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Palaentology and archaeology are disciplines
that traditionally deal with the reconstruction
of human origins and history. Recently,
however, molecular genetics has come to
make increasing contributions to this area. In
particular, several data sets indicate that
variation of the human gene pool originated in
Africa within the last 200,000 years.
Furthermore, the study of DNA sequences
allows the detection of expansions in
population size. Here we briefly summarize
and exemplify how DNA sequences can be
used to reconstruct the history of populations.

Many of us, especially in our youth, are interested in the lives
of our parents and immediate family; then again, as mem-
bers of a particular group or population, we like to know
about the life of our ancestors; finally, as members of the
human race, we are fascinated with the question of human
origins. Palaeontology and archaeology are the disciplines
that traditionally deal with our history prior to the availability
of written or oral records. They address questions such as
when and where our species first emerged, how our ances-
tors spread over the globe and what major events occurred in
their history. However, early humans left traces of their activ-
ities not only in the form of their bones and artefacts. They
also passed on to us their genomes. Every genome is made
up of about three billion base pairs, several of which experi-
ence mutations in each generation, and, as the way in which
these mutations accumulate in populations are influenced by
how populations expand, contract, split and merge, the
study of genetic variation has the potential to yield a great
deal of information regarding our history.

Thanks to the development of methods that allow quick
and cost-effective determination of DNA polymorphisms
in many individuals, molecular genetics has recently
begun to tap into this vast source of information. For
example, molecular data have suggested that our species
originated in Africa very recently, just 100,000 to 200,000
years ago, and from there went on to colonize the world,
replacing other human forms, such as Neanderthals, in
the process. Other studies have dealt with more recent
events, such as major expansions in the human popula-
tion and the colonization of areas where earlier humans
had not ventured, such as Oceania and the Americas.
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Below, we outline how DNA sequence variation can be
used to reconstruct the history of populations and discuss
some current views on the origin of modern humans and
the major processes that have since shaped our gene pool.

A bit of theory

All individuals have parents, and some individuals have
the same parent(s). The consequence of these trivial facts
is that as genealogical lineages in a population trace back
over generations, they will occasionally coalesce to com-
mon ancestors. There will be fewer and fewer ancestors as
one goes back. Eventually, all female lineages will trace
back through a series of consecutive mothers to one single
mother and all male lineages will similarly trace back to a
single father — that is, the most recent common ancestors
(MRCAs) on the maternal and paternal side (Fig. 1). If the
demographic history of a population is known, the
expected number of generations back to the MRCAs can
be calculated: in a population that has been of constant
size over time, it is approximately twice the number of
reproducing females or males in the population. Thus, the
time back to the MRCAs will be longer in a large popula-
tion than in a small population (Fig. 1).

Variations in population size over time will affect the time
to the MRCAs. For example, populations may be reduced
dramatically in size and subsequently recover (a “bottleneck
effect”) (Fig. 1a). In such a case, the MRCA may be as recent
as in a smaller population that remained constant in size.
However, in a population that has expanded, many lineages
will coalesce in a rather short time frame after the ‘bottle-
neck’ and thus the genealogy of the lineages will be star-like.
In contrast, in a population of constant size, the two oldest
lineages will on average need as much time to coalesce as all
the other lineages and the genealogy of the lineages will con-
sequently show a deep ‘split” (Fig. 1b).

If the demographic history of a population is unknown, it
can be reconstructed from the patterns of nucleotide substi-
tutions in the genome. DNA sequences from the mitochon-
drial (mt) genome and those from the majority of the Y
chromosome are particularly useful as they are passed on
without recombination from mother to daughter and from
father to son. Consequently, these sequences can be traced
back directly to the genealogical maternal or paternal
MRCAs. Autosomal DNA sequences, which are inherited
through both males and females and occur in two copies per
individual, trace back to ‘biparental MRCAs that are on
average four times as old as maternal and paternal MRCAs. If
a population has grown in size, many lineages are expected
to trace back to common ancestors close to the MRCA (Fig.
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Small population Large population Bottleneck Fig. 1A synopsis of some features of coa-
lescent theory. a, Three populations are

