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Summary

A recent study of mitochondrial DNA (mtDNA) polymorphism has generated much debate about modern
human origins by proposing the existence of an "African Eve" living 200,000 years ago somewhere in
Africa. In an attempt to synthesize information concerning human mtDNA genetic polymorphism, all
available data on mtDNA RFLP have been gathered. A phylogeny of the mtDNA types found in 10 popu-
lations reveals that all types could have issued from a single common ancestral type. The distribution of
shared types between continental groups indicates that caucasoid populations could be the closest to an
ancestral population from which all other continental groups would have diverged. A partial phylogeny of
the types found in five other populations also demonstrates that the myth of an African Eden was based
on an incorrect "genealogical tree" of mtDNA types. Two measures of molecular diversity have been com-

puted on all samples on the basis of mtDNA type frequencies, on one hand, and on the basis of the num-

ber of polymorphic sites in the samples, on the other. A large discrepancy is found between the two mea-

sures except in African populations; this suggests the existence of some differential selective mechanisms.
The lapse of time necessary for creating the observed molecular diversity from an ancestral monomorphic
population has been calculated and is found generally greater in Oriental and caucasoid populations. Im-
plications concerning human mtDNA evolution are discussed.

Introduction

Mitochondrial DNA (mtDNA) is a small extranuclear
DNA molecule that has been fully sequenced in man
(Anderson et al. 1981). The circular mitochondrial ge-
nome appears to be maternally inherited and presents
a mutation rate S to 10 times higher than nuclear DNA
(Brown et al. 1979). With a few exceptions (see Green-
berg et al. 1983; Monnat and Loeb 1985; Monnat and
Reay 1986), all the individuals appear to be homoge-
neous for one particular type of mtDNA. These prop-
erties render it very attractive for anthropological studies.
A recent RFLP study of human mtDNA concerning

a small sample of 147 individuals drawn from five popu-
lations (Cann et al. 1987) engendered much debate
about modern human origins (Darlu and Tassy 1987a,
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1987b, 1987c; Eckhardt 1987; Poulton 1987; Saitou
and Omoto 1987; Wainscoat 1987). Unfortunately, the
work of Cann et al. has not been compared with the
pool of existing data on mtDNA RFLP (Johnson et al.
1983; Horai et al. 1984; Wallace et al. 1985; Bonn&
Tamir et al. 1986; Brega et al. 1986a, 1986b; Harihara
et al. 1986; Horai and Matsunaga 1986). Data con-
cerning these nine RFLP studies undertaken with more
than one endonuclease have been reanalyzed (see table
1). The enzymatic morphs and the mtDNA types result-
ing from their combination in different individuals have
been verified elsewhere (L. Excoffier, unpublished data).
The mtDNA of 1,064 independent individuals has thus
been gathered. As no common set of endonucleases was
available for the totality of the studies, the comparison
of the totality of the mtDNA types was excluded. More-
over, the size of each sample drawn from a population
was often so low that type frequencies were poorly esti-
mated and a majority of types (mainly rare ones) were
absent in the sampling processes (Excoffier et al. 1988b).
The different studies were broken into units where

the mtDNA types could be directly compared between
several samples. Thus, two main groups of studies were
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Table I

Characteristics of the Main RFLP Studies concerning Human mtDNA

No. of
No. of Genes Populations No. of No. of

Source in Sample Studied Enzymes Used Types Found

Johnson et al. (1983)a ................... 200 5 5 35
Horai et al. (1984)b ........... ........ . 120 1 15 22
Wallace et al. (1985)a . ....... 74 1 6 8
Bonne-Tamir et al. (1986)a ............... 81 2 5 18
Brega et al. (1986a)a. ................... 91 1 5 13
Brega et al. (1986b)a .................... 229 2 6 29
Harihara et al. (1986) ................... 122 2 3 11
Horai and Matsunaga (1986)b ........ . . . . . 116 1 9 62
Cann et al. (1987) ...................... 147 5 12 133

Total ............................... 1,180
a These samples have been analyzed with the same set of endonucleases and are therefore comparable.
b These studies concern the same sample analyzed with two different sets of endonucleases.

