
Am. J. Hum. Genet. 60:772-789, 1997

Archaic African and Asian Lineages in the Genetic Ancestry of
Modern Humans
Rosalind M. Harding,' S. M. Fullerton,',* R. C. Griffiths,2 Jacquelyn Bond,',**
Martin J. Cox,l *** Julie A. Schneider,' Danielle S. Moulin,1 and J. B. Clegg'
'MRC Molecular Haematology Unit, Institute of Molecular Medicine, John Radcliffe Hospital, Oxford; and 2Department of Mathematics,
Monash University, Clayton, Australia

Summary
A 3-kb region encompassing the P-globin gene has been
analyzed for allefic sequence polymorphism in nine popu-
lations from Africa, Asia, and Europe. A unique gene tree
was constructed from 326 sequences of 349 in the total
sample. New maximum-likelihood methods for analyzing
gene trees on the basis of coalescence theory have been
used. The most recent common ancestor of the P-globin
gene tree is a sequence found only in Africa and estimated
to have arisen -800,000 years ago. There is no evidence
for an exponential expansion out of a bottlenecked found-
ing population, and an effective population size of
10,000 has been maintained. Modest differences in levels

of P-globin diversity between Africa and Asia are better
explained by greater African effective population size than
by greater time depth. There may have been a reduction
of Asian effective population size in recent evolutionary
history. Characteristically Asian ancestry is estimated to
be older than 200,000 years, suggesting that the ancestral
hominid population at this time was widely dispersed
across Africa and Asia. Patterns of P-globin diversity sug-
gest extensive worldwide late Pleistocene gene flow and
are not easily reconciled with a unidirectional migration
out of Africa 100,000 years ago and total replacement of
archaic populations in Asia.

Introduction
Many types of DNA polymorphism have been used to
examine human evolutionary history, and phylogenetic
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methods provide one way of analyzing these data
(Brookfield 1994). Alternatively, population genetic
analyses for inferences on coalescent time depth (Ruvolo
et al. 1993) and on demographic history (Harpending
et al. 1993; Sherry et al. 1994) have become popular,
with the accumulation of sequence data, initially from
the highly variable mtDNA D-loop (Vigilant et al.
1991). Coalescence times have also been estimated for
Y chromosome sequences, which, like mtDNA, are hap-
loid (Dorit et al. 1995; Hammer 1995). The assembly
of sequence data from the diploid nuclear genome for
population genetic studies is a more formidable task.
Here, we present and analyze the first extensive survey
of allelic sequence variation for a single copy gene at a
nuclear autosomal locus, a 3-kb region on chromosome
11 encompassing the P-globin gene, introns, and flank-
ing sequences. More than 1 Mb of DNA have been se-
quenced to determine 349 alleles, sampled from nine
populations in Africa, Asia, and Europe.
The ,B-globin locus was chosen for these molecular

and population genetic analyses to take advantage of
the great deal that is already known about its structure
and variability. These studies have been motivated by
functional variation at the P-globin locus, causing a vari-
ety of hemoglobinopathies, including HbS, HbC, HbE,
and the thalassemias (Weatherall and Clegg 1981; Orkin
and Kazazian 1984). Frequencies of these alleles are ele-
vated where falciparum malaria is endemic, because of
the selective advantage conferred on heterozygous geno-
types (Haldane 1948; Allison 1954). Geographic distri-
butions of these polymorphisms and of their back-
ground haplotypes for the 30-kb P-globin complex
suggests that malarial selection is evolutionarily recent,
estimated at <10,000 years by Flint et al. (1993).
The primary difficulty in determining sequence alleles

at autosomal loci is diploidy. To overcome this problem,
a technique of allele-specific amplification was devel-
oped for a study of P-globin polymorphism in the Mel-
anesian population of Vanuatu by Fullerton et al.
(1994). They reported an average age of sequence diver-
gence of 450,000 years, consistent with a total coales-
cence time of 900,000 years. This estimate is approxi-
mately fourfold greater than the time depth for mtDNA,
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in line with expectations for an autosomal locus assum-
ing neutrality (Takahata 1995). A recombination hot
spot between the &-globin and P-globin genes (Antonar-
akis et al. 1982) was found to elevate haplotype diversity
substantially in the 5' flanking region of the P-globin
gene but to have no significant effect on numbers of
haplotypes in either the gene or 3' flanking sequence.
These findings encouraged us to consider using methods
developed in application to the mtDNA genome for esti-
mating the time to the most recent common ancestor
(TMRCA) of P-globin diversity, assuming neutrality and
an infinitely-many-sites mutation model (Griffiths and
Tavare 1994a). Our expectation of a greater coalescence
time for diversity from P-globin compared with that
from mtDNA suggested that a detailed analysis of 0-
globin would permit a more informative study of the
ancestors of modern humans in the middle to late Pleis-
tocene period.

Material and Methods

We examined nucleotide and haplotype polymor-
phism in the same 3-kb region encompassing the P-glo-
bin gene as studied by Fullerton et al. (1994), for an
additional eight populations. Sequence haplotypes from
349 chromosomes are presented in the appendix. There
are four groups of sequence haplotypes identified as A,
B, C and D, and related to the RFLP frameworks, I, II,
III-Asian, and III, respectively, defined by Orkin et al.
(1982). After sequencing the diploid genotype, linkage
relationships in all compound heterozygotes represented
in table AlA were determined by sequencing individual
alleles specifically amplified by the amplification refrac-
tory mutation system (Newton et al. 1989). Because only
small quantities of DNA were available for the samples
in table AiB, haplotypes were inferred using linkage
information from table Al after diploid sequencing.
We included 61 chromosomes from the Melanesian

inhabitants of the islands of Espiritu Santo and Maewo
in Vanuatu (VAN) from the study by Fullerton et al.
(1994). A second Melanesian population is represented
by 24 chromosomes from the Southern Highlands of
Papua New Guinea (PNG). A Southeast Asian sample
of 41 chromosomes is from Palembang, Sumatra, Indo-
nesia (SUM). All of these DNA samples were collected
during the course of ongoing surveys for a- and fP-thalas-
semia. The 31 Gambian (GAM) chromosomes derive
from immunological studies of host resistance to ma-
laria. Forty-six chromosomes from Oxfordshire, En-
gland (UK), were obtained from DNAs collected for a
study of blood pressure and hypertension. Forty-eight
chromosomes from the Nuu-Chah-Nulth Amerindians
of the Pacific Northwest of the United States (NCN) are
from a set previously analyzed for mtDNA polymor-
phisms (Ward et al. 1991). Data for 96 chromosomes

