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ABSTRACT Restriction maps of 145 human mtDNAs
representing samples from five geographic regions were used to
construct multilocus genotypes for 28 genetic loci of the
mitochondrial genome. Alleles were defined as distinct combi-
nations of the presence or absence of polymorphic restriction
sites within each locus. The 28 loci included 13 genes encoding
proteins, 10 genes specifying tRNAs, 2 genes specifying rRNAs,
and 3 noncoding regions consisting of the D loop, the light
strand origin of replication, and the 5' noncoding sequence. In
35 comparisons of allele frequency distributions to expected
distributions predicted by neutral mutation theory (assuming
an infinite alleles model), the results revealed that most genetic
diversity values (71%) fell within the range predicted by the
neutral model; however, excesses in the frequencies ofcommon
alleles and in the number of singleton alleles within populations
were observed at specific loci. Departures from the neutral
mutation model are most readily explained by the effects of the
recent expansion of the human population and the action of
purifying selection. Coefficients of population differentiation
suggest that gene flow of mtDNA types between certain
geographic regions may be limited.

Data on the variability in mitochondrial DNA sequences have
accumulated rapidly through the application of restriction
endonuclease analysis to a variety of organisms (refs. 1-14
and references therein). Besides being used to construct
phylogenetic trees, test hypotheses about the mechanisms of
mtDNA evolution, and explore population structure within
species (1-14), these data have encouraged the development
of new statistical methods for estimating polymorphism and
genetic diversity at the nucleotide level (15-18) and have
inspired the derivation of population genetic theory that
focuses on the evolution of organelle genes (19-26).

Despite these advances, many of the questions concerning
the roles of selection, mutation, migration, and genetic drift
in the evolution of organelle genes remain the same as those
addressed for nuclear genes. In this report data on restriction
site polymorphism in human mtDNA are translated into
familiar population genetic terms-i.e., multilocus genotypes
and allele frequency distributions. The approach is applicable
to high-resolution maps such as those available for 145
individuals within the human species (12, 27). The construc-
tion of such maps was possible because the entire mtDNA
sequence for one human being is known (28). The ability to
map restriction sites into specific functional regions of the
mtDNA genome-i.e., into loci-allows us to define alleles
as distinct combinations of restriction sites observed within
a locus.

By interpreting patterns of site polymorphism as allelic
variation at specific loci (29), one gains access to the
statistical tests and traditional measures of population struc-
ture that have been developed to study genetic variation in
natural populations. Additional advantages of this approach
include the ability to detect sequence variation in nonstruc-
tural genes and the high resolution that yields a rich diversity
of alleles necessary for robust statistical analysis. After we
identify alleles (or nucleomorphs, see refs. 17 and 29) of
mitochondrial loci in samples from human populations, we
compare the allele frequency distributions to the predictions
of a model of selectively neutral mutations. Although the
mtDNA loci are completely linked and therefore share the
same phylogenetic history, we treat each locus individually,
because neutral mutations arise independently at separate
loci, and functional constraints on gene products presumably
vary independently across loci. Under conditions of com-
plete linkage, however, the evolutionary fate of neutral
mutations also depends on the occurrence of adaptive mu-
tations anywhere in the mitochondrial genome. From the
results of single-locus comparisons to the neutral mutation
model we draw inferences about the past action of genetic
drift, migration, and natural selection in determining the
evolution of human mitochondrial genes.

MATERIALS AND METHODS

Data on restriction site polymorphism of 145 human mtDNA
genomes were compiled from studies by Cann et al. (12, 30)
and Stoneking et al. (27). Details of the high-resolution
restriction mapping procedures are described elsewhere (12,
27). Briefly, the data consist ofthe presence or absence of 190
restriction sites produced by 11 restriction endonucleases in
individuals originating from five broad geographic regions
(I-V). Human samples include (I) 20 people of African
descent; (II) 34 of Asian descent; (III) 21 Australian aborig-
ines; (IV) 44 from Europe, North Africa, and the Middle
East; and (V) 26 from Papua New Guinea. Length mutations,
described in this same data set (5), have been omitted from
the analysis, because they have not been mapped to specific
loci.
The mtDNA genotype of each individual was specified by

