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The Myth of Eve: Molecular
Biology and Human Origins

Francisco J. Ayala

It has been proposed that modern humans descended from a single woman, the “m

tochondrial Eve” who lived in Africa 100,000 to 200,000 years ago. The human immune
system DRB1 genes are extremely polymorphic, with gene lineages that coalesce into an
ancestor who lived around 60 million years ago, a time before the divergence of the apes
from the Old World monkeys. The theory of gene coalescence suggests that, throughout
the last 60 million years, human ancestral populations had an effective size of 100,000
individuals or greater. Molecular evolution data favor the African origin of modern humans,
but the weight of the evidence is against a population bottleneck before their emergence.
The mitochondrial Eve hypothesis emanates from a confusion between gene genealogies

and individual genealogies.

The DNA of organisms embodies virtually
unlimited information about their evolu-
tionary history. The information is encoded
in the linear sequence of the four nucleo-
tide components of, DNA (adenine, cy-
tosine, guanine, and thymine) in the same
fashion as semantic information is encoded
in the sequence of letters of an English text.
Molecular evolution investigations of DNA
sequences have been largely directed to-
ward reconstructing the phylogeny (evolu-
tionary history) of species relations. But
many other issues can be explored. I have
used genes of a particular kind, those in-
volved in the immune response, to investi-
gate the size of human populations from the
time of the origin of our species and earlier
in order to ascertain whether the existence
of the mythical Eve has been confirmed by
science, as some reports claim (1).
Evolution is a time-dependent gradual
process. At the genetic level, evolution oc-
curs by accumulated substitutions of one nu-
cleotide by another in the DNA of the or-
ganism. Nucleotide mutations arise with
constant probabilities, but most are lost by
chance shortly after their origin. The fate of
the rest depends on their effects on the
organism. Many mutations are injurious and
are readily eliminated by natural selection.
Other mutations are adaptively neutral or
nearly so; that is, the replacement of one
nucleotide by another is of little or no con-
sequence to the organism’s welfare. These
mutations occasionally spread and become
fixed in the species at rates that are constant,
so that the number of differences between
two species is roughly proportional to the
time since their divergence from a common
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ancestor. Other mutations are favored by
natural selection because they benefit the
organism. Some of these mutations spread
among the individuals and accumulate in
the specie, and this process is also time-
dependent. The regularity of the process by
which nucleotide substitutions occur makes
it possible to reconstruct the historical rela-
tions among species and also to assign dates
to relevant events. That is, there is a molec-
ular clock of evolution, which is not a met-
ronomic clock like ordinary timepieces that
measure time intervals precisely, but rather a
stochastic clock that is dependent, like ra-
dioactive decay, on events that occur with
constant probabilities.

The evolutionary information encoded
in the DNA has the notorious attribute of
being effectively inexhaustible. The nucle-
otide sequence of a single gene or small
DNA fragment is often sufficient to solve a
particular evolutionary question, but organ-
isms have many genes (~100,000 in pri-
mates and other mammals). The evolution-
ary information obtained by investigating
one gene can be supplemented with the
investigation of additional genes until the
information becomes sufficient to settle a
particular issue. The practical limits are re-
sources, financial costs, and time.

The Reconstruction of Genealogy

The methodology used to reconstruct evo-
lutionary genealogies can be illustrated with
a simple example (2). Figure 1 shows a
schematic comparison among four DRBI
gene sequences, two from humans and two
from chimpanzees, each of 270 nucleotides;
the data for the six pairwise comparisons are
given in Table 1. The most similar pair are
the human gene Hs*1103 and the chim-
panzee gene Pt*0309, which have been ar-
ranged in Fig. 2 to indicate that they share
a recent ancestor with each other. The
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Fig. 1. Comparison of two human (Hs) and two
chimpanzee (Pt) DNA sequences. The segments
compared are 270 nucleotides that make up exon
2 of the DRBT gene. The differences between
sequences are represented by vertical bars.

other two genes, Hs*0302 and Pt*0302, are
also more similar to one another than to
Hs*1103 or Pt*0309, and they are also
paired in Fig. 2. The two doublets are then
linked to indicate that all four genes derive
from a common ancestral gene. Branch
lengths can be made proportional to the
number of nucleotide changes that occurred
in each branch, as inferred from Table 1.

One noteworthy property of these four
genes is that the two human sequences are
more different from one another than
each is from one chimpanzee gene. Hence,
the lineages of the two human genes di-
verged from each other more than 6 mil-
lion years ago (Ma), the approximate time
when the lineages of humans and chim-
panzees diverged. The ancient origin of
these and other DRBI gene lineages is a
property that makes them particularly
suitable for ascertaining the history of an-
cient human populations.

