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Abstract The genetic material, deoxyribonucleic acid
(DNA), contains information about the evolutionary history
of life. Both the relationships amongst organisms and the
times of their divergence can be inferred from DNA
sequences. Anthropological geneticists use DNA sequences
to infer the evolutionary history of humans and their
primate relatives. We review the basic methodology used
to infer these relationships. We then review the anthropo-
logical genetic evidence for modern human origins. We
conclude that modern humans evolved recently in Africa
and then left to colonize the rest of the world within the last
50,000 years, largely replacing the other human groups that
they encountered. Modern humans likely exchanged genes
with Neanderthals prior to or early during their expansion
out of Africa.
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Introduction

Among the most spectacular scientific discoveries of the
twentieth century is Watson and Crick’s elucidation of the
structure of the molecule responsible for inheritance—
deoxyribonucleic acid (DNA) (Watson and Crick 1953).
This molecule is critically important for life, providing
both the instructions that the organism needs to carry out

life’s functions and the ability to copy itself to future
generations. The property of inheritance also makes the DNA
molecule a recorder of evolutionary history. Information
about the relationships amongst species or populations
within species and the time of their divergence from each
other can be found in the DNA. It is the job of the
evolutionary geneticist to interpret this information from
DNA. A subset of anthropology—anthropological genetics—
uses the evolutionary geneticist’s tool kit to infer human
evolutionary history from our and our closest relative’s DNA.

DNA: Form and Function

The DNA molecule is one of the most elegant structures
found in nature. Its two major functions, transmission of
information between generations and providing the infor-
mation to build, maintain, and operate a living organism,
follow directly from the molecule’s structure. DNA is a
long, linear, double-stranded molecule consisting of four
nucleotide bases: adenine (A), cytosine (C), guanine (G),
and thymine (T) joined by a sugar–phosphate backbone.
The two strands of the molecule are joined together by
weak chemical bonds between the nucleotide bases of the
individual strands. Critically, A always binds to T and C
always binds to G.

Watson and Crick (1953) concluded their famous paper
revealing DNA’s double helical structure by stating: “It has
not escaped our notice that the specific [nucleotide base]
pairing we have postulated immediately suggests a possible
copying mechanism for the genetic material.” What Watson
and Crick realized was that the strict A–T and C–G base
pairing meant that, if you split the double strand into two
single strands, each individual strand serves as a template
for rebuilding the original double-stranded molecule. Thus,
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by splitting and rebuilding you get two daughter strands
both identical to the original. Watson and Crick’s intuition
was correct, as this is how DNA is copied in the process
known as replication.

The second great question was how DNA stored the
information necessary for the organism to carry out its life
functions. DNA by itself cannot carry out any physical
functions. To function, it provides cells the blueprints to
build other molecules. These molecules, known as ribonu-
cleic acids (RNA) and proteins, interact with each other to
form the structures and chemical reactions necessary for
life.

RNA is a very similar molecule to DNA except that the
nucleotide thymine (T) is replaced by a nucleotide called
uracil (U) and the sugar in the sugar–phosphate backbone
contains an additional oxygen molecule. RNA is a very
versatile molecule and is involved in a multitude of life
functions, including protein synthesis, enzymatic activity,
and gene regulation. The order of the nucleotide bases in
the RNA molecule determines its structure and function.

Proteins are complex three-dimensional molecules com-
prised of amino acid subunits, of which there are 20.
During protein synthesis, amino acids are joined together in
a long chain. The chains then fold up to form a three-
dimensional structure that is determined by the order of the
amino acids. The final structure of the protein determines
its function. Humans are estimated to produce 20,000–
25,000 unique proteins (International Human Genome
Sequencing Consortium 2004). Proteins are involved in
all aspects of life.

The information required to build all of the RNA and
protein molecules required for life is stored within the order
of the nucleotide bases in the DNA molecule. Gene
expression is the process of creating these molecules. First
the DNA double-helix unwinds and, similar to DNA
replication, a complementary RNA molecule is created
from the DNA template, a process called transcription.
Thus there is a one-to-one correspondence between the
sequence of the DNA and RNA nucleotides. To produce
proteins, some RNA molecules undergo an additional
procedure known as translation. The RNA nucleotides are
read in groups of three known as codons. There are 64
possible codons and each corresponds to one of the 20
amino acids or tells the cellular machinery to start or stop
gene expression. The human genome consists of about
three billion base pairs of DNA, of which less than 2% is
expressed as protein or RNA genes (International Human
Genome Sequencing Consortium 2004). This means the
vast majority of the human genome has no currently known
function.

Thus, the two necessary conditions for life—replication
and information storage—follow directly from the relatively
simple physical and chemical structure of the DNA. It is no

wonder that, after first working out DNA’s structure, Francis
Crick burst into The Eagle pub in Cambridge, England and
screamed, “We’ve found the secret to life!” (Watson 1968).

