HapMap

An international project with
the goal of identifying genetic
similarities and differences
among human populations.
The project has made large
amounts of data publicly
available.

Admixture

Gene flow between two
(or more) groups that have
been separated for a long
enough period of time to
be genetically distinct.
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((@ APPLICATIONS OF NEXT-GENERATION SEQUENCING

genomes

Learning about human population
history from ancient and modern

Mark Stoneking™ and Johannes Krause?

The year 2010 saw the publication of the first three
ancient hominid nuclear genome sequences'~, the first
results from the 1000 Genomes Project?, and several
other human genome and exome sequences>. Moreover,
genome-wide SNP data are becoming increasingly avail-
able from not just the HapMap ‘big three’ populations
(Europeans, Han Chinese and Yoruba) but also many
other populations of anthropological interest’*. With
the already existing data, and the promise of much more
with the increasing ease and plummeting costs of gen-
erating such data, these are exciting times for studies of
human population history.

The goal of such studies is finding out what happened
in our past, in terms of population origins, migrations,
relationships, admixture and changes in population size
— that is, the demographic history of populations. Prior
to the availability of genome-wide data, human popu-
lation history studies relied largely on single genetic
loci, such as mitochondrial DNA (mtDNA) or the non-
recombining regions of the Y chromosome (NRY)'".
Although mtDNA and NRY studies have provided a
wealth of information, they have limited power to actu-
ally infer the basic parameters of demographic history
(FIG. 1a) because a single locus provides only a single
window into the past. By contrast, genome-wide data
provide many independent windows and hence a much
more accurate overall view of the past, enabling more
detailed demographic inferences (FIC. 1b). Genome-wide

Abstract | Genome-wide data, both from SNP arrays and from complete genome
sequencing, are becoming increasingly abundant and are now even available from extinct
hominins. These data are providing new insights into population history; in particular,
when combined with model-based analytical approaches, genome-wide data allow direct
testing of hypotheses about population history. For example, genome-wide data from both
contemporary populations and extinct hominins strongly support a single dispersal of
modern humans from Africa, followed by two archaic admixture events: one with
Neanderthals somewhere outside Africa and a second with Denisovans that (so far) has
only been detected in New Guinea. These new developments promise to reveal new stories
about human population history, without having to resort to storytelling.

SNP data have been available for a few years now and
are being increasingly used for demographic studies.
However, there are issues related to how SNPs are cho-
sen for inclusion on SNP arrays (see below); these are
circumvented by genomic sequence data.

The study of fossil DNA, or ancient DNA, has been
revolutionized by technological developments in high-
throughput sequencing, making it feasible to move
from focusing on single genetic loci, such as mtDNA,
to (almost) complete genome sequences of extinct spe-
cies and populations'®. These new technologies have
been used to generate genome sequences from two
of our closest extinct relatives: the Neanderthals® at a
coverage of 1.3-fold; and a recently discovered extinct
hominin group from Siberia, Denisovans, at a coverage of
1.9-fold’. In addition, 20-fold coverage of the genome
was achieved from a 4,000-year-old hair sample from a
native Greenlander (Sagqgaq)?.

Both the ancient genome sequences and the modern
genome-wide data have recently provided answers to
long-standing questions about the number of dispersals
of modern humans from Africa, as well as several other
important insights. Here, we review important features
of the recent methodological advances, discuss examples
that illustrate how genome-wide data have contributed
to our understanding of human population history, and
consider what more we might expect to uncover in the
next few years through using these methods.
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Figure 1| Model-based analyses of demographic history. Demographic analyses
based on single or only a few loci can, at best, hope to analyse only very simple models,
such as the model shown in a of two populations diverging with no subsequent
migration or population size changes. With genome-wide data and more sophisticated
analyses, much more complex (and hence realistic) models can be analysed (b) and
many more parameters of interest can be estimated, including divergence time (),
migration (m), strength of bottlenecks (b), time of bottlenecks (t,), population
expansions (g) and even admixture from extinct hominins. This figure is illustrative of
the complexity of demographic models but does not represent a specific model.
Figure is modified, with permission, from REF. 101 © (2009) Oxford University Press.

Demographic history

The history of events that
influence the genetic structure
of a population, including
population size changes,
divergence from other
populations and migration
(gene flow).

SNP arrays

Microarrays that are used to
simultaneously genotype
several thousand to several
hundred thousand SNPs

for a single sample.

Hominin

Modern humans, their fossil
ancestors, and extinct relatives
thereof, up to (but not
including) chimpanzees.

Denisovans

Archaic hominins represented
by fossil remains from
Denisova Cave in southern
Siberia; genome sequence
data indicate that Denisovans
are a sister group to
Neanderthals.

Saqgaq

The Saqgagq culture is the
archaeological designation of
the earliest culture of West
and South East Greenland.

A 4,000-year-old native
Creenlander from the Saqgaq
culture, whose hair sample was
preserved in permafrost, was
used to obtain the first genome
sequence from an ancient
modern human.

Methods for obtaining genome-scale data

Given the rate at which DNA sequencing costs are
dropping'’, in the near future we will have genome
sequences from a large number of individuals and pop-
ulations. However, to date most of the genome-wide
population genetic data available for modern humans
have come from portions of the genome that have been
sequenced by targeted approaches. Below we discuss
various methods to obtain ancient as well as modern
genome-wide data.

High-throughput sequencing of ancient genomes.
Even though the DNA of a deceased organism usually
degrades rapidly, some part of it can survive for more
than 100,000 years under favourable conditions, such as
cold and stable temperatures and a dry environment's.
Methods such as PCR and bacterial cloning have been
used since the early 1980s to amplify and sequence such
surviving DNA2. Such analyses offer great potential
to gain insights into the genetic composition of extinct
organisms and populations, and can be used to infer
phylogenetic relationships, divergence times, popula-
tion structure, population hybridization and phylo-
geographic patterns, as well as functional changes and
adaptations influenced by the varying environments of
extinct and extant organisms. However, ancient DNA
is a challenging source of genetic material owing to
several factors.

