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We humans are a diverse species, both at the phenotypic

and the genetic levels. The genetic diversity of current

human populations has been shaped by various demo-

graphic and evolutionary as well as some cultural factors.

Thus, studying how genetic variation is distributed

through individuals around the world can provide in-

sights into (i) when and where our human ancestors first

appeared on the planet, (ii) the dynamics of admixture

with other Homo species not existing anymore, (iii) mi-

gration waves that brought humans across the world and

(iv) processes of adaptations towards environmental and

other factors that shaped human genomes and pheno-

typic traits. Additionally, the quantification of genetic

variation between human populations provides data ev-

idence for elucidating whether humans can be classified

according to genetically homogeneous groups or not,

with implications for medical and forensic studies. Hence,

studying human genetic diversity is important for better

understanding of our past, presence and future.

Introduction

The genetic variation of extant human populations is a
result of complex interactions between genetic, demo-
graphic, selective and even cultural factors in the recent
history of mankind, on the basis of the genetic heritage we
received from our ancestor species. In practice, this means
that the amount of genetic variation is locus-dependent
(Weir et al., 2005). On one hand, genetic signatures of
events such as demographic ones that have shaped the en-
tire genome should also be conserved at many (neutral)

loci, but there are reasons why such signatures can be con-
served more in some types of genetic markers than others.
The human Y-chromosome and mitochondrial deoxyri-
bonucleic acid (mtDNA) escape homologous recombina-
tion and thus conserve signatures much longer than
autosomal DNA (which undergoes homologous recombi-
nation) usually does. Population histories, such as those of
the Pacific Islanders, may have been sex-biased, which can
only be detected by studying Y-chromosome and mtDNA
(Kayser et al., 2006). Migration events may have been sex-
dependent, for example, warrior-based elite dominance
events such as the spread of Genghis Khan and his army
(Zerjal et al., 2003), which is detectable by Y-chromosome
but not bymtDNAmarkers. On the other, polymorphisms
within functional motifs, such as genes or promoters, tend
to show either smaller or larger genetic differences than
neutral genomic regions, reflecting the presence of negative
or positive selective pressures respectively (Barreiro et al.,
2008), although they could also represent extreme exam-
ples of stochastic processes (Hofer et al., 2009). Hence,
quantifying the relationships between human populations
using a large number of neutral autosomal and/or informa-
tive Y/mtDNA loci can provide insights into the origins
and migration history of humans (Cavalli-Sforza et al.,
1994), whereas exploring human genetic diversity at par-
ticular loci that received selective pressure can provide a
better understanding of the mechanisms how humans
adapted to new environments during their history (Sabeti
et al., 2006). Both fields of human genetic research have
provided a highly valuable amount of information on the
evolution of our species, with more to be expected in the
future. See also: Genetic Variation: Polymorphisms and
Mutations; Human Genetics and Languages

Genetic Relationships and Human
Origins

One of themost fundamental questions in human history is
about the place and time of modern human origins,
whether modern humans first occurred as a single event or
multiple events and whether there was admixture with
other so-called archaic human species such as Neander-
thals. There is a general consensus among palaeontologists
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that the genus Homo originated in Africa in the Pliocene,
but there still is controversial discussion among and be-
tween various scientific disciplines on how and where
anatomically modern humans Homo sapiens originated.
Different evolutionary models have been proposed for
explaining the natural evolution of the human species
(Excoffier, 2002). Among them, two extreme models have
driven the scientific discussion (Figure 1). See also: Homo
erectus; Human Evolution: Early Radiations; Human
Evolution: Radiations in the Last 300 000 Years

The MultiREgional model or MRE (Wolpoff et al.,
2000) suggests that anatomically modern humans evolved
by anagenesis or gradual evolution in the different conti-
nents from the Homo erectus specimens that spread be-
tween 1.7 and 1.9 million years ago from Africa (see Figure