a unique 190-digit binary number, where each digit represents
the presence or absence of a polymorphic restriction site. All
sites were mapped on the human mtDNA sequence (12, 27)
and were assigned to specific loci. We considered 28 loci as
follows: (i) 13 structural genes that encode 2 ATPase subunits
(A6 and A8); cytochrome oxidase subunits I, II, and III;
cytochrome b; 7 NADH dehydrogenase subunits (1-6, 4L);
(ii) 10 genes that specify tRNAs; (iii) 2 genes that specify
rRNA subunits (12S and 16S); and (iv) 3 noncoding se-
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quences consisting of the D loop, the noncoding sequence
adjacent to the light strand origin of replication, and the 5'
noncoding sequence (see ref. 14 for a map of the human
mtDNA genome). By comparing the combinations of poly-
morphic sites across individuals, we identified alleles as
distinct haplotypes or combinations ofrestriction sites falling
within each locus. In this way, information on the presence
or absence of 190 sites for an individual was interpreted as a
multilocus genotype defined from the profile of alleles across
28 loci. Allele frequencies were then tabulated within each
geographic region and in the pooled sample.

RESULTS
Levels of genetic variation detected within each of 28 loci of
human mtDNA are summarized in Table 1. The number of
alleles per locus is related to the size of the locus and to the
number of polymorphic sites (see below). The average
number of alleles per locus for the pooled sample of 145
mtDNA genomes is 8.8, and the range is from 40 for the D
loop to 2 for several tRNAs. Genetic diversity for each locus
was calculated for each geographic region as h = (1 -

Table 1. Genetic variation for 28 loci of human mtDNA based
on restriction maps of 145 individual genomes sampled from
five geographic regions

Differ-
Diversity entiation

Poly- within between
Size, morphic Alleles, regions regions

Locus bp sites, no. no. (Hs) (GsT)
D loop 737 22 40 0.850 0.028
ND 5 1812 22 30 0.692 0.098
CytOxase I 1539 23 24 0.569 0.098
Cyt b 1140 12 14 0.480 0.147
ND4 1377 11 14 0.291 0.040
ND 1 954 11 12 0.361 0.112
CytOxase III 783 10 11 0.183 0.005
CytOxase II 681 9 11 0.192 0.017
ATPase 6 678 9 11 0.312 0.025
16S rRNA 1559 8 11 0.252 0.093
12S rRNA 953 8 10 0.384 0.074
ND 2 1041 8 9 0.217 0.061
ND6 525 5 6 0.068 0.007
ND 4L 294 4 5 0.082 0.000
ND 3 345 4 4 0.484 0.015
tRNAval 69 3 4 0.104 0.027
tRNAThr 66 3 4 0.081 0.000
LS origin 31 2 3 0.041 0.011
ATPase 8 204 2 3 0.041 0.000
5' Noncoding 384 2 3 0.027 0.008
tRNAMet 68 2 3 0.068 0.000
tRNATrP 68 2 3 0.028 0.000
tRNAPrO 69 2 2 0.014 0.000
tRNASer 72 2 2 0.014 0.000
tRNALIeu 75 1 2 0.095 0.095
tRNAr 65 1 2 0.067 0.000
tRNAGlu 68 1 2 0.014 0.000
tRNALys 70 1 2 0.014 0.000
Average 562 6.8 8.8 0.215 0.063

Alleles were defined by distinct combinations of restriction sites.
Genetic diversity within regions is measured by Hs, the weighted
average of diversities calculated within each region. The relative
genetic differentiation among regions is measured by GST, the ratio
of the among-region diversity (HT - HS) to the genetic diversity in
the total sample (HT). Average GST is calculated from the average
values of Hs and HT as described by Nei (31). ND, NADH
dehydrogenase; bp, base pairs; CytOxase, cytochrome oxidase; Cyt,
cytochrome; LS, light strand.

Ix 2)N/(N - 1) where N is the number of genomes sampled
and xi is the frequency of the ith allele (32, 33). The average
genetic diversity within geographic regions, Hs, ranges from
0.850 for the D loop to 0.014 for four tRNAs, and the average
over all loci is 0.215.