Evolution of DNA Sequences

At its most basic level, evolution is a change in allele
frequency over time. An allele is a variant of a stretch of
DNA, known as a gene, inherited from one parent. An
allele’s frequency in a population can change due to four
forces: mutation, natural selection, random genetic drift,
and gene flow. When DNA is copied from one parent
strand to two daughter strands, errors sometimes occur. It is
these errors in replication, or mutations, that are ultimately
responsible for all of the variation that the other three forces
of evolution act upon. These mutations also serve as
guideposts that allow us to reconstruct evolutionary history
(see below).

If a mutation occurs in the gametes, or sex cells, it can be
passed on to future generations. The ultimate fate of any such
mutation is either extinction, where it disappears completely
from the gene pool, or fixation, where it replaces all other
variants in the gene pool. Genetic drift, gene flow, and/or
selection are the forces that bring about these alternative
outcomes. Genetic drift and gene flow both change allele
frequencies randomly. Genetic drift is random fluctuations in
allele frequency between generations caused by mating in
finite populations and can either increase or decrease the
frequency. Allele frequencies drift up and down through the
generations until the gene variant goes extinct or becomes
fixed. Gene flow is a change in allele frequency when
migrants are added to the population from some other
population.

Natural selection, on the other hand, is deterministic. If a
mutation occurs in a protein-coding or RNA gene, the
change might effect the function of the gene product. The
change might have no effect and could be detrimental, or,
rarely, beneficial to the organism. If the change has no
effect, then the mutation will evolve neutrally through
genetic drift. If the change is detrimental or beneficial, it
will evolve through natural selection. Beneficial mutations
will increase in frequency and replace the less fit variants.
Detrimental mutations will decrease in frequency and go
extinct.

Inferring Evolutionary Relationships from DNA
Sequences

When we observe a difference in two DNA sequences
caused by a mutation, it is called a substitution. Substitu-
tions record the evolutionary history of a gene. A
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substitution shared between individuals indicates that these
individuals share common ancestry with the individual
within whom the original mutation occurred. It also
indicates that all those sharing the substitution are likely
to be more closely related to each other than they are to
those without it at this particular gene. That is, they have
shared an ancestor more recently. Thus, by tracking the
pattern of shared substitutions, geneticists can reconstruct
the phylogenetic relationships amongst a sample of
organisms—their evolutionary tree. Below we describe one
method of phylogenetic reconstruction known as cladistics. A
comprehensive review of phylogenetic reconstruction is
provided by Felsenstein (2004), a general review of
evolutionary biology including phylogenetic reconstruction
can be found in Ridley (2003), and a practical guide to
phylogenetic reconstruction and commonly used software is
found in Hall (2008).

Inferring evolutionary relationships through the pattern
of shared substitutions is known as cladistics. However, not
all shared substitutions are treated equally. In cladistics,
substitutions are classified as uniquely derived (autapomor-
phies), shared derived (synapomorphies), and parallely or
convergently derived (homoplasies). Autapomorphies are
substitutions that are unique to a single taxon (or unit of study)
and are derived relative to the ancestral state of the character
(i.e., has undergone some mutation). Autapomorphies are not
useful for cladistic analysis because a unique character gives
no information about shared ancestry. Synapomorphies are
substitutions that are shared between two or more taxa and are
derived relative to the ancestral state of the character.
Synapomorphies are the only kind of substitution useful for
cladistic analysis because they provide evidence for recent
shared ancestry. Homoplasies, on the other hand, are the bane
of cladistic analyses. Homoplasies are substitutions shared
between two or more taxa but are independently derived.
Homoplasies result from parallel or convergent evolution and
result in traits that look similar or the same, not because of
recent shared ancestry but because the character state evolved
multiple times independently. Homoplasies make distantly
related taxa appear closely related. The final class of
characters is symplesiomorphies. These are shared ancestral
characters and only provide evidence of ancient shared
ancestry.

Cladistic analysis is difficult to operationalize because
without a time machine we cannot be sure whether a
character state is ancestral or derived. We also cannot be
sure whether a character state has evolved once or multiple
times. To deal with this, we rely on the principle of
maximum parsimony. Maximum parsimony considers the
evolutionary reconstruction that requires the least amount
of evolutionary changes to be the most likely description of
what actually happened. The evolutionary reconstruction
with the fewest number of changes will have the fewest

number of homoplasies and consequently the greatest
number of inferred synapomorphies. Thus, to carry out a
maximum parsimony analysis, we do not have to know the
ancestral and derived conditions in advance.

Finding the evolutionary tree with the fewest number of
changes involves evaluating each possible tree topology.
The topology of a tree is merely the pattern of branching
that describes the relationships between all the different
lineages. Evaluating every possible topology can be a
daunting task. The number of possible trees increases more
than exponentially with the number of sequences used in
the analysis. For example, there are three possible trees for
four sequences, 15 possible trees for five sequences, and
8.69×1036 possible trees for 30 sequences! It is not possible
to evaluate every possible tree in studies with many taxa, so
computer algorithms have been developed to reduce the
tree search space (see Felsenstein [2004] for a review).