1b). According to this model, individuals from different
continents would have shared a continuous spatial and
temporal gene flow that prevented the phenomena of
speciation, but allowed genetic adaptation with regard to
local environmental factors. It should be noted that the
MREmodel is different from the Candelabramodel of hu-
man origins, which suggests (see Figure 1a) the complete
lack of genetic flux between the continental groups of

different origins (Templeton, 2007), nowadays believed as
quite unlikely a scenario. Many scientists today, including
most geneticists, favour the Recent African Origin (RAO)
also called Out of Africa (OAA) or Replacement model
(Excoffier, 2002), which proposes (see Figure 1c) that ana-
tomically modern humans would have evolved by clado-
genesis from a small hominid population in Africa, and
would have spread over the world approximately 100 000
years ago replacing ‘archaic’ humans at the different con-
tinental regions outside Africa, for example, Neanderthals
in Europe. Can the genetic information present in current
populations help to distinguish among them? If the MRE
was correct, estimates of the time of the most recent com-
mon ancestor (TMRA) of modern humans from genetic
diversity present in current human populations should
reflect the first spread ofH. erectus out of Africa. Further-
more, the place of the most recent common ancestor
(PMRCA; Takahata et al., 2001) according to the MRE
model could be in regions other than Africa (Takahata
et al., 2001). In contrast, according to the RAO/OAA
model, the genetic diversity present in populations other
thanAfrica should be a subset of that present in theAfrican
continent, and the TMRA estimated from genetic data
should reflect the first spread of H. sapiens out of Africa,
and the PMRCA should be placed in Africa (Stoneking,
2008). Moreover, the overall human genetic diversity
should be relatively small due to the recent origin.
See also: Coalescent Theory
Current knowledge of the human variation suggests that

the true model is somewhat more complex than these simple
models depict. DespiteH. sapiens being a ubiquitous species
with more than 6000 million representatives, its genetic var-
iability is quite modest (percentage of variation between two
sequences approximately 0.12) when compared with that
found in other primate species such as the Orangutan (per-
centage of variation approximately 0.36) (Fischer et al.,
2006). In addition, as a general rule, it has been found that
African subSaharan populations tend to be the repository
of genetic diversity for non-African populations both in
number of polymorphic variants, ancestral alleles, allelic fre-
quencies and the number of combinations of linked genetic
variants usually referred to as haplotypes (Campbell and
Tishkoff, 2008). These results have been interpreted as
evidence for supporting the RAO/OOA model against the
MRE model. Nevertheless, some authors have pointed out
that these results could also be interpreted in favour of the
MRE model, implying a historically larger effective popu-
lation size in the African continent (Templeton, 2007). Es-
timations of TMRA and PMRCA based on single-locus
analyses have revealed a complex picture of human genetic
evolution (Excoffier, 2002; Harding andMcVean, 2004). Al-
though, the TMCA and PMRCA estimations of some loci
such asmtDNAandY-chromosomeare compatiblewith the
RAO/OOA model (Stoneking, 2008), some autosomal loci
provide TMRCAs ranging from 41 KY to more than 1780
KY, and PMRCAs outside the African continent (Excoffier,
2002).Thishasbeen interpretedas evidence foranalternative
hybrid model (see Figure 1e) between the pure RAO/OOA
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Figure 1 Popular models proposed for the origin of anatomically modern

humans. (a) Candelabra model. (b) Multiregional trellis model. (c) Out of

Africa model. (d) Out of Africa model with population substratification.

