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Reconstructing human origins

In the genomic era
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Abstract | Analyses of recently acquired genomic sequence data are leading to important

insights into the early evolution of anatomically modern humans, as well as into the more
recent demographic processes that accompanied the global radiation of Homo sapiens.
Some of the new results contradict early, but still influential, conclusions that were based

on analyses of gene trees from mitochondrial DNA and Y-chromosome sequences. In this
review, we discuss the different genetic and statistical methods that are available for
studying human population history, and identify the most plausible models of human

evolution that can accommodate the contrasting patterns observed at different loci

Hominin

All the taxa on the human
lineage after the split from the
common ancestor with the
chimpanzee.

Neutral DNA polymorphism
Nucleotide variants that
segregate in a population but
have frequencies that are not
influenced by natural
selection.

Demographic processes
Changes in population size,
distribution and structure.

Bottleneck

A transient reduction in the
abundance of a population.
This could occur, for example,
because of environmental
catastrophe or after the
founding of a new population.
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throughout the genome.

In 1967 two hominin skulls, thought to be 130,000 years
old, were unearthed in the Omo Valley of south-western
Ethiopia'. The volcanic pumice in which the two skulls
were embedded was recently dated to 195,000 years ago
(195 kya) (REF. 2), making one of these morphologically
distinct forms (Omo I) the earliest known evidence
of the anatomically modern human (AMH) pheno-
type. From this equatorial African homeland, Homo
sapiens succeeded in radiating across Africa, Eurasia,
near Oceania and the Americas by 15 kya, with the
remote islands of the Pacific being settled as recently
as 850 years ago.

The evolution of H. sapiens can be conceptually
divided into two distinct epochs, which can be recon-
structed not only through palaeontological and archaeo-
logical records, but also from patterns of neutral DNA
polymorphism in the human genome. The first epoch
includes the evolutionary processes that took place in the
lineage that culminated in the emergence of AMH. The
aforementioned fossils from the Omo Valley in Ethiopia
represent one (or possibly two) of many taxa of Homo
that ranged throughout Africa, Europe and Asia for
nearly 2 million years**. Do the genes of AMH trace back
to a single ancestral population in East Africa, or was
the evolution of the modern phenotype in sub-Saharan
Africa a gradual process, with assimilation of genes from
more widely distributed, distinct forms of archaic Hormo?
The answer to this question has important implications
for understanding how the suite of traits that distin-
guishes us as modern humans was assembled in our
genome. The second epoch focuses on the demographic
processes that accompanied the global diaspora of AMH

after their origin in Africa. Was there a bottleneck or
bottlenecks associated with migrations of AMH out of
Africa? What were the sizes of ancestral populations in
the Pleistocene, and when did they first begin to grow
dramatically? When did ancestral populations diverge
from one another and how much gene flow occurred
among their descendant populations? Did AMH com-
pletely replace archaic forms without interbreeding?
The answers to these questions have implications that
go well beyond the desire to understand the evolution of
our species: formulating a null model of human demo-
graphic history from selectively neutral polymorphisms
facilitates the discovery of genetic variants that might
contribute to disease susceptibility or other components
of human fitness®.

Until recently, efforts to reconstruct the origin and
dispersal of AMH primarily focused on DNA sequence
data sets obtained from the two haploid compartments
of the genome, namely mitochondrial DNA (mtDNA)
and the non-recombining Y chromosome (NRY).
Early research on mtDNA and the NRY had a decisive
role in the long-standing palaeontological debate over
human origins® by providing a relatively simple picture
of human demographic history: the AMH phenotype
originated in a small, isolated population in Africa dur-
ing the Late Pleistocene. This population is then thought
to have completely replaced archaic forms of Homo as it
expanded its size and range throughout the Old World™”.
Although this widely acknowledged model is known
by many names (such as Recent African Replacement,
Out of Africa 2, Garden of Eden), we refer to it here as
the ‘single origin’ model. Today there is an abundance
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Box 1| Genomic compartments

When making inferences about human demographic history from DNA sequence
data, it is important to take account of the processes that differentially affect
autosomal, X-chromosomal, non-recombining Y-chromosomal (NRY) and
mitochondrial DNA. There are differences in copy number and inheritance
patterns, as well as in recombination and mutation rates, among these four
genomic compartments (see accompanying table).

Genes carried on mtDNA or the NRY are inherited from only one parent. X-linked
genes are present in two copies in females and only one copy in males, but can be
transmitted by either sex. Autosomal genes are maintained on two chromosomes in
both sexes. As a result, when equal numbers of males and females are breeding, the
relative effective population size (N ) of the autosomes, X chromosomes, NRY and
mtDNA is 4:3:1:1, respectively. The reduced N, of the haploid loci is expected to
result in shallower times to the most recent common ancestor (TMRCA), higher
levels of differentiation among human populations and possibly smaller effects of
natural selection. The larger N_ of the X chromosome and autosomes means that
loci in these genomic compartments are expected to have deeper ancestry,
allowing inferences of evolutionary processes that took place well before the
TMRCA of the haploid regions.

Another point to consider is that the haploid regions each behave evolutionarily
as asingle locus, and selection acting on any particular site affects patterns of
polymorphism on the entire mtDNA and NRY. By contrast, the X chromosome and
autosomes experience recombination, a force that tends to decouple the
genealogical histories of sites along chromosomes (that is, neutral sites and those
under selection). Non-coding sequences from regions of the genome that
experience higher rates of recombination are less likely to be perturbed from a
neutral, equilibrium state by the effects of selection at linked sites. Therefore, these
regions are the best candidates for evaluating several important parameters of
interest in models of human evolution, including TMRCA and N . Even under
neutrality, each non-recombining locus provides only a single outcome of the highly
stochastic evolutionary process, and so many independent loci are needed to infer
human evolutionary history.