Genealogy of DRB1 Genes

DRBI is one of ~100 genes that make up
the human leukocyte antigen (HLA) com-
plex, which extends over a DNA segment 4
million nucleotides long located on chro-
mosome 6. The HLA genes specify mole-
cules with a critical role in tissue compati-
bility and in defense against pathogens and
parasites. These genes are arranged in two
distinct groups, class I and class II, separated
by several dozen genes that have functions
mostly unrelated to the immune response
(Fig. 3).

The HLA complex is homologous to the
major histocompatibility gene complex
(MHC) of mammals and other vertebrates
(3). MHC molecules on the surfaces of cer-
tain cells bind protein fragments (antigens)
and present them to lymphocytes called T

Table 1. Numbers of nucleotide differences
among four DRBT genes, two from humans (Hs)
and two from chimpanzees (P1).

Gene Hs*11083 Pt0309 P0302
Hs*0302 18 18 12
Hs*11083 9 20
Pt*0309 20
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Fig. 2. Genealogical tree of the four DRB1 genes
in Fig. 1, representing their patterns of evolution-
ary divergence. Branch lengths are proportional to

the nucleotide differences between the genes (Ta-
ble 1).

cells. When antigen-presenting cells contact
T cells that bear receptors matching a par-
ticular combination of protein fragment and
MHC molecule, the T cells are stimulated to
proliferate and to initiate the specific arm of
the immune response, including the secre-
tion of specific antibodies.

The recognition of protein fragments is
mediated by a specialized groove on the sur-
face of the MHC molecule, called the pep-
tide-binding region, that consists of some 50
amino acids (4). The composition of these
amino acids varies from one MHC molecule
to another, and this variation is responsible
for the tremendous polymorphism character-
istic of the MHC molecules and their encod-
ing genes. In people, as well as in other
mammals, scores of gene variants (alleles)
may exist at any one of several MHC loci,
and some of the allelic pairs may differ at
>100 nucleotide sites (5). The MHC poly-
morphisms are ancient, with gene lineages
that can be traced back for millions of years,
in primates (6—8) as well as in rodents (9).

Figure 4 represents the genealogy of 119
DRBI genes, of which 59 are from humans,
40 are from apes, and 20 are from Old
World monkeys (Table 2). In this genealo-
gy, the length of each branch is proportion-
al to the number of nucleotide substitutions
that have occurred in that lineage. Thus,
we see at the bottom of the figure that of
the two macaque genes, Mm*030] and
Mm*0302, the first one has changed more
than the second.

Age of the Human
DRB1 Lineages

The DRBI human gene lineages are very
ancient, as is apparent from the distant
associations between some human genes

relative to those from other species. For
example, the nine human genes at the top
of Fig. 4 are closely related to one another,
but they are more distantly related to other
human genes in the genealogy than they are
to the six genes immediately below them,
including one drill gene and four macaque
genes. The evolutionary divergence of the
hominoids (humans and apes) from the cer-
copithecoids (Old World monkeys) oc-
curred around 35 Ma, at the boundary be-
tween the Eocene and Oligocene epochs.
The relations shown in Fig. 4 demonstrate
that several human gene lineages already
existed at that time.

The age of the human DRBI lineages can
be appraised by calibrating the DRBI molec-
ular clock, which yields a rate of 1.06 X 107°
nucleotide substitutions per site per year
(10). Figure 5 displays a genealogy of the 59
human DRBI genes, constructed by a meth-
od that uses the average rate of evolution to
determine the length of branches. The time
scale at the bottom highlights three points
that approximately correspond to important
events in human evolution: the divergence
of the orangutan lineage at 15 Ma, the di-
vergence of humans and African apes (chim-
panzees and gorillas) at 6 Ma, and the emer-
gence of Homo erectus at 1.7 Ma.

These points of reference are useful for
determining the number of gene lineages in
existence at a given time, which is done by
counting the number of lineages intersected
by a vertical line drawn from the time
point. For example, 32 human lineages were
already in existence around 6 Ma, which
implies, correspondingly, that the other 27
lineages arose after the hominid lineage
diverged from the African apes. The gene-
alogy of all human genes coalesces at ~60
Ma, which is to say that the human DRBI
genes started diverging that long ago.