First, it presents a complex mixture of DNA origi-
nating from multiple sources, such as endogenous DNA
from the target organism itself, microbial and environ-
mental DNA introduced to the fossil during deposition,
and DNA contamination introduced after sample col-
lection. Second, ancient DNA is characterized by a short
average fragment length, usually below 70bp*' %, as well
as extremely low quantities of DNA'. Third, chemical

modifications cause miscoding lesions to the ancient
DNA molecules that result in nucleotide misincorporations
during amplification and DNA sequencing. Even in the
first years of ancient DNA research, criteria were estab-
lished to ensure the authenticity of results: for exam-
ple, independent replications®**, laboratory practices
to avoid contamination of experiments and samples
(such as sterile clean rooms, and the use of bleach and
ultraviolet light to degrade potential contaminants)
and a strict physical separation of modern and ancient
DNA work'®. However, owing to the limited amount
of fossil material, traditional PCR approaches — even
when performed in multiplex — allow only a maximum
of several thousand base pairs of DNA sequence to be
obtained from extinct organisms®. High-throughput
DNA sequencing offers a number of considerable
advantages, as well as some important limitations, for
sequencing ancient DNA.

The first advantage of a high-throughput approach
is that no targeted amplification steps (such as direct
PCR) are necessary, as extracted DNA is turned directly
into a DNA sequencing library by adding artificial adap-
tor sequences to both ends of each DNA fragment, thus
allowing rapid sequencing-template production (FIC. 2,
centre). Sample-specific adaptors can be used to detect
potential contamination from other libraries?. The arti-
ficial adaptors allow all DNA fragments in the library
to be amplified in a PCR reaction using adaptor prim-
ing sites. Also, aliquots of the amplified library can be
reamplified, which provides a renewable source of tem-
plate for DNA sequencing (FIC. 2). Efficient protocols for
preparing sequencing libraries from ancient DNA*%*
and whole-library amplification therefore allow almost
complete ancient genomes to be obtained from less
than 50 mg of fossil material®. In comparison, almost
1 g of bone was needed to sequence the first few hun-
dred base pairs of Neanderthal mtDNA using previous
methods®.

Second, the vast majority of ancient DNA fragments
are too short to be efficiently retrieved by a PCR ampli-
fication approach but are readily amenable to high-
throughput sequencing. In fact, whereas modern DNA
has to be artificially fragmented to produce DNA frag-
ments that are optimal for high-throughput sequencing,
the ancient DNA is naturally degraded, so this step can
be omitted. Moreover, the short fragment length means
that each ancient DNA fragment can be sequenced com-
pletely from both ends, which reduces sequencing errors'.
As any contaminating modern DNA is less likely to
consist of short fragments, it is less likely to contribute
to high-throughput sequencing results than PCR-based
results from the same sample®.

The direct library sequencing approach also provides
further information about potential contamination, as
whenever independent fragments (that is, fragments
with different start and/or end bases) that overlap a
particular DNA position are sequenced, they provide
independent internal replication (FIC. 3a). The sequences
that can be used in this approach are those that are pri-
vate to the studied individual or population and in low
frequency or absent in potential contaminants?>*2. For
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with
permission, from REF. 102 © (2010) Gesellschaft fiir Urgeschichte und Férderverein des Urgeschichtlichen Museums
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.
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Endogenous DNA

In the ancient DNA field,
endogenous DNA usually
refers to the original DNA from
the actual organism that was
sampled. In some publications,
endogenous DNA includes the
microbial DNA that is common
to most ancient samples
versus exogenous DNA that

is brought onto or into the
sample after excavation.

Nucleotide
misincorporations
Erroneous incorporations

of nucleotides during

the synthesis of the
complementary DNA strand
by a polymerase (for example,
during PCR) that are caused
by chemical modifications of
the template nucleotides.

For example, deamination of
cytosine leads to uracil, which
is read by the DNA polymerase
as thymine and as a
consequence instead of a
guanine an adenine is
incorporated into the
complementary strand.

Sequencing library

This consists of DNA samples
that have been prepared

for high-throughput DNA
sequencing by adding
artificial oligonucleotides to
both ends of the template
molecules. The adaptors can
be used to bind the DNA to a
surface and clonally amplify
each molecule before or
during high-throughput

DNA sequencing.
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Figure 3 | Distinguishing ancient from modern DNA. a | Estimating contamination with modern DNA. Shown is a
section of an alignment of the complete mitochondrial DNA (mtDNA) genome (total 16,570 positions) of an early
modern human from the Kostenki site, Russia®. The positions are based on the revised Cambridge reference sequence
(rCRS)%. The first line of the alignment shows the consensus sequence obtained from 311 worldwide modern

human mtDNAs. The second line shows the consensus sequence for 10,664 mtDNA fragments retrieved from the
30,000-year-old Kostenki early modern human bone. To get an estimate of contamination with modern human DNA,
positions were identified where more than 99% of 311 modern human mtDNAs are different from the Kostenki
consensus sequence. All fragments that overlap such a position (boxed) and are different from the Kostenki consensus
base are likely to be modern human contamination. Only one fragment (indicated by an arrow) is inconsistent,
suggesting a very low level of contemporary modern human contamination (1 out of 16 fragments that overlap this
position and 1 out of 77 for the complete Kostenki mtDNA data set). b | The spatial distribution of DNA degradation
patterns that are typical for ancient DNA?, shown here for the mtDNA fragments from the Kostenki early modern
human?™. The upper panel shows DNA mismatches to a reference sequence for all ancient mtDNA fragments: more than
40% of Cs are seen as Ts at the 5" end of the mtDNA fragments (left) and more than 40% of Gs are seen as As at the 3" end
(right). The lower panel shows the base frequency of the reference sequence: left, purines (A and G) are in high
frequency one base pair upstream of the 5” end of the start of the mtDNA sequence; right, pyrimidines (C and T) are in
high frequency one base pair downstream of the 3" end of the mtDNA sequence. The presence of such patterns can be
used to test the authenticity of ancient modern human DNA®!. Figure is modified, with permission, from REF. 102 ©
(2010) Gesellschaft fir Urgeschichte und Férderverein des Urgeschichtlichen Museums Blaubeuren e.V.
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Post-mortem chemical
damage

Chemical modifications to
DNA that happen after the
death of the organism:

for example, hydrolytic
deamination of cytosine.