(L A S AN B NN R RN I \..‘ LB N J @ 2 Present R
AT EX A Y o0 0wo0’ 'EX o shown, one that has been of small and con
$00¢®00W0OS®SNOO oow (KX OO0 s stant size over time, one that has been of
€00®#009O0W¥OOO 4 coo ¢ z #» 00 ‘ large and constant size, and one that has
g;fggg;g:ggg‘, 28880 o 02881 been of small size during a ‘bottleneck’ and
O0O®000O0O®S#0O0O0 3 MRCA o y subsequently grown. .anllescenpe is the
0O0O®#0000OHO0OO0O 2 000000000000 Populations process by which the individuals in the pre-
O0O®000¥O0O00O0O : 000000000 0OO0OO0 sent time trace back in the genealogy to
ggiggg il g L onase? common ancestors (the numbers of which
00008000000 2 000000000000 . are given for each generation), eventually
00O0WM¥OOOO0OOO : 000000000000 £ reaching a single most recent common
MACAOOOOBO00000O0 1 000000000000 - ancestor {MRCA)} (red}. If the demographic

=

T
T

v
-
(9]
>
(]
-

1). Therefore the distributions of pairwise sequence differ-
ences in such populations will tend to be bell-shaped, where-
as those that have been of constant size will tend to have a
ragged shape (Fig. 1¢; refs 1, 2). A further difference between
populations that have been of constant size and those that
have expanded, is that in constant-size populations more
substitutions have occurred when few of the currently sur-
viving lineages existed. As such lineages are ancestral to many
individuals in the population, these substitutions are found
in many individuals today (Fig. 14). In contrast, in a growing
population, more substitutions have occurred in lineages
that exist in only a few individuals today. They therefore
affect many different sequence positions. However, the num-
ber of variable positions also depends on the over-all genetic
diversity of the population reflected, for example, by the
mean pairwise sequence difference. Thus, in populations
that have been constant in size, the ratio of variable positions
to mean pairwise sequence difference will be smaller than in
populations that have increased in size.

In this way we can determine the approximate size of a
population and whether it has been growing, and, if so,
approximately when it started growing®. A major advantage
is that, in principle, this approach is based on no assump-
tions external to the molecular data themselves. However, a
limitation here is that as chromosomal segregation and
recombination reshuffle the genome in every generation,
different parts of the genome may have different histories.
It is therefore of pivotal importance to study many genetic
regions using the coalescent theory approach.

'

history is unknown, the pattern of genetic
variation in the populations can be used to
reconstruct the history. Other things being
equal, the smaller population has a more
recent MRCA than the larger population, and
thus the deepest divergence, as well as the
average amount of diversity in the popula-
tion, is smaller. The population that has
grown may be similar to the small population
in that it has a recent MRCA but will display
a number of additional features. First, the
phylogeny of the genetic lineages in the
population with size fluctuations will be star-
shaped whereas it will show deep ‘clusters’
in the constant populations (). Such clus-
ters can therefore not, as is sometimes
done®’, be taken as indications of ancient
‘populations’ that have merged in the past.
Second, the distribution of pairwise
sequence differences (¢} will tend to be beli-
shaped whereas it tends to be ragged in the
constant populations. Third, the number of
variable positions (d) relative to the mean
sequence difference will be larger in the
popuiation that has expanded than in the
constant populations. The reason is that
many mutations (illustrated by colours in (@)
and {d)) will have occurred during a time
when only few surviving lineages existed in
the constant popuiations whereas many
substitutions occur only in a few individuals
in the growing population.