Genomic compartment

Feature Autosomes X chromosomes NRY mtDNA
Location Nuclear Nuclear Nuclear Cytoplasmic
Inheritance Bi-parental  Bi-parental Uni-parental  Uni-parental
Ploidy Diploid Haploid—diploid  Haploid Haploid
Relative N_ 4 3 1 1
Recombinationrate Variable Variable Zero Zero
Mutation rate Low Low Low High

of DNA polymorphism data from two other genomic
compartments — the X chromosome and the autosomes.
Analyses of these data, with increasingly sophisticated
computational tools, are yielding new insights into both

Pleistocene

An epoch of the Quaternary
period beginning 1.8 million
years ago and transitioning
to the Holocene epoch
approximately 10,000 years
ago. The Pleistocene is
characterized by a cool
climate and extensive
glaciation of northern
latitudes.

epochs of human evolutionary history.

Population phylogeny

The hierarchical relationship
among individual populations,
typically inferred from
pairwise genetic differences

between populations. possible alternatives to the single origin model.

In this review, we concentrate both on the methods
used to reconstruct human evolutionary history from
DNA resequencing data and on the population genet-
ics models that are supported by all the available data.
We pay particular attention to how recent findings
from X-chromosomal and autosomal loci contrast with
earlier inferences gleaned from mtDNA and the NRY.
Differences in ploidy and other inherent properties of
different genomic compartments mean that they provide
different levels of resolution for the two epochs of human
evolution (BOX 1). Finally, we attempt to synthesize
inferences from the literature with the goal of providing

Evolutionary analyses of molecular genetic data
The first efforts to use genetic data to make inferences
about human history relied on allele frequencies of clas-
sical protein polymorphisms to reconstruct population
phylogeny'®!!. With the advent of DNA sequencing,
population history was inferred by following one of
two routes: reconstruction of gene trees or analysis
of summary statistics'>. However, these two approaches
are relatively inflexible when a wide range of candidate
models need to be considered. Simulation methods that
are based on a third approach, the coalescent approach,
allow greater flexibility for testing a variety of non-
equilibrium models. The three modern approaches are
described below. As we discuss, the coalescent approach
is particularly useful for inferring the history of changes
in human population size and structure.

Analysis of gene trees. Unlike allele frequency data, DNA
sequences lend themselves to analyses that are based on
the reconstruction of evolutionary trees for individual
loci (gene trees). Such methods are primarily imple-
mented in the analysis of non-recombining regions of
the human genome. By incorporating homologous
sequences from closely related species (such as humans
and chimpanzees), the topology of a gene tree can be
inferred along with the direction and rate of mutation.

The field of intraspecific phylogeography' com-
bines information about the ancestral-descendant
relationships in the haplotype tree with the frequency
and distribution of haplotypes in a sample of sequences.
This approach allows qualitative inferences to be made,
such as the place of the most recent common ancestor
(PMRCA) for a given genomic region and the migra-
tion routes of derived haplotypes. Because the gene trees
from both mtDNA”*!> and the NRY'*'7 are paraphyletic
with respect to extant African populations, Africa was
inferred to be the PMRCA. Analyses of autosomal
and X-linked loci also typically point to Africa as the
PMRCA. For example, Takahata et al.® found that 9 of
the 10 loci they examined had gene trees that unambigu-
ously rooted in Africa. One clear exception to this rule of
human gene tree topology comes from a recent study
of polymorphism in the X-linked ribonucleotide reduct-
ase M2 polypeptide pseudogene 4 (RRM2P4), which
yields a gene tree that roots in East Asia'® (BOX 2a,b).

Another important piece of information comes from
the estimated time depth of gene trees. In the context of
gene-tree analysis, estimates of the time to the most recent
common ancestor (TMRCA) are based on the assump-
tions of the molecular clock, in which the number of
nucleotide mutations separating two sequences is a
linear function of time. The estimated TMRCA for the
mtDNA gene tree is 171 kya, which is based on complete
sequences of the mitochondrial genome from a global
sample of humans'. For a neutrally evolving locus, the
expected TMRCA is a function of the effective population
size (N,) — therefore, we expect a three or fourfold older
TMRCA for the X chromosome and the autosomes,
respectively (BOX 1).

Interestingly, the TMRCA for the male-specific NRY
is roughly half that of the female-specific mtDNA?. This
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Summary statistics
Statistics that describe some
aspect of polymorphism data,
such as the number of
polymorphic sites, the
distribution of mutation
frequencies or the extent of
association between linked
polymorphisms. Summary
statistics are often estimates
of parametersin an
evolutionary model.

Coalescent approach

A probabilistic construct that
describes the hierarchical
common ancestry of a sample
of gene copies. The
probability that two gene
copies share acommon
ancestor (or coalesce) in the
preceding generation is
proportional to the reciprocal
of the size of the entire
population.

Haplotype

A contiguous DNA sequence
of arbitrary length along a
chromosome that has a
primary structure that is
distinct from that of other
homologous regionsin a
given population.

Place of the most recent
common ancestor

The geographical area, of
arbitrary scale, where the
ancestry of a current sample
of gene copies can be traced
back to a single, endemic
ancestral population.

Derived

The state of genotypic or
phenotypic character,
possessed by some biological
entity, which has mutated
from a common ancestral
state.

Paraphyletic

When the common ancestor
of one natural group is shared
with any other such group.