Human Ancestral Populations

If 32 DRBI gene lineages have persisted
since 6 Ma, it follows that no fewer than 16
individuals could have lived at any given
time over that long span. The minimum
number of individuals must have been
much larger, because the probability is ef-
fectively zero that all 16 individuals in a

Class Il region Class | region
DPB1 DPA1 DQAB1 DQAT DRB1 DRB3 B c A
- o
38 8 1914 59 4 60 18 41
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0 300 400 700 800 900 2000 2100 2200 3400 3500 3800

Fig. 3. Location of some polymorphic genes within the HLA complex in human chromosome 6. There are
two sets of genes, class | and class II, separated by a region with unrelated genes. The number of variant
genes (alleles) known at a locus appears under the box that indicates the location of the gene. The scale
below gives the number of nucleotides (X 1000) along the segment.
SCIENCE e

VOL. 270 + 22 DECEMBER 1995

o T
SRRy

population would be heterozygotes (that is,
carrying two different genes), each for two
genes different from all others. The theory
of gene coalescence and other mathemati-
cal theories formulated in the last decade
provide models and analytical tools for ex-
tracting information about human popula-
tions from the DRBI genealogy.

The coalescence theory examines the
genealogical relations between genes (11).
According to this theory, all genes (alleles)
present in an extant population must have
descended from a single gene, to which they
coalesce. The theory was first formulated
for neutral or nearly neutral genes that do
not modify the welfare of the organism. In a
random mating population at equilibrium,
the mean coalescence time of neutral genes
is given by T = 4N[1 — (1/i)] generations,
where T is the number of generations to
coalescence, N is the effective size of the
population, i is the number of sampled
genes, and the variance is large (12). For
any two genes (i = 2), the mean coales-
cence time reduces to T = 2N generations;
for a large number of genes, the mean co-
alescence time is T =~ 4N. Thus, in a pop-
ulation with N = 1 million individuals,
genes are expected to converge to their one
ancestor 4 million generations earlier.

The coalescence equation can be used in
the opposite direction, so that we can esti-
mate population size if the coalescence time
is known. The human DRBI genes coalesce
to their last common ancestor at ~60 Ma
(Fig. 5), in the middle Paleocene, 10 to 20
million years (My) before the divergence of
the New World and Old World monkeys. If
we assume that the average generation time
over this long span is 15 years (which is
surely too high), the coalescence occurs 4
million generations before the present. If

Table 2. Species and number of DRB1 geneé.

Sym- Scientific name

bol (common name) Genes
Apes
Hs Homo sapiens (human) 59
Pp Pan paniscus (bonobo 4
or pygmy
chimpanzee)
Pt Pan troglodytes 24
(chimpanzee)
Gg Gorilla gorilla*(gorilla) 10
Or Pongo pygmaeus 2
(orangutan)
Old World monkeys
Mm Macaca mulatta (rhesus 16
macaque)
Mn Macaca nemestrina 1
(pigtail macaque)
Mi Mandrillus leucophaeus 2
(drill)
Papio hamadryas 1
(hamadryas baboon)
1931
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the DRBI polymorphism were neutral, the
coalescence date would require a long-term
population of 1 million individuals.

We need to qualify this conclusion with
two observations. First, although N is an esti-
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mate of the mean of the population over time,
the estimate refers to the harmonic mean,
which has the important property of being
affected disproportionately more by smaller
than by larger numbers. The estimate of N is
therefore consistent with population sizes
much greater than 1 million for many gener-
ations, but it is not compatible with much
smaller population sizes for very many gener-
ations. Second, because of the large variance
of the coalescence equation, the estimate of N
is readily compatible with values between, say,
500,000 and 2 million individuals (13).

The previous calculations are for neutral
genes, but the DRBI genes are subject to
overdominant natural selection, that is, het-
erozygotes for HLA genes are better off than
are homozygotes (3, 14); for instance, het-
erozygotes display enhanced resistance to Plas-
modium falciparum, the parasite that causes
malignant malaria (15). Overdominant selec-
tion, like other forms of balancing selection,
increases the probability that gene polymor-
phisms will persist over time, and thus it
reduces the number of individuals required for
their persistence.

In the case of balancing selection, the
coalescence process has the same structure as
in neutral gene genealogy, except for a scal-
ing factor, f,, so that the time to coalescence
in generations is estimated by T = Nf, (16—
18). The scaling factor depends on the se-

~Jected mutation rate as well as on the selec-

tion coefficient, s, which measures the ad-
vantage accruing to the heterozygotes. Esti-
mates of s range from 0.0007 to 0.019 (7, 14,
15). If we assume values of s = 0.01 to 0.03,
the population size required for maintaining
the DRBI polymorphism is ~125,000 to
~300,000 individuals (Table 3) (19, 20).
The time to coalescence has been esti-
mated at 60 My on the basis of the geneal-
ogy reconstructed in Fig. 5. We can reach
the same estimate by a somewhat different
route. According to the theory of coales-
cence, if we sample any two genes at ran-
dom, the expected value for their coales-
cence is 2N. Figure 6 displays the distribu-
tion of genetic distance between pairs of the
59 human DRBI alleles. The mean distance
value is 0.067, which, on the basis of the
rate of the DRBI evolutionary clock, yields
an average coalescence time of 2N = 31.6
My. This value is in reasonable agreement