Testing Neutrality. The estimates of genetic diversity for
each locus were compared to those predicted from the neutral
theory of molecular evolution (34). Under the hypothesis of
strict neutrality, the sampling theory of Ewens (35, 36) and
Watterson (37) predicts the relationship between the number
of alleles in a sample and single-locus identity, F (= 1 - h).
The theory assumes that each new mutation is to a novel
allele (the "infinite alleles" model, ref. 38) and that the
distribution of allele frequencies has achieved a steady state
with respect to mutation and random genetic drift. Fig. 1
shows the relationship between the number of alleles and the
gene identity, F, observed for 28 mitochondrial genes within
five geographic regions. For illustration, we have also plotted
the 95% confidence region obtained by computer simulation
described below, based on the average sample size (N = 29).
Most points lie within the 95% confidence region; however,
several observations lie above the upper limit of genetic
identity expected for the average sample size.
To further explore the fit of the infinite alleles model, we

directly compared the empirical distributions of allele fre-
quencies to the expected distributions generated by computer
simulations, following Stewart's (39) procedure. This proce-
dure makes use of the fact that the expected distribution of
allele frequencies under the infinite alleles model is fully
specified by the sample size and the observed number of
alleles. For each locus and population, we simulated a
distribution of allele frequencies and obtained the gene
identity (F), the number of singletons (S) or uniquely repre-
sented alleles, and the frequency of the most common allele
(C). The distributions of these statistics were tabulated over
1000 simulations and were used to evaluate the significance
of the observed values of F, S, and C. We repeated this
procedure for each locus using the total number of alleles
observed in the pooled sample.
A plot of the observed vs. expected F values within

geographic regions reveals that, for most loci, the observed
values tend to be larger than those predicted from the infinite
alleles model (Fig. 2), and the deviations tend to be more
pronounced for the pooled sample (see below). Table 2
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FIG. 1. Gene identity (F) plotted vs. the number of alleles per
population for 28 mitochondrial loci sampled from five broad
geographic regions. Solid lines represent upper and lower bounds of
the 95% confidence region of F generated as described in the text.
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FIG. 2. Observed vs. expected gene identity for 28 mitochondrial
loci within samples from geographic regions (0) and pooled sample
(o). Expected gene identities were generated by computer simulation
(see text).

summarizes the statistical comparisons to the neutral model
for the different classes of mitochondrial genes. With the
limited number of genomes sampled within geographic re-

gions, only 35 of the 140 possible comparisons (28 loci x 5
populations) involved sufficiently large numbers of alleles for
legitimate testing of the null hypothesis of neutrality. For
example, simulations show that with five or fewer alleles in
a sample of 20 genomes, even the most extreme F values are
not statistically significant, because they occur in frequencies
in excess of the significance level even under the neutral null
hypothesis (see ref. 37). Of the 35 comparisons within
geographic regions, 10 (29%) of the observed F values are

significantly greater than the predicted values from the
simulated distributions (P < 0.025). The greatest deviations
from the neutral model are found for the protein-encoding
loci (36% of 25 tests). The 10 tRNA loci are weakly poly-
morphic, averaging about 2.6 alleles per locus, and the single
test that could be performed (tRNAval) showed a significant
excess in F over the neutral expectation. In contrast, the
noncoding sequence-i.e., D loop-showed no significant
deviations within regions.
The observed excess in gene identity (F) means that certain

loci have less allelic diversity than that predicted by the
model of strictly neutral mutations. The basis for the lesser
diversity is found by comparing the shapes of the observed

Table 2. Summary statistics and comparisons of observed
genetic identities with the expected values from the infinite
alleles model

Proportion
significant

Loci, Alleles, Diversity, Within Pooled
Locus no. average no. average regions sample

Noncoding 3 15.3 0.306 0 (5) 1.00 (2)
Proteins 13 11.8 0.306 0.36 (25) 0.92 (12)
rRNAs 2 10.5 0.318 0.25 (4) 1.00 (2)
tRNAs 10 2.6 0.050 1.00 (1) 0 (2)
All loci 28 8.8 0.215 0.29 (35) 0.82 (17)
For each class of loci, the proportion significant is the fraction of

polymorphic loci for which the probability of obtaining a genetic
identity exceeding the observed F was <0.025. The total number of
tests performed is given in parentheses.

and expected distributions of allele frequencies. In general,
the observed distributions tend to be more leptokurtic than
expected; that is, the most common alleles have higher
frequencies than expected, alleles with intermediate frequen-
cies are observed less often than expected, and singletons are
found in greater numbers than expected under the neutral
hypothesis. Common allele frequencies and the number of
singletons observed within regions are given in Table 3 for the
12 most polymorphic loci. Common alleles have significantly
greater frequencies than expected in 10 out of 35 tested cases
(loci within regions), and singletons occur significantly more
often than expected in 22 cases.