Time to the most recent
common ancestor

The number of generations
back in time when a single
gene copy gave rise to all of
the gene copiesina
contemporary sample. If n
gene copies are sampled from
a population of size N, the
time to a most recent
common ancestor for an
autosomal locus is expected

to be 4N(1 — 1/n) generations.
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Box 2 | Different approaches to analysing human polymorphism data

a Chimpanzee Human haplotypes b 2.0
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Population n S 0 T D A B C D E F G H
Africa 10 212 216 0.068 Africa . . 1 2 1 1 5
Europe 10 3 1.06 0.60 -1.562 Asia 2 1 8 . 1
Asia 12 11 3.64 374 0.114 Europe 9 1 .
America 10 4 141 187 1229 America 3 7

Polymorphism in the X-linked ribonucleotide reductase M2 polypeptide pseudogene 4 (RRM2P4) suggests that
divergent evolutionary histories could be sampled from the genome. Whereas data from all genomic compartments
largely agree on placing the most recent common ancestor (MRCA) in Africa, analysis of the RRM2P4 gene points to
East Asia as the place of the MRCA by all three approaches described below. All three approaches begin with the
collection of DNA sequence data from a sample of individuals who represent different continental populations. Panel a
shows the haplotype obtained from a single common chimpanzee and eight haplotypes (A-H) obtained from 42 human
individuals. There are a total of 13 polymorphic sites in 2,385 resequenced nucleotides; identity with the ancestral state
(represented by the chimpanzee sequence) is depicted by a dot.

The phylogenetic approach, shown in panel b, begins with the reconstruction of a single most parsimonious gene
tree, which can be constructed from the RRM2P4 locus because there is no evidence for recombination or back
mutation. RRM2P4 nucleotide polymorphism is partitioned into two major branches. Shown below the RRM2P4 gene
tree are the frequencies of eight haplotypes in the four sampled continental populations (Africa, Asia, Europe and
America). On the left side of the root, there are only three Asian sequences (haplotypes A and B; green), whereas both
Asian and non-Asian sequences are to the right of the root (C—H; pink). The numbers on the branches correspond to the
nucleotide position of the mutation shown in panel a. Under the phylogenetic branching model, the simplest
explanation for this gene-tree topology is that Asia is the place of the most recent common ancestor (PMRCA). The
coalescent approach isillustrated by the timescale to the left of the RRM2P4 gene tree in panel b, and estimates
the ages of individual mutations and the time to a most recent common ancestor (TMRCA). These quantities were
estimated by coalescent simulation, conditioned on the topology of the gene tree. When one million coalescent
simulations are carried out under anisland model of population structure, the probability of the PMRCA being in Asia is
indeed the highest at P = 0.92, whereas the values are P = 0.05 for Africa, P = 0.01 for Europe and P = 0.02 for the Americas.

Certain inferences about RRM2P4 polymorphism can also be drawn from summary statistics (panel c). In the table
summarizing RRM2P4 polymorphism, the second and third columns give sample sizes (n) for each population and the
number of polymorphic nucleotide sites (S). The statistics and rare two different estimates of 3N_u, where N_ is the
effective population size and y is the mutation rate. The statistic 6 (equation 1) is based on the number of segregating
sites.

n-1

0=5/Xi1

i=1

(1)

However, ris shown as equation 2, where d.-,- is the number of nucleotide differences between sequencesiandj.

-1
= {nJ Z 2 di‘
2| =<y
2] ]
The penultimate column gives Tajima’s D statistic, and is a summary of the polymorphism frequency distribution
(equation 3).

D=mn-0/+var(nt-0)

Tajima’s D is negative in Europeans, indicating an excess of rare polymorphisms, whereas it is positive in Americans,
indicating a deficiency of rare polymorphisms. However, in both of these examples, D does not significantly differ from
its expected value of zero. The relative values of 8and ware consistent with a larger Asian population size for this
particular region of the genome. Diagrams modified with permission from REF. 19 © (2005) Oxford University Press.

(2)

(3)
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Effective population size
The number of individuals of a
given generation that
contribute gametes to the
subsequent generations. This
abstract quantity depends on
the breeding sex ratio,
number of offspring per
individual and type of mating
system.

Island model of population
structure

A commonly used model to
describe gene flowin a
subdivided population in
which each subpopulation of
constant size, N, receives and
gives migrants to each of the
other subpopulations at

the same rate, m. Under the
Island model,

Fe = V(4Nm + 1)

Standard neutral model

A population genetics model
that assumes all individuals in
a population are replaced by
their offspring each
generation, so that the
population size remains
constant, mating occurs
randomly and each parent
produces a Poisson-
distributed number of
offspring. Under these
conditions, the model
predicts the fate of mutations
that are not affected by
natural selection.

Harmonic mean

One method for calculating an
average, defined as the
reciprocal of the arithmetic
mean of the reciprocals of a
specified set of positive
numbers.

Tajima’'s D

A statistic used to test the
standard neutral model for
a given region of DNA
sequence. Itis the
standardized difference
between the number of
pairwise nucleotide
differences and the total
number of segregating sites.

Frequency spectrum

The distribution of
polymorphism frequencies in
a sample of DNA sequences.
For example, 30% of
polymorphisms might occur
in a single gene copy, 20% in
two gene copies, and so on.
Under the standard neutral
model, the frequency
spectrum is expected to
follow a geometric
distribution.

difference in male and female TMRCA has been attrib-
uted to a lower male N, resulting from a higher variance
in male reproductive success®, natural selection®, higher
variance in mtDNA mutation rates' and/or stochasticity
in the evolutionary process.

Throughout later sections, we revisit the concept
of TMRCA and how estimates of TMRCA vary across
the genome.

Summary statistics. In most cases, the analysis of gene
trees does not explicitly assume an underlying popula-
tion genetics model, so that it is difficult to test alterna-
tive hypotheses. However, another widely used approach
uses a statistical summary of DNA sequence data and
compares the observed value with that expected under a
particular population genetics model. The expected val-
ues of many summary statistics are available under the
standard neutral model*’, which assumes that N, remains
stationary over time, and that evolutionary forces have
reached equilibrium (BOX 2¢). It should be noted that it
can be difficult to obtain expectations for many sum-
mary statistics under non-equilibrium models, and so
inference is largely limited to accepting or rejecting the
standard neutral model. Two fundamental summary sta-
tistics of polymorphism data are the number of segregat-
ing sites* and the average number of pairwise nucleotide
differences® in a sample of sequences. Both summary
statistics are estimates of the population mutation rate (6).
If the neutral mutation rate, (4, is known, then these sum-
maries can be used to estimate N, under the assump-
tions of the standard neutral model, as 8= 4N u for an
autosomal locus.