Fig. 4. Genealogical tree of 119 DRBT genes (exon
2) from humans (Hs) and other primates (Table 2).
The tree was made with the use of the neighbor-
joining algorithm (47) on the basis of genetic dis-
tances (D) estimated by Kimura’s two-parameter
method (42). The matrix of genetic distances has
7021 entries that represent all pairwise compari-
sons between the 119 genes. Branch lengths are
proportional to the estimated nucleotide substitu-
tions along the branch; the scale bar represents
0.01 D. Sequence sources are listed in (5).
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with the value of 4N = 60 My obtained by
reconstructing the genealogy.

Experimental Simulated
Populations

The coalescence theory draws inferences
about past events on the basis of observa-
tions about current polymorphisms. These
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Fig. 5. Genealogical tree of 59 human DRB1
genes (exon 2), constructed according to the *‘av-
erage linkage” method [(39), p. 31; also known as
the unweighted pair-group method using arith-
metic averages (UPGMA) (43)], on the basis of
genetic distances (D) estimated by Kimura’s two-
parameter method (42) for the 1711 pairwise
comparisons between the genes. The average
linkage method assumes equal rates of evolution
along the branches. The time scale is based on a
rate of evolution of 1.06 X 1072 substitutions per
nucleotide site per year, estimated by the mini-
mum method (8) on the basis of genetic distances
between species that diverged at different times.
The species compared for estimating the rate of
evolution are Homo-Pan, Homo-Gorilla, and Pan-
Gorilla at 6 My; Homo-Pongo, Pan-Pongo, and
Gorilla-Pongo at 15 My; Pan-Macaca and Gorilla-
Macaca at 35 My; and Homo, Pan, and Gorilla,
each compared with species of New World mon-
keys at 40 My. The regression equation is D =
0.0099 + 0.00106 My; if the minimum-minimum
method (8) is used instead, the regression equa-
tionis D = 0.0027 + 0.00111 My. The fit in both
cases isr > 0.85.
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inferences can be tested by computer exper-
iments, in which the time direction is re-
versed and the process is examined as it
proceeds from past to present conditions.
The experiments simulate populations con-
sisting of a certain number of individuals
that reproduce each generation by random
reassortment of genes. Figure 7 presents the
results of three sets of experiments. The fate
of 60 different genes, initially in identical
frequencies, is examined over 100,000 gen-
erations, a time approximately equivalent
to the 1.7 My from the emergence of Homo
erectus to the present. The probability of
reproduction is s = 0 to 0.2 higher for
heterozygotes than for homozygotes.

For populations of N = 1000 individuals
(Fig. 7, top panel), without selection, all 60
genes but one are rapidly eliminated, consis-
tent with the theoretical expectation that
fixation for one gene will occur in 4N =
4000 generations. If the heterozygotes have s
= 0.01 to 0.02 advantage, which is the
magnitude operating in real populations, all
genes but two or three are eliminated. Even
with unrealistically large s advantages of 0.1
to 0.2, only 8 to 11 genes persist after
100,000 generations. Populations of 10,000
individuals (Fig. 7, middle panel) are like-
wise incapable of maintaining 60 genes over
many generations. Without natural selec-
tion, all genes but one are soon eliminated.
With s = 0.01 to 0.02, only 9 to 11 genes

Table 3. Effective population size, N, as a function
of various parameter values. T, time in genera-
tions; s, selection advantage of the heterozy-
gotes; u, mutation rate per gene per generation for
selected alleles. If the long-term generation time is
15 years, then 7 = 4.0 X 108 corresponds to 60
My. If the mutation rate per nucleotide site per year
ism = 1079, half the sites yield selected alleles (n
= 135), and the generation time is g = 15 years,
then u = 2.0 X 1075; the same value of u results
ifm=5x10"9n = 40,and g = 10.

T u s N

4.0 x 108 0 1,000,000
45x107%  0.01 297,789

0.02 257,430

0.08 230,213

20x107% 0.01 194,240

0.02 149,072

0.03 125,343

3.0 x 108 0 750,000
45x107%  0.01 211,793

0.02 178,691

0.03 157,795

2.0x107%  0.01 131,196

0.02 98,992

0.03 82,505

2.5 x 108 0 625,000
45%x107%  0.01 169,720

0.02 141,111

0.03 123,668

2.0x10°%  0.01 101,920

0.02 76,118

0.03 63,105

persist at the end of the experiment.