used for constructing phylogenies, the first being made
up of the studies marked by an asterisk in table 1 and
the second consisting of the sole study of Cann et al.
(1987). These two units have been analyzed separately,
and their results were compared. When a phylogeny
of the mtDNA types was constructed, a hypothetical
ancestral type was defined. As all samples could not
be compared by the mean of their genetic composition,
we have compared the extent of their DNA polymor-
phism computed from the mean number of restriction-
site differences in each sample (Nei and Tajima 1981).
This quantity is dependent on the number and the na-
ture of the endonucleases used, thus varying from one
study to another, and has been converted to a nucleo-
tide basis (Nei and Tajima 1981). The inferred nucleo-
tide diversity has then been translated onto a time scale
assuming a constant mutation rate adjusted by an esti-
mation of Homo-Pan divergence time (Brown et al.
1979, 1982). In the light of these two types of informa-
tion, we suggest a new model for human mtDNA evo-
lution.

Material and Methods

mtDNA Type Phylogenetic Networks

A complete phylogenetic network has been elabo-
rated for 61 types which have been defined in five com-
parable studies assembling 10 populations from four
continents. All enzymatic morphs defined in the frame
of these studies have been reexamined carefully for pos-
sible misinterpretations. Independence of recognition

sites for several endonucleases has also been checked.
A few differences between the original data and our
interpretations (L. Excoffier, unpublished data) have
been identified, which has sometimes led to changes
in mtDNA type connections (see Appendix). The net-
work in figure 1 has been built by linking types which
differ by only one substitution. Not all possible con-
nections between types are shown in figure 1. The most
probable links have been chosen according to two
criteria: a connection between a frequent type (gener-
ally >5%) and a rare type (<5%) is favored over a con-
nection between two rare types; a connection between
two types present in the same population is preferred
over a connection between two types found in different
populations. A partial phylogenetic network has been
built for a set of types defined in the study of Cann
et al. (1987). Published data on restriction-site pres-
ence or absence for the 133 distinguishable types was
used to infer possible connections. The fact that only
a few types could be deduced from each other by a sin-
gle substitution has led to the partial phylogeny shown
in figure 2. No phylogeny has been built for the types
defined in three other studies (Horai et al. 1984; Hari-
hara et al. 1986; Horai and Matsunaga 1986), because
the mtDNA types are not comparable with those of
other studies and concern only one continental group.
To become phylogenetic, our networks needed a root

and a polarity. In other words, we had to define ances-
tral states for the polymorphic restriction sites. Usu-
ally, this is best done when an extraspecific type is avail-
able. This was unfortunately not the case, as no other
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Figure I Phylogenetic network of 61 mtDNA types defined in 10 populations. Circle sizes are proportional to the number of popula-
tions where each type is found. Type 1 appears to be ancestral.

primate has been studied with a similar set of en-
donucleases, which would only permit one to charac-
terize a common ancestral type. Thus, extending the
hypothesis that a monomorphic restriction site rep-
resents the ancestral state, we simply postulated that
an ancestral type would possess all the polymorphic
restriction sites in the most frequent state found among
all the types. Say we have M different types, where K
polymorphic sites are recognized. A particular type may
be represented as a Boolean vector of 1 or 0 for each
site, depending on whether it is present or not. Simply
adding the state of the M types for the site i yields a
number Si ranging from 1 to M - 1. Thus, the ances-
tral state of this site has been defined as

o if Si < M/2,
1 if Si > M/2,
indeterminate if Si = M /2.

Repeating the process over the Kc polymorphic sites
produced a hypothetical ancestral type, which will be
referred to as a central type.

DNA Diversity
The mean number of restriction-site differences (v)

within a population may be estimated by
v = n/(n- 1) Zij xi x vij,

(Nei and Tajima 1981) (1)
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Figure 2 Partial phylogeny of 27 types defined by Cann et al. (1987). Arrows indicate the substitutions that have taken place from
type 69, which is postulated to be ancestral, to obtain other types.

where n is the sample size, xi is the sample frequency
of type i and vij is the number of restriction-site differ-
ences between types i and j. For a neutral locus where
new mutants arise by substitutions and with no recom-
bination, which is the case of mtDNA (Clayton et al.
1974), the infinite-site model (Watterson 1975) may be
applied to find the expectation of v as

n-1
E(v) = KI/(E 1/i)

(Watterson 1975) (2)

where K is the number of polymorphic sites in a sam-
ple. This estimator is independent of type frequencies

and measures a long-term average rather than a "current-
generation" value (Ewens 1983).