Departures from the neutral model are clearly evident in
the pooled sample of 145 mtDNAs (Fig. 2). For 27 of 28 loci,
F values in the pooled sample exceed the expected values
(the exception is NADH dehydrogenase subunit 3). For 17
loci in which statistical comparisons were possible, the
fraction of significant deviations ofF increased in all groups
of loci, except the tRNAs (Table 2). The genetic diversity at
a locus tends to be lower in the pooled sample in comparison
with the neutral predictions due to significant excesses in the
frequency of common alleles (14 out of 17 loci) and in the
numbers of singletons (13 out of 17 loci).

Table 3. Frequencies of the most common allele in each
geographic region and the number of singletons (S)
observed for 12 loci of the mtDNA genome
with five or more alleles

Geographic region
Allele I II III IV V Total

Locus no. (20) (34) (21) (44) (26) (145) x2

D loop 1 0.25 0.26 0.33 0.43 0.15 0.30 38.1*
2 0.00 0.00 0.00 0.00 0.27 0.05
S 10 11 5 7 5 28

ND 5 1 0.25 0.44 0.24 0.59 0.04 0.36 80.0*
2 0.35 0.32 0.57 0.21 0.27 0.32
3 0.00 0.00 0.00 0.00 0.46 0.08
S 6 8 4 7 4 20

CytOxase I 1 0.30 0.71 0.81 0.50 0.62 0.59 14.5*
S 5 5 4 4 3 16

Cyt b 1 0.75 0.65 0.52 0.80 0.38 0.64 90.5*
2 0.00 0.00 0.00 0.00 0.62 0.11
S NS 2 3 5 NS 7

ND 4 1 0.55 0.85 0.95 0.89 0.85 0.83 14.8*
S 7 2 NS 5 NS 8

ND 1 1 0.40 0.77 0.81 0.89 0.81 0.77 41.8*
2 0.45 0.03 0.00 0.00 0.00 0.07
S NS 4 NS 3 NS 6

CytOxase III 1 0.90 0.82 1.00 0.93 0.88 0.90 5.3
S NS 6 NS 3 NS 7

CytOxase II 1 0.90 0.79 0.86 0.96 0.96 0.90 7.0
S NS 3 NS NS NS 8

ATPase 6 1 0.85 0.79 0.91 0.70 0.96 0.82 8.8
S NS 1 NS 2 NS 5

16S rRNA 1 0.55 0.85 0.86 0.91 0.96 0.85 17.7*
S NS 2 NS 4 NS 7

12S rRNA 1 0.90 0.53 0.81 0.89 0.65 0.75 17.3*
S NS 2 NS 1 NS 5

ND 2 1 0.95 0.71 1.00 0.84 1.00 0.88 17.2*
S NS 3 NS 3 NS 3

The number of mtDNA genomes sampled from each area is given
in parentheses. Boldface type designates entries in which the
probability ofthe observed value exceeding the expected value under
the hypothesis of strict neutrality is less than 0.025. NS indicates that
the number of alleles was insufficient to perform the Ewens-Wat-
terson test. Asterisks designate significant (P < 0.05) heterogeneity
in common allele frequencies across regions as indicated by contin-
gency x2 tests. ND, NADH dehydrogenase; Cyt, cytochrome;
CytOxase, cytochrome oxidase.
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Analysis of Population Subdivision. Differences among
subpopulations in gene frequencies can be quantified by
Nei's (31) coefficient of population differentiation, GST,
defined as (HT - Hs)/HT, where HT is the unbiased estimate
of genetic diversity calculated from allele frequencies in the
total population (pooled sample). For mtDNA genes, GST
ranges from 0.147 for cytochrome b to 0 for several tRNAs
and has an average of 0.063 over 28 loci (Table 1). These
values suggest that gene flow among geographic regions has
been sufficiently limited so that genetic differences among
mtDNA gene pools have accumulated.