Figure 1 demonstrates how phylogenies are recon-
structed from DNA sequence data using maximum
parsimony. First, DNA sequences are aligned to each other.
Figure 1a shows a DNA alignment of five sequences.
Alignment is amongst the most critical steps in any
comparative DNA analysis (a current review of DNA
alignment can be found here [Kumar and Filipski 2007]).
The purpose of alignment is to best determine sequence
homology. Homologous nucleotide positions are those that
are identical by descent. In other words, they were inherited
from a common ancestor. It is critical that we only compare
homologous nucleotide sequences. Comparing non-
homologous nucleotides is apples to oranges and results
in a meaningless and potentially misleading result. Align-
ment is a computationally difficult problem and many
software applications implementing different strategies and
methodologies are available.

Once aligned, maximum parsimony analysis can be
performed. The analysis only considers parsimony infor-
mative columns of the DNA alignment. A parsimony
informative column is one in which two or more taxa share
a substitution (e.g., Fig. 1a, columns 2, 7, 15, 19, 22, and
28). The reason for this is that invariant columns require no
evolutionary change and columns with an autapomorphy
only ever require a single evolutionary change no matter the
evolutionary reconstruction and are thus parsimony unin-
formative changes. Parsimony informative columns require
at least one evolutionary change (in which case they are
reconstructed as synapomorphies) but may require more
depending upon the tree topology (in which case they are
reconstructed as homoplasies).

Next tree topologies are systematically chosen. The
parsimony informative changes are mapped onto the
topologies one by one and the minimum number of required
changes is counted. Figures 1b and 1c show two different tree
arrangements with parsimony informative changes mapped
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onto the trees. Topology 1b has informative characters 2, 7,
15, 19, and 22 mapped as a single evolutionary change
(synapomorphies) and character 28 mapped as two
evolutionary changes (homoplasy). Topology 1c has
character 28 mapped as a single change (synapomorphy)
and characters 2, 7, 15, 19, and 22 mapped as two changes
apiece (homoplasies). The overall tree length for topology
1b is 13 evolutionary changes versus 17 evolutionary
changes for 1c. Tree length is calculated as the number of
parsimony informative changes (which changes depending
upon the tree topology) added to the number of parsimony
uninformative changes (which is constant for all topolo-
gies). All possible trees would be compared in this manner.
Topology 1b is the most parsimonious evolutionary
reconstruction for the DNA alignment shown in Fig. 1a.

We have chosen to include an outgroup in our DNA
alignment. An outgroup is a taxon chosen because it is
thought to be equally distantly related to each study taxa.
For example, a chimpanzee can be used as an outgroup if
we want to compare humans to each other since all living
humans are obviously more closely related to each other
than any is to a chimpanzee. Outgroups are useful for
inferring whether substitutions are ancestral or derived. To
do so, we assume that the outgroup is likely to carry the
ancestral condition for any sites that vary within the study
group. This assumption is not always warranted and the
appropriate choice of an outgroup can be problematic.

There are several other approaches to phylogenetic
inference (see Felsenstein [2004] for a comprehensive
review). Phenetic or distance-based methods count the
number of pairwise differences between sequences. The
sequences with the fewest differences to each other are

then considered to be the closest relatives. Statistical
methods use a model of DNA sequence evolution and try
to find the tree amongst all the possible trees with the
maximum likelihood (Felsenstein 1981) or the greatest
posterior probability (Yang and Rannala 1997) given the
evolutionary model. Distance-based methods enjoy the
benefit of being computationally simple and therefore fast,
however they are known to be less reliable because they
consider all similarities as equal (e.g., synapomorphies,
symplesiomorphies, and homoplasies). Statistical and
cladistic phylogenetic inference methods are preferable
to distance-based approaches but suffer from being
computationally expensive and can take hours, days, and
even weeks.

Telling Time with DNA

Not only can we infer the branching order of divergence
between taxa but we can estimate the times of their
divergence from DNA sequences. This information allows
us to better understand the fossil record and to make
inferences about the mode and tempo of evolutionary
change.

The idea of a “molecular clock” for genetic changes
predates our ability to sequence DNA. The idea was first
proposed for protein amino acid sequences (Zuckerkandl
and Pauling 1965). Zuckerkandl and Pauling observed that
the number of amino acid differences between species
increased with decreasing relatedness. They reasoned that if
the amino acid substitutions occurred regularly during the
course of evolution then the number of substitutions
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Fig. 1 This figure illustrates inferring evolutionary history with the principle of maximum parsimony: a) DNA alignment (substitutions
highlighted), b) the most parsimonious tree topology (inferred synapomorphies are in bold; homoplasies are boxed), c less parsimonious topology
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between two species is related to the amount of time that
has passed since their divergence. They further noted that
the rate of amino acid substitution can be calibrated to
estimate the times of unknown divergences from diver-
gence times better understood from a robust fossil record.