Mutation is ignored in the simulated
populations. If the mutation rate to alleles
favored by natural selection is 5 X 1077
mutations per gene per generation (8), a
new mutation appears every 100 genera-
tions in a population of N = 10,000 indi-
viduals. The mutation process increases the
number of genes in the populations, but it
would not be nearly sufficient to maintain
60 genes if s = 0.01 to 0.02. With N =
10,000 and s = 0.01 or 0.02, the process of
elimination of the first 40 genes is very fast.

For populations of N = 100,000 individ-
uals (Fig. 7, bottom panel), with s = 0.01 to
0.03, 30 to 50 genes remain at the end of
the experiment. If we assume, as above, a
selected mutation rate of 5 X 1077 muta-
tions per gene per generation, a new over-
dominant mutation will arise every 10 gen-
erations. Most newly arisen mutations have
a high probability of being quickly lost by
chance, even if they are favorably selected,
but mutation would increase the number of
persisting genes. Depending on the muta-
tion rate, the number of genes might ap-
proach or reach 60, the number of DRBI
genes. In conclusion, these computer-simu-
lated populations yield results consistent
with the theoretical calculation that to
maintain ~60 DRBI genes, human ances-
tral populations must have consisted of
100,000 or more individuals over their long
history.

The Mitochondrial Eve

Most of the genetic information is stored in
the chromosomes inside the cell nucleus.
The total DNA in a human cell nucleus
amounts to 6 X 10 nucleotides or base
pairs (bp), half in each set of 23 chromo-
somes that are inherited from each parent.
A relatively small amount of DNA
(~16,569 bp) exists in the mitochondria,
cell organelles outside the nucleus. The in-
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heritance of the mitochondrial DNA
(mtDNA) is distinctive and follows a pat-
tern of maternal inheritance. Sons and
daughters inherit mtDNA from their moth-
ers, but only the daughters transmit it to
their progeny.

Analyses of the mtDNA from >100 eth-
nically diverse individuals have shown that
the mtDNA sequences of modern humans
coalesce to one ancestral sequence, the “mi-
tochondrial Eve” that existed in Africa
~200,000 years ago (21). This Eve, howev-
er, is not the one mother from whom all
humans descend, but rather a mtDNA mol-
ecule (or the woman carrier of that mole-
cule) from which all modern mtDNA mol-
ecules descend. The inference that all hu-
mans descend from only one or very few
women (1) is based on a confusion between
gene genealogies and individual genealo-
gies. Gene genealogies gradually coalesce
toward a single DNA ancestral sequence
(such as in Figs. 4 and 5), whereas individ-
ual genealogies increase by a factor of 2
each generation: An individual has two
parents, four grandparents, and so on. (The

2 =60
M= 1000
§=02
10 s=01

0 10 20 30 40 50 60 70 80 90 100

n=60
50 N=10,000
40
» §=02
5]
530
©
':5_ 20
5 —_——————
£ o
é 0 =0.00
0 10 20 30 40 50 60 70 80 90 100
60 s=01
” E:is:m
. i\ﬂ‘L_m\~1s=a.oz
30 5=0.01
n=60
20 N=100,000
10
$=0.00
0

0 10 20 30 40 50 60 70 80 90 100
Time (108 generations)

Fig. 7. Loss of genetic polymorphism in comput-
er-simulated populations initiated with 60 genes
(alleles) at identical frequencies. The 100,000 gen-
erations correspond to ~1.7 My, the time elapsed
since the emergence of Homo erectus. The effec-
tive size of populations is N individuals; the selec-
tion advantage of the heterozygotesis s. The per-
sisting genes are censused at 100-generation in-
tervals. The populations “‘reproduce” by random
sampling, at each generation, of N pairs of genes
from an infinite pool that has the gene frequencies
observed in the previous generation.
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theoretical number of ancestors for any one
individual becomes enormous after some
tens of generations, but “inbreeding” oc-
curs; that is, after some generations, ances-
tors appear more than once in the geneal-
ogy.) Coalescence to one ancestral gene
originally present in one individual does
not disallow the contemporary existence of
many other ancestors from whom we have
inherited the other genes.

The conclusion warranted by the
mtDNA analysis is that the mitochondrial
Eve is the ancestor of modern humans in the
maternal -line. Any person has a single an-
cestor in the maternal line 'in any given
generation. Thus, a person inherits the
mtDNA from the great-grandmother in the
maternal line, but also inherits other genes
from the three other great-grandmothers and
the four great-grandfathers (about one-
eighth of the total DNA from each great-
grandparent). The mtDNA that we have
inherited from the mitochondrial Eve repre-
sents a four-hundred-thousandth part of the
DNA present in any modern human. The
rest of the DNA, 400,000 times the amount
of mtDNA, was inherited from other con-
temporaries of the mitochondrial Eve.