Cytosine deamination

In the context of ancient DNA,
a post-mortem hydrolytic
chemical reaction that changes
cytosine to uracil, releasing
ammonia in the process.

example, the mtDNA of the Neanderthal differs by at
least 133 positions from all modern human mtDNAs;
when the Neanderthal genome was sequenced!, about
27,000 independent mtDNA fragments were determined
that overlap at least one of those positions. Less than
0.2% were found to resemble modern human mtDNA,
providing a precise estimate of human mtDNA con-
tamination. Similarly, Y chromosomal DNA fragments
found in sequences from female samples can be used
to quantify the amount of modern male contamina-
tion?!. Although not all regions of the genome can be
assayed for contamination, it is possible to extrapolate
to the entire genome because contamination would be a
mixture of DNA from all genetic loci.

However, it is important to have a large number of
informative fragments; the first study of Neanderthal
genomic sequence data underestimated the amount of
human contamination because this study used only a
small number of informative fragments (approximately
ten)??>%, An estimate of the amount of contamination
using direct sequencing therefore crucially depends on
a sufficient number of individual fragments overlap-
ping informative differences. All three ancient human
genomes sequenced to date have contamination esti-
mates of less than 1% derived from large numbers of
informative fragments at several genetic loci; there-
fore it is unlikely that downstream analysis of the data
is affected by contamination. In summary, as long
as humans handle old remains and do the laboratory
work, there will always be a risk of contamination, but
the next-generation sequencing methods do provide
a greatly improved means of assessing the degree of
human contamination.

A limitation of direct sequencing of DNA from
ancient remains is that there is enormous variation in
the percentage of endogenous DNA that actually stems
from the target organism rather than from microbes
or some other source. Even within a single excavation
site the percentage of endogenous DNA can span more
than two orders of magnitude, from close to 100% to
less than 0.1%>'. Therefore the amount of sequence
information that can be retrieved in a sequencing run
varies greatly between samples; for example, the draft
woolly mammoth genome was achieved with 30 mil-
lion reads from remains with >90% endogenous mam-
moth DNA', whereas it took 1.5 billion reads to obtain
the draft Neanderthal genome from samples with <5%
endogenous DNA'. The high-quality results from per-
mafrost remains, such as from woolly mammoths'® or
the hair of the Saqqaq native Greenlander?, suggest that
cold preservation enhances the retrieval of authentic
ancient genomic DNA (whether there is any specific
advantage in extracting DNA from hair rather than
other tissues from permafrost remains needs further
investigation).

Furthermore, ancient DNA tends to be affected by
post-mortem chemical damage that changes the structure
of the DNA molecule and induces nucleotide misin-
corporations during library preparation and sequenc-
ing. The most substantial such damage appears to be
cytosine deamination, in which cytosine is converted into

REVIEWS

uracil and subsequently ‘interpreted’ as thymine when
sequenced’. Next-generation sequencing of ancient
DNA revealed a specific deamination pattern in which
5” ends show high rates of C to T changes and 3’ ends
show high rates of G to A changes (FIC. 3b). The G to A
changes can be attributed to the blunt-ending reaction
during the library preparation®. In this step, uracils on
overhanging 3” ends will be degraded, whereas uracils
on overhanging 5" ends will serve as a template during
the 3" fill-in step and cause G to A nucleotide misin-
corporations. The 3’ end therefore presents the reverse
complementary pattern to the 5" end but is caused by
the same process of cytosine deamination. The high
amount of deamination at the ends of the ancient DNA
molecules — where up to 40% of cytosines exhibit the
signature of deamination — is in contrast to the finding
that only 2% of internal cytosines show such misincor-
porations (FIC. 3b); this is presumably because the ends
are likely to be single-stranded**>.

Unless incorporated into the analysis models, such
nucleotide misincorporations result in massive amounts
of false changes in the DNA sequence of the ancient
organism in evolutionary comparisons'. One approach
to avoid misleading results because of cytosine deamina-
tion is to use polymerases that cannot replicate uracil,
thereby massively reducing nucleotide misincorpora-
tions. However, this approach will also exclude the
majority of ancient DNA fragments that contain ura-
cil, which is particularly problematic for samples with
very low amounts of endogenous DNA. An alternative
approach that avoids loss of precious ancient DNA tem-
plates is to repair ancient DNA lesions using uracil DNA
glycosylase. This enzyme removes uracil, leaving an aba-
sic site that is subsequently repaired with endonuclease
VIII, resulting in a truncated fragment that can be used
for library preparation’.

For some studies, however, DNA misincorpora-
tion patterns can be useful for differentiating ancient
DNA from modern DNA contamination. For example,
modern human DNA contamination in Neanderthal
remains, sequenced with high-throughput technologies,
showed a more than eightfold reduction in cytosine
deamination at the ends of DNA fragments compared
to the endogenous Neanderthal DNA?!. This feature
provides a potential means to test the authenticity of
DNA sequences derived from the ancient remains of
modern humans, which is otherwise extremely prob-
lematic as it is nearly impossible to distinguish contami-
nating human DNA sequences from authentic human
DNA sequences from such remains. DNA sequences
that stem from a single source (that is, sequences that
are specific to this individual or rare in the population)
and exhibit typical misincorporation patterns are likely
to derive from endogenous ancient human DNA rather
than contaminating modern human DNA. However,
further studies are needed to investigate the rate at
which these nucleotide misincorporation patterns
build up over time in order to exclude the misidenti-
fication of old contamination — for example, in sam-
ples collected in the nineteenth century — as authentic
endogenous DNA?Y.
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Ascertainment bias
Sampling bias that arises
from how SNPs are chosen
for inclusion on SNP arrays;
SNPs that are known to be
polymorphic in a particular
population will overestimate
genetic variation in that
population relative to

other populations.

