated village in the central Yucatan Peninsula. Because of
the small size and remoteness of the village, most of its
inhabitants were related at least at the second cousin level,
however, only one member per family cluster was analyzed
in this study. These people speak Yucatec, one of many
Maya languages belonging to the Mexican Penutian
subgroup {(GREENBERG 1987). An analysis of blood types
and serum proteins in nearby villages revealed approxi-
mately 10% European admixture in this population (our
unpublished data).

The Ticuna are a linguistically distinct and geographically
isolated tribe living in the Amazonian rain forest of western
Brazil (MESTRINER, SIMOES and SaLzaNo 1980; NEEL et al.
1980). A study of blood group markers indicated only 2.2%
non-native admixture in this tribe (NEEL et al. 1980). Since
1942 the Brazilian Ticuna population has increased from
2,000 to 11,000 persons (SALZANO, CALLEGARI-JACQUES and
NEEL 1980), and this recent rapid population growth has
been accompanied by migrations from jungle to river settle-
ments (LAWRENCE, BODMER and BODMER 1980; NEEL ¢t al.
1980; SarLzaNoO, CALLEGARI-JACQUES and NEEL 1980).
Blood samples were taken from individuals living in three
villages located along the Rio Solimoes (LAWRENCE, BODMER
and BOoDMER 1980).

For convenience, in some of our analyses we have
grouped populations linguistically. Thus, the Amerinds in-
clude the Pima, Maya, Ticuna, Pomo and Hopi, and the
Nadene include the Dogrib, Tlingit and Navajo.

Methods: mtDNAs were extracted from blood cells using
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procedures in SCHURR et al. 1990 or a modification of those.

In the modified method, buffy coats or platelet pellets were el eee eeemem

incubated in a 500-ul digestion solution containing 100 mM ol °°e° ceee~mer-
NaCl, 10 mM Tris-Cl, pH 7.4, 5 mm Na;EDTA, pH 8.0, ¥®| eoo oooome
0.5% sodium dodecyl sulfate, and 500 ug/ml proteinase K, ¥ ©oc oooocwnwmn
at 55° for 10-16 hr, mixed with 250 ul cold 5 M KOAc +vo| coco ocococoww
with vigorous shaking for 5 min, then incubated at 0° for «n| coo coco~—
10 min, and the lysed cell debris pelleted through microcen- vw| coo comowmn
trifugation. The supernatant was then twice extracted with

phenol-chloroform, and genomic DNA within the aqueous vo| coo cocomon

phase ethanol precipitated.

All mtDNAs were polymerase chain reaction (PCR) am- T eee ooeene

plified (SAIK ez al. 1985) in nine overlapping segments which T eee eecead
encompassed the entire mtDNA genome (APPENDIX A). Each Ol oe° eocomm
PCR segment was independently digested with 14 restric- ool oo e~mece~
tion endonucleases (Alul, Avall, Ddel, Haelll, Hhal, Hinfl, mw| cocO ©o~ooo~
Hpal, Hpall, Mbol, Rsal, Taql, BamHI, Haell, Hincll), and | eoo owooo.
the resulting fragments resolved by electrophoresis in 1.0- wo| coo cooO =~
2.5% NuSieve + 1.0% SeaKem agarose (FMC BioProducts) wwe] coco ocwmoocon
gels and detected by ethidium bromide fluorescence. The we| coo oc—mcoom
fragments observed for each PCR segment were restriction wol coo oSmooo—

mapped by the sequence comparison method (JOHNSON et
al. 1983; CANN, BROWN and WILSON 1984), the composite

0 O oo oO=mocoo~

11 np 663 site gain. Further analysis of the putative Alul site gain at np 13,245 that was
where an A — G transition simultaneously destroys the Hincll site and creates the new