The theory of gene coalescence makes it
possible to estimate the number of ancestors
who were contemporaries of the mitochon-
drial Eve. The mtDNA is inherited as a
single copy, from only one parent, and the
mtDNA polymorphism is largely neutral.
According to the theory, the coalescence
into a single ancestral molecule is expected
to be T = 2N, generations ago, where N, is
the number of mothers per generation. This
inference assumes constant population size
and other conditions that are unlikely in
reality, so that the conclusions reached are
only rough approximations. If we assume 20
years per generation, the 200,000 years of
the mtDNA coalescence yield T = 10,000
generations; therefore, Ny = 5000 mothers
and N = 10,000 individuals, which is al-
most certainly an underestimate (22).

Other estimates place the coalescence of
the mtDNA at 143,000 and 298,000 years
ago (23). One recent analysis, which takes
into account variable substitution rates for
different sites of the mtDNA genome and is
supported by computer simulations, yields
an estimate of 622,000 to 889,000 years ago
(22) and corresponds to N = 31,100 to
44,450 individuals. As noted earlier, esti-
mates of mean coalescence time as a func-
tion of N, and vice versa, have large vari-
ances. When the sample of genes is large,
the standard deviation of the mean for mi-
tochondrial DNA is >N/2 (13). The 95%
confidence interval coalescence corre-
spondingly extends at the upper end to
>88,900 generations and an equal number
of individuals. Thus, despite considerable
uncertainty, the mtDNA results yield a

1934

mean population size that ranges between
10,000 and >50,000 individuals through-
out the Pleistocene. This finding is con-
sistent with the estimate based on the
DRBI polymorphism of a population size
on the order of 100,000 individuals over
the last 60 My.

The ZFY Adam

A genetic gender counterpart of the
mtDNA is the Y chromosome, which is
transmitted from fathers to sons. Regions of
the Y chromosome do not have homologs
in the X chromosome and thus are trans-
mitted through the paternal line, just as the
mtDNA is inherited through the maternal
line. A 729-bp fragment of the Y-chromo-
some ZFY gene (thought to be involved in
the maturation of testes or sperm) has been
sequenced in 38 men, of diverse geographic
origins and representative of major ethnic
groups, and no variation was observed (24).
Comparison with the homologous region of
the great apes yields a rate of substitution of
1.35 X 10 nucleotides per site per year.
Assuming that substitutions in this DNA
segment are neutral, coalescence theory
yields 270,000 years as the expected date for
the last common ancestor of the ZFY gene
of modern humans, with 95% confidence
limits from O to 800,000 years (24). The
carrier of the ancestral ZFY gene predicted
by these calculations is the ancestor of all
modern humans in the paternal line. As was
the case for the mitochondrial Eve, this
“ZFY Adam” is the individual from which
all humans have inherited the ZFY gene,
but he is not our only ancestor in his gen-
eration. We have inherited the other thou-
sands of genes from many other contempo-
raries of this Adam.

The expected coalescence of a DNA
polymorphism that is transmitted in a single
copy and paternally inherited is T = 2N _,
where N_ is the number of males. If we
assume 20 years per generation, the coales-
cence to the ancestral ZFY gene yields an
effective population size of 6750 fathers, or
13,500 individuals, with a 95% confidence
upper limit of N = 40,000 individuals. If we
account for the standard deviation of the
mean coalescence, the 95% upper limit for
N would increase to 80,000 individuals.
The ZFY results are thus consistent with the
mtDNA-derived and DRBI-derived esti-
mates that human ancestral populations
have been ~100,000 individuals for mil-
lions of years.

Population Bottlenecks

Neither the mtDNA results nor the ZFY re-
sults lead to the conclusion that narrow pop-
ulation bottlenecks consisting of one or very
few couples have occurred in human ancestral
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history. We want, nevertheless, to explore the
likelihood that a bottleneck did occur. When
the number of individuals in a population
oscillates from generation to generation, small
numbers have a disproportionately large effect
on the value of N, because N is the harmonic
mean of the population size over time. There-
fore, very narrow or long-lasting bottlenecks
are inconsistent with the DRBI results. How-
ever, the question remains whether an occa-
sional population bottleneck may have oc-
curred, and if so, how small it could be. It has
been suggested that a population bottleneck
occurred at the transition from archaic to
modern H. sapiens, some 100,000 to 200,000
years ago (I, 21, 24).