In principle, the degree of genetic differentiation among
subpopulations, as measured by GST, can be attributed to
both variation in the frequency of alleles found in all sub-
populations and to the occurrence of alleles in a limited
number of subpopulations. Heterogeneity tests for differ-
ences in common allele frequencies indicate significant geo-
graphic variation in allele frequencies for 10 of 12 highly
polymorphic loci (Table 3). Because of the large number of
singletons, most alleles are private alleles, observed only in
a single geographic region. However, in Papua New Guinea,
private alleles at three loci (D loop, NADH dehydrogenase
subunit 5, and cytochrome b) have achieved relatively high
frequencies (Table 3), suggesting that this population has
experienced limited gene flow with other mtDNA gene pools
(40).

Variation and Sequence Length. There is a positive rela-
tionship between the degree of allelic variation at a mtDNA
locus and the size of the gene as measured by sequence
length. Locus size (in base pairs) is significantly correlated
with the number ofpolymorphic sites per locus (r = 0.82), the
number of alleles per locus (r = 0.70), the average genetic
diversity within regions (r = 0.72), and the relative differen-
tiation as measured by GST (r = 0.73). These correlations
remain significant when the tRNAs and smaller loci of less
than 100 base pairs are omitted from the analysis and when
GST values were corrected for sampling variance (41). Be-
cause of the ascertainment bias associated with restriction
site data (16, 18, 42), rare sites can cause an underestimation
ofF and perhaps generate spurious correlations. When rare
sites are disregarded, the correlation between GST and size
becomes r = 0.72, indicating that the correlation is not
generated by ascertainment bias.

Analysis of Site Gains. The exact position and nature of
those base substitutions that account for the presence of a
restriction site in a given mtDNA and its absence in a known
sequence can usually be inferred by assuming only a single
substitution per restriction site (12). Of the 90 restriction site
gains in which the exact nucleotide substitution could be
inferred, 61 occur in coding regions, and 21 of these result in
an amino acid replacement. This proportion of replacement
substitutions (0.34) is less than half the expected fraction
(0.78) estimated from the mitochondrial genetic code and the
codon frequencies in the Cambridge sequence (28). Such a
low frequency of replacement substitution is compelling
evidence that replacement substitutions have been selective-
ly disfavored (43). These results further indicate that depar-
tures from the infinite alleles model are not all due to the past
action of selection on a single non-neutral site.

DISCUSSION
The availability of high-resolution restriction maps of human
mtDNA permits one to define alleles at mitochondrial loci
based on patterns of restriction site polymorphism and thus
to make use of statistical techniques developed for the study
of the factors influencing allelic variation in natural popula-
tions (31, 35, 36, 39-47). In particular, the infinite alleles
model provides theoretical predictions of the stationary
distribution of allele frequencies that can be directly com-

pared to observed distributions (44-46). The analysis of
allelic variation at mitochondrial loci, using the Ewens-Wat-
terson sampling theory, reveals that most of the genetic
diversity within geographic regions falls in the range predict-
ed by the infinite alleles model, from which we infer that
neutral mutations have been a major influence in the evolu-
tionary divergence of human mitochondrial genomes.
The distributions of allele frequencies contain some depar-

tures from the neutral mutation model: common alleles occur
in higher frequency than expected, especially for loci encod-
ing proteins and tRNAs, and singletons are more numerous
than expected for all classes of loci. By systematically
examining the assumptions of Ewens-Watterson sampling
theory, one may attribute these departures to several sourc-
es. For example, the theory assumes complete identification
of all allelic types (47). Despite the fact that restriction
mapping can detect a greater proportion of existing sequence
diversity than other indirect techniques (e.g., sequential
electrophoresis, refs. 45 and 46), some variation within allelic
classes can remain undetected. Unidentified alleles may also
arise through convergence of different sequences to the same
restriction site haplotype through repeated gains and losses of
specific sites. However, the probability of convergence to an
identical allelic state becomes extremely small for loci with a
large number of polymorphic sites. Similarly, polymorphic
sites will most likely delineate new alleles when the sample
size and neutral mutation parameter (NA) are sufficiently
large (48).
A second assumption underlying the statistical theory is