. . . . o0~ (=== coco=o~
restriction maps of these sets of segments representing in- 3
dividual haplotypes is given in APPENDIX B. The distribution £ wep eee eeo—e-
N 3 3 @
?nd frequency of haplotypes among tribal groups is shown g ol Sso Ssooo=
in Table 1. < o coo~o
. . . o oo — -
Sequence divergences: Mean intra- and intergroup se- 2 °°
. . H ’ «
quence dlvqrgence§ were estimated with NEr and TAJIMA’s by ae| coo —~cocoo-
(1983) maximum likelihood procedure using the computer g
. . . le-] o™N© oo CSONOC OO
program DREST (graciously provided by L. Jin). This pro- & o cmocoo
. . . o™ — —
cedure considers the ratio of shared sites to the total number Za: i
. — — —
of sites between two haplotypes, and the mean length of the - KT eee emeee
restriction enzyme recognition sequences to calculate an = S | [T ©°° ceseceew
initial estimate of = (the probability that the two mtDNAs 2 E gl ©o0 o~ooo~
have different nucleotides at a given nucleotide position). B E |8|n~| ooo ococo-o~
Using this initial estimate, = is solved iteratively using equa- 2 Floo| cocec o-ococe—p
tion 28 and the sequence divergence (8) is estimated by §: <] coco omococo—
equation 21 (NEI and Tajima 1983). B lElew| coe coccoon
) oY . 5 |2
Sequence divergence values within and among the tribal 2 | Elan] con coccoco~
groups are presented in Table 2. Divergence values shown g
: N A . = —~w0| conN CcococOoN
in standard type represent interpopulational comparisors, <
those underlined represent intrapopulational comparisons, z mep een eeeeens
and those in bold type represent interpopulation diver- F Y een eccocow

gences corrected for intrapopulational variation, § = 8., — o) @9n owowog
0.5(3. + §,), where o, is the mean pairwise divergence be-
tween individuals within a single population (X), 4, is the

corresponding value for a second population (Y¥), and 8,, is | eee ecemen
the mean pairwise divergence between individuals belong- —mf °e° Soo—o-
ing to the two different populations (X and ¥) (NE1 and —o| ooo Sooo~o~
TajMa 1983). The Tlingit, Hopi and Pomo samples were o| mow coomom
too small in number to be used as separate units for diver-
gence calculations among tribal groups, but were included *l °°° eeeom~
in estimates of overall Nadene and Amerind divergences. Tl =SS eseenm
Phylogenetic analysis: The evolutionary relationships el mee oooeon~
A

among the 50 Native American haplotypes were inferred
using parsimony analysis (PAUP 3.0m; SwOFFORD 1989).
All but two haplotypes (28 and 29) segregated into four well
defined clusters, A, B, C and D, each of which was delineated
by a distinctive genetic marker (Table 1; Figure 1). The
dendrogram presented in Figure 1 is rooted from HYP- Zmo eoceweg
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Of the Amerind samples characterized in SCHURR et al. (1990), 27 of the 37 Maya, 28 of the 31 Ticuna, and 20 of the 31 Pima were more extensively restriction mapped in this study. Eleven new Pima stock
mtDNAs replaced the other original 11 which were exhausted in the previous analysis. To correlate the haplotypes in SCHURR et al. (1990) with those in this study: AM1 = cluster D haplotypes; AM2, AM3 and

AMS5 = cluster B haplotypes, with AM4 excluded to be reanalyzed; AM6-9 = cluster A haplotypes; and AM10, AM12-14 = cluster C haplotypes, with AM11 excluded because of insufficient mtDNA to complete

the restriction mapping; haplotype 28 is an AM6 mtDNA which subsequent restriction mapping showed not to have the Hael
previously linked to the Hincll site loss at np 13,259 [morph-6] (SCHURR et al. 1990) repositioned the mutation at np 13,263,

o™
ANC, “hypothetical ancestor a” (CANN, STONEKING and &
WiLsoN 1987), and is 77 mutational steps in length with a =z Y2 "R7K&S S
consistency index of 0.833. When mtDNA haplotypes from c - &
modern Africans (our unpublished data) were substituted gl 2=0g o . & g
from HYPANC and used as outgroup, the branching order ElE2&2S EEEESE- G
did not change. This dendrogram represents a tree gener- §- E Aakz E TRa=k E g

ated by the subtree pruning and regrafting (SPR) branch
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TABLE 2

mtDNA divergences of Amerinds and Nadene

Population Dogrib Navajo Pima Maya Ticuna Nadene Amerinds
Dogrib 1.6+1.5 5.2% 3.5 13.3+£6.5 8.0 4.7 174+ 74
Navajo 1.3%0.9 6.2+38 13.2+6.3 9.0+ 5.0 1729273
Pima 6.0+28 3614 13.0+6.0 149 + 6.8 16.8 £ 7.3
Maya 2014 0.7%0.3 3.2%13 10.4 + 5.1 179+75
Ticuna 9.7 * 3.6 58+23 34%1.2 58+1.9 13.8 £6.2
Nadene 50=*33 13.3+6.3
Amerinds 3313 151+6.7