Trees

Pairwise difference
In samples from
populations

DNA sequences

Another approach looks at the genetic relationships of
populations rather than DNA sequences of individuals. To
do this, many loci are generally studied and a distance
measure is calculated that takes into account frequency of
alleles in different populations, and sometimes the degree
of difference between alleles in terms of mutational steps.
Generally, the relationships between the populations are
then depicted in the form of ‘trees’ where populations that
have smaller genetic distances are shown as more closely
related ‘twigs. The population approach has an advantage
over the coalescent approach in that it uses information
from many parts of the genome and takes into considera-
tion the population aspect of human history. However,
this approach also has limitations. First, as there is no
genetic definition of a ‘population’; the units of study are
defined based on geographic, linguistic or other cultural
ideas about ‘groupings’ of humans which may or may not
be valid. Second, trees based on gene frequencies depict
human history as a process of consecutive population
splits. This, of course, is not the whole truth as popula-
tions exchange individuals and sometimes merge. Third,
the time at which two populations diverged cannot, with-
out the introduction of unrealistic assumptions, be
gauged from such trees, as changes in population sizes —
especially if populations are small — will cause dramatic
shifts in the frequencies of alleles. However, together with
the coalescent approach based on the analysis of individ-
ual DNA sequences, the population approach can provide
a new understanding of our history.

nature genetics volume 14 october 1996
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The age of the human gene pool

The mitochondrial genome has led the way in many studies
of genetic diversity as its high evolutionary rate allows many
substitutions to be observed even when rather short pieces
of DNA are sequenced. In particular, attempts have been
made to date the greatest divergence between mtDNAs of all
humans currently existing in order to estimate the date of
the maternal MRCA. Using restriction site data?, DNA
sequence data>”’ and different evolutionary rate
calibrations®, dates on the order of 200,000 years ago have
been obtained. Using particular models®, or slowly occur-
ring transversional substitutions!®, the date may be as far
back as 300,000-800,000 years, but the majority of analyses
still point to dates on the order of 200,000 years ago.

Similarly, DNA sequence variation on the Y chromosome
has been used to calculate dates for the MRCA of Y chromo-
somes. In one study, an intron of the ZFY gene was
sequenced from 38 men. Despite the lack of observed differ-
ences between the sequences, a date of around 200,000 years
was calculated!12, In another study, sequences of 2,600 bp
on the Y chromosomes of 16 human were determined.
Here, variation did exist and a similar date was derived!>!4.
Thus, the data from the Y chromosomes agree with the
200,000-year-dates established by the mtDNA data.

Does this tell us that our species originated when the
common ancestors of our mitochondrial genomes and Y
chromosomes lived? Not necessarily. Genetic variation at
many loci indicate that the size of the human population
was around 10,000 for most of its history!>. As discussed
above, we can therefore expect to find maternal and pater-
nal MRCAs around 200,000 years ago even if no event
whatsoever occurred at that time (the ‘small population’
scenario in Fig. 1). As the patterns and modes of change in
our genome are still not sufficiently characterized to allow
us to distinguish a bottleneck from a ‘constant’ scenario
for very old events, we can not yet tell if our species origi-
nated close to the dates of the MRCAs for the mtDNA and
Y chromosomes. However, it is of interest that a compari-
son with the apes suggests that we may differ from our
closest non-human relatives in having maternal and pater-
nal MRCAs as recent as 200,000 years ago. When DNA
sequences of a hypervariable region of the mitochondrial
genome are compared in 3,263 humans, they are found to
differ at an average of 5.4 positions. In contrast, 60 chim-
panzees!® differ by 16.6 in the same region. Similarly, stud-
ies of restriction site polymorphisms and DNA sequences
in the mitochondrial genomes of humans, chimpanzees,
gorillas and orang-utans, have shown humans to be much
less diverse than apes!7:18, This does not seem to be due to
a lower mutation rate in humans!®. Thus, the data suggest
that the variation in the mitochondrial gene pool of our
species is about three times younger than that of the chim-
panzees. A recent study of microsatellite loci on chromo-
some 4 has similarly shown higher diversity among
chimpanzees than among humans®. So, although more
data are clearly needed, the human gene pool may indeed
be younger than that of our closest ape relatives.