(e) Out of Africa again and again model. Adapted from Templeton (2007) and

Excoffier (2002).
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and the MRE models (Templeton, 2007), with migratory
waves intoAfrica as well as out ofAfrica, and recurrent gene
flow. Others have suggested that this complex scenario sug-
gests birth–death population processes (see Figure 1d) as well
as a considerable amount of ancestral population substruc-
ture (Harding and McVean, 2004). Notwithstanding, a
recent study (Fagundes et al., 2007) statistically evaluated
different models of human evolution, including different
variants of the RAO/OOA and MRE models, by means of
analysing the genetic diversity in 50 autosomal loci of ap-
proximayely500bpeach in current individuals fromAfrican,
Asian and American geographic origin, concluding that the
model most supported by these genetic data is the RAO/
OOA model with exponential population growth. The time
of speciationofmodern humans and spreadout ofAfrica are
in agreement with estimations obtained from the oldest ar-
chaeological remains of anatomicallymodernhumans found
so far, which are placed in Africa (White et al., 2003). Fur-
thermore, according to this model, no admixture with an-
cient populations would have taken place. However, it has
been pointed out (Garrigan and Hammer, 2008) that the
DNA fragments analysed so far may not be long enough to
detect the signals of genetic introgression. Indeed, in partic-
ular cases thepatternof genetic diversity hasbeen interpreted
as evidence of such introgression, mainly in particular geno-
mic regions that could have been under selective pressures.
This hasbeen explainedbecause in the caseof positive events,
these genomic regions would have had fewer chances to get
lost by means of genetic drift (Garrigan and Hammer, 2006;
Hawks et al., 2008). Nevertheless, so far the largely incom-
plete analysis of the genome of one archaic human species,
the Neanderthal (Hodgson and Disotell, 2008), has sug-
gested that there was a genetic discontinuity between archaic
and anatomically modern humans, at least in respect of Ne-
anderthals. However, it has been pointed out that these con-
clusions so far are basedononly one particular locus, namely
mtDNA, and may be troubled by problems of contamina-
tions with modern human DNA (Hodgson and Disotell,
2008). The draft sequence of the entireNeanderthal genome,
to becomeavailable very soon (Dalton, 2009)may shedmore
light on this question. See also: Ancient DNA: Phylogenetic
Applications; Genetic Diversity in Africa; Human and
Chimpanzee Nucleotide Diversity; Mitochondria: Origin;
Y Chromosome

Genetic Relationships and
Demographic History: Europe as an
Example

Reaching this point, the reader should have noticed that
interpreting genetic variability in an evolutionary respect
can be a quite hazardous issue and that special care should
be taken when drawing conclusions. The latter point be-
comes evenmore crucial when focusing on the recent (540
KYA) human history. It is not unusual to find in the
scientific literature genetic variants with denomination of

origin, particularly if it is associated to a disease, such as
‘Viking’, ‘Celtic’ or ‘Phoenician’. Although these popula-
tions could indeed be the origin and distributor of the re-
spective genetic variants, it should be noted that the recent
history of human populations has been ruled by a large
number of migration events at different periods of time.
Consequently, it is likely to find historical population
movements that match (just by chance) the geographic
pattern of a genetic variant (Sokal et al., 1996). Moreover,
it can be expected that only migration events involving a
large number of people would lead to a quantifiable fin-
gerprint in the genome. However, in particular cases such
signatures could be recovered with reasonable certainty
especially for relatively recent events (Sokal et al., 1996). To
highlight some of the problems in reliably inferring human
migration history from genetic diversity data, we will con-
sider the recentmigration history of Europe as an example.
Noteworthy, similar discourses could be written for all
major (as well as many minor) geographic regions world-
wide based on genetic knowledge that has accumulated
over the last two decades or so. See also: Genetics and
the Origins of the Chinese; Genetics and the Origins of the
Polynesians; Migration; Origins of the Austro-Asiatic
Populations; The Peopling of the Americas as Revealed
by Molecular Genetic Studies
As previously seen with the origins of humankind, there

are different models explaining the origin of the European
population (Figure2).All of themassume that interbreeding
with Neanderthals is not relevant for the interpretation of
contemporary European genetic diversity (Barbujani and
Goldstein, 2004).
The Palaeolithic model proposes that the genetic vari-

ation present in current Europeans comes from that
present in the first anatomically modern human settlers
that came out of the African continent approximately

Figure 2 Scheme of the main demographic processes documented in the

archaeological record of Europe. Reprinted from Simoni et al., 2000.

Copyright 2000, with permission from Elsevier.