from another three populations were included to add
detail to an emerging pattern of haplotype distribution
that contrasts Asia with Africa. There are 24 from Mon-
golia (M), 24 from the Biaka Pygmies of the Central
African Republic (CAR), and 48 from the Luo of Kenya
(KEN). The Luo moved into the Nyanza region of Kenya
within the last 200 years, having migrated down the
Nile River valley out of an area in what is now Sudan
-3000 years ago (Newman 1995). The African samples
used in this study represent three major sub-Saharan
areas, west (GAM), central (CAR), and northeast
(KEN).
New methods using a coalescent model for the ances-

tral history of a sample of genes (Kingman 1982a,
1982b, 1982c) were used to infer the time scale of the
origin and evolution of polymorphic variation in a 2.67-
kb region encompassing ,3-globin. In this model, unique
mutations are supposed to occur along ancestral lineages
by a Poisson process of rate 0/2, where 0 = 4Neg, j is
the mutation rate per sequence per generation, and Ne
is the effective population size. The genealogy is taken
from a Wright-Fisher population under equilibrium,
with a time scaling given by the usual formulation of
Ne as a constant value (Kimura 1983). Coalescent mod-
els do, however, permit other demographies to be inves-
tigated, and time scaling does depend on the assumed
demography. Clear and accessible discussions of this
theoretical background have been presented by Don-
nelly and Tavare (1995) and Donnelly (1996).

It is not difficult to simulate the coalescent process to
show the time scaling associated with a given value of
the parameter 0 for a variety of demographic and muta-
tion assumptions. For a restricted set of assumptions,
the TMRCA can be estimated using an estimate of 0
together with the maximum pairwise sequence differ-
ence in a sample of data (Tajima 1983). This approach
was taken for analyses of mtDNA by Ruvolo et al.
(1993), Y-chromosomal DNA by Hammer (1995), and
autosomal nuclear gene sequences by Takahata et al.
(1995). The reason for using the difference between a
pair of sequences is that mathematical formulation be-
comes complicated when the number of sequences sam-
pled is more than two (Takahata 1995). The distinction
of the coalescence methods used in this study is that they
are formulated for the full sample available, presented as
a gene tree, preserving information from all relation-
ships among the sequences and not just the pairwise
relationships. Simulating a coalescent process complete
with time information, conditional on a specified gene
tree with a given 0 (Griffiths and Tavare 1994a, 1994b),
is intuitively comparable to, but more mathematically
complex than, simulating the process alone. One aim of
this simulation approach is to describe the likelihood
surface for 0, from which a maximum-likelihood esti-
mate can be determined.
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The full information in a sample of sequences can be
equivalently represented by a unique gene tree describ-
ing the mutation history of the sequences, provided that
all segregating sites in the sample have arisen from single
point mutations. If the ancestral type at each site is
known, the tree is rooted. Construction of the gene tree
from the sequences is a perfect phylogeny problem using
the types of bases at segregating sites as characters in a
phylogenetic sense. Construction algorithms are given
in Gusfield (1991) and Griffiths (1987). Because there
is a unique tree, these algorithms follow an exact graph-
theoretic procedure, not a statistical one. It is straight-
forward to tell whether a sample of sequences could
have been obtained from single point mutations, by
checking whether a consistency condition based on the
mutation pattern at pairs of sites is satisfied. To estimate
0 and compute the TMRCA, a fully stochastic coalescent
model is required. The infinitely-many-sites model of
mutation is assumed, requiring that all point mutations
have occurred at sites that have never previously segre-
gated in the population.
A maximum-likelihood estimate of 0 using the full

information in the sequence data set, or, equivalently,
the gene tree, was found using a computational method
proposed by Griffiths and Tavare (1994a, 1994b) and
implemented in a computer program, ptreesim, written
by R. C. Griffiths. We made estimates of 0 for both a
constant population-size model and a model where there
is exponential population growth (Griffiths and Tavare
1994b). A program, timesim, also written by R. C. Grif-
fiths, gave estimates of the TMRCA of samples of se-
quences, scaled in units of Ne generations, by use of
the maximum-likelihood estimate of 0 as a parameter,
conditional on the gene tree and 0 (Griffiths and Tavare
1994a, 1994b). Estimates for the ages of mutations were
also made using timesim.
The computational technique used by timesim is to

represent the likelihood of a gene tree as the expected
value of a functional on a stochastic process that has
ancestor gene trees as its state space. If there are r runs
in a simulation generating (likelihood,time) pairs (l1,tj)
... (lr,tr), then an estimate of the expected time to the
root, conditional on the data is

r r

liti/ E i .

i=1 i=1

The expected ages of the mutations and the expected
TMRCA were computed at the same time in comparable
procedures. Estimates of expected ages are weighted av-
erages, with respect to simulated likelihoods, of the ages
observed in the simulation runs.

All estimates of 0, TMRCA, and ages of mutations
were made on individual population samples and the

combined data set, on the assumption of random mating
and random sampling. Analysis of a world data set is
appropriate because we have assumed that each muta-
tion has occurred once only in the history of the modern
human population. However, because population struc-
ture may lead to underestimation of coalescence times
from the world data set, the estimates from individual
populations are given primary consideration.

In addition to the coalescent analyses, a number of
statistics were computed to provide measures of diver-
sity within and between populations. The number of
segregating sites for the sample size (sn) and the average
pairwise sequence difference (k) provided alternative es-
timators of 0 under the same assumptions as required
to estimate 0 from the gene tree. To flag departures from
these assumptions, the standardized difference between
s, and k (D) as proposed by Tajima (1989b) was exam-
ined. Nucleotide diversity, t, was estimated from aver-
age pairwise sequence difference (Kimura 1983) over
numbers of effectively silent sites (Kreitman 1983). Ex-
pected numbers of haplotypes were estimated on the
assumption of an infinitely-many-alleles model of muta-
tion (Ewens 1972) and using an estimate of 0 based on
s,. Population relationships were examined in a mini-
mum spanning tree imposed on a multidimensional scal-
ing (Rohlf 1993) of a matrix of net sequence differences,
dij = kii - (ki + ki)/2 for pairwise sequence comparisons
between populations i and j (Nei and Li 1979). A non-
parametric test suggested by Hudson et al. (1992) was
used to check for significance of population structure.
These tests were based on comparison of a weighted
average of the sequence pairwise differences, k, within
populations i and j as K, = (ki.k,)/2, against a distribu-
tion for K, generated from 1,000 random partitions of
the i + j sequences for each pair of populations.

Results

Linkage Patterns
For the full 3-kb region, there are larger numbers of

haplotypes in each population than expected under the
assumption of an infinitely-many-alleles mutation model
(table 1), reflecting recombination (Strobeck and Mor-
gan 1978; Hudson 1983). This effect is confined to the
5' 330 bp of the 5' flanking region containing the vari-
able (AT)XTY repeat sequence (Trabuchet et al. 1991).
Downstream of site 330, there are no insertion and dele-
tion polymorphisms and no excess haplotypes in indi-
vidual populations. Of 349 sequences for this 2.67-kb
region, only 23 recombinant haplotypes were found.

