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2 When and where did modern humans evolve? How

did our ancestors spread over the world? Tradition-
ally, answers to questions such as these have been

sought in historical, archaeological, and fossil

records. However, increasingly genetic data provide
information about the evolution of our species. In

this review, we focus on the comparison of the

variation in the human gene pool to that of our

closest evolutionary relatives, the great apes,
because this provides a relevant perspective on

human genetical evolution. For instance, compari-

sons to the great apes show that humans are unique
in having little genetic variation as well as little

genetic structure in their gene pool. Furthermore,

genetic data indicate that humans, but not the great
apes, have experienced a period of dramatic growth

in their early history.

Keywords: humans, great apes, molecular evolu-

tion, DNA sequence variation.3

Introduction

Our genome consists of about 3 billion nucleotides

which have been passed down to us from our

ancestors. In every generation, several of these
nucleotides are affected by mutations in the male

and female germ-line so that subsequent genera-

tions receive slightly different versions of the ances-
tral genomes. Depending on whether human

populations expand, contract, migrate, split or

exchange migrants, these mutations accumulate in
characteristic ways. Thus, by surveying enough

genetic variation in4 suf®cient number of human

individuals from around the world, the genetical
history of the human species is, in principle,

ascertainable. Here, we review what studies of

variation in human DNA sequences have revealed,
with a particular emphasis on comparisons with the

great apes.

DNA variation in humans

Mitochondrial DNA

Most of the early molecular data on human popu-

lation history were derived from the DNA of mito-

chondria (mtDNA) [1], which are organelles
responsible for much of the energy metabolism in

eukaryotic cells [2, 3]. They carry a genome that in

humans contains about 16 500 base pairs (bp) [4].
It lends itself well to the study of human evolution

because of an apparent lack of recombination [5]

and a high mutation rate [6]. The absence of
recombination (exchange of DNA fragments

between maternal and paternal chromosomes in

the germline) is an advantage in evolutionary
studies because recombination reshuf¯es ancestral

DNA sequences that have been carried by different

ancestors. Thus, for sequences that have been
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affected by recombination it is not possible to

reconstruct one unambiguous phylogenetic tree for

the entire sequence. The high mutation rate is also
an advantage because it has allowed the mtDNAs to

accumulate many differences over relatively short

time. Hence only short sequences need to be
determined from each individual to gather enough

information for estimating the relationships of

mtDNAs. A further property particular to mtDNA
is that it is inherited from mother to offspring while

fathers do not pass on any mtDNA [7]. Therefore,

the variation of mtDNA sequences in humans
re¯ects the history of females.

mtDNA variation data was initially assessed by

restriction fragment length polymorphism (RFLP; a
technique based on the sequence speci®c cleavage of

DNA by restriction enzymes) [8±12]. In an early

in¯uential paper, Cann et al. [9] studied humans
from around the world and proposed `that all

contemporary human mtDNAs trace back through

maternal lineages to an ancestral mtDNA present in

an African population some 200 000 years ago'.

This conclusion was strengthened by a subsequent
study [13] where two hypervariable (HVRI and

HVRII) [14] regions within the noncoding control

region of the mtDNA were sequenced. A schematic
phylogenetic tree illustrating the general pattern of

relationships among mtDNA sequences seen in these

studies (Fig. 1) shows that the branches next to the
root (i.e. the last common ancestor of all human

mtDNA lineages) consist exclusively of African

sequences, indicating that the oldest lineages are
found among Africans. Furthermore, African line-

ages are found throughout the tree. The explanation

for this pattern that minimizes the number of
migrations and extinctions of mtDNAs is that a

subset of African individuals carrying ancestral

mtDNAs migrated from Africa into the rest of the
world leaving additional variation behind. Thus,

non-Africans carry a subset of the African mtDNA
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Fig. 1 Schematic tree illustrating the branching pattern seen in trees relating mtDNA and Y chromosome sequences. Several lines of
evidence suggest an African origin for the variation among the DNA sequences. All lineages next to the root are African; and of 27

sequences depicted, 14 sequences are carried by Africans (S14±S27) and 13 (S1±S13) by non-Africans (Eurasians and individuals from the

rest of the world, ROW). Furthermore, Africans are found in all major clades de®ned by the nodes 1±3, whereas non-Africans are found in
one (node 1). The most parsimonious explanation for this pattern that minimizes the number of migrations and extinctions of mtDNAs is

that a subset of African individuals carrying ancestral mtDNAs migrated from Africa into the rest of the world leaving additional variation

behind. Thus, non-Africans carry a subset of the African mtDNA variation with additional mutations that occurred after the migration from

Africa.
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variation with additional mutations that occurred

after the migration from Africa.