_ Intrapopulation divergences are along the diagonal (underlined), interpopulation divergence above the diagonal in standard type, and
interpopulation divergences corrected for intrapopulation variation (NEI and TajiMA 1983) below the diagonal in bold type. Divergence
values and standard errors are presented X10*. The Nadene include 2 Thingit, and the Amerinds include 1 Hopi and 1 Pomo.
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FIGURE ].—A phylogenetic tree of 50 Native American mtDNA
haplotypes, A, B, C and D indicate the four haplotype clusters or
lineages, with the key below the dendrogram indicating the char-
acteristic mutation of each one. The numbers at the end of each
branch refer to distinct mtDNA haplotypes, with black circles
indicating those present in Amerinds, white circles those present in
Nadene, grey circles those present in both groups, and “HYPANC”
the hypothetical ancestor. Individual branch lengths are propor-
tional to the number of mutational steps between haplotypes.

swapping method. Although no shorter trees were found,
they could exist and the number of trees equal in length to
Figure 1 is probably large.

Bootstrap analysis of the branching order of the dendro-
gram was also performed. However, most American Native
haplotypes are separated by a few site differences. Hence,
the resampling of haplotypes for tree-building did not create
enough definition in the branching order of all trees to
permit a statistically significant test of their relationships
and the analysis could not be completed unless the MUL-
PARS (multiple parsimony) option was turned off. This
meant that branch swapping was carried out on only one
randomly chosen tree of minimum length at each resam-
pling of the data. Nevertheless, given this reduced level of
robustness of testing, 100 bootstrap replications produced
a consensus tree nearly identical to Figure 1 with a consist-
ency index of 0.844 and a length of 77 mutational steps.
The major internal nodes distinguishing each cluster were
present in 63-78% of the trees generated. Hence, even
though no statistically significant level of association of
haplotypes could be obtained, the bootstrap analysis sup-
ported the segregation of mtDNAs into the observed clus-
ters.

Intragroup sequence divergence for each cluster were
calculated according to NEI and TAJIMA (1983). Divergence
times for each group were estimated using a mtDNA evo-
lutionary rate of 2.0-4.0% per million years (MYR), a range
which encompasses most estimates of the average mtDNA
evolution rate? (BROWN 1980; MIYATA ef al. 1982; STONE-
KING, BHATIA and WILSON 1986; CANN, STONEKING and
WILSON 1987; WALLACE et al. 1987; STONEKING et al. 1990)
(Table 3).

RESULTS

Restriction analysis: A total of 67 polymorphic
sites and the 9-base pair (9-bp) COII/tRNA™"® inter-
genic deletion (CANN and WILSON 1983; HORAI and
MATSUNAGA 1986; WRISCHNIK et al. 1987; HERTZ-
BERG ¢t al. 1989; SCHURR et al. 1990) were observed
in this analysis. These defined 50 haplotypes (Table

2 For the mtDNA coding regions, WALLACE et al. (1987) estimated a
replacement mutation rate of about 1.8 X 1079 substitutions/site/year (S5Y),
or 0.18%/myr, and a synonymous mutation rate of about 32.3 X 107° SSY,
or 3.2%/myr. The non-coding D-loop sequence, which represents approxi-
mately 7.0% of the total mitochondrial genome, evolves much faster, about
8.4%/myr (GREENBERG, NEWBORD and SUGINO 1983; VIGILANT et al. 1989;
Horar and HAYAsSAKA 1990).
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TABLE 3

Sequence divergence (SD) and divergence time (DT) of Native
American mtDNA haplotype clusters

Cluster Population n N SD(x10% DT (YBP)
A Amerinds 10 21 7.1 £4.2 17,750-35,500
Nadene 4 60 2.1+2.0 5,250-10,500
B Amerinds 10 22 3.7+£3.0 9,250-18,500
Nadene (Navajo) 6 18 3.2%25 8,000-16,000
C Amerinds 14 26 10.2 £5.2 25,500-51,000
D Amerinds 7 17 7.3x4.2 18,250-36,500

For each population, n = the number of haplotypes in each
cluster; N = the total number of mtDNAs observed in each cluster;
SD = sequence divergence presented X10% and DT = divergence
time in YBP calculated by using the evolutionary rate of 2-4%/
myr. If all cluster B haplotypes are considered to have derived from
a single migration and are pooled together, the corresponding
values are: n = 15; N = 40; SD = 3.8 + 3.0; and DT = 9,500-
19,000 YBP.