Nucleotidic diversity has been found by dividing the
mean number of restriction-site differences by the effec-
tive number of nucleotides surveyed (R). This latter
quantity has been estimated by taking into account the
potential sites which differ from a recognition sequence
by a single substitution. It may be estimated by

j
R = mTZ (aoi r,' + ali13),

i=l
(3)

where j is the number of tested endonucleases, mT is
the number ofpossible recognition sites in the gene un-
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der study (here equal to the length of the mitochon-
drial genome), a0i is the probability that a sequence
of effective length r,' (Nei and Tajima 1981) is a recog-
nition site for the ith endonuclease, and, finally, ali is
the probability that a sequence differs from a recogni-
tion site by a single substitution. Dividing both equa-
tions (1) and (2) by R provides two estimators of the
nucleotide diversity which have been referred to as lti
and t2, respectively. The number of substitutions by
nucleotide site (s) is then derived as s = -3/4 loge(1
-4ic/3) = 2 Xt (Nei and Tajima 1983), where X is the
substitution rate and t is the divergence time from a
mother population. Brown et al. (1979, 1982) have es-
timated an s value of 2% /million years of divergence
between lineages by comparing Homo and Pan mtDNA
sequences and assuming that the divergence between
the two species occurred approximately 5 million years
ago. This leads to an s value of 1% /million years/lin-
eage, which is a value widely accepted for primates
(Brown 1985). Thus, two estimates, ti and t2, have
been drawn, respectively, from lti and t2. As an in-
traspecific population divergence is a different phenome-
non than speciation, the deduced divergence time must
be considered as the time necessary for creating the ob-
served polymorphism from an ancestral monomorphic
population. As most human populations were poly-
morphic when they diverged, it constitutes an overesti-
mation of the real divergence time.

Results

Complete Phylogeny of 61 Types
A phylogenetic network for 61 types, in which fre-

quencies for 10 populations are given in table 2, is
presented in figure 1. Type 1, which is predominant in
most samples, except in the African populations, is the
central type and shows the deduced ancestral restriction-
site states at all sites. Thus, it is a good candidate for
being an original type from which other types may have
radiated. This is in agreement with the fact that the
probability that a given type is the oldest in a sample
is equal to its frequency (Watterson and Guess 1977).
This view is also strengthened by the fact that it is the
only type found in all samples and that 26 types are
directly connected to it. The differences between this
network and previously published data are listed in de-
tail in the Appendix.
Although the majority of types were only found in

one sample, some were present in two or more sam-
ples. We have assumed, as a first step, that these latter

types were present in a mother population prior to the
split that gave birth to actual populations. This was
the case for types 2, 6, 7, 8, 13, 28, 31, 39, and 47,
which were found in separate continental groups and
were thus presumed quite old.

All 61 types could be integrated into the network af-
ter the creation of four intermediate types not found
in the available samples. Owing to the limited size of
the samples, one cannot presume that these types or
some others were absent from the studied populations.
With the two criteria defined above, all types could be
derived from only one other type, with the exception
of types 44 and 53, for which a "parent type" could
not be ascertained.

Partial Phylogeny

Cann et al. (1987) have published a "genealogical
tree" of 134 types found among 147 individuals. As
these types were defined with a different set of en-
donucleases, they cannot be compared with the 61 types
of figure 1, and attention should be paid to the fact
that types bearing the same identification number are
clearly different from those of figure 1. The great
majority of the 134 types were present in only one in-
dividual, except for seven ofthem (29, 58, 65, 80, 114,
115, and 134) which were found in several individuals
of the same "population.' When the data for them were
examined, types 114 and 116 were found to be identi-
cal, which reduced to 133 the number of different types.
In figure 2, we have shown a partial phylogeny for 27
types. No other types could be linked to this subset
by fewer than two missing intermediates, and there was
no unique type to which they could be connected. Fur-
thermore, the 106 other types could not be intercon-
nected by a single substitution, except for types 130
and 131 and types 133 and 134, all found in New
Guinea; therefore, further connections would have been
highly speculative. Type 69 is the central type of the
133 types, according to our definition, and thus presents
all restriction sites in their more frequent state.