When this idea was first proposed, it was unknown
whether molecular substitutions occurred with any clock-
like regularity or if they tracked the irregular path of
morphological evolution (Zuckerkandl 1987). Motoo
Kimura’s theory of neutral evolution provided the theoret-
ical framework for expecting substitutions to occur with
some regularity (Kimura 1968). Kimura noted that muta-
tions with no selective advantage or disadvantage evolve
solely through genetic drift. The expected number of
neutral mutations produced per generation is equal to the
rate at which mutations are produced, multiplied by the
population size. Thus, a population of N individuals with a
mutation rate of μ will produce Nμ mutations per
generation. The probability that any neutral mutation
eventually replaces all other types in the population and
becomes fixed is equal to its frequency in the population.
Thus, for a population of N individuals, the probability that
a new mutation becomes fixed is 1/N. The rate at which
substitutions occur in a population is found by multiplying
the number of mutations produced per generation with the
probability that these mutations are fixed. Thus, the
substitution rate K is equal to Nμ multiplied by 1/N.
Kimura noted the amazing fact that in this calculation the
population size N cancels itself out (Kimura 1968).
Critically, we are left with the substitution rate being equal
to the mutation rate (K = μ) regardless of population
dynamics. This makes intuitive sense; large populations
will produce more mutations but fix fewer of them while
small populations will produce few mutations but fix more
of them. So long as mutations are produced at a steady rate,
then the neutral substitutions that we observe will be
produced at a steady rate as well.

We now know that the mutation rate has not remained
constant through time. Some species have evolved at
different rates. For example, apes (including humans) have
evolved at a slower rate than their Old World (Goodman
1961) and New World monkey (Hodgson et al. 2009)
cousins. The “molecular clock” is not strictly clock-like,
however it is regular enough that substitutions do relate to
time. There are now sophisticated methods available using
Bayesian (Drummond et al. 2006; Thorne and Kishino 2002;
Thorne et al. 1998) or maximum likelihood (Sanderson
1997) statistics to deal with changes in the rate of evolution
amongst lineages when estimating divergence times.

These methods all estimate divergence times very similar
to Zuckerkandl and Pauling’s original conception of the
molecular clock. First, a phylogeny is inferred for the data
set as described in the previous section. Then the lengths of
each branch in the tree are estimated according to the
number of substitutions that have occurred along each
branch. Finally, the substitution rate is calibrated with some
information from the fossil record. Figure 2 illustrates this
process. In molecular clock studies, choice of fossil
calibration is critical but will not be discussed further here
(see Steiper and Young [2008] for a review).

Anthropological Genetics: Zeroing
in on Our Evolutionary Past

These are exciting times for anthropological genetics. The
amount of DNA sequence data currently available is
staggering and new data are being created at a mind-
boggling pace. Next-generation sequencing technologies
allow a single researcher to produce in an afternoon what
used to take multiple laboratories and armies of technicians
years to produce (Mardis 2008). Below we review the
anthropological genetic evidence for modern human
origins.
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Fig. 2 This figure illustrates the
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most parsimonious evolutionary
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Modern Human Origins

The fossil record from the last two million years shows
many human forms across the Old World. During this time,
Homo erectus and Homo heidelbergensis are found in
Africa, H. heidelbergensis and Homo neanderthalensis
(the Neanderthals) are found in Europe, and Homo erectus
and Homo floresiensis are found in East Asia. Then
around 200,000 years ago, fossils that are essentially
indistinguishable from living people are found in Africa
(McDougall et al. 2005). These essentially modern forms
can then be found in Europe by 31,000 years ago (Wild et
al. 2005) and in East Asia by 35,000 years ago (Trinkaus
2005). Once the modern forms appear in the record, the
earlier forms rapidly disappear.

There is much debate amongst paleoanthropologists
about the relationship between the earlier fossil forms and
living people. There are two predominant hypotheses
describing this relationship. The first hypothesis, known
as multiregionalism, suggests that all of the fossil forms
over the last two million years can best be described as a
single polytypic species united by gene flow throughout
the world (Weidenreich 1946; Wolpoff et al. 1984). In this
view, anatomically modern Homo sapiens evolved from
the various more primitive populations around the world
with Europeans having significant H. neanderthalensis
ancestry and East Asians having significant H. erectus
ancestry (Hawks et al. 2000; Wolpoff et al. 2001). The
opposing view, known as recent African replacement,
suggests that anatomically modern humans evolved
recently in Africa and then spread around the world
replacing H. neanderthalensis and H. erectus with little or
no interbreeding (Howells 1976; Stringer and Andrews
1988). Figure 3 illustrates these hypotheses.

Anthropological genetics have made great contributions
towards resolving this debate. Both models of modern
human origins make clear predictions about the genetic
diversity we should see amongst living people and between
living people and ancient fossils. Worldwide genetic
surveys of living people have now tested these hypotheses.
Exciting advances in our ability to analyze ancient DNA
preserved in some fossils has also allowed us to assess the
relationship between some fossils and living people.

The first major test of the hypotheses was a pioneering
study by Cann et al. (1987) surveying worldwide diversity
in mitochondrial DNA (mtDNA). Mitochondrial DNA was
chosen for study for two important reasons: First, mito-
chondria are plentiful in cells and are therefore easy to
study. More importantly, the mitochondrial genome is
inherited as a unit strictly through the maternal line. This
means that the mitochondrial genome is not subject to
recombination (the process by which maternal and paternal
chromosomes swap regions of DNA) as is the nuclear
genome. This greatly simplifies the analysis of mitochon-
drial DNA.