As results obtained from the two hypervariable
regions of the mtDNA are confounded by recurrent

mutations at the same nucleotide site (because of the

extremely high mutation rate), it is interesting to
note that a recent study where all 16 500 bp of 53

mitochondrial genomes were determined concur, in

general, with the results obtained from the hyper-
variable regions alone [15]. Thus, the origin of the

mtDNA variation of modern humans is to be found

in Africa. When extrapolated to the entire human
species, this view is often referred to as the `Out of

Africa' or `African replacement' [16] hypothesis. It

stands, supported by a common interpretation of the
fossil evidence [17], that anatomically modern

humans originated in Africa as descendants of

African Homo erectus ancestors (Fig. 2) sometime
between one and two hundred thousand years ago

[16]. Subsequently, modern humans colonized the

rest of the old world and replaced archaic human
forms such as the Neandertals in Europe [17, 18]. In

a variant form of this hypothesis modern humans
originated in Africa but may not have completely

replaced archaic forms elsewhere [19]. These

archaic humans were in turn descendants of

H. erectus which started to leave Africa almost
2 million years ago [18]. An alternative model for

modern human origins (Fig. 3) holds that the major

pattern is regional continuity of these archaic
human forms in Africa and various regions of

Eurasia, with gene ¯ow allowing for some character

traits to move between groups [20].
Proponents of these two views often debate their

standpoints with great fervour. However, it should

not be forgotten that from a genetic perspective,
each part of our genome may have its own history,

such that (leaving recombination aside) the history

of some parts of our genome could be compatible
with the `African replacement' scenario while others

could conform to the `regional continuity' scenario.

Thus, although the history of the mtDNA clearly
conforms to the `African replacement scenario' it

represents just one single genetic locus that as a

result of either chance occurrences or selection for a
certain mtDNA variant could have a history differ-

ent from the history of the majority of the DNA
sequences in the human genome. Since, not every

Fig. 2 African replacement hypothesis. According to this hypothesis, modern humans evolved from archaic ancestors (Homo erectus)

only in Africa. Archaic humans living in Asia (e.g. `Java Man') and Europe (Neandertals) were replaced by modern humans migrating out

of Africa.
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locus must conform to the same historical pattern, it

is important to analyse other parts of the genome to

arrive at a sense of what a general picture of our
genetic history might entail.

Y chromosome variation

The locus that offers itself as an obvious counter-

part to the mtDNA is the Y chromosome. It has
many of the same attractions for evolutionary

studies as mtDNA but it lacks recombination and is

paternally inherited, i.e. it re¯ects the history of
males just as mtDNA re¯ects the history of females.

However, because of both the small effective

population size of the Y chromosome (only males
in the population carry a Y chromsome; thus there

will be fewer mutations that accumulate over time

on all Y chromosomes in the population as
compared with, for example, the autosomes for

which two copies each are carried by males as well

as females) and the overall low mutation rate of
nuclear DNA, the extent of DNA sequence variation

on the Y chromosome is low compared with the

mtDNA. Therefore, elaborate techniques are usually

used to identify particular variable nucleotides

(SNPs, single nucleotide polymorphisms) that are

then studied in populations [21]. In agreement
with mtDNA trees, Y chromosome trees show that

Africans carry most ancestral lineages as well as

considerably more genetic variation than non-
African populations [22] (Fig. 1). The majority of

Y chromosome studies furthermore provide age

estimates of the most recent common ancestor
(MRCA), i.e. the age estimate of the oldest diver-

gences currently seen in the gene pool, that agree

well with estimates from mtDNA (100 000±
200 000 years [15, 23, 24]). Thus, the overall

picture shows that the Y chromosome and mtDNA

experienced similar evolutionary histories. How-
ever, a recent study based on a greater number of

polymorphisms than previously studied suggests an

age of the MRCA for the Y chromosome of only
59 000 years [25]. If this point estimate is correct,

this may be because of a signi®cantly reduced

variability of the Y chromosome relative to other
genomic loci caused by selection [26±28]. However,

the con®dence range around this estimate is large

and the upper bound (140 000 years) [25] is well

Fig. 3 Multiregional hypothesis. According to this hypothesis, archaic human ancestors (Homo erectus) evolved into modern humans in

Africa, Asia, and Europe with some migration (gene ¯ow) in between these areas (indicated by thin arrows).
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within the range of estimates obtained for the

mtDNA ancestor.

Interestingly, some discrepancies occur between
the mtDNA and the Y chromosomal pictures that

bear on more recent human history. For example,

phylogenetic trees based on Y chromosome data
show more geographical clustering than mtDNA

sequences [29]. It has been suggested, that this

re¯ects a higher female than male migration rate,
that is, that females would have moved around more

than males among human populations [30]. This

`Women on the move' hypothesis [30] probably
re¯ects the predominance of patrilocal societies, in

which wives tend to move into their husband's natal

households.

Autosomal DNA sequence variation

The vast majority of the nuclear genome is located

on the autosomes. In order to assess its diversity

approaches other than DNA sequencing have often
been used. For instance, studies of microsatellites

(short nucleotide repeats that have a high mutation
rate and are highly variable in length) show that the

majority of length variants and hence the greatest

genetic diversity is found among African genomes
[31]. Alu-insertion polymorphisms, i.e. the presence

or absence of repetitive short interspersed nuclear

elements (300 bp) that replicate and `jump' around
in the genome [32], show that the ancestral

sequences (absence of the Alu insertion) are typic-

ally found in Africans [33, 34].
Until recently, little was known about the extent

of variation in single-copy DNA sequences on the

autosomes. However, by now population studies of
nuclear DNA sequences have been published for

genes encoding b-globin [35], lipoprotein lipase [36,

37], pyruvate dehydrogenase E1 a-subunit (PDHA1)
[38] and the melanocortin 1 receptor (MC1R) [39].