It is interesting to note that our partial phylogeny
was clearly arrayed around type 69, to which types
found in various continents connected directly. Even
if this phylogeny would suggest to some people that
the mitochondrial Eve was Australian, we would rather
consider that these potentially old types were present
in continental groups before the different population
splits. The very precise type definition (12 endonucleases
involved) and the limited sample sizes may have, as a
consequence, confined each type to a particular "popu-
lation:'
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Table 2

Frequency (%) of mtDNA Types in 10 Samples

SAMPLE

Israeli Israeli
Caucasian' Roman b Sardinianb Jewc Arabc Bantua San' Oriental' Tharud Amerindian'

TYPE (N= 50) (N= 95) (N= 134) (N=38) (N=39) (N=40) (N=34) (N=46) (N=91) (N=74)

1.......

2.......

3.......

4.......

S.......

6.......

7.......

8.......

9.......

10.......

11.......

12.......

13.......

14.......

15.......

16.......

17.......

18.......

19.......

20.......

21.......

22.......

23.......

24.......

25.......

26.......

27.......

28.......

29.......

30.......

31.......

32.......

33.......

This partial phylogeny showed evident topological
contradictions with the published "genealogical tree.'

The parsimony criteria used in this case aimed at

minimizing the total length of the tree, without special

care for preserving direct connections between types.

This is why, for example, type 69 and type 116 were

grouped at a very high level by the parsimonious proce-

dure, although they differ by a single substitution. Al-

though we do not mean to criticize parsimony methods,

it seems that, in this particular case, types that have

accumulated many mutations were weighted too much

in the tree-construction procedure followed by Cann

et al. (1987).

Molecular Diversity

We have reported in table 3 the mean restriction-site

differences (v and E(v)), the estimation of nucleotidic

diversity (2ti andR72), and the estimates of differentia-

tion times for the 19 samples at our disposal. The esti-

mator v has been computed on the basis of the phylog-

eny shown in figure 1 for the 10 first samples of table

3. For the other samples, the measure of vij has been
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(continued)
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Table 2 (continued)

SAMPLES

Israeli Israeli
Caucasiana Romanb Sardinianb JewC Arabc Bantua Sana Orientala Tharud Amerindiane

TYPE (N = 50) (N= 95) (N= 134) (N=38) (N=39) (N=40) (N=34) (N=46) (N=91) (N = 74)

34 ............ 0 0 0 0 0 2.5 0 0 0 0
35 ............ 0 0 0 0 0 2.5 0 0 0 0
36 ........... 0 0 0 2.6 0 0 0 0 0 0
37 ............ 0 0 0 2.6 0 0 0 0 0 0
38 ............ 0 2.1 0 2.6 0 0 0 0 0 0
39 ............ 0 0 1.5 2.6 0 0 0 0 0 1.4
40 ........... 0 0 0 0 2.6 0 0 0 0 0
41............ 0 0 0 0 2.6 0 0 0 0 0
42 ........... 0 1.1 0 0 2.6 0 0 0 0 0
43 ........... 0 0 0 0 2.6 0 0 0 0 0
44 ........... 0 0 0 0 2.6 0 0 0 0 0
45 ........... 0 0 0 0 2.6 0 0 0 0 0
46 ........... 0 0 0 0 0 0 0 0 0 4.1
47 ........... 0 1.1 0.7 0 0 0 0 0 2.2 0
48 ........... 0 0 0 0 0 0 0 0 2.2 0
49 ........... 0 0 0 0 0 0 0 0 1.1 0
50 ........... 0 0 0 0 0 0 0 0 1.1 0
51............ 0 0 0 0 0 0 0 0 1.1 0
52 ........... 0 0 0 0 0 0 0 0 2.2 0
53 ........... 0 0 0 0 0 0 0 0 1.1 0
54 ........... 0 0 0 0 0 0 0 0 1.1 0
55 - 47
56 ........... 0 1.1 0 0 0 0 0 0 0 0
57 ........... 0 1.1 3.0 0 0 0 0 0 0 0
58 ........... 0 1.1 0 0 0 0 0 0 0 0
59 ........... 0 1.1 0 0 0 0 0 0 0 0
60 ........... 0 0 0.7 0 0 0 0 0 0 0
61 ........... 0 0 0.7 0 0 0 0 0 0 0
62 ........... 0 0 1.5 0 0 0 0 0 0 0

a Source: Johnson et al. 1983.
b Source: Brega et al. 1986b.
c Source: Bonne-Tamir et al. 1986.
d Source: Brega et al. 1986a.
e Source: Wallace et al. 1985.