Hybridization capture

A method that allows selective
capture of genomic regions

of interest from a complex
DNA sample before DNA
sequencing. It is based on
hybridization between DNA
fragments in the sample and
chosen ‘bait’ sequences.

Pleistocene

Geological epoch that spans
the time period from about
2.5 million years ago to
12,000 years ago.

Unsupervised analyses
Analyses that are done at

the individual instead of the
population level and do not
require that population labels
are applied to individuals.

Ancestry components

A pre-defined number of
subgroups with distinctive
allele frequencies, inferred
from genome-wide data, which
are then used to assign the
ancestry of each individual
without specifying the
population to which

the individual belongs.

Model-based analyses
Analyses that specify
demographic models,
investigate which demographic
model best fits the genetic
data and infer parameters of
interest (such as population
size changes, divergence times
and migration events) for the
best-fitting model.

Summary statistics
Statistics that summarize
various aspects of genetic
data, such as heterozygosity
(for within population variation)
or g, values (for between
population variation).
Summary statistics are
conventionally used to
investigate the fit of
demographic models to

the actual genetic data.

Assembly of ancient genomes. For the two extinct
hominin genomes sequenced so far, less than twofold
coverage was obtained, preventing de novo genome
assembly. Therefore, both the Neanderthal and
Denisovan genomes were analysed by mapping them to
human and chimpanzee genomes and to the in silico-
reconstructed genome of the last common ancestor of
chimpanzees and humans™®.

However, there are important limitations to current
approaches to ancient genome assembly owing to the
short length of ancient DNA fragments and the repetitive
nature of large parts of mammalian genomes (which cre-
ates ambiguities in sequence read mapping). For exam-
ple, short fragments can cause mapping bias, as highly
divergent short fragments cannot be accurately mapped
to a reference genome. Fragments may also map to dif-
ferent locations in different reference genomes depend-
ing on the completeness and accuracy of the reference
genomes. For example, to calculate divergence times
between an ancient hominin genome sequence, modern
humans and chimpanzees, it is important to first verify
that the ancient DNA sequences map to orthologous
positions in both the human and chimpanzee genomes'.
These issues mean that even at 20-fold coverage (which
was the coverage obtained for the Saqqaq genome) not
more than 85% of the genome could be reconstructed?
full genome sequences from fossil samples can probably
never be achieved with current methods.

Targeted approaches using SNP arrays. As noted above,
despite the decreasing cost of sequencing, by far the most
common approach for population genetic studies is to
use SNP genotyping arrays. These arrays currently allow
more than 2 million SNPs to be assayed simultaneously
at a cost that makes it feasible to apply this technology
to population samples. The main disadvantage of SNP
arrays is that only previously described genetic varia-
tion is targeted. This has two important consequences:
novel variation in a new population of interest will not
be detected; and diversity in populations that are closely
related to those used to identify the SNPs included on
the genotyping array will be overestimated relative to
more distantly related populations®. This ascertainment
bias can be easily seen in estimates of heterozygosity
derived from SNP arrays, in which heterozygosity in
European populations is overestimated relative to non-
European populations®'. If not properly accounted for,
ascertainment bias in the SNPs can severely influence
the estimation of demographic parameters of interest
from the genetic data®*!. However, as discussed in more
detail below, there are ways to circumvent the ascertain-
ment bias issue, and SNP arrays are currently the most
important source of genome-wide data from contem-
porary populations for studies of human population
history7—13,42,43.

Targeted DNA hybridization capture. Another exam-
ple of a targeted approach is hybridization capture, which
uses synthesized or PCR-amplified biotinylated DNA as
a capture device (‘bait’) that is either bound to a sur-
face or in solution (FIG. 2, right panels). Complementary

sequences in the sample DNA bind to the bait, the
unbound DNA is washed away, and the enriched target
DNA is then eluted and sequenced. This approach has
been used successfully to capture and sequence complete
exomes or complete mtDNA genomes from a large num-
ber of individuals in a parallel manner®*!. Moreover,
hybridization capture can also be applied to fossil DNA
to overcome the limitation of small percentages of
endogenous DNA. For example, using microarray cap-
ture and synthetic probes, the protein-coding regions
that exhibit amino acid differences between humans and
chimpanzees were targeted in the Neanderthal genome®,
and complete mtDNA genomes were sequenced from a
number of extinct Pleistocene hominins®>***. In prin-
ciple, it should be possible to enrich for a complete
genome sequence from an ancient hominin fossil, even
if the DNA extracted is <1% hominin. Here, the close
evolutionary relationship of humans to our nearest living
relative, chimpanzees (and, by extension, to all extinct
hominins), is advantageous in that using the human and/
or chimpanzee genome sequences to design the bait for
such enrichment approaches is expected to work for any
extinct hominin.

Making inferences about population history
Unsupervised approaches. In addition to the technical
advances in producing genome-wide data, increases
in computational power have enabled more sophis-
ticated use of such data. There have been two impor-
tant advances for human population studies. The first
involves ‘unsupervised analyses, in which the individual,
and not the population, is the unit of analysis. Most pop-
ulation genetic analyses are based on populations, which
means that the investigator must first classify individu-
als into populations. Classifying individuals wrongly can
thus lead to inaccurate results. Unsupervised analyses
avoid the use of pre-defined group labels in the analysis;
examples include principle components analysis (PCA)*
or ancestry components (for example, STRUCTURE or
frappe)***. Such analyses enable detailed description of
the genetic structure and admixture history of human
populations (BOX 1), but they also lend themselves to ‘sto-
rytelling’, as it is tempting to relate particular ancestry
components or PCA results to particular migrations. It
is important to remember that PCA or STRUCTURE
approaches do not reveal the actual history that pro-
duced the observed patterns, and in fact many potential
histories would be compatible with the results of such
descriptive analyses.