1). The 14 restriction endonucleases used in this sur-
vey screened an average of 373 sites/genome or over
10% of the mtDNA sequence per individual.

Genetic variation within Native American popu-
Iations: Intra- and intergroup sequence divergences
divide the populations into two groups that parallel
the postulated linguistic divisions (Table 2). The mean
intragroup divergence value for the Nadene is
0.050%, while that of the Amerinds is three times
higher at 0.151%. This result confirms the general
genetic cohesiveness of the Nadene observed in other
studies (SZATHMARY and OSSENBERG 1978; SzATH-
MARY 1979, 1983; WILLIAMS et al. 1985) and suggests
that the Amerinds have radiated longer than the
Nadene.

Within the Nadene, the intragroup divergence of
the Navajo is much higher (0.062%) than that of the
Dogrib (0.016%) (Table 2). This difference results
from 37.5% of the Navajo having haplotypes associ-
ated with the 9-bp deletion which is not seen in those
of the Dogrib or Tlingits. In fact, 6 out of the 10
Navajo haplotypes (haplotypes 13-18) are associated
with the 9-bp deletion. However, all non-deletion
haplotypes observed in the Navajo (1, 5 and 9) are
shared with the Dogrib and Tlingits (Table 1).

Among the Amerinds, the Pima and Ticuna have
similar intragroup divergences (0.132-0.138%)
whereas the Maya are somewhat less divergent
(0.104%).

The interpopulational divergence values revealed
intriguing relationships between tribal groups. The
South American Ticuna have similarly high diver-
gence values relative to both the Nadene and the
other Amerind groups (0.168-0.179%). The Pima
also have similar divergence values relative to all other
groups analyzed (0.132-0.168%), although they are
less divergent from the Navajo and Dogrib than are
the Ticuna. On the other hand, the Maya appear to

be closer to the Nadene (0.080-0.090%) than they
are to the Pima (0.149%) and Ticuna (0.179%). The
reduced divergence between the Maya and the Na-
dene groups is primarily due to their sharing haplo-
type 1. This haplotype was present in 38.8% of the
Nadene and 18.5% of the Maya but is not found in
either the Pima or the Ticuna. This result could be
explained by either gene flow from the Nadene to
some Amerind populations, the loss of haplotype 1 in
the Pima and Ticuna or admixture with a third mi-
gratory group.

Evolutionary relationships: Analysis of the phylo-
genetic relationships among Native American haplo-
types revealed four well-defined mtDNA lineages,’
designated clusters A-D (Figure 1)

The haplotypes in cluster A are associated with the
Haelll np 663 site. This site has previously been
observed at low frequencies in mtDN As of East Asians
[Han Chinese and Koreans (BALLINGER et al. 1992)]
and Chicanos* (CANN, STONEKING and WILSON 1987).
Cluster A is divided into two subclusters radiating
from haplotypes 1 and 9. Haplotype 1 was found in
38.8% of the Nadene, 18.5% of the Maya and 5.0%
of Taiwanese Han (haplotype 56 in the Asian phylo-
geny of BALLINGER et al. 1992). Haplotype 9 differs
from haplotype 1 by the presence of a Haelll np
16,517 site and was detected in 8.8% of the Nadene,
7.4% of the Maya, 7.1% of the Ticuna. This haplotype
is only one mutational step away from the Asian
haplotypes 28 and 103 found in 7.7% of Koreans,
7.1% of Han Chinese and 5.0% of Taiwanese Han
(BALLINGER et al. 1992). Therefore, haplotypes 1 and
9 are likely to have been the founding haplotypes of
this lineage since they are nodal within the cluster,
the most prevalent cluster A haplotypes in both the
Nadene and Amerinds and the only ones found in
Asia. Within cluster A two haplotypes, 5 and 6, have
lost the Rsal np 16,329 site, a polymorphism not
previously observed. This mutation occurs in all Na-
dene populations examined (50.0% of the Tlingits,
26.7% of the Dogrib, and 27.1% of the Navajo), but
not in Amerinds. Therefore, the Rsal np 16,329 site
loss appears to be a specific genetic marker for the
Nadene.