In general, these loci show that the ancestral

sequence is found among Africans and that the
age of the MRCA ranges from approximately

710 000 years (MC1R) to 1 590 000 years (PDHA1)

[40]. In addition, major histocompatibility complex
(MHC) genes have been analysed (reviewed in [41]).

Interestingly, comparison of human MHC variability

with that of other species reveals that there is
extensive sharing of MHC polymorphisms [42, 43].

However, all of these autosomal loci may be less

than ideal for reconstructing population history

because they were originally targeted for study as a

result of their involvement in medical conditions,

such as haemoglobinopathies (b-globin) [44], car-
diovascular disease (LPL) [45] and neurological

diseases (PDHA1) [46]. Furthermore, MC1R and

the MHC genes are involved in skin pigmentation
and the immune response, respectively. Thus, these

loci are likely to be the direct target of selection

which may cause the distribution of different gene
variants to re¯ect selection for certain traits in the

carriers of the gene rather than `population' events

such as migrations, bottlenecks, and expansions. For
instance, it is known that there is local selection in

Africa for certain b-globin alleles that confer resist-

ance to malaria [44, 47]. Similarly, it is well
established that some form of balancing selection

must operate to hold MHC alleles in the population

for millions of years [41, 48]. Finally, relatively high
recombination rates at many of these genes compli-

cate evolutionary analyses.

Variation at Xq13.3

A nuclear DNA sequence that exhibits several

characteristics potentially advantageous for elucida-

ting human population history is a sequence of
approximately 10 000 bp at Xq13.3 on the long

arm of the X chromosome [49]. First, it is noncoding

and hence unlikely to be the direct target of
selection. Secondly, it displays a recombination rate

that is about eight times lower than the average X

chromosomal recombination rate [50]. The low
recombination rate is unlikely to cause much

reshuf¯ing of ancestral DNA sequences that would

confound many methods of evolutionary inference
[51]. Thirdly, Xq13.3 is advantageous from a

practical standpoint because when males, who carry

only one X chromosome, are studied the sequencing
results are not compounded by the occurrence of

two different DNA sequences.

In order to gauge human genetic diversity world-
wide at a locus such as Xq13.3, there are at least

three possible sampling strategies, all of them with

advantages and disadvantages. First, samples could
be collected according to current population size.

However, when long-term history is studied, recent

population expansions, for example associated with
the invention of agriculture starting some

10 000 years ago, as well as recent colonizations,

will in¯uence results. Secondly, individuals could be
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sampled according to the land area where they live

so that a certain number of people are sampled per

square mile. However, in such as scheme areas with
low population density (such as the Arctic) will be

over-represented. A third possibility is to sample

according to major linguistic groups. This approach
appears to be preferable for our purposes because

major language groups are likely to be older than

recent expansions and colonizations known from the
historic record. Thus, we chose 70 individuals for

sequencing at Xq13.3 in such a way that all 17

major language phyla de®ned by Ruhlen [52] were
represented by a minimum of one individual. Within

each language phylum individuals were chosen to

be as diverse as possible with regard to both
linguistic and geographical criteria. This sampling

strategy automatically results in a wide geograph-

ical distribution of individuals (Fig. 4). For each
individual, approximately 10 200 consecutive

nucleotides at Xq13.3 were determined. An align-

ment of these sequences reveals 33 variable posi-
tions that de®ne 20 different sequences (Fig. 5) [49].

The DNA sequences show that the same Xq13.3
sequence variants occur in individuals from very

different geographical and linguistic backgrounds.

For instance, sequence B is present in four Africans,

®ve Asians and four Europeans, and sequence D is

present in ®ve African, three European and two
Oceanian individuals (Fig. 5). Extensive genetic

homogeneity among human populations has also

been observed in other studies [16] which show that
on average approximately 90% of the total genetic

variation in humans (where genetic variation is

measured by estimating the number of polymorphic
sites and how often one nucleotide occurs relative to

the other at a polymorphic site in the population) is

contained in any major human population and that
only about 10% of the genetic variation can be

attributed to between-population differences [16].

For example, a survey of 30 nuclear restriction-site
polymorphisms in 243 individuals from around the

world revealed that 89% of the total genetic

variation seen in humans at these sites is contained
in any of three major continental populations

(Africans, Asians, and Europeans) [53].

By comparison to the Xq13.3 sequences deter-
mined in chimpanzees and gorillas it was found that

sequence A carries the ancestral nucleotide state at
most of the variable sites while all other sequences

differ by at least two additional nucleotides from the
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Fig. 4 Map of the world indicating the approximate places of origin of the humans studied with respect to their Xq13.3 DNA sequences.