The dates for mtDNA and Y chromosomal sequences are
in fair agreement with studies of variability in nuclear
genes’>22, However, data on the variability of the major
histocompatibility complex (MHC) stand in apparent con-
tradiction to this picture. The function of most of the pro-
teins encoded in this region is to bind fragments of antigens
and present them to the immune system, and it has been
shown that the genes in this region are under selection pro-
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Fig. 2 Schematic illustration of how a iree relating human DNA
sequences can point to the geographic origin of the DNA sequence.
Of ten DNA sequences studied, six (A5-10) are detected in Africa
(green), and four (EA1-4) in Eurasia and the rest of the World (ROW)
(purple). If the depicted tree is correct, the explanantion of the distri-
bution of sequences around the world that minimizes the numbers
of migrations is that the most recent common ancestor of these
sequences {red) lived in Africa. In Africa, there exist sequences with-
out close relatives that have emigrated to Eurasia (A8-10) as well as
those with close relatives that have emigrated (A5-7). The tree
shows that ‘ethnic groups’ have no genetic basis for the DNA
sequence studied since some African sequences (A5 and A6) may
have closer ‘relatives’ outside Africa (EA1-4) than inside Africa. Simi-
larly, many sequences in Eurasia (EA2-4) are more closely related to
sequences in Africa (A5) than to others in Eurasia (EA1). This general
tree structure is compatible with data for mitochondrial DNA%938 as
welt as for the CD4 locus®® and a minisatellite locus on chromosome
16 (ref. 45). Whether it is typical of most loci in our genome remains
to be determined.

moting variation?3. The large number of alleles present at
the DRBI and DQBI loci in humans and the fact that many
of them have their closest relatives in other primate
species?4, has been taken to mean that the long-term effec-
tive population size of humans is on the order of 100,000
{refs 25-27). Simulations show, however, that a brief bottle-
neck with a population of just 4,500 women and men
would allow much of the diversity in the MHC to be main-
tained?>-27. Thus, the MHC data are not necessarily in con-
tradiction to the data for other loci. Furthermore, the rate
of evolution of MHC genes may be underestimated. For the
DRB1 locus, which is used to infer the largest effective pop-
ulation size?®, convergence between two alleles found in
Africa and South America has been reported?®. Extensive
studies of introns in the DRBI locus also show that the evo-
lutionary rate in the exons may be much larger than expect-
ed (Gyllensten, UB. et al, manuscript in preparation).
More work is needed before we can exclude that a high rate
of mutation and convergent evolution?*3® may partly
explain the similarities between human and primate alleles.

A place of origin

Initial analyses of mitochondrial genomes from around the
world indicated that the greatest divergence in a phylogenet-
ic tree was between a branch leading to exclusively African
mitochondrial types and branches leading to African as well
as other types™>. As indicated in Fig. 2, such a branching
structure of the tree would indicate that the ancestor lived in
Africa. However, reanalyses of the nucleotide sequence data
showed little statistical support for this conclusion®'=>4, One
problem was that the tree contained more sequences than
variable nucleotide positions, so that tree reconstruction
algorithms could not point to one well-supported tree.
Another problem was that the only available outgroup,
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Fig. 3 A population tree relating population based on restriction frag-
ment iength polymorphisms (after ref. 42). The rocot of the tree is
determined by the chimpanzee and falls between African and non-
African populations, indicating that Africans have the longest inde-
pendent history among the populations analysed.

chimpanzees, is so distantly related to humans that multiple
substitutions have affected many positions, which make it
difficult to find out how chimpanzee mitochondrial
sequences relate to human sequences.

Various novel methods have now been used to analyse
these data for a third time. Penny et al3® located the root
among African sequences by using an approach that allows
many trees of equal quality to be evaluated, giving more
weight to nucleotide positions that are less affected by mul-
tiple substitutions. Furthermore, a new tree reconstruction
program that allows a maximum like-

Recently, Tishkoff et al*® studied a haplotype located
within an intron of the CD4 gene on chromosome 12 con-
sisting of a microsatellite and a deletion present in some
humans. Within Africa, they found that three different
microsatellite alleles occur in conjunction with the dele-
tion at approximately equal frequencies. In contrast, out-
side Africa the deletion is associated with one of these
microsatellite alleles in 98% of all cases. This argues that
there has been substantially more time for mutations to
occur in Africa than outside Africa, and that non-African
populations represent a subset of Africans that colonized
the world. They estimated that populations carrying the
deletion left Africa at most 102,000 years ago.

An alternative explanation is that the population size
outside Africa was small — this would also result in
reduced variation relative to Africa. However, such a small
population, spread over Eurasia, would need to be united
by extensive gene flow and simultaneously be isolated
from Africa in order for the same haplotype to become
common everywhere. This seems unrealistic*! and thus
the CD4 data are most easily explained by a colonization
from Africa of the rest of the world.