Cann et al. (1987) compared mtDNA sequence diversity
from 147 people drawn from a worldwide sample including
Africans, Asians, Europeans, Australians, and New Guin-
eans. The phylogeny they reconstructed had the deepest
divergences within Africa, while some African and all non-
African populations were closely related and formed a
single branch of the tree. This means that most of the
mitochondrial diversity is found within African populations
while the diversity in non-African populations is restricted.
They estimated that all living humans share a common
maternal ancestor that lived in Africa about 200,000 years
ago, while all non-Africans share a maternal ancestor that
lived more recently (Cann et al. 1987; Fig. 4a). Though
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Fig. 3 Alternative models
of modern human origins: a)
modern humans evolve in Africa
and replace archaic forms
around the world, b) archaic
populations around the world
maintain gene flow and evolve
towards the modern form
multiregionally
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these findings were initially criticized for methodological
reasons, they have been confirmed by new methods of
analysis along with complete mitochondrial genome
sequences from a worldwide sample (Ingman et al. 2000).

The observed pattern of mitochondrial diversity is consis-
tent with the predictions of the recent African replacement
model of modern human origins. These findings, on their
own, were not enough to rule out multiregional evolution,
however. The mitochondria are only a single genetic lineage
and it was not clear if the mitochondrial pattern was typical of
the genome at large or if the pattern was anomalous perhaps
due to its maternal pattern of inheritance. Scientists turned
their attention next to the Y-chromosome, the paternal
counterpart of the mitochondria. Like the mitochondria, the
Y-chromosome is (largely) inherited as a unit and not subject
to the recombination that shuffles genomic variants in the rest
of the nuclear genome. However, unlike the mitochondria,
Y-chromosomes are passed strictly from fathers to sons.
While mitochondria tell the female story, Y-chromosomes tell
the male story.

The Y-chromosome pattern is in many ways a mirror
image of the mitochondrial story (Underhill and Kivisild
2007). Worldwide population sampling of Y-chromosomes
reveals a phylogeny with the deepest divergences within
African populations and all non-Africans closely related
and restricted to a single branch of the tree (Hammer et al.
1998; Underhill et al. 2000). All living males are estimated
to have shared a common ancestor around 100,000 years
ago, while all non-African males are estimated to have
shared an ancestor around 40,000 years ago (Tang et al.
2002; Underhill et al. 2000; Fig. 4b). The difference in age
estimates between mitochondrial and Y-chromosome
lineages is expected given the wide variance in times of

most recent common ancestry between independent genetic
lineages and given the different inheritance patterns of the
two loci. The important point is that both markers are
young and show that non-African diversity is a subset of
African diversity.

Both the mitochondrial and Y-chromosome data suggest
that modern humans have been living in Africa longer than
any other place in the world and that expansion into
Europe and East Asia was a more recent event. Despite
sampling thousands of individuals from European and
Asian populations, no ancient lineages that could have
been inherited from either H. neanderthalensis or H.
erectus have been found. Also, the estimated times of
shared ancestry seem to correspond closely to the fossil
and archaeological record, with the oldest modern human
fossils found in Africa and not appearing in Europe and
Asia until more recently. Traces in the archaeological
record attributed to behavioral modernity show the same
pattern, appearing in Africa first and only in Eurasia
around the time that modern human fossils appear (Mellars
2006). Most authors interpret these findings as a strong
support for the recent African replacement hypothesis (Cann
et al. 1987; Hammer et al. 1998; Ingman et al. 2000;
Underhill and Kivisild 2007; Underhill et al. 2000), with the
inferred common ancestry of all humans in Africa between
100,000 and 200,000 years ago in Africa corresponding to
the first appearance of modern humans during this time and
the inferred common ancestry of Eurasians between 40,000
and 60,000 years ago coinciding with the movement of
modern humans out of Africa to replace the populations that
had moved out of Africa earlier.

However, not everyone agrees with this interpretation of
the genetic data. Some authors have noted that two genetic
loci are insufficient to generalize about overall genomic
patterns. These authors note that the patterns seen with the
mitochondria and Y-chromosome are possible with multi-
regional evolution even if unlikely and are therefore
insufficient to rule out multiregionalism (Templeton 2005,
2007; Wall 2000). Consequently, several autosomal and
X-chromosome loci have now been looked at.

Studies of overall genomic diversity clearly indicate
that Africans are more genetically diverse than non-
African populations (e.g., Li et al. 2008; Prugnolle et al.
2005; Tishkoff et al. 2009; Witherspoon et al. 2006). Also,
genetic (Li et al. 2008; Prugnolle et al. 2005) and
phenotypic (Manica et al. 2007) variation decreases the
farther the population gets from East Africa. These
patterns are clearly in accord with the predictions of the
recent African replacement hypothesis.