Human Relationships Inferred from Genetic Variation

ENCYCLOPEDIA OF LIFE SCIENCES & 2009, John Wiley & Sons, Ltd. www.els.net 3

http://dx.doi.org/10.1038/npg.els.0005143
http://dx.doi.org/10.1038/npg.els.0005143
http://dx.doi.org/10.1002/9780470015902.a0020800
http://dx.doi.org/10.1038/npg.els.0005081
http://dx.doi.org/10.1038/npg.els.0005081
http://dx.doi.org/10.1038/npg.els.0001381
http://dx.doi.org/10.1038/npg.els.0005796
http://dx.doi.org/10.1002/9780470015902.a0020805
http://dx.doi.org/10.1002/9780470015902.a0020805
http://dx.doi.org/10.1002/9780470015902.a0020808
http://dx.doi.org/10.1002/9780470015902.a0020808
http://dx.doi.org/10.1038/npg.els.0005450
http://dx.doi.org/10.1002/9780470015902.a0020816
http://dx.doi.org/10.1002/9780470015902.a0020816
http://dx.doi.org/10.1002/9780470015902.a0020821
http://dx.doi.org/10.1002/9780470015902.a0020821


40KYA (Barbujani and Goldstein, 2004). According to
this model, the cultural/technological advances such as
animal domestication and farming developed in the Fertile
Crescent during the Neolithic approximately 10KYA
would have been culturally spread through the popula-
tions of the initial hunter–gatherers without additional
population influx (Barbujani andGoldstein, 2004). In con-
trast, the Neolithic model, also known as the demic diffu-
sion hypothesis (Barbujani and Goldstein, 2004), suggests
that current European populations are direct descendents
from the farming populations of the Fertile Crescent,
which would have colonized the European continent start-
ing from theLevant and replaced the firstH. sapiens settlers
without admixing with them. The third model, called the
Postglacial Expansion orMesolithic model (Barbujani and
Goldstein, 2004), proposes an additional large human
population migration during the last maximum glacial ap-
proximately 18KYA to different glacial refuges in the
south ofEurope and a subsequent population re-expansion
covering large territories of central and northern Europe
after the ice melted. Perhaps, a more realistic model would
be a compromise between the three models, considering
thatNeolithic farmers did spread, takingwith them culture
and technology, and that genetic admixture with initial
European hunter–gatherer populations, and/or postgla-
cial refugees who repopulated Europe after the last glacial
maximum, did happen (Barbujani and Goldstein, 2004).

The amount of divergence in the genetic variation of the
European population expected according to the three
models should be somewhat different (Barbujani and
Goldstein, 2004), which allows the use of genetic data as
a tool to test these hypotheses. Initial studies based on a
statistical technique known as principal component (PC)
analysis and synthetic maps (Cavalli-Sforza et al., 1994)
applied to the variation observed at classical autosomal
genetic markers (such as blood groups and other plasma
proteins as well as variation at the human histocompati-
bility loci), in the European continent showed clinal pat-
terns and gradients from SE to NW in the first PC, which
was interpreted as supporting theNeolithicmodel (Cavalli-
Sforza et al., 1994). Despite these analyses attracting some
criticism because of both the massive use of data interpo-
lation in themaps (Sokal et al., 1999) and the interpretation
of PC (Novembre and Stephens, 2008), further analyses
based on similar types of markers but different statistical
approaches (Sokal et al., 1991) also supported the presence
of soft gradients in the European genetic variation in the
same direction as the migratory route predicted by the
Neolithic model. Recent studies performed with approxi-
mately 500 000 genome-wide autosomal single nucleotide
polymorphisms (SNPs) in thousands of individuals sam-
pled across Europe have shown a similar geographic
pattern as previously observed with classical markers (Lao
et al., 2008; Novembre et al., 2008). Furthermore, higher
amounts of genetic diversity were observed in Southern
European populations compared with Northern popula-
tions and the distribution of genetic diversity followed a
clinal pattern roughly from the south to the north