established on the basis of the observed number of
restriction-site differences between two types i andj and
thus may sometimes be underestimated.
We first noted that equation (2) gave estimates gener-

ally twice as big as equation (1) estimates. Thus, the
long-term measure gave higher estimates than the
current-generation measure. Nevertheless, two African
samples -and, to a lesser extent, a sample from New
Guinea- show both estimators in close agreement. The
absolute values of nucleotidic diversity may be com-
pared with a previous estimate of0.36% (Brown 1980),

computed with an estimator similar to t1 on a sample
of 21 individuals of various origins. It would slightly
exceed all the present estimates of li and may be due
to the great heterogeneity of Brown's sample. The
highest estimates of ti were obtained for the African
samples, which all exceed 0.30%. Very low estimates
were found for Amerindian and Ainu samples. All these
values remained below 1%, which was obtained for the
noncoding part ofmtDNA (Greenberg et al. 1983). The
estimates of 7R2, although generally higher than those
of ni, presented a different distribution pattern, which
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Table 3

Molecular Diversity of Samples and Estimations of Differentiation Time

No. of
Sample Genes Ka Rb Ac E(v)d 7,( x 104)e s2( x 104)f tls t2h

Caucasian .................. 50 13 618.4 1.32 2.90 21.34 46.90 213,704 470,473
Roman' .................... 95 14 618.4 1.15 2.73 18.62 44.16 186,432 442,905
Sardinian) .................. 134 10 618.4 .85 1.83 13.14 29.60 131,515 296,586
Israeli Jewsk ................ 39 10 618.4 1.39 2.37 22.48 38.34 225,138 384,383
Israeli Arabsk ............... 39 10 618.4 1.46 2.37 23.62 38.34 236,573 384,383
Bantu ..................... 40 9 618.4 2.14 2.12 34.62 34.30 347,001 343,787
San' ...................... 34 8 618.4 1.96 1.96 31.70 31.70 317,672 317,672
Oriental'.................... 46 8 618.4 .89 1.82 14.38 29.44 143,938 294,979
Tharu ..................... 91 11 618.4 .77 2.16 12.46 34.94 124,704 350,216
Amerindianm ................. 74 4 618.4 .19 0.82 3.08 13.26 30,806 132,717
Japan ...................... 116 76 3173.1 4.59 14.27 14.46 44.96 144,740 450,973
Japan ...................... 120 22 769.0 .86 4.10 11.08 53.30 110,882 534,903
JapanP ..................... 74 9 341.9 .53 1.85 15.37 54.10 153,858 542,961
AinuP ..................... 48 2 341.9 .08 0.45 2.32 13.16 23,204 131,716
Europeq .................... 46 81 4158.3 7.16 18.34 17.22 44.10 173,398 442,302
Africaq .................... 20 68 4158.3 13.50 19.17 32.46 46.10 325,304 462,423
Asiaq ...................... 34 78 4158.3 10.18 19.08 24.48 45.88 245,200 460,209
Australiaq .................. 21 48 4158.3 7.67 13.34 18.44 32.08 184,627 321,488
New Guinea ............... 26 36 4158.3 7.18 9.43 17.26 22.68 172,799 227,144

a Number of polymorphic sites in sample.
b Number of nucleotides effectively surveyed.
c Mean restriction-site difference.
d Expectation of the mean restriction-site difference under the infinite-site model.
' Estimation of nucleotide diversity based on type frequencies.
f Estimation of nucleotide diversity based on the infinite-site model (type frequencies independent).
g Estimation of the time necessary for creating observed diversity from a monomorphic population based on nt1.
h Estimation of the time necessary for creating observed diversity from a monomorphic population based on 2'
'Source: Johnson et al. 1983.
i Source: Brega et al. 1986b.
k Source: Bonne-Tamir et al. 1986.
Source: Brega et al. 1986a.
m Source: Wallace et al. 1985.
" Source: Horai and Matsunaga 1986.
0 Source: Horai et al. 1984.
P Source: Harihara et al. 1986.
q Source: Cann et al. 1987.

was quite homogeneous around 0.4%. African sam-
ples did not show very high values compared with the
Japanese samples or some caucasoid samples.