The haplotypes in Cluster B are defined by the 9-
bp deletion. The Haelll site gain at np 16,517 was
always found in association with the deletion. Deleted
mtDNAs were observed in 24.0% of the Native Amer-
ican mtDNAs analyzed, with haplotype 13 represent-
ing 52.5% of the mtDNAs within the cluster. This

® When using the term “lineage” and “haplotype,” we define “lineage” as
a set of mtDNAs related to each other by shared common and unique
mutations not observed in other mtDNAs. We define “haplotype” as a distinct
association of restriction endonuclease site polymorphisms for 14 enzymes
within one mtDNA genome.

* The occurrence of the Haelll np 663 site in Chicano mtDNAs (CANN,
STONEKING and WILSON 1987) indicates Native American admixture in this
population; for this reason it cannot be considered a “Caucasian” marker.
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haplotype is also positioned at the node of the cluster,
is the only one of the Amerindian deleted haplotypes
which is found in East Asians [2.9-7.1% (haplotype
54 in BALLINGER et al. 1992)], and is the only cluster
B haplotype shared by more than one population
(Navajo, Pima and Maya). Consequently, haplotype
13 is the most likely ancestral mtDNA of this cluster.

The haplotypes of cluster C are characterized by an
A to G transition at np 13,263 which simultaneously
eliminates a Hincll site at np 13,259 and creates an
Alul site at np 13,262 (morph-6, WALLACE, GARRISON
and KNOWLER 1985; SCHURR et al. 1990). This mu-
tation was always found in association with a Ddel site
gain at np 10,394 and an Alul site gain at np 10,397.
Haplotypes within this cluster are absent from the
Nadene but are present in all three Amerind groups
(43.3% of the Pima, 14.8% of the Maya and 32.1%
of the Ticuna) at an overall frequency of 29.9%. This
mutation is also found at low frequencies in Asian
mtDNAs, being observed in 1.8% of Japanese (HORATI,
GOjoBORI and MATSUNAGA 1984), 1.6% of Orientals
(BLANC et al. 1983) and 1 out of 153 East Asians (the
only population samples analyzed with the same set of
enzymes, BALLINGER et al. 1992). The phylogenetic
analysis indicated haplotype 43 as being central to the
radiation of the cluster, and since this haplotype is
identical to the one observed in East Asians (haplotype
65) it is likely to be the founding mtDNA for this
lineage.

The haplotypes of cluster D are distinguished by a
loss of the Alul site at np 5,176 and this mutation is
virtually always associated with the Ddel np 10,394
and Alul np 10,397 site gains. Haplotypes within this
cluster are found exclusively among the Amerinds
(Pomo, Maya, Ticuna), comprising 19.5% of the sam-
ples analyzed. This mutation has also been observed
in mtDNAs of 23.1% of Koreans, 14.3% of Chinese
Han and 10.0% of Taiwanese Han (BALLINGER ¢t al.
1992). The phylogenetic analysis positioned haplotype
44 at the node of cluster D. This haplotype is the only
one shared by two tribal groups (Pomo and Ticuna)
and is only a single mutational step away from Asian
haplotype 25 of BALLINGER et al. 1992. Hence, it is
probably the founding haplotype of this lineage.

Caucasian admixture: Haplotypes 28 and 29 of the
Maya and the Navajo, respectively, lack characteristic
Native American mutations and do not cluster in any
of the four Native American lineages (Figure 1). Hap-
lotype 28 has an Alul site loss at np 7,025 found
predominantly in Caucasian mtDNAs (ANDERSON et
al. 1981; CANN, STONEKING and WILSON 1987; SHOFF-
NER ¢f al. 1990; BROWN et al. 1992), and haplotype
29 has a Ddel site loss at np 1,715 found in about 10%
of Caucasian mtDNAs (SHOFFNER ¢t al. 1990; BROWN
et al. 1992). Consequently, these haplotypes were
probably introduced by European admixture.