(Lao et al., 2008). This most recent genetic evidence is not
in disagreement with any of the threemodels described ear-
lier, as they all assume major migration waves into Europe
from the south (perhaps least so for theMesolithicmodel as
glacial refugee areas were in Iberia, the Alps and the Bal-
kans, but not further south). Conclusions obtained from
analysing the genetic diversity of mtDNA and Y-chromo-
some in the European population differ depending on the
typeof statistical approachapplied. Spatial distributions of
particular mtDNA haplogroups have been interpreted as a
remnant of the Mesolithic expansion (Torroni et al., 2001)
and Palaeolithic ancestry (Richards et al., 2002). Others
have concluded, based on the overall spatial distribution of
mtDNA haplogroups, that the Neolithic hypothesis is the
best supported (Simoni et al., 2000). In a similar way, Y-
chromosome data interpretation has been controversial.
Estimations of the Neolithic component in European pop-
ulations have ranged from 22% as estimated by some au-
thors (Semino et al., 2000) to up to 80% by others (Chikhi
et al., 2002) even based on the same Y-chromosome data.
Interpretation of the spatial patterns and biological sig-
nificance of different Y-chromosome haplogroups appears
more complex than those for mtDNA and autosomal
markers. This may not be unexpected, as the human Y-
chromosome is highly sensitive to demographic effects
given its small effective population size but also because of
cultural effects, such as patrilocal residence pattern, that
most likely played a role also in the European history
(Seielstad et al., 1998). Thus, Y-chromosomal data may
indicate more than the major migration waves detectable
by means of autosomal DNA markers, as it has been sug-
gested previously (Rosser et al., 2000; Semino et al., 2000).
See also: Single Nucleotide Polymorphism (SNP)

Genetic Structure of Human
Populations and Implications

The existence of groups of genetically homogeneous indi-
viduals has been traditionally assumed by classical anthro-
pologists up to the twentieth century, despite the fact it was
never properly tested by scientific means (Barbujani et al.,
1997). In part, this has led to the assumption of the existence
of distinct human groups, formerly called human races, in-
cluding the terms’ unfortunate misuse in the recent history
(Kittles andWeiss, 2003). Classically, human externally vis-
ible traits, for example, pigmentation traits and facial char-
acteristics were used for ‘racial’ inferences, ignoring that
genetic variation at these traits only represents small parts of
human genomic variation. Obviously, the most appropriate
way of testing whether there indeed are biologically distinct
human groups is by directly analysing human genomic
variation, which will be possible in the near future initiated
by the 1000 Genomes Project currently underway
(http://www.1000genomes.org/page.php). So far, studies
performed at various loci have shown that the proportion
of genetic variation obtained when individuals were
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clustered according to their geographic continent of origin is
quite small (ranging from only 5%up to 15%) compared to
that seenwhen all humans were considered as a single group
(approximately 80%) (Romualdi et al., 2002). For compar-
ison: a biological criterion (despite subjective) to define the
presence of subspecies is finding estimations of genetic
differentiation greater than approximately 25%(Kittles and
Weiss, 2003). The largest analysis of DNA polymorphisms
in respect to genomic coverage available so far was per-
formed in four populations of different geographic origin
(Yoruba from Africa, Chinese, Japanese and individuals
of North/Northwest European ancestry living in Utah
(Lao et al., 2008)) in the International HapMap Project
comprising more than 3 million SNPs (International Hap-
Map Project, 2005). This study has shown a mean degree of
differentiation between three continental populations
(Japanese and Chinese were combined) of approximately
15% (Weir et al., 2005). See also: HapMap Project;
Population Differentiation: Measures