Values found by estimates of ti would have sup-
ported an African origin for human populations, but
this was in contradiction to the values computed for
t2. It is important to recall here that all these values
greatly overestimate divergence times and depend on
the degree of polymorphism of populations when they
split as well as on the heterogeneity of present samples.
This latter bias seems particularly evident in some sam-

ples gathered by Cann et al. (1987). As an example,
their "African" sample consisted of 18 black Americans,
one Nigerian, and one Bushman. It has been shown
that African populations are well differentiated
(Excoffier et al. 1988b), and this sample's heterogene-
ity must have introduced a strong bias which raised the
estimate of its molecular diversity.

Discussion

All types in figure 1 may have emerged from type
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1 and from a small set of shared types between con-
tinental groups. The genetic constitution of early mod-
ern human populations may, then, have already been
quite polymorphic prior to the first main continental
splits. Among 10 intercontinental shared types, nine
are found in caucasoid populations, the exception be-
ing type 8, which is present in Oriental, Amerindian,
and African samples. The caucasoid samples share four
types with the African samples and six types with the
Oriental samples and thus seem to occupy an intermedi-
ate position between African and Oriental populations.
Moreover, we have to note that the sole Israeli Arab
sample possesses six shared types plus type 44, which
is directly derived from another shared type. Types found
in Oriental populations are generally less than two sub-
stitutions away from type 1. Caucasoid and African
populations possess more differentiated types on sepa-
rate branches of the phylogeny, such as those emerging
from types 21, 23, 28, and, particularly, from type 7.
As a matter of fact, owing to the radiating structure
of the phylogeny, the majority of the African types (12
of 16) could have emerged more recently from type 7
and type 2. The fact that these latter two types are also
found in the Israeli Arab sample indicates an ancient
connection between these populations and thus sup-
ports the hypothesis that present African populations
may have originated from a common and genetically
extra-African population existing before the continen-
tal splits.
The partial phylogeny (fig. 2) computed from Cann

et al.'s (1987) data does not contradict these hypothe-
ses. Although based on smaller and more heterogeneous
samples, and on different types characterized with a
better precision, this phylogeny shows that an ances-
tral type may be found (type 69) and that all continen-
tal groups possess types connected very closely to it.
These latter types are almost the only ones that can
be linked in pairs to each other by single substitutions.
It strongly supports the idea of a common origin for
all present populations. This also indicates that these
types may have been present in early populations of
modern humans. Very differentiated types might have
appeared later in isolated populations. This partial phy-
logeny does not indicate which population could have
been ancestral to others, but it becomes clear that the
hypothesis of the African Eve is based on a "genealogi-
cal tree" biased by topological errors- and that it thus
cannot be supported by these data.
The comparison of v and E(v) and derived estima-

tions, such as differentiation times, made it possible
to infer the existence of different evolutionary mecha-