Recently, Nei and Takezaki*? reanalysed five different data
sets based on frequencies of microsatellites, restriction frag-
ment length polymorphisms, protein polymorphisms and
insertions of Alu elements in different human populations,
using chimpanzees as an outgroup. In all five cases, the roots
of the trees relating the human populations to each other
fell on the branch connecting Africans and non-Africans

(Fig. 3), indicating that the former have

lihood approach to be used on large !5
data sets®® shows that the root sup-

ports an African origin with 85% relia-
bility (Strimmer, K. er al, pers.
comm.) as does a principal compo-
nents analysis of the data®. Finally,
Zischler et al.?® provided an outgroup
that is less affected by multiple substi- 10
tutions than the chimpanzees by iso-

lating a partial mitochondrial control
region sequence that was inserted in
chromosome 11 shortly before the ori-
gin of the modern human mitochon-
drial gene pool. This sequence again
indicates that the root lies in Africa.
Thus, after the third generation of
analyses of the mitochondrial data,
current evidence suggests that the best
placement of the root is in Africa. 25

3435

differences

the longest independent history. In
four of the data sets support for this
conclusion was statistically significant.
Furthermore, in an attempt to date the
divergence between African and non-
African  populations based on
microsatellites, Goldstein et al.*3, have
dated the divergence to 56,000-213,000
years by assuming that microsatellites
evolve by the gain and loss of single
repeat units. Although such a muta-
tional model is highly simplified, it
lends further support to the recent
African origin of our gene pool.

In summary, it is the study of many
different genetic regions with a coa-
lescent approach that will eventually
tell us if all, most, or just a fraction of
our gene pool traces its ancestry back

. Saami

y
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Other data come from studies of
haplotypes in the nuclear genome. In
a pioneering study, JB. Clegg’s
group*” studied haplotypes of restric-
tion site polymorphisms in the -glo-
bin locus 601 chromosomes from
eight populations. They found that of
the 14 haplotypes detected, three were
frequent in all non-African popula-
tions. In Africa, these haplotypes were
rare, while two other haplotypes were
frequent. This difference between o
African and non-African populations 01
was interpreted as evidence of a
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to Africa. The admittedly scanty data
available to date indicate that an
African origin is likely for many
genetic regions*4%>,

B Finns

Agricuitural expansions

Similar approaches to the study of the
patterns of genetic diversity can be
used to reveal more recent events in
our history; for example, the relation-
ship between the Saami and Finns (Fig.
4). These two groups live in the same
region of Northern Fenno-Scandia and
are linguistically closely related, yet dif-

6 7 8

I —
9101112

migration out of Africa by a rather
small population.

Fig. 4 Distributions of pairwise sequence dif-
ference for the Saami and the Finns.

fer in that the Saami rely on reindeer
herding and, traditionally, hunting and

nature genetics volume 14 october 1996
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gathering for their subsistence whereas
the Finns rely on agriculture and ani-
mal husbandry. It can be seen that the
Saami display a ragged distribution
compatible with a constant population
size over time, whereas the Finns show
a bell-shaped distribution suggestive of
a past population expansion (compare
Fig. 4 and Fig. 1¢). This is reflected also
in the phylogenetic trees estimating the
relationships of Saami and Finish
sequences — the Finns show a star-like
tree whereas the Saami show a tree
with a few deep divergences (Fig. 5).
The number of variable positions
b observed in the Saami sequences is
compatible with a constant population
size, whereas variation in the Finnish
sequernces falls outside the 95% confi-
dence interval of what is expected for a
population of constant size, indicating
that the Finns have expanded (Table 1).
In addition, the Finns appear to
share many mitochondrial lineages
with other agricultural groups in
Europe that speak very different lan-
guages, such as the English, Germans
and Italians, while the Saami have a
long independent history*¢. This
implies that the close linguistic affilia-
tion between Finns and Saami is due to
the Finns having borrowed their lan-
guage from Saami ancestors in prehis-
toric times?’. More importantly, other
groups that, like the Saami, have a non-
agricultural mode of subsistence — for
example, the Mukri in India?® and sev-
eral groups in Africa®® — show patterns of genetic diversity
compatible with constant population size whereas agricul-
turalists show signs of expansion. This agrees well with stud-
ies of gene frequencies in Furasia that have revealed
gradients that can be associated with the spread of agricul-
ture from the Middle East into Furope and western Asia>®.
Of course, if the peak in pairwise sequence differences
(Fig. 4) seen in agricultural populations is caused by the
increase in population size that followed the domestication
of major crops, then the date derived from the peak should
be from less than 10,000 years ago. In contrast to this, the
increase has been dated to around 50,000-60,000 years
ago>1*? — much earlier than the origin of agriculture. How-
ever, in these calculations, calibrations of the evolutionary
rate of the mitochondrial control region based on compar-
isons of chimpanzee and human mitochondrial sequences
were used. Recently, studies of mutations occuring in fami-