Model-based approaches. To discern underlying popu-
lation history (FIG. 1), a more promising approach is the
use of model-based analyses to directly compare how well
different models of population history fit genome-wide
data, and to estimate demographic parameters of inter-
est (effective population size, population divergence
time, migration rate, and so on) for the best-fitting
model®-*2. The basic idea is to compute various summary
statistics from the observed genome-wide data that cap-
ture important aspects of the data (such as the site fre-
quency spectrum and genetic distance values between
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Box 1| Unsupervised analyses

Unsupervised analyses are done at the individual and not the population
level, and hence avoid any preconceived grouping of individuals into
populations that may bias the results. After the analyses are done, group
labels can be added to assess how the genetic structure at the individual
level corresponds to the groupings.

An example of two such analyses is shown in part a of the figure for data
on approximately 1 million SNPs genotyped in five individuals from each
of the Human Polymorphism Study Centre (CEPH) Human Genetic
Diversity Panel populations®. The principle components analysis (PCA)
identifies independent dimensions that represent most of the information
in the data*’, with principal component 1 (PC1) explaining the most
variation in the data and subsequent PCs explaining less of the variation.
The plot of PC1 versus PC2, in which each label represents an individual,
shows one axis extending from Africa to North Africa, Europe and the
Middle East and a second axis extending from these latter populations to
East Asia, Oceania and the New World. Although this commonly observed
pattern is often interpreted as supporting an African origin, note that there
is no inherent information about population origins in the plot — one could
just as easily suppose that humans originated in East Asia and spread from
there, or in Europe or the Middle East and spread bidirectionally.

The second analysis (see part b of the figure) is of ancestry components.
The analysis assumes that the multilocus genotype of each individual can
be explained by one or more ancestry components, where each ancestry
component has a characteristic set of allele frequencies at each locus.
Carrying out such an analysis involves specifying the number of ancestry
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components, inferring the allele frequencies for each ancestry component
and then assigning the genotypes of individuals probabilistically to one
or more components*“%. The analysis is again done on individuals, without
specifying any group labels; group labels can then be added afterward.
Part b of the figure shows the apportionment of six ancestry components
for the same data’® as in the PC plot, with each column indicating a single
individual’s ancestry and the differing colours representing different
ancestry components. Note that the presence of multiple ancestry
components in a population is often taken as an indication of admixture
in the history of that population, but there is nothing in the analysis
itself that leads to that conclusion. For example, the North African
Mozabites (inset) exhibit both red (‘African’) and green (‘European’)
ancestry components, which could mean any of the following:
Mozabites are of European origin and have experienced African
admixture; Mozabites are of African origin and have experienced
European admixture; or the ancestral population of Mozabites had both
ancestry components and there was never any admixture in their history.
There is nothing in the analysis itself that allows one to favour one
explanation over another, although that unfortunately has not stopped
investigators from fitting the results of such analyses into their favourite
stories. The real utility of these unsupervised analyses is in providing
descriptive insights into the genetic structure and relationships of
populations, for which competing explanations can then be subject to
direct testing by model-based approaches (see BOX 2 for an example).
Part b of the figure is modified from REF. 10.

ADY, Adygei; BAL, Balochi; BAN, Bantu; BAS, Basque;
BED, Bedouin; BER, Bergamo; BIA, Biaka Pygmy;
BRA, Brahui; BUR, Burusho; CAM, Cambodian;
COL, Piapoco and Curripaco; DAI, Dai; DAU, Daur;
DRU, Druze; FRE, French; HAN, Han; HAZ, Hazara;
HEZ, Hezhen; JAP, Japanese; KAL, Kalash;

KAR, Karitiana; LAH, Lahu; MAK, Makrani;

MAN, Mandenka; MAY, Maya; MBU, Mbuti Pygmy;
MIA, Miaozu; MON, Mongola; MOZ, Mozabite;
NAS, Nasioi; NAX, Naxi; ORC, Orcadian;

ORO, Oroqen; PAL, Palestinian; PAP, Papuan;

PAT, Pathan; PIM, Pima; RUS, Russian; SAN, San;
SAR, Sardinian; SHE, She; SIN, Sindhi; SUR, Surui;
TU, Tu; TUJ, Tujia; TUS, Tuscan; UYG, Uygur; XIB, Xibo;
YAK, Yakut; YIZ, Yizu; YOR, Yoruba.
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Box 2 | Testing the ‘early southern route’ hypothesis

Based largely on archaeological and fossil evidence, it was proposed that there were
multiple dispersals of modern humans from Africa’'. In particular, the earliest migration
of modern humans was hypothesized to have occurred by a southern route along the
coast of India that reached Sahul (the combined Australia-New Guinea landmass) around
40,000-50,000 years ago. Rising sea levels and subsequent migrations would then have
erased most of the evidence for this early southern route dispersal, except for the
preservation of a genetic record in certain populations, including Andamanese Islanders,
so-called ‘Negrito’ groups of South East Asia, and Aboriginal Australians and New
Guineans®’. Indeed, mitochondrial DNA and Y-chromosome evidence has been
interpreted as supporting the early southern route dispersal®?%, although other
interpretations are possible®. Moreover, genome-wide SNP data have been argued to
support a single dispersal of modern humans out of Africa®’, as well as a single wave of
migration to East Asia, rather than multiple dispersals'®. However, this latter study was
based on a limited number of SNPs (~50,000) and did not include Australians or New
Guineans; also, although some Negrito groups from Malaysia and the Philippines were
analysed, these groups have probably admixed heavily with neighbouring non-Negrito
groups'®, thereby obscuring their origins.

A recent study®? of approximately 1 million SNPs in populations from Borneo, New
Guinea, Fiji and Polynesia used a novel approach to account for the ascertainment bias
associated with the SNPs included on the genotyping platform and then tested several
models of human dispersal to determine which model best fits the observed data. The
authors compared the summary statistics based on SNPs included on the genotyping
platform with the same statistics for full sequence data from ENCODE regions for Yoruba,
Chinese and European-Americans from the International HapMap Project. They then
used the difference between these statistics to estimate the most likely composition of
the discovery sample for ascertaining the SNPs on the genotyping platform. This was
then used as a prior in an approximate Bayesian computation (ABC) approach to select
the best-fitting model and estimate demographic parameters.