The frequency of recombination events decreases
from the recombination hot spot along a gradient
through the 5' flanking region up to site 906 in the first
exon. The few recombinant haplotypes in the 2.67-kb
region were readily identified after large numbers of al-
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Table 2

Numbers of P-Globin Sequence Haplotypes, in Each Population Sample

No. OF HAPLOTYPES

CAR GAM KEN MON NCN sum PNG VAN UK World
HAPLOTYPE3 (n =24) (n = 31) (n =48) (n =24) (n =48) (n =43) (n =24) (n = 61) (n =46) (n = 349)

Al 9 8 12 3 15 8 1 25 23 104

B5(A['5]x4rb+38) . . .... ... ... ... ...1
B8 (6 2537x1 c. . 1 2 ... ... ... ... ... ... 3
BlA ?1535]B4c. ... ... 1.. .. .. ..... ... 1

B14 (42537xB c. 6. .. ... ... ... ... ... 28
B7 (11539x1 c. . 2. 6. ... ... 2. ... 2. ... 4

B12 (3158]B c. ... ...1.. .. ... ... ... ... 1
B13 (?1596xlrb. . . ... ... ... ... ... 1 2
Cl .. 1 ...4221 ... 7. ... 48

C7(A ['5 ]B4rb+ 3 8b ... .. ... 6. ... 6. 4. 1. 2. 19

C6 (2B2[5'350]x~l rcb.) ... 1 1 ... .. ... ... ... ... 2
C80 (?C1[5'357]xC7 rcb.) ... ... .. ... ... .. . .

C14 (?A/B1[5'350]xB lrcb.) 2. ... ... ... 2. ... ... ... ... 2

C42 (ADl[i 906conversion) ... ... .. ... ... 1. ... ... ... 1

Dl.. ... ... 1 3 1 ... ...49 1

D3 (Al/Bi 906 conversion) ... ..*. .. 1 ... 12

a rcb. = recombinant.
bAdditional mutation.

leles were sequenced, because they showed up as rare

haplotypes characterized by a new 5' linkage pattern

among common polymorphisms. These haplotypes

probably have been generated by interallelic recombina-

tion, resolving as either flanking exchange or gene con-

version (table 2). After these 23 recombinants were

omitted, numbers of haplotypes were found to lie within

2 SD of expected numbers for all samples, including the

combined world sample (table 1).

Patterns of Haplotype and Nucleotide Diversity

Although several 2.67-kb fP-globin haplotypes have

global distributions, haplotype frequencies clearly dis-

tinguish African and Asian populations (fig. 1). Signifi-

cant population structure was found between African

and Asian populations but not within sub-Saharan Af-

rica (CAR, GAM, KEN), within east Asia (MON, NCN,

SUM), between Vanuatu and the United Kingdom, or

between the United Kingdom and CAR Pygmies. Diver-

sity in Asia comprises a variety of C haplotypes, together
with Al, Bi, and Dl haplotypes. In Africa, Al, Bi,
and a variety of exclusively African B haplotypes create
diversity (table 2). The presence of B9 in the U.K. sam-
ple, together with the low frequency of C haplotypes
(C7 only), contributes to the U.K. sample's closer affinity
with Africa than with Asia.
The patterns of diversity summarized by average pair-

wise difference, k; nucleotide diversity, nr; numbers of
segregating sites, s,,; and Tajima's D, reflect the different
haplotype compositions in Africa and Asia described
above. The presence in Asia of C diversity, in addition
to Al and Bi haplotypes, apparently enhances k relative
to Sni,, to the extent of -.a significant discordance in the
Sumatran sample, as indicated by Tajima's D (table 1).
Consequently, genetic diversity measured by k is greater
in Asia than in Africa. Note that Cl haplotypes common
in Asia are distinguished from Al and Bi haplotypes by
seven and eight mutational steps, respectively, and that
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the Al and various B haplotypes in Africa are connected
through steps of only one or two mutations. In Africa,
there is little discordance between s,, and k. Diversity
measured by numbers of segregating sites in the 2.67-
kb region indicates marginally higher diversity in Africa
than in Asia for all partitions of the data, including the
recombinogenic 5' 330 bp region (table 1). This same
pattern distinguishing Africa and Asia is clear among
both the 3-kb and 2.67-kb haplotypes. Comparison of
Tajima's D between the full set of 2.67-kb haplotypes
and the subset of tree-compatible sequences (table 1)
shows that no bias is introduced by omitting the recom-
binants for the gene tree analyses.
The major patterns of ,B-globin diversity are lack of

significant structure within Africa and east Asia, but
significant structure between Africa and Asia, deep
pairwise sequence diversity in Asia, including a sig-
nificant value of Tajima's D for Sumatra, and the op-
posite pattern in Africa, with increased diversity re-
sulting from a larger number of segregating sites
among a closely related set of haplotypes. The con-
trasting patterns between Africa and Asia cannot be
explained by malarial selection, which maintains HbS
in the three African populations sampled and HbE and
P-thalassemia polymorphisms in Sumatra (appendix).
Although Tajima's D is significant for Sumatra, malar-
ial selection cannot explain why the pattern of diver-
sity in Sumatra is more similar to that in Mongolia,
where there is no malaria, than to that in Africa. A
possible explanation for k larger than s,, in Asia and
significantly so in Sumatra, is that Ne has not been
constant and has been reduced from a larger value
(Tajima 1989a). It is likely that different patterns of
diversity between Africa and Asia have arisen as a
result of different demographic histories and a level
of gene flow between them that is restricted compared
with expectations of random mating.

11

NCN
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// VAN

"MON
\
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UK
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GAM

Figure 1 Nonmetric multidimensional scaling of net sequence

differences, showing population relationships.

a

b
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PNG Bi

Al C3! C7

A2 o-

GAM
A3 BI

Cl

Al

B2 D2

NCN
B

BI

Al C2

D1

KEN

Al

B2 Dl

SUM BiI Cl
A B

Al01D eL

Figure 2 P-Globin gene trees showing relationships between
haplotypes. Circle sizes are proportional to haplotype frequencies. a,
Gene tree for 326 sequences from all populations. B2 (sbaded) is
the root. b, Gene trees for individual populations. Abbreviations for
population names are given in full in the text.