The consequences of a population bot-
tleneck depend not only on the size of the
bottleneck, N,, but also on the number of
bottleneck generations, t,. A useful measure
for evaluating the effects of a bottleneck is
the ratio N,Jt,, which if <10 leads to a
drastic reduction in genetic polymorphism
(18). Thus, a bottleneck of 100 individuals
would substantially reduce genetic variation
if it lasted 10 or more generations, but
balancing selection facilitates the persis-
tence of polymorphisms through a bottle-
neck (25). The persistence of HLA poly-
morphisms over millions of years requires
that the size of human ancestral populations
be at least Ns = 10 at all times (7, 17). If s
= 0.01, the minimum population size pos-
sible at any time would therefore be N, =
1000. The minimum number must have
been in fact much larger, because human
population bottlenecks cannot last just a
few generations. Many generations are re-
quired for a human population to grow
from 1000 to its long-term mean, which
we have estimated to be ~100,000 indi-
viduals. The rate of growth of human pop-
ulations throughout the Pleistocene has
been estimated to be ~0.02% per genera-
tion (26).

Computer-simulated populations are use-
ful for exploring the minimum bottleneck
size that would allow the persistence of the
DRBI polymorphism. The results in Fig. 8
are based on 200 separate computer runs. If
there is no selection (s = 0) and we ignore
the time required for a population to grow
back to its long-term population size, and if
we assume that 70 gene lineages were
present before the bottleneck, the smallest
bottleneck that would allow the persistence
of 60 of these 70 gene lineages is 510 to 550
individuals (Fig. 8, top panel). When we
account for the time required for the popu-
lation to recover to its average size, the
minimum population size at the bottleneck
becomes substantially larger. Assuming a
rate of population increase of R = 1% per
generation (which is 50 times the average
growth rate of human populations through-
out the Pleistocene) (26) and population
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growth to 100,000 individuals, 4490 to 4590
individuals are the minimum bottleneck for
passing 60 alleles (Fig. 8, top panel).
Overdominant selection reduces only
slightly the minimum number of individuals
required at the bottleneck. When s = 0.01,
the minimum bottleneck size for passing 60
of the 70 alleles is 500 to 540 individuals if
we ignore the required growth back to long-
term numbers, but 4310 to 4380 when we
take population growth to 100,000 individ-
uals into account (Fig. 8, middle panel).
Even with the unrealistically high s = 0.1,
the corresponding values become 490 to
530 and 3410 to 3510 (Fig. 8, bottom pan-
el). It may be concluded that, to account for
the DRBI polymorphism, the minimum
possible number of individuals at a bottle-
neck is at least 4000; this number is consis-
tent with the lower estimates derived from

the mtDNA and the ZFY gene.
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Fig. 8. Minimum size of bottleneck populations.
The ordinate displays the average probability
Pgos70 (based on 200 computer-simulated pop-
ulations) that 60 of the initial 70 genes will per-
sist. The selective advantage of the heterozy-
gotes is s, and the rate of population growth per
generation is R = 1.01. The bottleneck lasts 10
generations. A gives the probability of survival at
the end of the bottleneck; B and C take into
account the growth of the population to N =
10,000 and 100,000 individuals, respectively.

Census Populations

The parameter N that I have used for estimat-
ing the size of human populations is a theo-
retical construct that corresponds approxi-
mately to the number of synchronously repro-
ducing individuals. The census number is like-
ly to be about four or five times greater. In
humans and in other primates, a number of
individuals, possibly one-third of the total, do
not reproduce at all. Of the females who
reproduce, only about one-third are actively
reproducing at any given time; the others are
juveniles or are beyond reproductive age.
With the use of these rough approximations,
we can conclude that N is about two-ninths of
the census population. A long-term effective
population size of N = 100,000 corresponds,
therefore, to a census population of 400,000 to
500,000 individuals. A bottleneck population
of N = 4000 similarly corresponds to 15,000
to 20,000 census individuals. Population sub-
division would affect the value of N estimated
from the DRBI genealogy. If human ancestral
populations consisted of several synchronous
but relatively isolated populations, fewer indi-
viduals than were estimated above would be
required to account for the DRBI polymor-
phisms, although the order of magnitude
would not change (18).

The Origin of Modern Humans

The hominid lineage diverged from the
chimpanzee lineage at ~6 Ma, and it
evolved exclusively in the African continent
until the emergence of Homo erectus some-
what before 1.7 Ma. The first known homi-
nid, Ardipithecus ramidus, lived around 4.4
Ma, but it is uncertain whether it was bipe-
dal or in the direct line of descent to modern
humans (27). The recently described Austra-
lopithecus anamensis, dated at 3.9 to 4.2 Ma,
was bipedal and has been placed in the line
of descent to A. afarensis, H. habilis, H.
erectus, and H. sapiens (28).