However, individual nuclear loci show a variable pattern.
For example, CD4, a gene located on human chromosome
12, shows a pattern very similar to that seen with
mitochondria and Y-chromosomes (Tishkoff et al. 1996).
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On the other hand, RRM2P4, a gene on the human
X-chromosome, shows a very different pattern. This gene
has the deepest divergences in Asia rather than Africa, and
the most recent common ancestor was estimated to have
lived approximately two million years ago. This pattern has
been interpreted as evidence for admixture from H. erectus
(Garrigan et al. 2005). Because of the wide variance in
expected genealogical histories under any evolutionary
scenario, it has been estimated that at least 50 nuclear loci
are needed to evaluate the hypotheses of modern human
origins (Wall 2000). Recently, Fagundes et al. (2007)
sampled 50 nuclear loci from a worldwide sample of
humans. Then, using sophisticated computer modeling,
they compared their observed data to data simulated under
a variety of recent African replacement and multiregional
scenarios. They found that the data best fit the recent
African replacement model. Interestingly, they found that a
small but significant percentage of nuclear loci should show
patterns similar to the anomalous pattern seen with
RRM2P4.

On balance, the distribution of human genetic variation
clearly follows the predictions of the recent African
replacement model of human origins. We clearly trace most
of our ancestry through a population that lived in Africa
between 100,000 and 200,000 years ago and the archaic
populations outside of Africa contributed little if any to
present day diversity. However, it is very difficult to rule
out small contributions from Neanderthals or H. erectus
without looking at their genes directly.

Ancient DNA: the Fate of the Neanderthals

New developments in our ability to recover DNA from
fossils now make it possible to actually look at DNA
extracted from fossils. The study of ancient DNA is rapidly
refining our view of modern human origins.

Another amazing property of DNA is its durability. Most
biomolecules quickly degrade upon death. However, under
certain conditions, DNA can persist for long afterwards.
Svante Pääbo first demonstrated this fact by recovering
DNA from the tissue of a 2,400-year-old Egyptian mummy
(Pääbo 1985) and confirmed DNA sequences that are older
than 110,000 years have now been recovered (Lindqvist et
al. 2010). Amazingly, a draft sequence of the entire H.
neanderthalensis genome is now complete (Green et al.
2010). Recently, DNA was also recovered from an isolated
finger bone found in 30,000- to 48,000-year-old sediment
in Denisova Cave, Southern Siberia, and the DNA
sequence suggests that the finger bone comes from a yet
unknown human group (Krause et al. 2010).

The first H. neanderthalensis DNA sequence was
recovered from the original specimen discovered in 1856

(Krings et al. 1997). Krings and colleagues sequenced a
379-base-pair section of the mitochondrial genome and
found that the H. neanderthalensis sequence is very
different from living human sequences. This finding has
now been corroborated with mitochondrial sequences from
14 additional Neanderthal specimens (reviewed in Hodgson
and Disotell [2008]). This now includes complete mito-
chondrial genome sequences from nine Neanderthal indi-
viduals (Briggs et al. 2009; Green et al. 2008, 2010). It is
now clear that all sampled Neanderthals form a cluster
outside the cluster formed by living humans. Based on the
complete mitochondrial genome sequences, living humans
and Neanderthals are estimated to have last shared a
maternal ancestor 660,000 years ago (Green et al. 2008).

These findings have been interpreted to indicate that
little or no interbreeding between Neanderthal females and
modern human men occurred during the colonization of
Europe by modern humans (Belle et al. 2009; Currat and
Excoffier 2004; Serre et al. 2004). However, others have
pointed out that with only data from the mitochondria we
still have the single locus problem. The mitochondrial
pattern does not rule out Neanderthal male to modern
human female gene flow. Also, if modern human mito-
chondria have a selective advantage over Neanderthal
mitochondria, we should not expect to see Neanderthal
mitochondria in European populations even if interbreeding
between Neanderthals and modern humans was extensive
(Hawks 2006).

For this reason and others, sequence data from the
Neanderthal nuclear genome has been sought. New high-
throughput DNA sequencing methods developed to
increase our genome sequencing capacity (Mardis 2008)
are coincidentally particularly well suited to ancient DNA
(Poinar et al. 2006). These methods allow researchers to
recover millions of base pairs of ancient DNA sequence;
however, the sequence recovered is not targeted but
randomly chosen from throughout the genome. These
methods have now been extended to allow targeted
sequencing in addition to random shotgun sequencing
(Briggs et al. 2009; Burbano et al. 2010).

The first two studies of untargeted Neanderthal genomic
DNA recovered 65,000 (Noonan et al. 2006) and 1,000,000
base pairs of DNA sequence, respectively (Green et al.
2006). Unfortunately, the larger study is known to be largely
contaminated with modern human DNA probably introduced
by laboratory workers (Wall and Kim 2007) and the smaller
study may have significant contamination as well. Neither
data set showed evidence of a close relationship between
Neanderthals and Europeans or any other living human
population (Noonan et al. 2006; Wall and Kim 2007).

A team led by Svante Pääbo has now sequenced the
genomes of three Neanderthal individuals to 1.3-fold
genomic coverage (Green et al. 2010). This means that
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each nucleotide in the Neanderthal genome has been read
1.3 times on average. Because the sequencing was
performed randomly, some nucleotides have been read
several times and some remain unread. In comparison,
recent human genomes have been sequenced to 7- to 28-
fold coverage (Kim et al. 2009; Pushkarev et al. 2009;
Schuster et al. 2010; Wheeler et al. 2008). In these studies,
each nucleotide is read multiple times, resulting in fuller
genomic coverage, fewer errors, and a better assessment of
heterozygous positions. The Neanderthal genome has not
yet been sequenced to the level desired for modern high-
quality DNA sources and many gaps and errors remain.
However, new stringent methodologies have been
employed that have reduced the modern human contami-
nation that plagued previous studies to very low levels, and
more than four billion nucleotides of Neanderthal DNA
have now been sequenced and analyzed (Green et al. 2010).