nisms within human populations of different continental
groups. Common procedure of molecular polymor-
phism estimation seems to imply that African popula-
tions, being the most differentiated, would be the old-
est populations among those studied so far. But the
long-term estimator E(v) has shown that African pop-
ulations are as differentiated as predicted by an infinite-
site model. This is not the case for all the other popula-
tions, which show reduced molecular diversity. According
to this latter model, some caucasoid and Oriental sam-
ples appear more differentiated than African samples
and could be derived from older ancestral populations.
The reduced diversity of caucasoid and Oriental popu-
lations is also perceptible when one considers type fre-
quencies of table 2, where the central type 1 appears
to possess frequencies higher than 50% in most of the
samples. According to the neutral infinite-allele model
(Ewens 1972) applied to a population near equilibrium,
a mutation parameter 0 (= v for mtDNA; Birky et al.
1983) may be estimated from the sample size and the
number of types in the sample. The mean 0 value for
the samples in table 2 may be calculated as equal to
4.3 (Excoffier et al. 1988b). Watterson and Guess (1977)
and Griffiths (1979) have shown that the expectation
of the frequency of the most frequent type was approx-
imately equal to 1n(0)/a This would give an expected
mean frequency of approximately 34% for the most
frequent type, a value considerably less than those ob-
served in caucasoid and Oriental samples. It appears,
then, that the high frequencies of type 1 found in most
populations are incompatible with both the apparent
high mutation rate of mtDNA and a neutral model.
This suggests that a selective mechanism favoring cer-
tain types or eliminating others is at work. Johnson
et al. (1983) as well as Whittam et al. (1986) have car-
ried out homozygosity tests (Watterson 1978) on
mtDNA which tend to show that the hypothesis of equi-
librium under neutrality is not always supported. The
exact nature of this selection, and why it does not oc-
cur in some populations, remains to be understood.
Although we would agree that divergence between esti-
mators of v and E(v) could result from too high fre-
quencies of type 1 of figure 1 (or similar mitochondrial
genomes), any measure of population relatedness based
on the hypothesis ofpure genetic drift ofmtDNA seems
doubtful. Evolutionary schemes ofhuman continental
groups based on estimation of E(v) agree with those
based on type phylogenies in challenging the idea of
an evolution of the whole mitochondrial genetic stock
from a single African-like ancestral population.

It seems difficult to determine that a particular set
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of populations may be the source of the differentiation
of all others, since ancient types are observed in each
continental group and because the time necessary to
produce the present molecular diversity largely exceeds
100,000 years, which is the widely accepted estimation
for the anatomically modern human's first appearance
(Delson 1988; Stringer 1988; Stringer and Andrews
1988; Valladas et al. 1988). This may reflect two aspects
of human population differentiation. The first is the
fact that, generally, human populations have not been
isolated since their constitution and have exchanged
more or fewer genes with surrounding populations, in-
creasing their own diversity. The second aspect is that
the age of genes may greatly exceed the age of a partic-
ular population or even of a species (Takahata and Nei
1985), so each population carries genes that appeared
long before its isolation. Consequently, it is understand-
able that the time necessary for creating present molec-
ular diversity sometimes exceeds 400,000 years. This
also means that all present continental groups should
possess a portion of the genetic constitution of early
modern human populations. Therefore, the most im-
portant goal may not be to identify one population or

group of populations as being ancestral to others but
to recognize which characteristic could be ancestral and
what would have been the probable genetic pool ofearly
populations.

In light of the distribution of the shared types be-
tween continental groups, some caucasoid populations
seem nevertheless to have a genetic background close
to that of a primitive (sensu stricto) human population
and also to occupy an intermediate place between Afri-
can and Oriental populations. African populations, on
the other hand, have very differentiated mtDNA types
(see fig. 1), most of which have appeared only recently.
They are not, therefore, likely heirs of a population from
which all others could have diverged. In proposing that,
among studied samples, some caucasoid populations
could be the closest to ancestral populations, we mean
neither that primitive modern humans were caucasoid
nor that they appeared geographically at the actual lo-
cation of caucasoids, since both hypotheses are not test-
able. This proposition is nevertheless supported by avail-
able data on rhesus, Gm, and HLA genetic systems
(Excoffier et al. 1988a; Sanchez-Mazas and Langaney
1988) but not by data on proteic systems (Nei and Roy-
choudhury 1974) and on some nuclear DNA RFLPs
(Wainscoat et al. 1986). As these latter two kinds of
genetic systems are also prone to some form of selec-
tion, a situation comparable to the one encountered