Gene Tree Analyses
A unique unrooted tree compatible with 326 2.67-kb

sequences (table 2) is presented in figure 2a. All segregat-
ing sites in this gene tree were assumed to have arisen
from unique point mutations. The number of mutations
was not sufficient to resolve the ordering of sites 2945
and 1416 and, likewise, 508, 906, and 2008. As a result
of the worldwide distribution of Al, Bi, C1, and Dl
haplotypes, the main connectivity pattern shown in fig-
ure 2a is represented in trees for individual populations
(fig. 2b).
Examination of P-globin sequences from other pri-

mates allows estimation of the root and mutation rate.
The root of the tree was determined as either haplotype
B2 or B3, by use of a chimpanzee sequence to define the
ancestral nucleotides at each polymorphic site. Both B2
and B3 are found in all three African samples and are
absent from all other samples. The chimpanzee sequence
was not informative at the site homologous to 357,
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where there is a G and the human polymorphism is A/
C. We determined the ancestral variant at site 357 to be
C, by comparison with gorilla (and gibbon) sequences,

indicating B3 as the root. (B2 is the maximum-likelihood
root.) The nucleotide mutation rate was estimated as

1.34 x 10-9 per year from 31 sites that are monomor-

phic in humans but that vary between humans and chim-
panzees, (1.34% divergence) on the assumption of a 5-
million-year split. This is a low rate of mutation by
comparison with other nuclear genes (Wolfe et al. 1989)
and may explain why we found no evidence of recurrent

mutation. A neutral mutation rate to new alleles of 6.2
x 10-5 per generation was determined, on the assump-

tion of generations of 20 years and 2,320 effectively
silent sites (Kreitman 1983) in the 2.67-kb P-globin re-

gion. This estimate of the number of effectively silent
sites excludes the majority of nucleotides in the three
exons and a small additional number at splicing sites in
the introns and in regulatory sequences that are under
functional constraint.
The gene tree shows that the D1 haplotype is derived

through the C lineage. Although its position at a tip of
the tree and far from the root indicates that it must be
a relatively recent haplotype, it has a worldwide distri-
bution (table 2). Copies of D1 were found in samples
from the United Kingdom, Mongolia, Nuu-Chah-Nulth
Amerindians, Vanuatu, and Africa. D1 is represented by
a single copy in the Kenyan Luo, where there are also
two recombinant B haplotypes with 5' flanking sequence

probably from a D1 (or possibly a Cl) haplotype. In
addition, an ancestral haplotype for D1 (D2) was found
in the Gambia.

Demographic Analysis
Maximum-likelihood estimates of 0 were made with

a model of exponential growth for comparison with a

constant population-size model (Griffiths and Tavare
1984a, 1984b). This analysis examines the gene tree,
shown by simulation studies to appear more starlike if
there has been population expansion (Harding 1996).
The best-fitting expansion model was found for the
Gambia gene tree with 0 = 4Noj of 4.5 and an expan-

sion parameter of 0.7. In this model, there is an exponen-
tial decline backward in time of the population size at

rate 0.7 from a current size No = 18,087.

Nt= Noe -0.7t

gives the size of the population at time t back. An im-
proved fit compared with the constant population-size
model has to be expected because of the addition of a

parameter to the model, but this improvement was not

judged to be significant by a log-likelihood test ratio.
Accordingly, there is no evidence for a population-size
expansion out of a small number of founders. Any popu-

lation-size expansion that has occurred probably has
been too recent (Takahata 1995) to be detectable in the
surveyed patterns of 3-globin diversity.
Maximum-likelihood estimates of 0, conditional on

P3-globin gene trees, assuming constant population size,
reflect slightly higher genetic diversity within Africa, as
was indicated by comparing numbers of segregating
sites. A value for Ne was computed from 0/4i. These
estimates show that higher genetic diversity in Africa
compared with Asia is a consequence of larger Ne (table
3). From the pattern of haplotype composition described
above, it seems likely that Ne in Asia is smaller, not
because of expansion in Africa, but because of reduction
in Asia. This reduction may have been simply numerical
or, alternatively, may reflect a change in the level of
population structure.

TMRCA and the Ages of Mutations
The gene tree for the world data set, scaled in units

of 2Ne, is shown in figure 3. The expected TMRCA
(table 3) and also the ages of the mutations (fig. 4) were
estimated for each population as well as for the world
data set. Estimating the TMRCA of the world data set
gave a value of 750,000 years with a 95% confidence
interval of 400,000-1,300,000, encompassing all of the
TMRCA values from individual populations. Although
coalescence times are asymmetrically distributed with a
longer right tail, we found that the 95% confidence in-
terval is well approximated by +2 SD, and the latter are
given for the ages of mutations. The differences between
the individual population estimates are due both to pat-
terns of connectivity and to allele-frequency differences.
Among the population gene trees, the largest TMRCA
estimate is 1.1 million years for the Mongolian sample.
This tree has five nearly equally frequent alleles at its
tips. The Gambia shares a very similar composition of
sequence haplotypes with the Kenyan Luo, and the
TMRCA estimates for these populations are both
-800,000 years. These trees have common alleles in
lineages A and B, but few C or D alleles. There is no
evidence for greater time depth in African populations
compared with Asian populations. There is no evidence
that malarial selection acting on P-globin variation in
Africa and Sumatra increases or decreases the estimated
ages compared with the other Asian and U.K. samples.
The confidence region around an expected TMRCA

represents the effects of sampling error for estimating
the gene tree, of evolutionary variance among gene trees
for estimating the population genealogy, and of the ran-
dom nature of the mutation process. The TMRCA is
estimated in units of 2Ne, and, in a final translation,
these units are converted to years, on the assumption of
a value for Ne, represented as a constant and estimated
from the same genetic diversity used to estimate coales-
cence times. The effect of uncertainty in the estimation
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Table 3

Statistics from Gene Tree Analyses

POPULATION

STATISTICa CAR GAM KEN MON NCN SUM PNG VAN UK World

0 1.75 3.7 3.35 3.35 2.05 1.9 2.1 2.55 2.35 2.9
Ne 7,037 14,877 13,470 13,470 8,243 7,640 8,444 10,253 9,449 11,661
TMRCA 4.7 X 105 8.4 x 105 8.3 x 105 1.1 X 106 8.8 x 105 8.4 x 105 7.7 x 105 9.0 X 105 7.2 x 105 7.7 x 105
SD 1.7 x 105 2.4 x 105 2.4 x 105 3.0 x 105 2.6 x 105 2.5 x 105 2.4 x 105 2.6 x 105 2.0 x 105 2.1 x 105
Time to site 1358 ... 1.8 x 105 2.2 x 105 4.8 x 105 5.8 X 105 5.7 X 105 2.1 X 105 3.1 X 105 3.1 X 105 1.4 x 105
SD 9.6 x 104 1.l X i05 1.6x 105 1.3 x 105 1.3 x 105 7.4 x 104 8.4 x 104 8.6 x 104 4.1X 104
Time to site 2554 ... ... 6.9 x 104 1.0 X 105 4.3 X 104 ... ... 6.3 X 104 6.7 X 104 2.8 X 104
SD ... ... 6.8 x 104 7.2x 104 4.7 x 104 ... ... 4.0 x 104 4.3 x 104 1.6x 104

a For all statistics but 0 and Ne, data are given in years.