Estimates of human N, from summary statistics
consistently find that it is on the order of 10,000 indi-
viduals, which is conspicuously smaller than that of
other great ape species. Assuming an equal sex ratio, the
estimates of female N from human mtDNA are close
to the total consensus estimate of 10,000 individuals’,
whereas X-chromosome and autosomal estimates range
from 7,500 to 32,300 (REF. 25) and from 10,000 to 15,000
(REFS 26-28), respectively. Human N, values are generally
half the estimates of chimpanzee N, which range from
12,000 to 50,000 for autosomal loci***. Likewise, gorilla
and orangutan N are estimated to be about twice and
more than three times that of humans, respectively’'.
Interpreting these relative great ape values of N, under
the standard neutral model leads to the conclusion that
humans have been the least abundant species. However,
many alternative interpretations that violate the assump-
tions of the standard neutral model are also plausible.
Long-term N, behaves as a harmonic mean and is therefore
disproportionately influenced by low values. Therefore,
one probable explanation for the apparent small size of
the ancestral human population is that human N, has
fluctuated more intensely over its evolutionary history
than that of other great apes.

Summary statistics have been designed to extract
specific information from different aspects of DNA
polymorphism data. For example, the summary statistic
approach can be used to estimate rates of recombination,
gene flow; or even to understand potential changesin N..

With regard to changes in N, Tajima’s D and related
statistics summarize the frequency spectrum of poly-
morphisms in a sample of DNA sequences®~**. Rapid
population growth is expected to result in an excess of
low-frequency polymorphisms (D < 0), whereas severe
reductions in N, might result in a deficiency (D > 0)
over that expected under the standard neutral model
(where D = 0). Recombination is considered to be a
neutral process that occurs at a much higher rate than
mutation, and so estimates of linkage disequilibrium (LD)
for X-linked and autosomal sequences have become an
invaluable tool for evolutionary inference.

One challenge for interpreting summary statistics
is that different evolutionary processes might result in
identical values of the chosen statistic. For example,
locus-specific processes such as directional selection
and balancing selection could also result in an excess
or a deficiency, respectively, of rare polymorphisms.
Therefore, multilocus analysis of the frequency spec-
trum is needed to distinguish between demographic
and selective processes, because the former is expected
to affect all loci in the genome, whereas the latter affects
only a distinct region of the genome. Moreover, multiple
neutral demographic processes could result in similar
summary statistics. For example, changes in N, can be
easily confounded with population structure®-%. Few
analytical expectations for summary statistics have
been obtained for models that include both population
structure and changes in N, even though these might be
the most important models for understanding patterns
of human DNA polymorphism.

Coalescent-based inference. The most rapidly evolving
set of tools for evolutionary sequence analysis and infer-
ence rely heavily on the n-coalescent approximation®*.
Because the coalescent process limits itself to tracing
the ancestry of only those chromosomes that appear in
a sample, it is extremely efficient for simulating DNA
sequence polymorphism data sets (see BOX 2B for an
example). Furthermore, violations of the assumptions
of the standard neutral model often yield predictable
results for the shape and length of ancestral coalescent
genealogies. Ease of coalescent simulation has facilitated
the development of likelihood-based methods for model
parameter estimation. Several recent review papers
focus on the latest advances that involve these estima-
tion methods, including the development of Bayesian,
Markov chain Monte Carlo, and importance sampling
techniques*®*!.

Approximate likelihood analysis is one extremely flex-
ible and convenient implementation of coalescent-based
inference®. In this approach, coalescent simulations are
used to find the evolutionary model that is most likely
to produce the observed summary (or summaries) of
the data. The relative ease with which this inferential
procedure can be carried out has made it a popular
choice in the recent literature, and many of the examples
we discuss make use of it. Summaries of the frequency
spectrum and LD are commonly used for approximate
likelihood analyses of historical changes in human
N_. Moreover, the precision of the likelihood estimate
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Linkage disequilibrium
The non-random association
of polymorphisms at two
linked loci. Linkage
disequilibrium is created by
mutation, but broken down
over time primarily by
crossing over between the
two loci.

Directional selection

A form of positive selection in
which a single mutation has a
selective advantage over all
other mutations, resulting in
the selected mutation rapidly
reaching fixation (thatis, a
frequency of 100%) in the
population.

Balancing selection

A form of positive selection
that maintains polymorphism
in the population. One well-
known form of balancing
selection is heterozygote
advantage, where an
individual who is
heterozygous at a selected
locus has a higher fitness than
either of the homozygous
genotypes.

Population structure
Arises when the individual
members of a population do
not mate at random with
respect to geography, age
class, language, culture or
some other defining
characteristic.

Likelihood-based method
A class of statistical methods
that calculate the probability
of the observed data under
varying hypotheses, in order
to estimate model
parameters that best explain
the observed data and
determine the relative
strengths of alternative
hypotheses.

Bayesian technique

An approach to inference in
which probability
distributions of model
parameters represent both
what we believe about the
distributions before looking
at data and the likelihood of
the parameters given the
observed data.

might be greatly improved if multiple summaries, each
describing some different informational content of the
data, are considered simultaneously****. Although
the approximate likelihood approach represents a sub-
stantial improvement over both gene-tree and summary
statistical methods, inference might still be ambiguous
if different evolutionary processes result in identical
summaries of the data.

What have we learned from the genome?