To test the early southern route dispersal hypothesis, three scenarios were evaluated, as
shown in the figure (AF, African; EU, European; AS, Asian; NG, New Guinean). The first
assumes a single dispersal of modern humans from Africa, followed by a single migration
to Asia and New Guinea, and receives moderate support from the data (P=0.24). The
second assumes a single dispersal from Africa followed by separate migrations from this
ancestral non-African source population, and this scenario receives the strongest support
from the data (P=0.74). The third scenario, which corresponds to the original hypothesis
of multiple dispersals™, assumes separate migrations from Africa in the ancestry of New
Guineans versus Eurasians. This scenario receives very little support from the data
(P=0.02). Thus, dense genome-wide SNP data most strongly support a modified version
of the early southern route dispersal hypothesis, in which there was a single migration of
modern humans from Africa, followed by separate dispersals from an ancestral
non-African population to New Guinea and to East Asia. Encouragingly, this modified
southern route dispersal hypothesis is also supported by the signals of gene flow from
extinct hominins in modern human genomes*2. First, all studied non-African modern
humans have a signal of Neanderthal gene flow, supporting a single dispersal of
modern humans from Africa; and second, New Guineans also have a signal of Denisovan
gene flow that is not present in other East Asian populations surveyed to date,
suggesting a separate migration of the ancestors of New Guineans. Still, the fact that
the scenario of a single migration to Asia and New Guinea receives some support from
genome-wide SNP data may indicate that this is the correct scenario. Alternatively, it
may reflect a subsequent migration (or migrations) from East Asia to New Guinea,
although this explanation needs to be tested explicitly. Figure is modified, with
permission, from REF. 13 © (2010) Elsevier.

One out-of-Africa migration,
single migration to Asia and
New Guinea

One out-of-Africa migration,
separate New Guinea and
Asia migrations

Separate out-of-Africa
migrations for New
Guineans and Eurasians
AF EU AS NG

AF EU AS NG AF EU AS NG

P=0.24 P=0.74 P=0.02

populations) that are expected to be influenced by the
demographic history of the population. One then simu-
lates appropriate data under various histories, computes
the summary statistics from the simulated data and then
identifies the simulated demographic history with sum-
mary statistics that are the closest fit to the observed
summary statistics. The conclusion is then that the simu-
lated history with the closest fit is the best explanation
for the observed data.

Ascertainment bias in SNP array data is an impor-
tant issue in the selection of summary statistics because
it is difficult to adequately account for this bias when
simulating genome-wide data. However, approaches
for choosing the best-fitting model and inferring
demographic parameters have been developed that
appear to adequately handle ascertainment bias in SNP
array data'"", and an example is provided in BOX 2.
Model-based approaches have not yet been applied to
whole-genome sequence data, but such data should be
amenable to this sort of analysis, and would moreover
have the advantage of avoiding the ascertainment bias
of SNP array data. In principle, even a genome sequence
from a single individual could be used to infer the
demographic history of that individual’s population, as
each independent locus in the genome sequence is an
independent realization of the population history.

A limitation of current model-based methods is that
they rely on summary statistics, which do not make full
use of the information in genome-wide data. Some alter-
native approaches®** make more use of the information
in the data; however, these currently require too much
computational time to apply to genome-wide data, and
therefore further advances in computational power are
required before such methods can be applied.

Admixture. Another important aspect of human popula-
tion history is admixture: that is, genetic contributions
of one population to another. Analyses of genome-wide
data have made a significant contribution by increas-
ing the recognition of the important role of admix-
ture in human population history (see below). Several
approaches now exist for quantifying admixture at
either the individual or the population leve]'!1348:455-58,
Importantly, these methods are either not influenced
by ascertainment bias or can be adjusted to account for
ascertainment bias, and thus can be applied to SNP array
data. Estimating the time of admixture events is a more
difficult problem, especially for old admixture events or
for admixture involving closely related populations, but
some recent progress has been made™.

What have we learned so far?

Hominin relationships. Genome sequences provide
direct estimates of the relationships and divergence
times of ancient and modern hominins. In particu-
lar, genome sequences indicate that the Neanderthal
and Denisovan genomes diverged from modern
human genomes on average about 820 thousand years
ago (kya), whereas the Neanderthal and Denisovan
genomes diverged from each other about 680 kya'?.
Thus, Neanderthals and Denisovans are sister groups
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Figure 4 | Dispersal of modern humans from Africa. A map illustrating the
dispersal of modern humans from Africa about 50,000 years ago, followed

by admixture with Neanderthals in the ancestry of all non-Africans, followed by
admixture with Denisovans in the ancestry of New Guineans. Arrows indicate general
directionality and not specific migration routes — in general we only know for sure the
end points of migrations, not the routes. The red star indicates the location of Denisova
Cave. The exclamation marks indicate admixture, but there is extreme uncertainty as
to where the Neanderthal and Denisovan admixture occurred. Question marks
indicate regions where no additional admixture was detected even though
archaeological findings suggest that Neanderthals and Denisovans overlapped with
modern human populations in those regions.

with a genomic divergence similar to, or slightly larger
than, the deepest divergence known among present-day
humans, that between San and other groups®®. After
Neanderthals and Denisovans diverged they experi-
enced independent histories, which are reflected in their
genetic contributions to different present-day human
groups. Such information was not apparent from the
morphology of the meagre fossil remains attributed to
Denisovans. Identifying the source of a particular fos-
sil in the absence of any informative morphology, and
even identifying previously unknown hominin groups,
as in the case of Denisovans, is likely to be a powerful
application of ancient DNA in the future.