The individuals belong to the following 17 language phyla as de®ned by Ruhlen [52] (abbreviations in brackets): Khoisan (`K'), Niger-

Kordofanian (`N'), Nilo-Saharan (`NS'), Afro-Asiatic (`AA'), Caucasian (`CA'), Indo-Hittite (`IH'), Uralic-Yukaghir (`U'), Altaic (`AL'),
Chukchi-Kamchatkan (`C'), Eskimo-Aleut (`EA'), Elamo-Dravidian (`E'), Sino-Tibetian (`S'), Austric (`AU'), Indo-Paci®c (`IP'), Australian

(`A'), Amerind (`AM'), Na-Dene (`N'). Modi®ed from Kaessmann et al. Nature Genet., 1999.
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ancestral sequence (Fig. 5). Thus, sequence A is the

root of the network shown in Fig. 6. It is carried by

Africans as well as non-Africans and is therefore not
informative with regard to the geographical origin of

the sequence variation at Xq13.3. However, one or

more Africans are represented in all nine branches
originating from the ancestral sequence A, whereas

non-Africans are present on only four of these

lineages. Africans are, therefore, more widely distri-
buted in the tree than non-Africans. A generally

higher diversity of African sequences is also re¯ected

in the number of variable nucleotide sites. For

instance, 24 of the total 33 variable sites are present

in the African Xq13.3 sequences, whereas only 17
were found in individuals from other locations of the

world, although more than twice as many non-

Africans than Africans were sequenced. Xq13.3
thus re¯ects the general pattern seen at other loci

[16] where Africans carry most genetic diversity

including variants not seen elsewhere, while people
outside Africa carry less variation and, in general,

variants also found in Africa.

Fig. 6 Phylogenetic network

relating human Xq13.3 DNA
sequences. Letters refer to sequence

designation in Fig. 5. Red circles

(showing the African continent)
represent sequences observed only

in Africa, `yellow' circle sequences

observed only outside Africa, `blue'

circle sequences observed in Africa
as well as in other regions of the

world. The area of the circles

represents the number of

individuals carrying each sequence.
The location of the ancestral

sequence is indicated by the arrow.

Figure modi®ed from Kaessmann

et al. Nature Genet., 1999.

Fig. 5 Variable positions found in the human Xq13.3 DNA sequences. Individuals with identical sequences are grouped together. Letters on

the right (A±T) denominate the different sequences that are de®ned by the variable positions. `±' indicates the consensus nucleotide.

Orthologous nucleotides of a chimpanzee and a gorilla are shown at the top. Modi®ed from Kaessmann et al. Nature Genet., 1999.
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It has recently been shown that of the 10 genomic

regions for which suitable population data is cur-

rently available (b-globin, dys44, Gk, MC1R,
mtDNA, PDHA1, PLP, Xq13.3, Y chromosome,

ZFX), nine have ancestral sequences found in

Africans [40]. The observation that 90% of the
ancestral sequences across the genome are of

African origin is not easily explained by multiregi-

onality unless the African founding population was
much larger than the European and Asian founding

populations [40]. Importantly, even under such a

scenario of a great asymmetry in relative breeding
sizes, the genetic contribution of non-African found-

ing populations to the modern human gene pool

would be extremely small [40].

Age of the variation at Xq13.3

In order to date the variation of the Xq13.3

sequences, the evolutionary rate was determined

by comparison with the chimpanzee and gorilla
sequences. These differ from the human sequences

by an average of 94 and 143 substitutions, respect-
ively. Assuming that the human and chimpanzee

lineages split about 5 million years ago [54±58],

about 100 sequence differences accumulated in
5 million years between humans and chimpanzees.

This adds up to an average of 1 difference per

50 000 years. Therefore, assuming that half of the

mutations occurred in humans and chimpanzees,
respectively (evidence for similar mutation rates in

humans and chimpanzees is discussed later),

approximately 1 mutation per 100 000 years
occurred per 10 000 bp at Xq13.3 in humans and

chimpanzees.

On the basis of this mutation rate as well as
assuming that sequence A is the ancestral sequence,

the time of the most recent common ancestor for

Xq13.3 can be determined using the coalescent [59,
60], which takes into account not only the number

of mutations but also the process of genetic drift, i.e.

the stochastic `survival' or `death' of alleles caused
by the fact that some individuals in every generation

have no offspring whereas others have several. The

drift process results in the gradual joining of genetic
lineages until there is only one lineage left. This is

the most recent common ancestor or MRCA (Fig. 7).

For Xq13.3, the MRCA was estimated to be approxi-
mately 500 000 years. It is important to realize that

this does not mean that there existed only one single
Xq13.3 sequence 500 000 years ago. On the con-

trary, many humans carrying other Xq13.3 vari-

ants doubtlessly lived at that time. However, their
Xq13.3 lineages happened to become extinct during

X chromosome

mtDNA

MRCA

1 2 3 4 5 6 7 8 9

500 000 BP

archaic humans

150 000 BP

modern humans

today

500 000 BP

archaic humans

150 000 BP

modern humans

today 1 2 3

MRCA

Fig. 7 Illustration of the coalescent

process in humans at an X chro-

mosomal locus (such as Xq13.3) as
well as for mtDNA. All lineages (in

red) present in the human popula-

tion today trace back to one com-

mon ancestor. The threefold
difference in the effective number of

Xq13.3 versus mtDNA sequences

in the population leads to an
approximately threefold greater age

of the MRCA for the variation in

Xq13.3 DNA sequences than in

mtDNA. Thus, the age of the vari-
ation at Xq13.3 is older than the

modern human species that

emerged about 100 000 years ago.