Many of the studies from the literature consider potential
changes in N, during both epochs of human evolutionary
history (that is, both before/during and after the emer-
gence of AMH). An important question surrounding the
earlier epoch is whether the origin of the AMH pheno-
type at ~200 kya was accompanied by a radical change in
N_ (in the form of a ‘speciation’ bottleneck). For the more
recent epoch of human history, a similar question focuses
on whether a bottleneck (or bottlenecks) occurred
as AMH emigrated from Africa (an ‘out-of-Africa’
bottleneck). A third question asks when local popula-
tions (demes) began to grow. With the world’s population
at over 6.5 billion people, it is clear that humans have
undergone rapid population growth from a much
smaller ancestral N . What remains uncertain is whether
this expansion began with hunter-gatherer groups in the
Pleistocene, perhaps as a result of the invention of new
technologies or behavioural innovations, or much more
recently in the Neolithic**. However, many of the infer-
ences we discuss regarding changes in N, depend on what
is assumed about the structure of human populations
from the Pleistocene to the present.

In the following sections we concentrate on evi-
dence from haploid and non-haploid loci for changes
in N, in both epochs of human evolution, and then
review studies that suggest that the ancestral popula-
tion might have been geographically structured. We
then discuss the implications of these inferences for
the single origin model.

Changes in effective population size. The shallow
TMRCA estimated from both the mtDNA and NRY data
was initially interpreted as evidence that the AMH popu-
lation experienced a speciation bottleneck. Furthermore,
the reduced diversity observed in non-African mtDNA
and NRY suggested a later bottleneck as AMH migrated
out of Africa. In support of these models, several studies
in the early 1990s concluded that the excess of low-
frequency polymorphisms in human mtDNA over those
expected under the standard neutral model is the signal
of a rapid population expansion*®". The onset of the
mtDNA expansion(s) was estimated to have occurred
between 30 and 130 kya, indicating that there has been
one or more episodes of marked population growth
during the more recent epoch of human evolution*.
However, once polymorphism data sets from X-linked
and autosomal loci began to appear, it was immediately
clear that they did not agree with the mtDNA pattern of
rapid expansion from a small ancestral N_(REFS 26,34,49).
X-linked and autosomal sequences showed no excess
of low-frequency polymorphism; instead, there was
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a tendency for non-African populations to have posi-
tive Tajima’s D values (indicating a deficiency of rare
polymorphisms), and African populations to have only
slightly negative values®* (FIC. 1).

Some investigators still favoured the rapid growth
model gleaned from mtDNA data: widespread balanc-
ing selection on the X chromosome and autosomes was
invoked as an explanation for the observed discrepancy
between the frequency spectra of haploid and non-
haploid polymorphisms®**. On the other hand, Fay and
Wu* pointed out that, after a population bottleneck, a
period of time is expected in which there is an excess
of low-frequency polymorphisms in the haploid com-
partments and an excess of intermediate-frequency
polymorphisms for autosomal loci. This discrepancy
occurs because a given demographic event happens at
different relative depths of haploid and autosomal gene-
alogies. Interestingly, Tajima’s D values at X-linked loci
in non-African populations are intermediate to those of
haploid and autosomal loci, consistent with the predic-
tions of Fay and Wu’s model of a recent non-African
bottleneck (FIC. 1).

When and how did such a bottleneck or bottlenecks
occur? Specific parameters of a bottleneck model have
been estimated recently for a handful of non-African
populations for which large neutral polymorphism
data sets exist. Most of these studies use the approxi-
mate likelihood approach to parameter estimation.
Voight et al.** simultaneously examined both Tajima’s D
and measures of linkage disequilibrium from 50
non-coding, autosomal locus pairs from a European
(Ttalian) and an East Asian (Han Chinese) population.
These authors found that Italian polymorphism sum-
maries are compatible with a bottleneck model that
includes a short period of severely reduced N, 40 kya,
or an older, less severe bottleneck. The Han Chinese
polymorphism data were consistent with a similar, but
even more severe, bottleneck. Interestingly, analysis of
a single African population (the Hausa) failed to reject
the standard neutral model.

These inferences are concordant with the results
of other approximate likelihood analyses of both the
frequency spectrum®>** and linkage disequilibrium®
in autosomal SNPs and of the frequency spectrum for
resequencing data®*¢-**. Among these studies (some
of which were carried out on samples from the United
States™ %), there is some discrepancy among the esti-
mated time of the out-of-Africa bottleneck, with estimates
ranging from 27-53 kya (REF. 55) to 58-112 kya (REF. 54).

So, although the occurrence of an out-of-Africa bot-
tleneck enjoys support from both the haploid and non-
haploid compartments of the genome, the existence of
an earlier speciation bottleneck continues to be debated.
We might expect that the signal of the putative speciation
bottleneck would be most evident in extant African poly-
morphisms: more recent demographic upheaval in non-
African populations could obscure the signal of earlier
events. Most analyses of African polymorphism either
fail to reject the null model of constant population size**
or find support for mild growth from a constant-sized
ancestral population****. One study of resequencing data
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Markov chain Monte Carlo
technique

A simulation technique for
producing samples from an
unknown probability
distribution. By evaluating the
probability of the observed
data at each step in the
Markov chain, an estimate of
the probability distribution

of model parameters can be
obtained by observing the
behaviour of the chain as it
proceeds through many steps.

Importance sampling

An efficient simulation
method for integrating an
unknown function, in which
only those parameters that
can actually produce the
observed data are
considered.

Approximate likelihood

A measure of the fit of some
hypothetical model to a
statistic calculated from
observed data. For example,
if 50% of polymorphisms
occur in single individual
chromosomes, a population
growth model might have a
higher likelihood of producing
the observed number of
singleton mutations than a
model of population
reduction.

Deme

A geographically localized
population of a species that
can be considered a distinct,
interbreeding unit.

Neolithic

A human cultural period,
beginning approximately
10,000 years ago, marked

by the appearance in the
archaeological record of
industries such as polished
stone and metal tools,
pottery, animal domestication
and agriculture.