Shortly after its emergence in Africa, H.
erectus spread to other continents. Fossil re-
mains of H. erectus have been found in Africa,
Indonesia (Java), China, the Middle East, and
Europe (29-33). Homo erectus fossils from
Java have been dated at 1.81 = 0.04 and 1.66
+ 0.04 Ma (30), and from Georgia between
1.6 and 1.8 Ma (31). Anatomically distinctive
H. erectus fossils deposited before 780,000
years ago have been found in Spain (32).

The transition from H. erectus to H. sapi-
ens occurred around 400,000 years ago, but
there is uncertainty as to whether some fossils
are H. erectus or “archaic” forms of H. sapiens
(33). Moreover, H. erectus persisted further in
Asia, until 250,000 years ago in China and
perhaps until 100,000 years ago in Java (33).
The subspecies H. sapiens neanderthalensis ap-
peared in Europe around 200,000 years ago
and persisted until 30,000 years ago. The Ne-
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anderthals have been thought to be ances-
tral to anatomically modern humans, but
now we know that modern humans ap-
peared at least 100,000 years ago, much
before the disappearance of Neanderthal
fossils. It is puzzling that in caves in the
Middle East, fossils of anatomically modern
humans precede as well as follow Neander-
thal fossils. Some modern humans are dated
at 120,000 to 100,000 years ago, whereas
Neanderthals are dated at 60,000 and
70,000 vyears, followed by modern humans
dated at 40,000 years (34). It is unclear
whether the two forms repeatedly replaced
one another by migration from other re-
gions, or whether they coexisted, or indeed
whether interbreeding may have occurred.

There is considerable controversy about
the origin of modern humans (22, 33-36).
Some anthropologists argue that the transi-
tion from H. erectus to archaic H. sapiens,
and later to anatomically modern humans,
occurred consonantly in various parts of the
Old World. Proponents of this “multire-
gional model” emphasize fossil regional
continuity in the transition from H. erectus
to archaic and then modern H. sapiens.
However, they postulate that genetic ex-
change occurred from time to time between
populations, so that the species evolved as a
single gene pool, even though geographic
differentiation occurred and persisted, just
as geographically differentiated populations
exist in other animal species (29, 35). This
explanation is dependent on the postulate
of persistent migrations and interbreeding
between populations from different conti-
nents, of which no direct evidence exists.
Moreover, it is difficult to reconcile the
multiregional model with the contemporary
existence of different species or forms in
different regions.

Other scientists argue instead that modern
humans first arose in Africa or in the Middle
East somewhat earlier than 100,000 years ago
and spread from there throughout the world,
replacing the preexisting populations of H.
erectus or archaic H. sapiens (21, 23, 37-39).
Some proponents of this African replacement
model argue further that the transition from
archaic to modern H. sapiens was associated
with a very narrow bottleneck, and that this
bottleneck consisted of a small number of
individuals who are the ancestors of all mod-
ern humans. The postulate of a narrow pop-
ulation bottleneck derives from a misunder-
standing and need not be entertained. The
most serious difficulty with the replacement
model is that it leaves unexplained the appar-
ent morphological continuity observed in
some regions, most notably in Australasia
(29, 35).

The reconstruction of the mtDNA gene-
alogical tree places its root in Africa (21,
23), consistent with the African origin fa-
vored by proponents of the replacement
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model (37-39). This evidence is, however,
far from conclusive. The mtDNA root pin-
points only the ancestor in the maternal
line, but the much larger nuclear DNA may
have genealogical roots in other parts of the
world.

Additional molecular evidence favoring
African ancestry derives, however, from the
analysis of 30 DNA polymorphisms from 14
worldwide populations (38). The genealogical
tree derived from average genetic distances
separates ancestral African from derived non-
African populations. The deepest split in the
genealogy is dated at ~156,000 years ago,
which thus estimates the time when modern
humans spread from Africa throughout the
world. These results are particularly notewor-
thy because the analysis sought to determine
the history of human populations rather than
the ancestry of individual genes [see also
(39)]. Even so, there seems to be no definitive
reason to exclude the possibility that different
genes may have different populational origins.
The average distances would then reflect the
relative genomic contribution of various an-
cestral populations. The results would thus be
compatible with a model in which a modern
African replacement was concomitant with
some regional continuity (40).

In conclusion, the weight of the molecu-
lar evidence favors a recent African origin
for modern humans. Ethnic differentiation
between modern human populations would
therefore be evolutionarily recent, a result of
divergent evolution between geographically
separated populations during the last 50,000
to 100,000 years. However, the replacement
of archaic H. sapiens by anatomically mod-
ern humans may not have been complete
everywhere. Some interbreeding between
the colonizing modern humans and local
populations would account for the apparent
morphological continuity in some regions,
particularly Australasia (29, 35, 39). The
current blossoming of molecular evolution-
ary anthropology surely will soon provide
more definitive and precise answers.
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