Note also that other humans lived
at the same time as those carrying

the ancestral Xq13.3 and mtDNA

sequences, but their DNA lineages

have not survived until today.

H . K A E S S M A N N & S . P AÈ AÈ B O8

ã 2002 Blackwell Science Ltd Journal of Internal Medicine 251: 1±18



the following half million years through the process

of genetic drift (Fig. 7). Furthermore, it is important

to realize that the age of the MRCA does not imply
the emergence of a new `species' or group of modern

humans at that time. The population where one or

several changes lead to modern morphology and
behaviour (however de®ned) surely contained gen-

etic variation tracing back to a common ancestor

older than that population. For instance, the age of
the MRCA for all Xq13.3 sequences seen in humans

today is about 500 000 years and hence at least

370 000 years older than the ®rst anatomically
modern humans, which appear in the fossil record

approximately 100 000±130 000 years ago [61].

As seen above, the MRCAs of mtDNA and Y
chromosomal sequences are severalfold younger

than those for Xq13.3 and other nuclear loci. One

explanation for this discrepancy is the differences in
their mode of inheritance. Because the effective

population size of the X chromosome (two copies in

females, one copy in males) is three times that of
mtDNA (one sequence variant from females is

passed on to the offspring) and the Y chromosome
(one copy in males) and three-quarters of that of

autosomes (two copies in males and females), X

chromosomal lineages are expected to take three
times as long to become extinct and their MRCA is

expected to be three times as old (provided that other

things are equal) as mtDNA and Y chromosomal

DNA sequences (Figs 7 and 8). Nuclear DNA
sequences are expected to have MRCAs that are on

average four times older than these loci (Fig. 8). The

age estimates ranging from approximately
100 000±200 000 years ago for mtDNA and the

Y chromosome [15, 24, 62, 63], 500 000 years for

Xq13.3 and 750 000 for the b-globin gene on
chromosome 11 [35] (Fig. 8), are therefore in

striking, and in fact surprising, agreement with

each other.
If genetic continuity between H. erectus and

modern human populations in several regions of

the world, as suggested by the regional continuity
hypothesis (Fig. 3), would apply to Xq13.3 [20],

then a time depth of 1 million years or more would

be expected because H. erectus populations dispersed
over a million years ago into the different parts of

the world. An age of the MRCA at Xq13.3 of

1 million years or more can be excluded at the 1%
signi®cance level (P � 0.0028). This dating, com-

bined with the relative genetic uniformity of Xq13.3
sequences, the greater African genetic variation and

the African origin of most ancestral sequences for

different genomic loci (see above), is incompatible
with regional continuity, unless extensive migration

Fig. 8 Illustration of the age of the

most recent common human an-

cestor (MRCA) of different genomic
regions, a population bottleneck

that may be associated with the

origin of modern humans, and

subsequent population expansions
as re¯ected by Xq13.3, mtDNA (see

text) and allele frequency data

(`Neolithic expansion') [109]. The

latter re¯ect a population move-
ment and expansion promoted by

the spread of agriculture from the

Near East (where it was ®rst

developed about 10 000 years ago).
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across the world had occurred among all ancestral

populations, and with the major contribution during

these migrations coming from Africa.

Linkage disequilibrium

Not only the extent of variation and the phyloge-

netic relationships of DNA sequences can be used to

estimate the history of a genetic locus, but also the
way in which variation along the sequence on a

chromosome (so-called `haplotypes') correlate

between sites as a result of mutations and recom-
bination. Assume that, for example, two SNPs exist

in a DNA sequence, where one carries the nucleo-

tides A in 10% and G in 90% of chromosomes in a
population, while the other SNP carries the nucleo-

tides C in 40% and T in 60% of the chromosomes. If

recombination has acted for a long enough time on
the DNA sequence to exchange information between

chromosomes, the frequencies of the haplotype A±C

will be 0.30 ´ 0.70 � 0.21, the haplotype G±C
0.70 ´ 0.70 � 0.49 and so on (Fig. 9). If this

expectation is met, the two SNPs are said to be in
linkage equilibrium, whereas if the frequencies of the

observed haplotypes are either larger or smaller,

linkage disequilibrium is said to exist between the
SNPs. Linkage disequilibrium indicates that not

enough time has elapsed since the mutations gen-

erated the SNPs (or since the two variants came into

contact through migration) for recombination (or

new mutations at the SNP sites) to have shuf¯ed

them around enough to reach linkage equilibrium.
Therefore, the greater the extent of disequilibrium

among pairs of variable loci in a population, the

younger the genetic variation in that population.
Thus, it was of great interest when it was shown

that a polymorphic deletion on chromosome 12

showed hardly any linkage disequilibrium with
nearby microsatellite alleles in Africa, whereas

extensive disequilibrium existed outside Africa

[64]. The fact that the same pattern is seen not
only at other loci [65±69] but also on a genome-

wide scale [70] is the strongest evidence to date

that the gene pool in Africa is older than outside
Africa. In principle, this pattern could be generated

if the population size over time outside Africa

would have been smaller than inside Africa.
However, as for the pattern seen for the situation

at Xq13.3, this assumes a substantial amount of

gene ¯ow among all populations outside of Africa
in order to maintain the gene pool homogeneous

enough for drift to allow the same lineages to
disappear outside Africa. The possibility of exten-

sive gene ¯ow over the entire world, among a

probably limited number of human ancestors
(effective population size estimates indicate about

10 000 breeding individuals [71]), has been deba-

ted [16, 72] but appears implausible [16].