of Ne and g were investigated by replacing the maxi-
mum-likelihood estimate for 0 by a range of alternative
values. These alternative values represent variation in
estimates of Ne as 5,000, 10,000 or 50,000 and in the
estimates for ,u, given by divergence times between hu-
mans and chimpanzees of 4, 5, and 7 million years.
TMRCA estimated conditional on the world gene tree
together with the values for 0 are presented in table 4.
All but one of these alternative TMRCA estimates are
within the 95% confidence region around the estimate
when the maximum-likelihood 0 value is used.
The dates estimated for mutations show wide varia-

tion between different population gene trees and in com-
parison with the world data set (fig. 4 and table 3). The
variation is widest on sites where a sample does not
allow the full gene tree to be inferred. In the Pygmy
sample, for instance, the C and D lineages are absent.
Consequently, the time estimated for site 2636 from the
Pygmies is much more recent than from other samples
where this site is ancestral to complete C and D lineages.
Gene trees for Sumatra and New Guinea do not extend
to the D lineage. The absence of the B3 allele from the
non-African populations, and subsequent repositioning
of the root, also contributes to variable estimates for
ages of some sites in the Asian populations compared
with those obtained from the African and world trees.
We cannot exclude sampling error and evolutionary
variance as a sufficient explanation for the broad range
of dates. However, it is likely that differences in demo-
graphic history contribute to variable estimates between
African and Asian population samples and that popula-
tion structure accounts for lower time estimates from
the world gene tree than from gene trees for individual
populations.
We find half the sites have expected ages of ¢a200,000

years (fig. 4), and they indicate that the Al, B1, B2, B3,
B9, C2, and C3 alleles are probably also of this age or
older. Alleles Al and Bi are globally distributed, B2 and

B3 are localized to Africa, B9 is found in both CAR
Pygmy and the U.K. samples, and C2 and C3 are Asian
localized. The sites with expected ages of <150,000
years indicate that the following alleles are as young or
younger: A2 (Vanuatu), A3 (Africa), A4 (Mongolia), B4
(Gambia), B1 1 (Kenya), C1 (global, but rare outside of
Asia), C7 (Asia and United Kingdom), D2 (Gambia),
and D1 (global, but low frequency).
The age estimates of the Asian-localized C2 and C3

haplotypes and of globally distributed C1 and D1 are
of particular interest. D1 appears to be younger than
C1. Analyses of individual populations where the D1
allele was found indicate an expected age of -60,000
years for site 2554 in an age range of 0-200,000 years
for ±2 SD (table 3). With these confidence limits it is
possible that D1, as well as C1, alleles were carried
worldwide by a dispersal of modern humans within the
last 200,000 years. These analyses also give expected
ages for site 1358 indicating that the Asian-localized C2
and C3 alleles are >200,000 years old (table 3). An
alternative analysis of the world data set under an as-
sumption of global random mating suggests younger
ages for the C2, C3, C1, and D1 haplotypes (fig. 3). The
estimate for site 1358 of 137,000 ± 81,500 years is not
inconsistent with the evolution of the C lineage in Asia
subsequent to a dispersal of modern humans within the
last 200,000 years. This analysis also indicates an age
for site 2554 of 28,000 ± 32,000 years, which implies
that the modern human dispersal continued as substan-
tial worldwide gene flow between established popula-
tions in Africa and Asia up to a recent date in the late
Pleistocene.

Discussion

Most of the findings of this population genetic analy-
sis of nonfunctional f-globin diversity are concordant
with those of other studies. In one respect they differ,
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Figure 3 Scaled coalescent tree for P-globin haplotypes, showing ages of mutations estimated from the world set of 326 sequences. Time
scale in units of 105 years.

by suggesting that modern human populations carry old
Asian diversity. Not unexpectedly, the estimated
TMRCA of the P-globin gene tree is -800,000 years,

and the level of P-globin diversity maintained over the
last 800,000 years indicates Ne of -10,000. The ances-

tral sequence for the total sample was found only in
Africa. There is no evidence for an exponential expan-

sion out of a bottlenecked founding population 200,000
years ago. More surprisingly, genetic diversity measured
by pairwise sequence difference is greater in Asia than
in Africa and highest in Mongolia, where extensive di-
versity recently has been reported for mtDNA (Kolman
et al. 1996) and Y haplotypes (C. Tyler-Smith, personal
communication). However, genetic diversity measured
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Figure 4 Scatterplot comparing ages for mutations, estimated from world (W) and individual population trees

by numbers of segregating sites is higher in Africa. Gene
tree analyses suggest that Ne is greater for Africa than
for Asia and that differences in N, between Africa and
Asia, as reflected by j-globin diversity, are not likely to
be due to population expansion in Africa but may be
due to population-size reduction in Asia.

Table 4

Estimates of TMRCA Conditional on Gene Tree and
Alternative Estimates for 0

MUTATION RATE/bp/YEAR, GIVEN
HUMAN-CHIMP DIVERGENCE RATE

5 Million and 4 Million and 7 Million and
STATISTIC 1.34 X 109 1.675 X 10-9 9.58 X 10-10

0:
Ne = 5,000 1.2 1.6 .9
Ne = 10,000 2.5 3.1 1.8
Ne = 50,000 12.4 15.5 8.9

TMRCA (years):
Ne = 5,000 4.8 X 105 3.4 X 105 4.1 X 105
Ne = 10,000 6.9 X 105 5.8 X 105 7.7 X 105
Ne = 50,000 1.2 X 106 1.0 X 106 1.5 X 106

These patterns of diversity observed in the P-globin
data are consistent with those described for many other
polymorphisms. First, estimates from P-globin of Ne and
TMRCA are concordant with estimates from other nu-
clear loci (Li and Sadler 1991; Takahata 1995). Second,
as for P3-globin, ancestral alleles for nuclear loci judged
by comparison with chimpanzee sequences typically
root diversity in Africa (Mountain and Cavalli-Sforza
1994; Nei and Takezaki 1996). Third, broadly compa-
rable levels of genetic diversity between populations as
observed for P-globin have been reported from studies
of classical blood groups, enzyme polymorphisms, and
unlinked RFLPs (Bowcock et al. 1994; Mountain and
Cavalli-Sforza 1994; Jorde et al. 1995; Takahata 1995;
Nei and Takezaki 1996).