that the distribution of allele frequencies has achieved a
steady state between the mutational gain ofnew variants and
the stochastic loss of alleles through genetic drift (36, 37).
Because of the recent expansion of the human population,
such a steady state has probably not yet been reached (49).
Theory predicts that during the period of population expan-
sion the expected number of neutral alleles increases more
rapidly than the expected genetic diversity (50). This predic-
tion agrees with the deviations of the observed distributions
of alleles detected by the Ewens-Watterson tests, especially
with the excess in singletons observed at nearly every locus
in the mitochondrial genome.
A third assumption is that the population is geographically

unstructured and homogeneous with respect to gene frequen-
cies (47, 51). If migration is limited within regions, micro-
geographic variation in allele frequencies would create devi-
ations from the neutral model in the same manner as detected
in the pooled sample. As with the effect of population
expansion on genetic variation, microgeographic structuring
would affect all loci in the mitochondrial genome; however,
at this point we have insufficient information to assess the
extent of fine-scale structuring.
A final assumption of the Ewens-Watterson theory is that

all alleles at a locus represent strictly neutral mutations
whose dynamics have been affected solely by random genetic
drift. As an alternative to the effect of population expansion,
the direction of departure of the observed allele frequencies
from the infinite alleles model may be attributed to the past
action of purifying selection favoring the common allele
within each population. The contribution of purifying selec-
tion is further supported by the observation that the proba-
bility that an inferred replacement site is a rare site, a site that
occurs only once in the sample, is significantly greater than
expected by chance alone.
The complete linkage of mitochondrial genes, resulting

from the apparent lack of a recombination mechanism for
mtDNA molecules, has two important implications in inter-
preting the results of the tests of neutrality. First, the random
sampling of mtDNA genomes over evolutionary time can
generate positive correlations in genetic diversities for com-
pletely linked loci, even if all mutations are strictly neutral

9614 Genetics: Whittarn et al.



Proc. Natl. Acad. Sci. USA 83 (1986) 9615

(29, 52). However, computer simulations indicate that these
correlations are insufficient to inflate the probability of
deviations of genetic diversities in the Ewens-Watterson test
(A.G.C. and T.S.W., unpublished data). Second, in the
absence of genetic recombination, neutral and nearly neutral
alleles may increase in frequency through their association
with a selectively favored mutation that has occurred in any
part of the genome (53-55). Adaptive mutations can increase
the effect of genetic drift by reducing the effective population
size, thus reducing the average genetic diversity (54, 55).
These indirect effects of selection on linked neutral alleles
would be difficult to attribute to any given locus, but
computer simulations (A.G.C. and T.S.W., unpublished
data) show that even with strong selection a linked neutral
locus may still adequately fit the allele frequency spectrum
predicted by the Ewens-Watterson theory. Our argument
that more than one site has faced selection is based on the
excess of silent substitutions seen throughout the genome.
Our analyses indicate that several evolutionary factors are

responsible for the levels of variation of mitochondrial genes
in the human population. We infer that neutral mutations and
genetic drift have strongly influenced the levels of genetic
variation at mitochondrial loci, because (i) many observa-
tions fall within the range of values predicted by the infinite
alleles model, (ii) noncoding sequences show the smallest
departures from the neutral model, (iii) most restriction site
changes in coding regions involve silent substitutions, and
(iv) genetic diversity correlates with sequence length. The
fact that genetic drift can strongly affect organelle genes
through the reduction in effective population size resulting
from maternal transmission is well known (21, 25). In
addition, it is likely that the recent expansion of the human
population and some form of selection have distorted the
distributions of allele frequencies away from the steady-state
distributions expected for strictly neutral mutations.
The method of constructing allelic identities from restric-

tion patterns can be applied to any genetic region where the
correspondence between the genetic map (location of struc-
tural genes) and the restriction map is precisely known. In
particular, the analysis we employ will be valuable in cases
where the nucleotide sequence is known and where large
population samples of restriction site variation can be ob-
tained. The results of these analyses will allow a new level of
resolution of molecular variation at a fraction of the effort of
complete sequencing.
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