Fig. 9 Linkage disequilibrium

illustration. A hypothetical example
of two single nucleotide polymor-

phisms (SNPs) that are either in

linkage equilibrium (random

association of alleles according to
allele frequencies ± see text for

details) or linkage disequilibrium

(nonrandom association of alleles)±

shown in red.
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Therefore, on balance, the overall picture of our

genetic history conforms much better with an

African replacement scenario than with the regional
continuity model. However, this does not preclude

that some gene variants from archaic human

populations penetrated the modern human gene
pool and survived until today. Perhaps this may be

the case particularly for genes encoding some

features that were of selective advantage in a certain
region of the world. However, it should also be noted

that the variation at most nuclear genes is so old

that it predates the separation of many archaic
human populations such as Neandertals and mod-

ern humans [73]. This means that the nuclear gene

variants present in these populations are not expec-
ted to have been very different from those seen in

modern humans. Therefore, it is the data from loci

such as mtDNA, the Y chromosome and linkage
disequilibrium in nuclear loci that are the most

powerful evidence against a large contribution of

genes from archaic human forms into the contem-
porary human gene pool.

Genetic variation in the great apes

In order to clarify whether the extent of diversity
found in the human genome is typical for a large

primate species, it is necessary to study our closest

evolutionary relatives ± the great apes. Until
recently, such studies were almost exclusively con-

®ned to protein variants [74, 75] and mtDNA [76±

78]. RFLP typing of great apes [78, 79] showed that
their mtDNA variation was two to ten times higher

than in humans. A similar pattern was found for

HVRI sequences from chimpanzees, gorillas and
orang-utans [76, 80, 81]. This may seem surprising

because of the small population sizes of the great

apes and their restricted geographical ranges. In-
deed, electrophoretically detectable variants of par-

ticular proteins [74] as well as microsatellite

variation [77] have both indicated that the great
apes are less variable than humans. However, these

studies suffer from an ascertainment bias [82]

because the markers studied in the apes had
originally been selected to be highly variable in

humans. Therefore, it was unclear whether the

great apes are more variable than humans on a
genome-wide scale.

In order to put the human variation at Xq13.3

into a relevant evolutionary perspective, we

sequenced about 10 000 bp at Xq13.3 in chimpan-

zees (Pan troglodytes), bonobos (P. paniscus), gorillas

(Gorilla gorilla), and orang-utans (Pongo pygmaeus)
[83, 84]. To ®rst ascertain which species is most

closely related to humans at Xq13.3, a phylogenetic

tree [85] relating sequences from a human, chim-
panzee, bonobo, gorilla and orang-utan individual

was estimated (Fig. 10a and b) [84]. This tree shows

that humans form a clade together with chimpan-
zees and bonobos to the exclusion of the gorilla.

They differ from humans by approximately 0.9% of

their nucleotides at Xq13.3, whereas gorillas and
orang-utans differ from humans by 1.4 and 2.9%,

respectively. Thus, the results obtained for Xq13.3

concur with the majority of studies [86] in placing
chimpanzees and bonobos as the closest relatives of

humans. To test if evolutionary rates at Xq13.3 are

the same among humans and great apes, we
performed an evolutionary `clock-test' [85] which

failed to reject the clock hypothesis. In fact, as can be

seen in Fig. 10b, all branches are of similar lengths
(branch lengths correspond to the number of

mutations on each lineage). This shows that differ-
ences in the extent DNA sequence variation cannot

be attributed to differences in mutation rate.

Because chimpanzees are most closely related to
humans at Xq13.3, intraspeci®c variation was ®rst

gauged in 30 chimpanzees from the three currently

recognized subspecies [87], i.e. central African
chimpanzees (P. troglodytes troglodytes), western

African chimpanzees (P. troglodytes verus), and

eastern African chimpanzees (P. troglodytes schwein-
furthii) (represented only by a single individual), as

well as ®ve bonobos (P. paniscus) [84]. The chim-

panzees contained 24 different Xq13.3 sequences
with 84 variable positions [84]. To evaluate the

extent of diversity within chimpanzees relative to

that of humans, we calculated Watterson's estimate
of the parameter hw [88], which is a diversity

measure based on the number of variable positions

and is corrected for the number of individuals
studied. hw in chimpanzees is approximately three

times as high as in humans (21.2 vs. 6.8) (Fig. 11).