In contrast to the finding of comparable genetic diver-
sity between populations in the studies listed above,
highly allelic loci, including mtDNA (Chen et al. 1995),
HLA (Hill et al. 1992), a- and P-globin RFLP haplotypes
(Wainscoat et al. 1986; Martinson et al. 1995), CD4
microsatellite haplotypes (Tishkoff et al. 1996), and
minisatellites (Armour et al. 1996) show substantially
greater diversity-in Africa than in Asia or Europe. Our
analyses show that diversity differences cannot be attrib-
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uted to greater time depth in Africa but may be due to

the maintenance of a larger Ne in Africa. Highly allelic
loci are also likely to reflect demographic expansions
and contractions in Africa and Asia during the late Pa-
leolithic and Neolithic periods not detected by P-globin
diversity (Takahata 1995).
The P-globin diversity sampled for this study does not

show significant structure within Africa or east Asia;
nor does it reveal enhanced diversity within populations
consistent with malarial selection or population-size
expansion. This is probably because these processes

have operated mainly within the last 10,000 years (Flint
et al. 1993; Takahata 1995) and this is too recent to be
detectable in random samples of the size taken, given
the slow mutation rate for P-globin. It is likely that any

effect of recent selection, population expansion, or

structure on the estimates made from the gene trees for
individual populations has been subsumed by the large
evolutionary variances associated with 800,000 years of
mutation and drift. This study also shows that, despite
their proximity to a recombinogenic region, autosomal

diploid DNA sequences can contain stretches of tightly
linked polymorphism appropriate for constructing gene

trees. Indeed, if recombination events are distributed
nonrandomly throughout the human genome, hot spots
may flag not an overall higher rate of recombination but
clusters of recombination events flanked by regions of
tight linkage that are ideal for analyses of gene trees.
One assumption of the gene tree analyses that is not

supported is worldwide random mating. Rather, the
sampled P-globin data provide evidence for a level of
population structure between Africa and Asia. If ran-

dom mating on a global scale is nonetheless assumed,
the estimated age range of the Asian C alleles does not
exclude their origin in a population derived from Africa
within the last 200,000 years. However, this model re-

quires levels of gene flow sufficient to disperse world-
wide a mutation that arose -28,000 years ago. It is
difficult to assess whether such gene flow is feasible, but,
more certainly, the assumption of random mating is not
consistent with either the data presented here or the
finding of multilocus phylogenetic studies of an African-
non-African split in the modern human population. The
evidence for population structure between Africa and
Asia suggests that the ages of the C alleles are more

reliably estimated from the Asian samples than from the
world sample. It is clear that C diversity has flourished
in Asia and that its relationship to B diversity in Africa
is made distant by several mutations. Finding further
alleles ancestral to the C/D lineage in addition to B9 and
C3 will give more information about where and when
C diversity evolved. On the data available, the estimated
ages and distribution pattern of C haplotypes together

suggest that the ancestral human population was located
in Asia, as well as in Africa, >200,000 years ago.
The worldwide distribution of D alleles is particularly

interesting, in the light of their low frequencies and esti-
mated recency, whether or not random mating is as-
sumed. It is likely that there has been an accelerated rate
of multidirectional migratory activity and admixture be-
ginning in the terminal middle and/or late Pleistocene
period as suggested by Pope (1992). Although gene flow
apparently has been globally pervasive, it is reasonable
to infer gene flow at a rate that allows a level of popula-
tion structure. The observed divergence between African
and Asian patterns of P-globin polymorphism is consis-
tent with gene flow restricted in an isolation-by-distance
model (Templeton 1993, 1996).
The value of this study is that it describes allelic se-

quence variation for an autosomal nuclear locus,
allowing inferences on more than one ancestral lineage
in the human population living >200,000 years ago
(Harding et al., in press). Nevertheless, a single-locus
study such as this one belongs to the pilot-study phase
of human evolutionary studies. Many more autosomal
loci must be investigated to reduce the large evolutionary
variance surrounding estimates of time depth and to
sort out the uncertain effects of variable population size,
nonrandom mating, selection, and recombination.
The new methods used here to estimate the ages of

mutations in gene trees challenge some of the currently
favored interpretations of human genetic diversity regard-
ing the ancestral history of contemporary populations.
These and other population genetic methods will be ap-
plied to nuclear sequence data as they become increasingly
available, and it is likely that there is much more to learn
about the evolutionary history of modem humans. Our
conclusions from this study of allelic P-globin sequences
are that there has been substantial multidirectional global
gene flow within the last 100,000 years and that modem
humans have both African and Asian ancestry dating to
>200,000 years ago. We infer an earlier evolution and
dispersal out of Africa by the ancestors of modern humans
than indicated by some interpretations of the fossil data
(Stringer and Andrews 1988) and, therefore, inclusion in
the ancestral gene pool of non-African population groups
identified morphologically as archaic or pre-sapiens.
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Appendix

Here we present the allelic sequence variation found in
a 3-kb region around the f-globin locus. Polymorphic
sites are indicated by a number 1-3000. Polymorphic
sites 130-650 lie in the 5' flanking sequence of the ,3-
globin gene, 906 is a twofold degenerate site in exon
1 where there is a synonymous mutation, sites 1358-
2008 are in intron 2, and 2503-2945 are in the 3'
flanking sequence. GB Ref is the P-globin GenBank
reference sequence. Sequence labels include the fol-
lowing information. A number following a letter code
classifies alleles by linkage of polymorphisms 357-
2945. A number preceding a letter code subclassifies
alleles by linkage of polymorphisms 130-328. Func-
tional polymorphisms are excluded from our evolu-
tionary analyses but are indicated by allele labeling as

follows: sickle-cell (Ws) at site 917 (exon 1, position
17, A-NT) denoted by "s"; hemoglobin E (PE) at site
976 (exon 1, position 66, G-IA) denoted by "e"; and
thalassemia (E+) at site 994 (intron 1, position 5,
G-+C) denoted by "t." Ellipses (...) denote base de-
leted. In part A are the full 3-kb sequence haplotypes
for 253 chromosomes from six populations; abbrevia-
tions are given in the text. The numbers of sequences

carrying functional polymorphisms are proportional
to their population frequencies. In part B are 2.67-
kb haplotypes for 96 chromosomes randomly chosen
from samples available on three populations. These
samples include 2 CAR Pygmy chromosomes and 10
Kenyan Luo chromosomes carrying Ps. We could not
infer haplotype linkage for these sickle-cell mutations,
but it is clear that Ps is carried on both Al and B2
haplotypes, as found in the Gambia.
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Table Al

Allelic Sequence Variation for the P-GIobin Locus

SrrE AND GB REF.