DISCUSSION

Native American mtDNA markers: Our analysis
shows that all Native American mtDNAs are charac-
terized by one of the four following mutations: Haelll
np 663 site gain; 9-bp deletion; Hincll np 13,259 site
loss/Alul np 13,262 site gain; and Alul np 5,176 site
loss. All of these mutations have been observed at
much lower frequencies in Asians (HORAI, GOJOBORI
and MATSUNAGA 1984; HARIHARA, HIRAI and OMOTO
1986; HoORAl and MATSUNAGA 1986; CANN,
STONEKING and WILSON 1987; HARIHARA ¢t al. 1988;
STONEKING et al. 1990; BALLINGER et al. 1992). The
first three of these mutations have not been observed
in Africans and Caucasians, whereas the latter has
been observed at low frequency in Africans but not
in association with the Ddel np 10,394 and Alul np
10,397 site gains as observed in Amerind cluster D
haplotypes (CANN, STONEKING and WILSON 1987,
BROWN et al. 1992; A. TORRONI, unpublished data).
Hence, these are highly informative genetic markers
which can be used to confirm American Indian ad-
mixture in other American ethnic groups.

Founding haplotypes: This study suggests that only
five haplotypes (1, 9, 13, 43 and 44) founded the
Amerinds, whereas only two or three of these (1, 9
and 13) founded the Nadene. In general, these are
the most prevalent among the populations, are shared
between different tribes, are the only ones also de-
tected in Asians, and are positioned at the nodes of
the phylogenetic haplotype clusters. Except for the
nodal haplotypes and Nadene haplotype 5, all other
mtDNA haplotypes are present at low frequencies and
are tribal specific (“private polymorphisms”; NEEL
1978), suggesting that they developed in situ in the
Americas after the initial radiation of the founding
population/s in the Americas or in Siberia.

Genetic divergence times: Calculations of intra-
cluster divergences yielded similarly high values for
Amerind clusters C and D (0.102% and 0.073%;
Table 3). Likewise, the divergence value for the clus-
ter A haplotypes in the Amerinds was 0.071% which
is essentially identical to that calculated for cluster D.
The sequence divergence of the Nadene cluster A was
much lower than the Amerind specific clusters, being
only 0.021%. The overall divergence of the cluster B
deletion haplotypes in Navajo, Pima and Maya, was of
0.038% and independent cluster B calculations for
the Navajo and Amerinds gave very similar values of
0.032% and 0.037%, respectively. Hence, the diver-
gence of cluster B haplotypes is intermediate between
the Amerind and Nadene specific lineages.

The similarity of the sequence divergences of the
Amerind clusters A, C and D suggests that these were
the founding lineages of the Paleoindians. Using the
weighted mean value of 0.084%, the Amerind
mtDNA lineages are estimated to have begun radiat-
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ing between 21,000-42,000 YBP. If most of this
radiation occurred after entry into the Americas, this
time range would suggest that the Americas were
colonized before the dates associated with the oldest
Paleoindian skeletal remains (14,000 YBP) and Clovis
lithic artifacts (11,500 YBP), and would be consistent
with the estimated ages of the oldest American ar-
chaeological sites (35,000 YBP).

The Nadene clusters A and B (Table 3) show a
much more limited divergence (0.021% and 0.032%)
than the Amerind clusters A, C and D. If both these
lineages observed in modern Nadene were present in
the founding Nadene, then the radiation time of the
Nadene would fall into the range of 5,250-16,000
YBP.

However, the only mtDNA lineage shared by all
Nadene tribes is cluster A. The overall Nadene cluster
A divergence is 0.021%, much lower than that of
cluster A in the Amerinds. Since the founder cluster
A haplotypes must have predated the Nadene radia-
tion, this implies that the Nadene became genetically
distinct about 5,250-10,500 YBP. These estimates of
the age of the Nadene lineages are concordant with
the 9,000 YBP date calculated from glottochronol-
ogical analyses of Nadene linguistic diversification
(GREENBERG, TURNER and ZEGURA 1986).