It should be stressed that genome sequence diver-
gence times are older than population divergence times
because of genetic polymorphism in the ancestral pop-
ulations®’. That is, if at the time of population diver-
gence there is polymorphism at a nucleotide site within
the ancestral population, then the genetic divergence
at that nucleotide site must be older than the popula-
tion divergence time. However, with some assumptions
about population history, genome sequence data can
be used to estimate population divergence times, and
the resulting estimate for the divergence of the ances-
tors of Neanderthals and Denisovans from the ancestors
of modern humans is about 350 kya'?. This presum-
ably reflects the time when a hominin population left
Africa and evolved into Neanderthals and Denisovans,
while other hominins in Africa evolved into modern
humans.
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African origin of modern humans. Single-locus studies
of mtDNA and NRY variation in modern human popu-
lations have strongly supported a recent African origin
of our species, in terms of Africa being the source of
the deepest lineages and harbouring the greatest diver-
sity'+>%5. Genome-wide SNP data is consistent with this
view’™’, and genome sequences from several modern
humans indicate that the deepest population divergences
within modern humans are between San individuals
from southern Africa and other groups, approxi-
mately 115 kya'®. Genetic data indicate that modern
humans first dispersed from Africa about 50 kya with
divergences among non-African populations dating to
35-50 kya'*-%5. One of the most convincing indications
of a strong signal of a recent African origin throughout
our genome was the demonstration of an astonishingly
close correlation between the amount of genetic diversity
in a population and the geographic distance of that pop-
ulation from East Africa®. This ‘serial bottleneck’ model
strongly implies an African origin of modern humans;
in summary, the genetic evidence for an African origin
of modern humans is overwhelming.

Dispersal from Africa: replacement or assimilation?
Given that modern humans arose recently in Africa and
given that other hominins (such as Neanderthals
and Denisovans) already existed outside Africa, what
happened when modern humans dispersed from Africa
and encountered these other hominins? Was there
interbreeding, thereby leading to genetic contributions
to modern humans from these non-African hominins,
or were the non-African hominins replaced without any
interbreeding? The extent to which non-African homi-
nins might have contributed to the genomes of modern
humans has been one of the long-standing controversies
in human evolution”. In our opinion this can now be
laid to rest, thanks to the Neanderthal and Denisovan
genome sequences’?: all non-Africans (and no sub-
Saharan Africans) examined to date show about the
same amount of gene flow from Neanderthals, with an
estimated 2-4% of the genomes of non-Africans com-
ing from Neanderthals. It is also possible to explain this
signal of Neanderthal gene flow by a more complicated
scenario involving deep population structure within
Africa'. However, the finding of a signal of gene flow
into some modern humans from the Denisova homi-
nin renders this alternative explanation less likely?, and
in our opinion the model that best explains human
origins is a recent African origin followed by a small
amount of admixture (or assimilation) with non-African
hominins (FIG. 4).

Dispersal from Africa: how many times, and which way
did they go? The Neanderthal and Denisovan genome
sequences give us new insights into human migrations,
as the presence (or absence) of the signal of a genetic
contribution from a particular extinct hominin can be
used as a marker of population relationships. Whether
there was a single dispersal or multiple dispersals of
modern humans from Africa has been a long-standing
question”””". The finding that all modern non-Africans
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Sahul

The combined Australia—New
Guinea landmass that existed
periodically during cold
periods in the Pleistocene,
including during the initial
colonization of Australia

and New Cuinea about
50,000 years ago, up until
rising sea levels separated
Australia from New Guinea
about 8,000 years ago.

Bougainville

Alarge island in the Pacific that
politically is part of Papua New
Guinea but geographically is
part of the main Solomon
Islands chain.

Austronesian

The most geographically
widespread family of
languages, extending from
Taiwan through mainland and
island southeast Asia, Near
Oceania, Remote Oceania
and even Madagascar.

Near Oceania

Refers to New Guinea and
nearby offshore islands,
including the main Solomon
Islands chain (excluding Santa
Cruz); Near Oceania was first
colonized by humans at least
40,000 years ago, whereas
Remote Oceania (Santa Cruz
and all islands to the east)
was only colonized by
humans beginning about
3,200 years ago.

examined to date exhibit about the same amount of gene
flow from Neanderthals"? argues strongly for a single
dispersal. Presumably the ancestral non-African popu-
lation admixed with Neanderthals; where and when
this occurred is still uncertain. The current best guess
would be somewhere in the Middle East (FIC. 4), where
Neanderthals and early modern humans coexisted’, and
some time between 50 kya (when modern humans are
estimated to have left Africa) and 35 kya (by which time
non-African human populations are estimated to have
diverged from one another). A single dispersal of modern
humans from Africa is also supported by model-based
analyses of genome-wide SNP data® (BOX 2).

Another long-standing question about human migra-
tions is whether there was a separate dispersal from
Africa of modern humans along a southern route that
reached as far as Sahul, followed by a later migration
that colonized East Asia, or whether Sahul and East Asia
were colonized as part of the same migration”. As discussed
in BOX 2, the finding that individuals in New Guinea and
Bougainville show a signal of gene flow from Denisovans®
has provided new insights into this issue. However, more
sampling of populations in South East Asia and Oceania
is needed to fully evaluate the extent of Denisovan
gene flow in contemporary human populations.

Other migrations of modern humans. An enduring
feature of modern humans is that they have migrated
around the world, more so than any other primate spe-
cies, and genome-wide SNP data are providing insights
into the direction, timing and other features of such
migrations. For example, the colonization of the Pacific
has long been of interest, given the long open-ocean voy-
ages required to reach the far-flung islands of Polynesia.
Linguistic and archaeological data have consistently
pointed towards the large impact of a recent expansion
of a population of Austronesian-speakers from East Asia
(probably Taiwan); it is thought that this population may
have spread south through the Philippines and Indonesia,
and then eastward along the coast of New Guinea and
nearby islands in the Bismarck Archipelago, eventu-
ally reaching Fiji and then the farthest reaches of the
Pacific’*”. However, other explanations have been pro-
posed for the spread of Austronesian languages and the
origins of Polynesians’®””. mtDNA and NRY data have
pointed to an admixed origin of Polynesians, with mostly
East Asian maternal ancestry and Near Oceanian paternal
ancestry’®”, but this evidence has also been disputed®. A
recent study of genome-wide SNP data has confirmed the
admixed origin of Polynesians, showing about 80% Asian
ancestry and 20% Near Oceanian ancestry®, in line with
previous estimates from microsatellite data®*2, Moreover,
two different approaches have dated the time of Asian—
Near Oceanian admixture in the ancestry of Polynesians
to about 3 kya'*®, which is in excellent agreement with
the linguistic and archaeological evidence.