for mtDNA cannot be excluded. We therefore suggest
that future population-genetics studies include some
measure of long-term molecular diversity, which does
not depend on gene frequencies such as those proposed
by the infinite-site or the infinite-allele models.
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Appendix
Each type from figure 1 has been redefined in table Al
according to the polymorphic sites differing from those
oftype 1, which is identical to the Cambridge sequence
(Anderson et al. 1981). The numbers that identify each
type are identical to those of published studies refer-
enced in table 2. The discrepancies from published data
concerning type definitions and type connections are
as follows: The MspI sites 8112 and 8150 are effectively
present in most mtDNA types (Cann 1982; Horai and
Matsunaga 1986), and thus a double mutation is needed
to link type 3 to type 10. Type 33 does not possess these
two sites and seems to have been derived from type 5
and not from type 2. Type 18 is directly derived from
type 1 by a single substitution at position 13368, which
induced the loss of an AvaIl site and the simultaneous
gain of a BamHI site. Type 23 is derived from type 1
by a single substitution at position 16391, which also
led to the loss of an Avail site and the gain of a BamHI
site. Types 11 and 58 also present this latter apparent
double mutation and thus should rather be attached
to type 23 by a missing intermediate type. Type 31 would
preferentially be linked to type 2, as they are always
encountered together (in the Bantu and the Israeli Arab
samples). Type 36 could be directly derived from type
17 by a single substitution, as a confusion seems to have
occurred in the definition of some AvaIl types found
by Bonne-Tamir et al. (1986); the AvaII morph 13 is
indeed derived from morph 9 by the loss of the 12629
site- and is not derived from morph 12; this morph
12 may be derived from the AvaIl morph 3 by the recur-
rent loss of site 12629. This also leads to the linking
of type 43 to type 2 and not to type 7. Type 44 may
be derived from types 28 or 47 and not from type 24,
from which it differs at two sites (8269 and 16390).
Finally, type 55 is found to be identical to type 47.
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Table Al

Restriction-Site Polymorphism of 61 Types Presented in Figure I

Type Polymorphic Sitesa Type Polymorphic Sitesa

1 .......... 332.. 3592b 8112C 8150C 13100C
2.3592b 16390d 33 .. 3592b 8112C 8150C 16390d

3 ...........3592b 8112c 8150C 8269d 34 .. 3592b 9056e 16390d
4.3592b 8112C 8150C 8269d 11454C 35 .. 3592b 13367d 16390d
5.3592b 8112C 8150C 8269d 16390d 36 .. 12629d 13367d 16390d

6 .......... 9056e 37 ........ 8269d 12191d 16390d
7 .......... 3sg2b 38 .......... 4308d
8 .......... 12408b 39 ..... 11001 e
9 .......... 9056e 12408b 40 ........ 8150C

10 .......... 3592b 8269d 41 .. 15503C
11 .......... 4533e 8269d 16389f116390d 42 ........ 13100C
12 .......... 12026b 43.......... 3592b 12629d
13.4830e 44 .. 15925C 16390d

14.3592b 8112C 8150C 8269d 15882d 16390d 45 9689e
15 4810d 46.. 4533e
16 .3881d 9056e 47. 16390d
17 13367d 48 .. 14204C

18.13366f/13367d 15925C 49 .. 7973c
19 .......... 13366' 13367d 15925C 16390d 50 .. 12815C
20 .......... 13366f/13367d 14862e 15925C 51.......... 12123C 15925C
21 .......... 8269d 52.260d
22 .......... 8269d 16390d 53.......... 5260d 15925C
235......... 16389f416390d .......... 14204C 15487d
24 .......... 8269d 15925C 56 .......... 1S882d
25 5.......... 1113b 57.......... 12629d 13366f/13367d 15925C 16390d
26 .......... 9264e 58.......... 3131d (7852d) 4533e 8269d 16389f,16390d
27 ......... e 15882d 59 .......... 4308d 15882d
28 .......... 15925C 60 ........ 4308d 8269d
29 .......... 2157b 9056e 12408b 15882d 61 . ....... 8269d 12629d 13366f/13367d 15925C 16390d
30 .......... 3592b 8269d 15882d 62 .. 2536e (1S497e)
31 .......... 3592b 8269d 16390d

a The polymorphic sites are numbered according to the method of Anderson et al. (1981). Italicized sites have been gained compared
with type 1, and nonitalicized sites have been lost from type 1. Sites separated by a slash indicate polymorphism in two restriction sites
caused by a single mutation. Sites indicated in parentheses are alternative locations of inferred sites. The enzymes are identified as follows:

b HpaI.
C MspI.
d AvaIl.
e HaeII.
f BamHI.
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