The findings of the Neanderthal genome project were not
anticipated by any previous analysis of fossil or genetic data
and do not meet the predictions of either the multiregional or
the recent African replacement model of human origins. To
determine the relationship between Neanderthals and living
humans, five modern human genomes were sequenced as a
comparative sample. The researchers chose two African
samples (San and Yoruba), a European (French), an East
Asian (Chinese), and an Oceanian (Papuan) to represent
worldwide genetic diversity. First, it was found that, though
Neanderthals and modern humans are very closely related,
living humans are on average more closely related to each
other than any is to Neanderthals. However, the divergence
between Neanderthals and modern humans was recent
enough that much of the genetic variation that exists now
also existed in the population that split to give rise to both
populations. This means that Neanderthals share derived
changes with some living humans to the exclusion of others.
In other words, all of us have some gene variants that are more
closely related to those possessed by some Neanderthals than
to those of other living people. It is estimated that the
population divergence between Neanderthals and modern
humans occurred between 270 and 440 thousand years ago
(Green et al. 2010). To put this in perspective, the pygmy
chimpanzee (Pan paniscus) and common chimpanzee (Pan
troglodytes) are estimated to have diverged 930 thousand
years ago, and three common chimpanzee subspecies (Pan
troglodytes troglodytes, Pan troglodytes verus, and Pan
troglodytes schweinfurthii) are estimated to have diverged
460 thousand years ago (Hey 2010). Thus, Neanderthals and
modern humans likely shared an ancestral population more
recently than did the common chimpanzee subspecies.

Because of the closeness of Neanderthals and living
humans, the question of recent interbreeding after the initial
split is a difficult one. Neanderthals and living people share
derived polymorphisms regardless of recent interbreeding,

yet these are the markers we look for as evidence of
interbreeding. However, through a series of rigorous
analyses, Green et al. (2010) find a surprising genetic
relationship between Neanderthals and the comparative
genomes. They show that the Neanderthals are more
closely related to the three Eurasian genomes (French,
Chinese, and Papuan) than they are to the two African
genomes (San and Yoruba). Though all humans share
derived polymorphisms with Neanderthals, the Eurasian
genomes have an excess of shared derived polymorphisms
when compared to Africans. They interpret these results as
recent admixture between Neanderthals and non-African
modern humans and estimate that Neanderthals contributed
1–4% of the diversity seen in non-Africans. The direction
of gene flow appears to be exclusively from Neanderthals
to modern humans, as there is no evidence of modern
human genes in the Neanderthal genome.

This pattern conflicts with both the multiregional and
recent African replacement models of modern human
origins. The multiregional model predicts that Neanderthals
are more closely related to Europeans than to any other
population. This was not found to be the case, as the
Papuan and Chinese individuals have as much Neanderthal
ancestry as the French individual. On the other hand, the
recent African replacement model predicts that Neander-
thals are equally distantly related to all living humans. This
also was not found to be the case, as the three Eurasian
genomes are more closely related to the Neanderthals than
are the Africans. Green et al. (2010) suggest that admixture
occurred between Neanderthals and modern humans in the
Middle East early during the expansion of modern humans
out of Africa between 50,000 and 100,000 years ago.
Further sampling of African populations is required to
verify the absence of Neanderthal admixture in these
populations (Hodgson et al. 2010).

The findings of the Neanderthal genome project require
us to reevaluate our ideas about modern human origins.
Though the majority of our genome follows the predictions
of the recent African replacement model, a small but
significant percentage of the genomes of Eurasians appear
to descend from Neanderthals. Thus, we all primarily
descend from a recent African population. However, early
during the expansion out of Africa, a small amount of
interbreeding occurred between these early modern
humans and Neanderthals (Fig. 5). The fact that this
pattern of admixture was not anticipated by any surveys of
extant genetic diversity suggests the possibility of small
amounts of admixture from other archaic populations such
as H. erectus in East Asia. Ancient DNA from these other
archaic populations may be required to conclusively
answer this question. The finding that the European
sample is equally related to Neanderthal as the Chinese
and Papuan sample raises interesting questions about what
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went on in Pleistocene Europe. Why did not Neanderthals
and modern humans continue to interbreed in Europe
despite overlapping in range for thousands of years? It is
possible that Neanderthals and modern humans rarely came
into contact with each other and avoided each other because
their population sizes were small. It is also possible that
Neanderthals and modern humans did continue to interbreed
in Europe but that this admixture was erased by subsequent
population replacements in Europe such as that associated
with the spread of agriculture (Ammerman and Cavalli-Sforza
1984; Barbujani and Bertorelle 2001). Further study of living
and ancient European genomes will be required to answer
these questions.