As more genome-wide SNP data become available
from more populations, the importance of admixture
in human population history becomes increasingly evi-
dent. This should perhaps not be too surprising given
that the two things humans are especially fond of are

migration and mating, which then leads to admixture
between populations. In addition to the Asian-Near
Oceanian admixture in Polynesia, genome-wide SNP
data have provided clear evidence of past admixture
events in Indian populations* and in populations
of hunter-gatherers from Southern Africa’. In fact, as
methods are now improving to the point where they
can distinguish even subtle signatures of admixture, it is
quite likely that in the future it will be found that every
human population has experienced some admixture
with other groups”.

Not all migrations were successful in terms of leav-
ing descendants among contemporary populations,
and ancient genome sequences can provide evidence
of such migrations. One potential example comes from
the Saqqaq genome sequence, which appears to indi-
cate a migration to the New World that is distinct from
the migrations that led to the origin of all contempo-
rary native North American and Greenland groups®.
Although confirmation from additional ancient
remains of this proposed separate migration to the New
World would be desirable, this example nonetheless
illustrates the potential of ancient genome analyses for
expanding our knowledge of human migrations beyond
what can be gleaned from analysing contemporary
populations.

What more can we expect to learn?

Here we highlight what are, in our opinion, the most
interesting open questions about human population his-
tory that could be addressed with genome-wide data, as
well as some possible approaches.

Ancient hominin admixture. What remains to be found
in the genomes of modern humans in the way of genetic
contributions from other extinct hominins (besides
Neanderthals and Denisovans)? Answering this ques-
tion will rely to some extent on serendipity, in terms
of finding appropriate fossils with sufficient uncon-
taminated DNA for analysis. However, at least from a
technical standpoint, our ability to retrieve genome
sequences from fossils has progressed rapidly, almost to
the point where if there is any surviving DNA, it can be
sequenced. Moreover, as we learn more about how much
of the DNA variation in modern human genomes results
from their recent African origin, it may become feasible
to identify genomic sequences in modern humans that
are more likely to reflect archaic admixture than descent
from this recent African origin. Ancient admixture is an
extremely useful marker of population relationships, and
both the presence and absence of an ancient admixture
signal provides information about population history.

Ancient modern humans. It used to be thought that anal-
ysis of ancient DNA from remains of modern humans
was rather hopeless, given the pervasive nature of con-
tamination with, and inability to distinguish authentic
ancient human DNA from, contemporary human DNA.
However, as discussed above, high-throughput sequenc-
ing offers novel means of assessing the authenticity of
ancient DNA, even from modern humans. This could
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provide the opportunity to address numerous interest-
ing questions. For example, the extent of Neolithic ver-
sus Palaeolithic origins of modern Europeans remains
uncertain; there have been differing interpretations
of mtDNA sequences with respect to how much of the
mtDNA gene pool of contemporary Europeans was con-
tributed by Neolithic farmers migrating from the Near
East®%. Genome sequences from pre-Neolithic and
early Neolithic skeletons should help to resolve this issue.

Such genome sequences would also help to resolve
a puzzling feature of the signal of Neanderthal admix-
ture in contemporary human populations: namely, if
modern humans and Neanderthals interbred shortly
after the out-of-Africa dispersal and then coexisted
for several thousand additional years in Europe, why
is there not an increased signal of Neanderthal admix-
ture in Europeans? One potential explanation is that
there was indeed such additional Neanderthal admix-
ture with Europeans, but their descendants were then
replaced by Neolithic farmers coming from the Middle
East. This explanation would then predict higher levels
of Neanderthal admixture in pre-Neolithic Europeans.
Ancient genome sequences from modern humans
would also offer the opportunity to find signatures of
past migration events that may not have left descend-
ants in contemporary human populations, as discussed
above with respect to the Saqqaq sequence® Ancient
DNA analyses of appropriate remains from North and
South America would allow the testing of hypotheses
concerning single versus multiple waves of migration to
the New World®*-2,

More data from contemporary populations. With the
large quantities of genome-wide data (both SNPs and
sequences) that are now available, it may seem as if all
the data are now in hand to address all of the interesting
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questions about human population history. Nothing
could be further from the truth: even the completion
of the current goals of the 1000 Genomes Project will
not provide sufficient data, as most of the large SNP or
sequencing projects have, for logistical reasons, tended
to focus on only a few populations from a limited num-
ber of geographic regions. Even the most comprehensive
resource of human population diversity currently avail-
able, the Human Polymorphism Study Centre (CEPH

Human Genetic Diversity Panel® with 1,050 individu-
als from 52 populations, has significant gaps. Thus,
sampling, genotyping and sequencing of additional
populations will continue to be important. For exam-
ple, comprehensive analyses of genome-wide SNP (or
sequence) data from contemporary populations would
contribute to answering the question noted above of sin-
gle versus multiple waves of migration to the New World.

New methods for inferring history from genome-wide
data. Human population history may be about telling
stories, but we need better ways to discern what hap-
pened in the past without resorting to storytelling.
Substantial advances have been made in applying
model-based approaches for testing different models
of population history and for estimating demographic
parameters corresponding to the best-fitting model***.
Also, although it is still challenging, some progress has
been made in methods for estimating the timing of old
admixture events and investigating admixture involving
closely related populations®*®. However, there is much
more that needs to be done, particularly in fitting more
complex (and hence realistic) models.

The good news (especially for students who may fear
that all interesting questions have been answered) is that
when it comes to human population history, there are
still many stories waiting to be told.
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