Panmictic

Describes a diploid
population in which each
individual of a particular sex
has an equal chance of
producing offspring with any
other member of the opposite
sex in the population.
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Figure 1| Frequency distribution of Tajima’s D. The frequency of Tajima’s D statistic observed in DNA resequencing
studies of human populations. Data from each locus were partitioned into African and non-African samples. a | mtDNA
and Y-chromosome data from 5 African populations and 5 non-African populations®?. b | Published data from 24
X-chromosomal loci®*#. ¢ | Published data from 65 autosomal loci?*-24469738492 Mean Tajima D values for Africans are
allslightly negative, ranging from —0.58 for both the haploids and the X chromosome to —0.20 for the autosomes. By
contrast, mean Tajima D values for non-Africans show a trend from extremely negative (-1.50) to slightly negative
(—0.46) to slightly positive values (0.13) for the haploid loci, X chromosome and autosomes, in corresponding order.

The non-African pattern fits the expectations of a recent bottleneck, whereas the African pattern of slightly negative
Tajima’s D values for each genomic compartment is consistent with either slow growth from a small size, or a

bottleneck that is much older than that of non-Africans.

argues that an older bottleneck (~173 kya) is responsi-
ble for the summaries of LD in African populations®;
although in this case, alternative models were not explicitly
considered.

Ultimately, the genetic consequences of a speciation
bottleneck might depend on the structure of the popula-
tion at the time of the origin of AMH. If, for example,
this ancestral African population were panmictic, we
might expect a strong signal of an expansion from a
small size in extant African populations. Conversely, if
this ancestral population were geographically structured,
the patterns of extant African polymorphism would
depend greatly on the dynamics of gene flow during the
transition to the AMH phenotype®.

Ancestral population structure. One intriguing obser-
vation concerning the two hominin skulls recovered
from the Omo valley (Omo I and Omo II) is that they
are morphologically distinct, despite being found in
the same stratigraphic layer. The Omo I skull seems
to have the fully modern features associated with
H. sapiens. The Omo II skull has many modern features;
however, it also has an angular occipital and a flat-
tened frontal bone, two morphological features that are
characteristic of Homo erectus®. The spatial and temporal

proximity of these two specimens offers a glimpse into
the variation that existed at the time of the transition to
the AMH phenotype. Did Omo I and Omo II belong
to the same population? If so, was it a randomly mat-
ing population or was it genetically structured? This
distinction could have enormous consequences for
explaining the patterns of contemporary neutral genomic
polymorphism.

The aforementioned studies of recent AMH
demographic history analyse each population sample
separately, thereby neglecting the effects of population
structure. This approach can be misleading for many
reasons; for example, gene flow and non-random mating
can lead to skews in the frequency spectrum that is used
to infer population history®. However, several studies
explicitly account for the effects of population structure.
For example, one study of genome-wide SNP-discovered
loci made use of a coalescent-based method and inferred
that ancestral population structure could have had the
effect of increasing the ancestral N (REF. 62). Likewise,
analyses of multilocus resequencing data have led some
authors to argue that the ancestral population must have
been genetically structured®®*. Because mtDNA or NRY
polymorphism contain little information on this earlier
epoch of human history, it is necessary to address the
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Figure 2 | Frequency distribution of times to the most recent common ancestor (TMRCA). Bars show the
frequencies of TMRCA estimated from published resequencing studies of the two haploid loci, 22 X-linked

loci 182563939 'and 27 autosomal loci!®6369.71-73:8588.93.95-97 The three colour-coded curves are the corresponding
expected probability distributions of TMRCA in a panmictic population that has an effective size of 10,000. The
observed distribution of estimated TMRCA is in general agreement with the expected distribution, with the
exception that there seems to be an excess of loci in the upper tail (that is, loci that have large estimated TMRCA
values). One explanation for this apparent excess of ancient TMRCA values is that the anatomically modern human
population is descended from a structured ancestral population (see main text).

question of ancestral population structure with data
from the X chromosome and the autosomes.

One prediction of the single origin model is that
all shared AMH polymorphisms trace their origins
back to a single deme in Africa (that is, other demes
of archaic Homo contributed no genetic material to the
AMH genome). One way to assess the validity of this
prediction is to examine the distribution of TMRCA
throughout the genome. If the ancestral population was
both small and isolated, we expect a unimodal distribu-
tion of TMRCA, with autosomal and X-linked loci hav-
ing a (respectively) four and threefold deeper TMRCA
than the haploid loci. FIGURE 2 juxtaposes the fre-
quency distribution of estimated TMRCA from several
resequencing studies with the theoretical distributions
that are expected under the single origin model. Several
regions of the nuclear genome have older TMRCA than
expected, both on the X chromosome'***%-¢” and on the
autosomes®®72. The observed genomic distribution of
TMRCA suggests that there might be too many loci
with deep genealogical histories to be compatible with
a simple, single origin model.

There are also instances of individual X-linked or
autosomal loci that reject some basic predictions of the
single origin model. One such locus is Xp21.1, a non-
coding region of the X chromosome®. The Xp21.1 locus
has two lineages of haplotypes that are estimated to have
diverged from one another nearly 2 million years ago
(mya). However, all the nucleotide mutations that sepa-
rate the two lineages are in perfect LD, whereas muta-
tions within one lineage of haplotypes show extensive
evidence for historical recombination. It has been shown

that this high level of nucleotide divergence and LD at the
Xp21.1 locus statistically rejects the predictions of
the single origin model®. There are a number of other
loci that show a similar pattern of polymorphism, some
of which also reject the single origin model®*”*. One
illustrative case is the CMP-N-acetlyneuraminic acid
hydroxylase pseudogene genealogy”, in which two
highly divergent haplotypes coalesce ~2.9 mya (FIC. 3).

The increasing rate of discovery of loci that are
incompatible with a single origin model, in conjunction
with the consistent inference that African populations
do not show evidence of radical changes in historical
population size, suggest that it is time to consider new
working models of human origins that can accommodate
the observed variance in the genome.