Because DNA preserves best in cold, dry environments,
ancient DNA studies of Pleistocene humans had been
limited to Neanderthals and anatomically modern humans
from Western Eurasia. DNA has not yet been successfully
recovered from other human forms that lived in more
temperate climates such as H. erectus in East Asia or H.
floresiensis from Indonesia. However, mitochondrial DNA
sequence was recently recovered from an isolated human
finger bone found in Denisova Cave in the Altai Mountains
of Southern Siberia. The finger bone is clearly human,
however it is not possible to tell from which human group it
comes without further paleontological evidence. Krause et
al. (2010) used a similar DNA sequencing method to that
used to sequence the Neanderthal genome but designed to
specifically target the mitochondrial genome (Briggs et al.
2009). The mitochondrial genome sequence they recovered
was unlike any that had been seen before. They compared
the Denisova finger bone sequence to 54 modern humans,
one anatomically modern Pleistocene human and six
Neanderthals and found that the Denisova sequence is
equally distantly related to both Neanderthals and modern
humans. This means that living humans shared a common
ancestor with Neanderthals more recently than they did
with the Denisova human. They estimate that Neanderthals
and modern humans last shared a mitochondrial ancestor
466,000 years ago and the Denisova human last shared a
common ancestor with Neanderthals and modern humans

1.04 million years ago. It remains unclear what group the
Denisova human comes from, whether H. erectus,
Neanderthals, or some as yet unknown group. Genomic
sequence from the finger bone and more informative fossil
findings from the region should clarify the place of
Denisova in the future. For the time being, Denisova is
the first and only ancient human known exclusively from
its DNA sequence.

In addition to answering questions about the relationship
between Neanderthals and ourselves, Neanderthal DNA is
telling us more about what the Neanderthals were like. The
Neanderthal genome project has revealed the sequence of
several Neanderthal protein-coding genes that have evolved
adaptively recently in modern humans (Burbano et al.
2010; Green et al. 2010). The Neanderthal sequence will
help to determine the timing of these selection events and
may play a role in differentiating Neanderthals and modern
humans biologically (Green et al. 2010).

For example, FOXP2 is a gene known to have
experienced a recent selective sweep in modern humans,
with all living humans sharing two unique amino acid
substitutions (Enard et al. 2002). The FOXP2 gene product
is required for normal speech development in humans,
suggesting that it may have been important in the evolution
of language ability (Lai et al. 2001). Neanderthals were
found to have the derived form of the FOXP2 gene found in
modern humans (Krause et al. 2007). Though it is
premature to conclude from this that Neanderthals shared
our language ability, the findings are suggestive.

Some Neanderthals also may have had red hair and light
skin. Neanderthals have a mutation in the pigmentation
gene MC1R that results in lower activity of the protein
(Lalueza-Fox et al. 2007). People with red hair and very
fair skin also have a low activity variant of MC1R (Rees
2003). Interestingly, Neanderthals and living humans
evolved the low activity variant independently. Light skin
is favored in environments with low UV light incidence
(Jablonski and Chaplin 2000) and it is likely that the
convergent evolution of skin color in Neanderthals and
Europeans was in response to the European climate.

Finally, the Neanderthal genome has revealed 212 genomic
regions that appear to have undergone adaptive evolution in
modern humans since the split with Neanderthals (Green et al.
2010). These genes may play a role in the evolution of the
things that make modern humans different from the archaic
human populations. Interestingly, amongst these genes are
those that are known to play a role in bone development.
Perhaps these genes are responsible for the unique skeletal
features that distinguish modern humans from Neanderthals
and our other relatives.

The Neanderthal genome project promises to reveal
many more secrets about Neanderthal biology that were
not evident from study of the fossils and archaeology.
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Fig. 5 This shows the pattern
of Neanderthal admixture in
modern humans found by the
Neanderthal genome project.
Neanderthals and modern
humans admixed early during
the latter’s exodus from Africa.
Eurasians are equally related to
Neanderthals, with 1–4% of
their genomes descending from
them
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Also, the findings of the Neanderthal genome project
demonstrate the necessity of ancient genomes for us to
fully understand our origins. It is hoped that additional
ancient genomes, such as that of Denisova finger or of
ancient anatomically modern humans, will continue to
refine our understanding of modern human origins.

Conclusions and Future Directions

Anthropological genetics have made great contributions to
our understanding of human origins and human evolution.
DNA sequences allow us to infer the evolutionary relation-
ships amongst organisms and the times of divergence between
them. The distribution of human genetic variation suggests
that modern humans evolved recently in Africa and then
quickly spread around the globe, largely replacing the human
groups that they encountered during their dispersal. The
Neanderthal genome project has clarified our understanding
of modern human origins and suggests that low levels of
interbreeding occurred between Neanderthals and modern
humans early during the expansion of modern humans out of
Africa. Genomic sequences from additional ancient humans,
such as the Denisova finger bone, promise to further refine our
understanding of human evolution.

The future goals of anthropological genetics will include
further refining our understanding of human migration
patterns and demography on a local and global scale. Also
anthropological geneticists will be increasingly concerned
with identifying and describing the genes that have been
important in the evolution of the modern human phenotype
and in the phenotypic variation within and between human
groups.
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