a

Fig. 5 Phylogenetic trees estimating the rela-
tionships of mitochondrial DNA sequences
in the Saami (g) and the Finns (b). The trees
are reconstructed using DNAML of PHYLIP
3.57c (ref. 58) with a clock assumption and a
transition/transversion ratio of 15.

Table 1 Some features of mtDNA diversity in two Scandinavian populations

Population ~ Mean sequence difference Variable positions
Expected Observed

Finns 3.8 7-35 37

Saami 3.8 9-38 28

The mean pairwise sequence difference, the 95% confidence interval of the expected
number of variable positions given the assumption of constant population size and the
abserved number of variable positions are shown for Finns (7 = 50) and Saami (n = 115).
More variable positions than expected are found in the Finns, indicating population growth.
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lies®>>* have indicated that the rates may be several-fold
faster than those derived from comparisons between species.
Much more work is needed before this is understood but it
would seem that a likely explanation is that a fraction of the
sites in the mitochondrial genome evolve very quickly. Con-
sequently, the rates derived from comparisons with chim-
panzees may be too slow for the purpose of dating events
that took place comparatively recently™. In fact, preliminary,
crude rates derived from family studies seem to indicate an
age for the Finnish population expansion compatible with
the agricultural expansion®. Indeed, the invention of agri-
culture, which led to a dramatic expansion in population size
whose end is still not in sight, may well be the event that has
had the most profound influence on human gene pool since
the origin of our species.

Perspective

While there is wide-spread excitement and enthusiasm for
our genome as a new source of historic information, most of
the insights in the field have been widely and hotly debated.
The main reason for this is that the technical possibilities to
analyse variation in the human genome has grown so quickly
that the theoretical tools for their analysis have tended to stay
one step behind. In fact, the analysis of the data is currently
in a state of flux, where many ideas are emerging, most of
them holding only a part, or even just a grain, of the truth.

We Dbelieve that besides the aquisition of new data,
improved data analysis is crucial for this field. Molecular
studies offer a new view of our history that can emancipate
us from age-old prejudice that taint many traditional
sources of knowledge. However, this potential can only be
realized if the data are analysed in a way that is free from
preconceived ideas about what constitutes, for example,
‘nations, ‘peoples, or ‘races’ This is all the more urgent
because we are all so easily drawn into believing ‘stories’
about our history, particularly if they speak to our precon-
ceived notions of who we are and where we come from.
Therefore, careful analysis of the data, and of our prejudices,
take on a particular importance in this field.

Furthermore, the fact that molecular data offer a fresh
view of our history can lead to an unjustified arrogance,
where geneticists may feel that they contribute an ‘ulti-
mate truth’ whereas in fact they study just one, often very
limited, aspect of history. For example, while it is true that
many political and cultural concepts in Europe trace their
origins to ancient Greece, only very few European genetic
lineages may be derived from the Aegean area. This, of
course, does not negate or diminish the cultural affiliation
that many Europeans feel with ancient Greece. Thus, in
many instances, biological history is of much lesser signifi-
cance for our understanding of ourselves than other
aspects of history. With this in mind, however, molecular
genetics provides a powerful tool to investigate the origin
and history of the human species, and of populations.
Combined with solid data analysis, it can yield a truely
unique, and indeed emancipatory, contribution to our
understanding of ourselves.
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