Revised models of human evolution

One viable explanation for the unexpected antiquity of
haplotypes at several loci is that the AMH population
is descended from multiple archaic subpopulations.
An expected consequence of ancient population sub-
division is to increase the historical N, and therefore
push back the TMRCA. This increased N, might not
be visible at all loci, depending on the proportion of
the genome descending from multiple subpopulations.
In this section we discuss a set of hierarchically nested
models that incorporate ancestral population structure.
We further show that this simple class of models can
account for the variance in TMRCA and frequency
spectra observed among loci in the genome. Our mod-
els assume that there were d demes of archaic Homo
before the emergence of AMH approximately 200 kya.
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Figure 3 | Time to most recent common ancestor and hominin fossil dates. A comparison of the time depths of
genealogies from different compartments of the genome. Panel a shows a timescaled mitochondrial DNA (mtDNA)
gene tree®. Panel b shows a timescaled gene tree for the cytidine monophosphate-N-acetylneuraminic acid
hydroxylase pseudogene (CMAHp) on human chromosome 6 (REF. 72). These trees can be compared with the
reconstruction of hominin evolution as inferred from the fossil record (for example, see REF. 3), shown in panel c.
Taxa in the genus Homo are shown in dark blue; Paranthropus and Australopithecus are shown in violet. Although
deep lineages of mtDNA (a) are found in some African hunter-gatherer populations, such as the Khoisan or the
Mbuti, these lineages trace back only to the time of the global most recent mtDNA ancestor (that is, <170,000 years
ago; arrow in panel a). By contrast, polymorphisms on the X chromosome and autosomes (b) contain information
about human population structure well before the emergence of anatomically modern humans (dotted line in panel b,
corresponding to top of the H. sapiens bar in panel c), with a subset of loci characterized by the segregation of two
highly divergent sequence haplotypes that coalesce before the Pliocene—Pleistocene boundary (~1.8 million years
ago, when early forms of Homo and Paranthropus were extant; arrow in b). Data in panel b are from REF. 72.

After this time, one deme expanded its size and range
and the other demes became extinct. Assuming that the
d ancestral demes are all of the same size N,, we would
expect the total size of the ancestral population to be
N,=N,d(1 + 1/4N_m), where m is the symmetrical rate
of gene flow. FIGURE 4 shows a set of four models with
an arbitrary number of demes (d = 4) that vary only
with respect to the rate and timing of gene flow among
demes. In the single origin model m = 0 (FIG. 4a), so
only a single deme contributes genetically to the AMH
population. FIGURE 4b,c depicts two models with differ-
ent rates of gene flow among archaic demes. In the high-
migration model (FIC. 4b), multiple demes contribute
equally to the AMH population. In the low-migration
model (FIC. 4¢), a single archaic deme is a major con-
tributor to AMH genetic diversity, whereas two others
make only minor contributions. As the rate of ancestral
gene flow increases among archaic demes, the high-
migration model becomes equivalent to the hourglass
model of Harpending et al.?, which posits that the size
of the archaic population that was ancestral to AMH
had been large throughout much of its history. On the
other hand, the low-migration model is novel in that it
recognizes Africa as the probable source of AMH diver-
sity but allows for low levels of gene flow among archaic
populations™”. Finally, the ‘isolation-and-admixture’
model (FIC. 4d) assumes that archaic demes that were

isolated before the emergence of AMH exchanged genes
with the AMH population as it expanded. This model
is similar to a range of other models that allow for the
hybridization between AMH and archaic populations
in Eurasia®*”¢7’,

The four human origins models depicted in FIC. 4
make different predictions about the expected distribu-
tion of TMRCA and frequency spectra from the genomes
of extant African populations (BOX 3). The single origin
model is consistent with observed African frequency
spectra; however, as already discussed, loci with deep
TMRCA seem to be too frequently sampled from the
genome to be compatible with this model (FIC. 2). On
the other hand, the high-migration model predicts a
similar probability of observing loci with recent and
ancient TMRCA, as well as many loci with a deficiency
of rare polymorphisms. This is inconsistent with current
observations****3*%, and so this model might not be
appropriate for describing the early epoch of human his-
tory. The low-migration model predicts a slight excess
of low-frequency polymorphism and a long upper tail
on the genomic distribution of TMRCA. Additionally,
under this model, many loci will have a high probabil-
ity of single-deme ancestry, especially haploid loci that
have alow N..

Therefore, the ancestral population structure
model with low migration seems to be more strongly
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Figure 4 | Models of human origins. a | Single origin model. b | High-migration model. ¢ | Low-migration model.
d | Isolation and admixture model. Numbers to the left of the diagrams indicate demes (1-4): those that are circled
contribute genetic material to the anatomically modern human (AMH) genome (numbers in bold type make a
major contribution whereas numbers not in bold type indicate a minor contribution). Grey horizontal bars
represent archaic demes; thick and thin vertical double arrows refer to high and low rates, respectively, of
(symmetrical) gene flow among demes; violet cross-hatched circles represent transition to AMH; short vertical
black bars depict extinction events; the violet horizontal bar represents the incipient AMH deme; increases in
population size and divergence between African and non-African demes are indicated by angled violet lines and a
bifurcation, respectively; bottlenecks in the non-African lineage are indicated by a thin violet line. Models that
include ancestry from multiple archaic demes (b—d) might be favoured over the single origin model (a) because
they predict a much higher variance in evolutionary patterns at different loci throughout the genome.