In principle, the lower diversity in humans relative
to chimpanzees may have been shaped by selection

and not by a difference in population history

between these species. While the DNA segment at
Xq13.3 is noncoding and hence is highly improbable

to be the direct target of selection, it is located in an

area of low recombination [50]. Thus, the Xq13.3
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sequences studied may have been indirectly affected

by selection acting on other genes linked to Xq13.3.

However, a test [89] for selection that compares the
variation at Xq13.3 with that of two other nuclear

noncoding loci on chromosome 1 and 22 that have

higher recombination rates [90, 91] show that the

extent of nucleotide diversity at Xq13.3 is not
signi®cantly different from that found at the other

Fig. 10 Phylogenetic tree relating

a human, chimpanzee, bonobo,
gorilla, as well as an orang-utan

Xq13.3 DNA sequence. Two ver-

sions of the tree are shown. One (a)
is an illustration of the pattern of

relatedness seen among the pri-

mates studied, the other (b) also

shows original branch lengths
based on the Xq13.3 data. The

reliability value of each internal

branch indicates how often the

corresponding cluster was found
among 1000 intermediate trees (in

percentage). After Kaessmann et al.

Science, 1999.
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two loci. Consequently, selection is unlikely to be the

primary cause for the low genetic variation seen at

Xq13.3 in humans. Importantly, mtDNA has also
indicated three times as much variation in chim-

panzees as in humans [76, 92]. Furthermore, lower

genetic diversity in humans than in chimpanzees
has recently been found in a study surveying DNA

sequence variation of an autosomal DNA segment

(HOXB6) [93]. Therefore, the diversity of the chim-
panzee genome seems to be generally greater than

that of the human genome. Thus, the difference in

diversity is the consequence of differences in popu-
lation history between these species rather than

selection acting on individual loci.

The next obvious question is whether humans or
chimpanzees are exceptional among primates in

having low and high amounts of DNA sequence

diversity, respectively. To address this, Xq13.3 DNA
was studied in 10 western lowland gorillas (G. gorilla

gorilla) and one mountain gorilla (G. gorilla beringei),

thus including two of three currently recognized
subspecies [94], which include also eastern lowland

gorillas (G. gorilla graueri). Xq13.3 was also studied
in eight Bornean (P. pygmaeus pygmaeus) and six

Sumatran (P. pygmaeus abelii) orang-utans, i.e. the

two orang-utan subspecies [95]. Among the 14
orang-utan and 11 gorilla DNA sequences, 78 and

41 variable positions were identi®ed, respectively

[83]. hw was estimated to 24.2 and 14.0, respect-
ively, indicating that orang-utans carry approxi-

mately 3.5 times and gorillas twice as much Xq13.3

sequence diversity as humans (Fig. 11). This is

illustrated by a phylogenetic tree (Fig. 12) which

shows that human Xq13.3 sequences are charac-
terized by short branches, whereas all great apes

carry several long branches de®ning deep splits

within the species. The extensive diversity found in
the great apes is also re¯ected in greater ages of their

MRCAs which are 1 900 000 years in chimpanzees,

1 160 000 in gorillas, and 2 100 000 years in
orang-utans, while the age of the human MRCA is

about 500 000 years. Although the absolute ages

depend on uncertain fossil calibration points and
may thus have to be revised in the future, the

relative time depths are not likely to change. Thus,

the age of the variation at Xq13.3 in humans is only
half to a quarter of that in the great apes in spite of

the fact that the human population size currently

exceeds that of the great apes by several orders of
magnitude. If applicable to most of the genome, this

shows that from a genetical perspective, humans are

a very recent species when compared with their
closest living relatives.

An expansion of Xq13.3 sequences

The short time depth of the variation in the human
genome relative to the great apes may be an

indication of a population bottleneck (Fig. 8) in

humans, i.e. a time period when the number of
humans who have descendants today was small.

This would cause the diversity of mtDNA, Xq13.3

and other DNA sequences to be reduced because the
extinction of genetic lineages through drift would

have been extensive during such a period. Because

this scenario involves a population expansion sub-
sequent to the period of small population size, it is

interesting to test whether the pattern of variation in

DNA sequences of contemporary humans indicate
that population expansions have happened in the

past.

When a population expands, few genetic variants
are lost because many individuals get to have

descendants. Consequently, many substitutions in

such a situation will be found today in only some
individuals (Fig. 13). By contrast, in a constant

population where more lineages are lost fewer

lineages in the past are the ancestors of present-
day DNA sequences, past substitutions are found in

a larger proportion of contemporary individuals

(Fig. 13). One test that detects past expansions [96,

30
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Humans Chimps Gorillas Orang-utans

Fig. 11 DNA sequence diversity within humans and great apes.

Values are based on the number of variable positions within each

species taking the number of sequences determined into account

(Watterson's diversity estimator, hw).
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97] therefore compares the number of singletons

with the total number of variation among DNA

sequences. When it is applied to the Xq13.3 data, a
signi®cant excess (P � 0.02) of singleton and low

frequency substitutions over substitutions of inter-

mediate frequency is seen among humans but not
the great apes [83, 98, 99]. This indicates either that

population growth or positive selection has affected

the human DNA sequences but not those of the
great apes [83].