A slightly different question is whether the relatively
small amount of genetic differentiation usually observed
would be sufficient to correctly classify human individuals
according to genetically homogeneous groups. The answer
strongly depends on the underlying assumptions of the
clustering algorithms applied, as well as on the genetic loci
considered. HapMap populations can be genetically clus-
tered according to the continent of origin but an additional
population substructure can be observed within continents
depending on the algorithm (Paschou et al., 2007). In a
similar way, results of genetic clustering of individuals of
the Human Genome Diversity Panel (HGPD-CEPH) rep-
resenting a set of 53 populations is highly dependent on the
method and the markers used (e.g. compare the results ob-
tained by Rosenberg et al. (2002) with those obtained by
(Corander et al., 2004)). Data from more than 650 000
SNPs in these individuals also attained different degrees of
population substructure, depending on the statistical tool
that is applied (Jakobsson et al., 2008; Li et al., 2008).
However, worldwide sampling for genetic studies such as in
HGDP is highly limited and it remains to be seen whether
population differentiation as seen in currently available
data holds when more densely collected samples will be
analysed. At a regional geographic level, for example, in
Europe, and with more densely collected samples, the
presence of clinal patterns becomes more evident (Lao
et al., 2008; Novembre et al., 2008; Dalton, 2009; Figure 3)
and genetic discontinuities are restricted to particular
populations genetically known as outliers (i.e. Finns).
See also: Human Genome Diversity Project (HGDP)

For some investigators all these results prove that hu-
mans should be considered as onemetapopulation and that
only interindividual variation is important (Ng et al., 2008).
Others have argued that even if it is small, the interpopu-
lation variation is large enough to ascertain the geographic
origin of an individual and could be of medical importance
(Edwards, 2003). Analyses of common genetic variants as-
sociated to complex diseases that have been robustly rep-
licated tend to show lower amounts of continental diversity

compared with other genetic variants (Lohmueller et al.,
2006) supporting the hypothesis of a lack of population
substructure in relevant medical variants. In contrast, com-
mon variants associated to eye (iris) pigmentation in Eu-
ropean populations showed particularly strong differences
between regional groups (Kayser et al., 2008). The main
difference between these examples is the phenotype con-
sidered. Pigmentation is known to be one of the most likely
traits to be shaped by selective pressures, due to environ-
mental adaptation and/or mate choice preferences, and
therefore shows a strong continental distribution (Parra,
2007) whereas genetic variants associated to common dis-
eases that appear after the reproductive age (such as cor-
onary heart diseases) could be shaped by neutral evolution
(Reich andLander, 2001).Again, this demonstrates that the
importance of population substructure is highly dependent
on the locus considered and its particular evolutionary his-
tory, and the practical relevance of genetic substructure
depends on whether such particular genetic loci are indeed
applied. Nevertheless, overall there is no reason to believe
that all the selective pressures are going to follow the same
geographic patterns, and so the necessity to define fixed
phenotypic groups of individuals. Genetic differences be-
tween humanpopulations are also important in the forensic
context and need to be controlled in estimating matching
probabilities of DNA profiles from crime scenes with those
of suspects. Additionally, ancestry-sensitive genetic mark-
ers may also become applied directly in forensics to predict
the geographic region of genetic origin of an unknown per-
son, which in principle should provide extra information to
better find unknown persons (Lao et al., 2006). See also:
Evolution of skin pigmentation differences in humans;
Mutations in Human Genetic Disease
In summary, to us it appears as unfortunate to ignore

existing genetic differences between individuals fromdiffer-
ent geographic regions as it is to highlight them in ex-
trapolating assumptions about the entire genome. Genetic
differences between human individuals have to be seen in
an overall quantitative respect, and, if done so, it becomes
evident that they are on average very small. On one hand,
there appears to be very limited evidence to support a hu-
man grouping according to the geographic place of origin
on the overall genetic level in agreement with a single com-
mon origin of all modern humans and a recent spread
around the world as assumed by the OOA model. On the
other, particular regions in our genome have been shaped
by effects such as local positive selection starting after
humans had occupied different worldwide regions, or
migration history and genetic drift such as the human Y-
chromosome, which cause genetic differences at these par-
ticular loci between extant human populations of different
regions. When the use of these genomic regions is imple-
mented in medical and forensic applications, their amount
of population substructure needs to be considered care-
fully. Thus, as with many aspects of science (and of life in
general) there is no simple yes or no when answering the
question of human genetic differentiation, as things are
more complex.
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