supported by the current data than either the single origin
or high-migration models. To account for the discovery
of a subset of loci with highly divergent haplotypes and
long-range LD, the possibility of more recent admixture
between AMH and previously isolated archaic demes also
remains viable. Indeed, a recent analysis of multilocus
sequence data found evidence for ancient admixture
in both a European and West African population, with
contributions to the modern gene pool of ~5% (REF. 80).
If the AMH genome contains any degree of dual
ancestry (that is, archaic and modern) the single origin
model must be rejected. Although most of the AMH
genome might descend from a single African population,
if further studies confirm a non-negligible contribution
of archaic genetic material to the AMH genome, it would
imply that the evolutionary lineage leading to AMH did
not evolve reproductive isolation from other archaic
hominin subpopulations and, therefore, cannot be con-
sidered a distinct biological species. Full resolution of
this question awaits systematic resequencing surveys
of many independent regions of the genome that are far
from functional regions (that is, to avoid the possible
confounding effects of natural selection). Future analyses
of such data could help to resolve whether admixture, if

it occurred, was before (low-migration model) or after
(isolation and admixture model) the emergence of the
AMH phenotype. For this purpose, additional summa-
ries of the DNA resequencing data should be evaluated
for their power to distinguish among the predictions of
these models.

It should be noted that alternative models of sus-
tained population subdivision (such as metapopulation
models) also remain feasible?’; however, further theo-
retical predictions that are based on these models must
be obtained before the specific nature of the putative
historical subdivision can be fully addressed.

Conclusions

The genomic era has ushered in vast amounts of new
polymorphism data that are helping to unravel the
demographic history of human populations. Although
many questions remain unanswered, clear patterns are
beginning to emerge for both early and recent epochs of
human evolution. Although the genomic signatures
of recent human population expansion are readily
observable at the haploid loci for many populations,
patterns of non-African autosomal polymorphism
indicate a period of severe reductions in N, before the
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Box 3 | Genetic predictions of human origins models

Do the four models presented in FIC. 4 make different
predictions about patterns of polymorphism throughout
the genome? Because there is strong support for amore
recent non-African bottleneck, these predictions apply
only to extant African populations. The expected
genomic distribution of the time to the most recent
common ancestor (TMRCA; panel a) and the frequency
spectrum of SNPs from a sample of 20 chromosomes
(panel b) was obtained by coalescent simulation under
the four models. In these simulations, the present-day
effective population size (N)) of the hypothetical African
anatomically modern human (AMH) population is 20,000
and the size each of the four ancestral demes is 2,000.
Under the single origin model (see also FIC. 4a), there is a
unimodal distribution of TMRCA, with a mean of
approximately 800,000 years ago. The frequency
spectrum expected in this model shows a slight excess
of low-frequency polymorphisms because of the
assumption that the AMH population has experienced
recent growth. By contrast, the high-migration model
(see also FIG. 4b) assumes that 4N m = 10 (m s the rate of
migration per generation), so that there is a low
probability that the sampled chromosomes will have a
line of descent that is restricted to a single ancestral
deme. The high rate of ancestral gene flow results in a
relatively flat distribution of TMRCA, suggesting that
loci randomly sampled from the genome will have a wide

Number of loci

0.0

TMRCA (mya)

Number of SNPs

range of equally probable TMRCA. The high-migration model also predicts a deficit of low-frequency polymorphisms,
compared with the standard neutral model. The low-migration model (see also FIC. 4c) assumes that 4N, m = 0.5 and
therefore some loci will have a line of descent that traces back to a single ancestral deme, whereas others will have
experienced migration to another ancestral deme. This partitioning of loci in the genome results in a unimodal
distribution of TMRCA, as in the single origin model, but also includes a long upper tail. This long upper tail means
that loci with ancient TMRCA can be sampled from the genome, but with less frequency than under the high-
migration model. The expected frequency spectrum under the low-migration modelis also intermediate to the
previous two models, showing only a slight excess of low-frequency polymorphisms. In the isolation-and-admixture
(IAA) model (see also FIC. 4d), the admixture proportion is set to 5% and the two admixing populations are assumed to
have split from one another 2 million years ago, roughly the time when Homo erectus emigrated from Africa. This
model predicts a bimodal distribution of TMRCA, where loci with more ancient TMRCA are the byproducts of the
admixture event. Adjusting the admixture proportion will adjust the relative heights of each mode. The IAA model
predicts a frequency spectrum with an excess of both low-frequency and high-frequency polymorphisms, reflecting
the fact that only a few sequences from the AMH sample trace the archaic ancestry and that these sequences will
differ by many mutations from the remainder of the AMH sequences. In addition to TMRCA and the frequency
spectrum, a more comprehensive consideration of the predictions of models of human population structure might

also examine other summaries of data, such as levels of linkage disequilibrium.

recent period of growth. Whether the reduction in N,
outside Africa was a bottleneck resulting from a single
migrant pool leaving Africa, a series of bottlenecks, or
fluctuating N, resulting from frequent extinction and
recolonization of demes®, remain outstanding ques-
tions. The single origin model of human evolution was
originally formulated mainly on the basis of patterns
of haploid polymorphism; however, mtDNA and the
NRY are but two of potentially millions of independent
realizations of evolutionary history that constitute our
genome. Although many of the published X-linked and
autosomal resequencing data are concordant with the
single origin model, there are a growing number that
are not. Indeed, the genome seems to be made up ofloci
with widely varied evolutionary histories®.

This mosaic nature of our genome might be most
easily explained by models that incorporate gene flow

among a group of ancestral demes. The dynamics of
gene flow in a structured ancestral population could
have mitigated the effects of a ‘speciation’ bottleneck
during the transition to the AMH phenotype. Finally,
the persistence of highly divergent haplotypes with
elevated LD, both inside and outside Africa, suggests
that replacement of archaic Homo by the AMH popu-
lation might have been accompanied by some degree
of genetic assimilation. Future work directed towards
obtaining reliable estimates of the genomic frequency
spectrum for African populations, more resequencing
studies that target non-coding regions of the genome
to arrive at accurate TMRCA distributions, further
theoretical work on the predictions of the various
models, and improved methods of data analysis will
undoubtedly bring us closer to understanding the neutral
history of our genome.
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