The relationship of cluster B to the Nadene and
Amerinds is unclear. Cluster B haplotypes are present
in 37.5% of the Navajo, 50.0% of the Pima and 22.2%
of the Maya but are absent within the Dogrib and the
Ticuna. Moreover, the divergence of cluster B hap-
lotypes is greater than the rest of the Nadene and
lower than the rest of the Amerind lineages.

The presence of cluster B haplotypes in the Navajo
but not in the Dogrib could have occurred in three
ways: deletion haplotypes could have been part of the
original Nadene genetic stock and then lost by the
Dogrib and the Tlingit through genetic drift; they
could have been acquired by the Nadene through
admixture of their ancestors with the Amerinds; or
they could have arrived in an independent migration
and mixed with both Nadene and Amerinds.

The first explanation would require that the Dogrib
lost all deletion haplotypes without losing any of the
nondeletion haplotypes (1, 5 and 9) which they share
with the Navajo.

The second possibility is that the Navajo acquired
the deletion haplotypes by admixture with Amerinds.
This is more probable than the first hypothesis since
the ancestors of the Navajo are believed to have
separated from other northern Athapaskan peoples
and migrated south in small familial groups through
regions exclusively inhabited by Amerinds about 1000
A.D. (HAskeLL 1987). After their movement into
what is now north-central New Mexico, the Navajo
became semisedentary and mixed both genetically and

culturally with Puebloan Indians, borrowing both ag-
ricultural practices and ceremonial rituals (SPENCER e¢
al. 1977). Their genetic admixture with surrounding
peoples has also been confirmed by the presence of
Albumin variants specific to southern Native Ameri-
cans (Albumin Mexico; SCHELL and BLUMBERG 1988).
However, this scenario does not explain how the Na-
vajo acquired deletion haplotypes from the Amerinds
without obtaining any haplotypes from Amerind clus-
ters C and D (Table 1, Figure 1). Similarly, the limited
amount of divergence observed for Amerind cluster
B haplotypes (0.037%) can not be reconciled with the
higher divergence values determined for the other
Amerind clusters.

The third alternative is that the cluster B haplotypes
arrived in the Americas in a separate migration that
was intermediate between those of the Paleoindians
and ancestral Nadene. As this migration moved south,
perhaps along the continental divide, it would have
mixed with some Amerind tribes. The subsequent
arrival and limited southward expansion by the an-
cient Nadene would explain the preferential admix-
ture of the deletion haplotype in the Nadene and the
similar and intermediate divergence of cluster B hap-
lotypes in both modern Nadene and Amerinds. Inter-
estingly enough, in Asia the frequency of mtDNAs
characterized by the 9-bp deletion reaches its highest
value in coastal populations (BALLINGER et al. 1992)
and deletion mtDNAs were virtually the only ones
present in the migratory groups of Asian ancestry that
began to colonize Polynesia around 5,000 YBP
(HERTZBERG et al. 1989). Hence this could have been
a separate migration. Clearly, further clarification of
the origin and migrations of American Indian mt-
DNAs will require characterization of the nature and
frequency of these mtDNA lineages in Asia, Siberia
and the Pacific.
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APPENDIX A

Oligonucleotide primers for PCR amplifications of
Native American mtDNAs are shown in Table 4.

TABLE 4

Oligonucleotide primers for PCR amplifications of Native
American mtDNAs

Primer coordinates Tu (°C) Segment size (bp)
1562-1581, 3717-3701 51 2155
3007-3023, 5917-5898 55 2910
5317-5333, 7608-7588 57 2291
7392-7410, 8921-8902 57 1529
8282-8305, 10107-10088 57 1825
9911-9932, 11873-11851 69 1962

11673-11691, 13950-13932 57 2277
13914-13930, 16547-16527 47 2633
16453-16472, 1696-1677 61 1812

Primer pair are numbered according to ANDERSON et al. (1981),
with the 5" —» 3" coordinates before the comma corresponding to
the forward primer and those after the comma to the reverse
primer. The Ty used for annealing was the lowest for the primer
pair as calculated from the nucleotide sequence of each primer,
where Tu=4(C+ G) + 2(T + A) — 5°. All primers were synthesized
at the Emory University Microchemical Facility.

APPENDIX B

Figure 2 shows the polymorphic restriction sites
observed in Native American mtDNA haplotypes.