130 138 145 284a 297 305 307 318 319a 319b 320 322 325 325a 327 328 357 379 508 532 650
G T T ... T C T A ... ... T T T ... C T A T T T A

HAPLOTYPE A. Full 3-kb Sequence Haplotypes for 253 Chromosomes

C
C

C C
C C
C C

C
C C
C C

C
C

AT

AT AT A

T
T
T

T

T
T

T
T

AT T
T
T

C C
A C C

C C
C

C C
C C

C C

AT
AT
AT
AT
AT
AT

AT
AT
AT
AT

C
C T
C

C C

AT A
AT A

A
AT A

A
AT A
AT A

AT

C

C

C
C
C
C
C
C
C
C
C

C C
C C
C C
C C
C C
C C
C C

T

G
A

T
T

A
C
C

C
C
C

C

A
A
A

C
C
C

lAl
lAlt
2A1
3A1
4Als
SAl
6A1
7A1
8A1
9A1
lOAl
llAl
1A2
1A3
1B5a
1B4
2B4
3B4
1B3
lB2s
2B2
3B2
4B2
5B2
6B2
lBl
2B1
3B1
4B1
SB1
6B1
7B1
8B1
9B1
1B6a
gB7a
gB8a
1B9
1C3
2C3
3C3
1C2
2C2
3C2
4C2
5C2
6C2
ici
2C1
3C1
4C1
SC1
6C1
7C1

C
C
C
C
C
C

A

C

A
A

AT A
A
A
A

C

AT A
A
A
A
A

C
C

A

A

A
A

C

A

A
A

A
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SITE AND GB REF.

906 1358 1388 1416 1423 2008 2503 2554 2634 2636 2792 2876 2924 2945
C C T G C T G G G C A G T G POPULATION DISTRIBUTION

A. Full 3-kb Sequence Haplotypes for 253 Chromosomes VAN PNG SUM GAM UK NCN Total

2
1

12 1 5

2
1
2
2

1

2
1
1
1
1
2
1
1
1
1
1
1

1
1
1
1
2
4

3

2

2

1
4
3
1

1

5

1

12 5 23
2
2
1
2

3 5
1 1
5 8 31

1
1 1
1 1

2 10
1
2
1
1
1
1
2
1
1
1
1
1
1

3 3
6 23

1
1 5

5
1 9

6 29
S S

1
1
4
1

1 1
3
6
1

1 1
2 2
1 1
1 1
1 1

1
19 29

3
1
1
2

3 3

(continued)

4
1

A

8
1

C
C
C
C

1

C T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

T
T
T
T
T
T
T
T
T
T
T
T

1
4
6

2
2
11

1
2

T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

1

T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

3

G
G
G
G
G
G
G
G
G
G
G
G
G

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

6
1

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

6

1
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Table Al (continued)

SITE AND GB REF.

130 138 145 284a 297 305 307 318 319a 319b 320 322 325 325a 327 328 357 379 508 532 650
G T T ... T C T A ... ... T T T ... C T A T T T A

HAPLOTYPE A. Full 3-kb Sequence Haplorypes for 253 Chromosomes

1C4a C C
iCsa C C AT A
2C5a AT A
1C6a T A ... C
1C7 C
2C7 C C AT A A C
3C7 ... C
4C7 A ... C
5C7 C A ... C
6C7t A ... C
7C7e A ... C
1D2 C T C
lDl C C AT AT A A C
2D1 A C
3D1 C C
4D1 C
SD1 C
1D3' C

B. 2.67-kb Sequence Haplotypes for 96 Chromosomes

Al
A3
A4 G
BlOa
Bll C
B3
B12a C
B2 C
B8a C
B1
B13a C
B9
B14a C
C6a C
C2 C
Cl C C
C7 C
C8a C C
Dl C

a Recombinant sequence.
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SITE AND GB REF.

906 1358 1388 1416 1423 2008 2503 2554 2634 2636 2792 2876 2924 2945
C C T G C T G G G C A G T G POPULATION DISTRIBUTION

A. Full 3-kb Sequence Haplotypes for 253 Chromosomes VAN PNG SUM GAM UK NCN Total

G T C A T 1 1
T G T C A T 1 1
T G T C A T 1 1
T G T C A T 1 1
T G T C A A T 1 1
T G T C A A T 2 2
T G T C A A T 1 1
T G T C A A T 1 3 2 6
T G T C A A T 1 1
T G T C A A T 1 1
T G T C A A T 1 1
T G T T C A T 1 1
T G T T C C A T 1 1
T G T T C C A T 1 1
T G T T C C A T 1 1
T G T T C C A T 3 3
T G T T C C A T 3 3

G T T C C A T 1 1 2

B. 2.67-kb Sequence Haplotypes for 96 Chromosomes CAR KEN MON Total

9 12 3 24
A 1 5 6

1 1
T C T 1 1
T A C T 1 1
T T 1 6 7
T T 1 1
T T 4 8 12
T T T 2 2
T T T 6 9 3 18

T T T T 1 1
T A T 1 1
T A T 2 2

T G T C A T 1 1
T G T C A T 2 2
T G T C A T 4 4
T G T C A A T 6 6
T G T C A A T 2 2
T G T T C C A T 1 3 4

Chen Y-S, Torroni A, Excoffier L, Santachiara-Benerecetti AS,
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

Donnelly P (1996) Interpreting genetic variability: the effects
of shared evolutionary history. In: Chadwick D, Cardew G
(eds) Variation in the human genome. John Wiley & Sons,
Chichester, pp 25-40

Donnelly P, Tavare S (1995) Coalescents and genealogical
structure under neutrality. Annu Rev Genet 29:401-421

Dorit, RL, Akashi H, Gilbert W (1995) Absence of polymor-
phism at the ZFY locus on the human Y chromosome. Sci-
ence 268:1183-1185

Ewens, WJ (1972) The sampling theory of selectively neutral
alleles. Theor Popul Biol 3:87-112

Flint J, Harding RM, Clegg JB, Boyce AJ (1993) Why are some
genetic disease common? Distinguishing selection from
other processes by molecular analysis of globin gene vari-
ants. Hum Genet 91:91-117

Fullerton SM, Harding RM, Boyce AJ, CleggJB (1994) Molec-



788 Am. J. Hum. Genet. 60:772 - 789, 1997

ular and population genetic analysis of allelic sequence di-
versity at the human fB-globin locus. Proc Natl Acad Sci USA
91:1805-1809

Griffiths RC (1987) An algorithm for constructing genealogi-
cal trees. Statistics Research Report 163, Department of
Mathematics, Monash University

Griffiths RC, Tavare S (1994a) Ancestral inference in popula-
tion genetics. Stat Sci 9:307-319

(1994b) Sampling theory for neutral alleles in a varying
environment. Philos Trans R Soc Lond B 344:403-410

Gusfield D (1991) Efficient algorithms for inferring evolution-
ary trees. Networks 21:19-28

Haldane JBS (1948) The rate of mutation of human genes.
Proceedings of the 8th International Congress of Genetics.
Hereditas Suppl 35:267-273

Hammer MF (1995) A recent common ancestry for human Y
chromosomes. Nature 378:376-378