This pattern is also seen in the form of a `star-like'

phylogeny of lineages within a species which re¯ects
the fact that during an expansion, few lineages die

out (Fig. 13a) [92]. Thus, the star-like phylogeny for

human Xq13.3 sequences (Fig. 12) may indicate
population growth. An alternative explanation is a

selective sweep affecting Xq13.3 sequences in

humans but not in the great apes. In this case, an

advantageous Xq13.3 variant would have `swept' to

®xation in humans, accumulating substitutions in a
`star-like' fashion. In that case, one would expect the

expansion signal to be con®ned to Xq13.3 sequences

and not to be seen in other DNA sequences. In this
regard, it is noteworthy that expansion signals have

so far not been seen in several nuclear DNA

sequences studied in humans. However, most of
these DNA sequences [35±38] come from tran-

scribed genes (e.g. b-globin, LPL and PDHA1 genes)

carrying alleles implicated, for example, in resistance
to malaria (b-globin) [44] or diseases [45, 46].

Therefore, the distribution of nucleotide substitu-

tions may be in¯uenced not only by demographic
phenomena but also by natural selection. By con-

trast, two loci that like Xq13.3 are noncoding tend

Fig. 12 Phylogenetic tree of 70 human, 30 chimpanzee, 5 bonobo, 11 gorilla and 14 orang-utan Xq13.3 DNA sequences. A gibbon

sequence was used as an outgroup. The human cluster is also shown 7.5-fold enlarged (to the right) to illustrate the star-like pattern that is

typical of an expansion due to population growth or positive selection affecting the DNA sequence. After Kaessmann et al. Nature Genet.,
2001.
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to show signals of population expansions in humans

[90, 91] as does a survey of variation of gene
segments from genomic databases [100]. Thus, the

majority of nuclear DNA variation may re¯ect a

human population expansion. However, further
work is necessary before this can be stated with

con®dence.

Dates of expansions

The onset of population growth (or selection)
re¯ected by Xq13.3 has been dated using two

different approaches. One is based on coalescent

theory [101] and considers the average pairwise
sequence difference of all sequences in the sample,

the number of variable positions and the sample size;

the other is based on mismatch distributions [102],
that is, the distribution of pairwise differences of all

sequences in a sample. The latter approach is based

on the assumption that if a population has grown in
size, many lineages are expected to trace back to

common ancestors who lived just before the expan-

sion started. Thus, the most common number of
differences among DNA sequences from a growing

population corresponds to the number of mutations
separating individuals that diverged from common

ancestors who lived just before the onset of the

expansion. The coalescent analysis gives a maxi-
mum likelihood value for the beginning of the

putative human population expansion of approxi-

mately 190 000 years while the mismatch analysis
gives a date of 160 000 years. Using another

approach, Wooding and Rogers (2000) [98] have

dated the Xq13.3 expansion to 120 000 years ago.
Previous mtDNA studies have indicated that

modern human populations have expanded approxi-

mately 40 000±50 000 years ago [15, 103, 104]
and microsatellite data also indicated an onset of

population growth around that time [105]. Thus,

they seem to re¯ect an expansion that postdates
Xq13.3. However, as all these age estimates have

unknown variances that may be large, it is not

possible to exclude that the mtDNA and Xq13.3 data
indicate the same demographic expansion. It is

noteworthy, however, that the mtDNA dates agree

well with archaeological evidence indicating the
appearance of, for example, art objects and more

advanced and diverse tool industries [104, 106,

107]. It is also noteworthy that mtDNA indicates the
beginning of expansions in chimpanzee and orang-

utan populations for approximately the same time
period (data not shown). Thus, it is possible that
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more general environmental factors such as climatic

change have promoted an increase in population

size of both humans and great apes about
50 000 years ago. For instance, one hypothesis

holds that population growth may have commenced

after the release from a species-wide population
bottleneck associated with a volcanic winter (caused

by the eruption of Mount Toba on Sumatra) around

60 000 years ago [108].
For the Xq13.3 sequences it is interesting to note

that a date of around 120 000±190 000 years ago

coincides with most age estimates of the most recent
common mtDNA and Y chromosome ancestors,

which are approximately 100 000±200 000 years,

respectively [15, 24, 62, 63]. It is also interesting to
note that the ®rst anatomically modern humans

appeared about 100 000±130 000 years ago in the

fossil record [17]. Thus, the ages of the beginning of
population growth in humans as seen by Xq13.3 as

well as most dates for the MRCAs of mtDNA and the Y

chromosome coincide approximately with the emer-
gence of anatomically modern humans as seen in the

fossil record. Thus, it is possible that mtDNA and Y
chromosomal lineages coalesce to their MRCAs

around the time when a small ancestral population

began to expand and that expansion is detected by
Xq13.3. If that was true, this represents the begin-

ning of the expansion of the African ancestors of

modern humans who eventually went on to replace
many or most of the other archaic human forms that

existed at the time. Future studies of large numbers of

nuclear genes will show whether this scenario applies
to most of the human genome and thus to humans as

a species. If that is true, then the challenge will be to

identify the genetic factors that may have been the
prerequisites for this expansion.
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