Harding RM (1996) Using the coalescent to interpret gene
trees. In: Boyce AJ, Mascie-Taylor CGN (eds) Molecular
biology and human diversity, Cambridge University Press,
Cambridge, pp 63-80

Harding RM, Fullerton SM, Griffiths RC, Clegg JB. A gene
tree for P3-globin sequences from Melanesia. J Mol Evol (in
press)

Harpending HC, Sherry ST, Rogers AR, Stoneking M (1993)
The genetic structure of ancient human populations. Curr
Anthropol 34:483-496

Hill AVS, Allsopp CEM, Kwiatkowski D, Taylor TE, Yates
SNR, Anstey NM, Wirima JJ, et al (1992) Extensive genetic
diversity in the HLA class II region of Africans, with a fo-
cally predominant allele, DRB1 *1304. Proc Natl Acad Sci
USA 89:2277-2281

Hudson RR (1983) Properties of a neutral allele model with
intragenic recombination. Theor Popul Biol 23:183-201

Hudson RR, Boos DD, Kaplan NL (1992) A statistical test
for detecting geographic subdivision. Mol Biol Evol 9:138-
151

Jorde LB, Bamshad MJ, Watkins WS, Zenger R, Fraley AE,
Krakowiak PA, Carpenter KD, et al (1995) Origins and
affinities of modern humans: a comparison of mitochondrial
and nuclear genetic data. Am J Hum Genet 57:523-539

Kimura M (1983) The neutral theory of molecular evolution.
Cambridge University Press, Cambridge

Kingman JFC (1982a) The coalescent. Stochastic Processes
Appl 13:235-248

(1982b) Exchangeability and the evolution of large
populations. In: Koch G, Spizzichino F (eds) Exchangeabil-
ity in probability and statistics. North-Holland, Amsterdam,
pp 97-112

(1982c) On the genealogy of large populations. J Appl
Prob 19A:27-43

Kolman CJ, Sambuughin N, Bermingham E (1996) Mitochon-
drial DNA analysis of Mongolian populations and implica-
tions for the origin of New World founders. Genetics 142:
1321-1334

Kreitman M (1983) Nucleotide polymorphism at the alcohol
dehydrogenase locus of Drosophila melanogaster. Nature
304:412-417

Li W-H, Sadler LA (1991) Low nucleotide diversity in man.
Genetics 129:513-523

Martinson JJ, Excoffier L, Swinburn C, Boyce AJ, Harding
RM, Langaney A, Clegg JB (1995) High diversity of a-
globin haplotypes in a Senegalese population, including
many previously unreported variants. Am J Hum Genet 57:
1186-1198

Mountain JL, Cavalli-Sforza LL (1994) Inferences of human
evolution through cladistic analysis of nuclear DNA restric-
tion polymorphisms. Proc Natl Acad Sci USA 91:6515-
6519

Nei M, Li W-H (1979) Mathematical model for studying ge-
netic variation in terms of restriction endonucleases. Proc
Natl Acad Sci USA 76:5269-5273

Nei M, Takezaki N (1996) The root of the phylogenetic tree
of human populations. Mol Biol Evol 13:170-177

Newman JL (1995) The peopling of Africa: a geographic inter-
pretation. Yale University Press, New Haven

Newton CR, Graham A, Heptinstall LE, Powell SJ, Summers
C, Kalsheker N., Smith JC, et al (1989) Analysis of any point
mutation in DNA. The amplification refractory mutation
system (ARMS). Nucleic Acids Res 17:2503-2516

Orkin SH, Kazazian HHJr (1984) The mutation and polymor-
phism of the human P-globin gene and its surrounding
DNA. Annu Rev Genet 18:131-171

Orkin SH, Kazazian HH Jr, Antonarakis SE, Goff SC, Boehm
CD, Sexton JP, Waber PG, et al (1982) Linkage of P-thalas-
saemia mutations and P-globin gene polymorphisms with
DNA polymorphisms in the human P-globin gene cluster.
Nature 296:627-631

Pope GG (1992) Cranioacial evidence for the origin of modern
humans in China. Yearbook Phys Anthropol 35:243-298

Rohlf FJ (1993) NTSYS-pc: numerical taxonomy and multi-
variate analysis system. Exeter Software, Setauket, NY

Ruvolo M, Zehr S, von Dornum M, Pan D, Chang B, Lin J
(1993) Mitochondrial COII sequences and modern human
origins. Mol Biol Evol 10:1115-1135

Sherry ST, Rogers AR, Harpending H, Soodyall H, Jenkins
T. Stoneking M (1994) Mismatch distributions of mtDNA
reveal recent human population expansions. Hum Biol 66:
761-775

Stringer C, Andrews P (1988) Genetic and fossil evidence for
the origin of modern humans. Science 239:1263-1268

Strobeck C, Morgan K (1978) The effect of intragenic recom-
bination on the number of alleles in a finite population.
Genetics 88:829-844

Tajima F (1983) Evolutionary relationship of DNA sequences
in finite populations. Genetics 105:437-460

(1989a) The effect of change in population size on
DNA polymorphism. Genetics 123:597-601

(1989b) Statistical method for testing the neutral muta-
tion hypothesis by DNA polymorphism. Genetics 123:585-
595

Takahata N (1995) A genetic perspective on the origin and
history of humans. Annu Rev Ecol Syst 26:343-372

Takahata N. Satta Y. Klein J (1995) Divergence time and
population size in the lineage leading to modern humans.
Theor Popul Biol 48:198-221

Templeton AR (1993) The "Eve" hypothesis: a genetic critique
and reanalysis. Am Anthropol 95:51-72

(1996) Gene lineages and human evolution. Science
272:1363



Harding et al.: Genetic Ancestry of Modern Humans 789

Tishkoff SA, Dietzsch E, Speed W, Pakstis AJ, Kidd JR,
Cheung K, Bonne-Tamir B, et al (1996) Global patterns
of linkage disequilibrium at the CD4 locus and modern
human origins. Science 271:1380-1387

Trabuchet G, Elion J, Baudot G, Pagnier J, Bouhass R, Nigon
VM, Labie D, et al (1991) Origin and spread of f-globin
gene mutations in India, Africa, and Mediterranea: analysis
of the 5' flanking and intragenic sequences of Ps and Pc
genes. Hum Biol 63:241-252

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

Wainscoat JS, Hill AVS, Boyce AJ, Flint J, Hernandez M,
Thein SL, Old JM, et al (1986) Evolutionary relationships
of human populations from an analysis of nuclear DNA
polymorphisms. Nature 319:491-493

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

Weatherall DJ, Clegg JB (1981) The thalassaemia syndromes.
Blackwell Scientific, Oxford

Wolfe KH, Sharp PM, Li W-H (1989) Mutation rates differ
among regions of the mammalian genome. Nature 337:283-
285


