A Paleogenomic Perspective on
Evolution and Gene Function:
New Insights from Ancient DNA
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The publication of partial and complete paleogenomes within the last few years has reinvigorated
research in ancient DNA. No longer limited to short fragments of mitochondrial DNA, inference
of evolutionary processes through time can now be investigated from genome-wide data sampled as far
back as 700,000 years. Tremendous insights have been made, in particular regarding the hominin
lineage. With rare exception, however, a paleogenomic perspective has been mired by the quality and
quantity of recoverable DNA. Though conceptually simple, extracting ancient DNA remains challenging,
and sequencing ancient genomes to high coverage remains prohibitively expensive for most
laboratories. Still, with improvements in DNA isolation and declining sequencing costs, the taxonomic
and geographic purview of paleogenomics is expanding at a rapid pace. With improved capacity to
screen large numbers of samples for those with high proportions of endogenous ancient DNA,
paleogenomics is poised to become a key technology to better understand recent evolutionary events.
he field of molecular genetics that studies
ancient DNA has been among those most
dramatically transformed by high-throughput,
“next-generation” DNA sequencing (NGS) technologies (Fig. 1). Within the last several years, these
technologies have made it possible to sequence
and assemble ancient genomes (Table 1), an accomplishment that for much of the history of the
field was widely believed to be impossible.
The first ancient DNA sequences were reported
three decades ago from a museum-preserved
skin of the extinct quagga (1), and, nearly simultaneously, from an Egyptian mummy (2). Although the latter is now widely accepted to be
the result of contamination, highlighting a major
issue to be overcome, these early studies garnered
enthusiasm to obtain DNA from fossils. The invention of the polymerase chain reaction (PCR),
which amplifies nucleic acids (3), soon made it
possible to target specific sequences, allowing
for replication and validation. Not surprisingly,
many of the most improbable results—DNA
from dinosaurs and amber, for example—could
not be validated and are now known to have been
the result of contamination (4, 5). In response,
the ancient DNA community adopted a suite of
criteria for authenticating data (6, 7). These included replicability—if an ancient DNA sequence
is real, it should be possible to reproduce it—and
reliability—replicates of the same target sequence
should be identical. Although some early ancient
DNA studies targeted nuclear DNA (8–10), an-
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cient nuclear DNA sequences authenticated with
these criteria were rare.
The DNA sequences discussed here are labeled “ancient,” but this classification is less about
age than about biochemical condition. Most recoverable fragments of ancient DNA are shorter
than 100 base pairs (bp) in length (11) and contain miscoding lesions (12–14) that can result in
erroneous sequences. Although it was predicted
that ancient DNAwould not survive for more than
100,000 years (15), it is now known that DNA
can survive nearly an order of magnitude longer
than that (16–18).
Ancient DNA makes it possible to observe
changes in genetic diversity through time. It can
be used to test hypotheses about the relationships
between environmental events and evolutionary
changes in populations [e.g., (19–21)]. It can also
resolve controversy about evolutionary relationships between species [e.g., (22–25)] and provide
calibrations for the molecular clock [e.g., (26)].
However, as ancient DNA has remained restricted
primarily to high–copy number mitochondrial
and chloroplast DNA, these inferences tend to
come from single loci. Without access to the nuclear genome, it is not possible to infer extinct
phenotypes, detect episodes of selection, or investigate hypotheses about ancient admixture.
With a complete genome, however, it is possible
to infer even complex evolutionary relationships
(Fig. 2). For example, if their age is known, paleogenomes can resolve and provide calibration for
molecular phylogenies, as in a recent study of horse
evolution (Fig. 2A) (18). If sequenced to sufficiently
high coverage, paleogenomes can be used to infer
long-term demographic trends. For example, using
coalescent theory combined with genome-wide heterozygosity (27), the demographic history of the
Denisovans, an archaic hominin group known only
from Denisova cave in the Altai Mountains in Siberia,
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was inferred (Fig. 2B) (28). Paleogenomic data can
also be used to reveal otherwise cryptic relationships between past and present populations. Most
notable has been the discovery of admixture between Neandertals, Denisovans, and anatomically
modern humans (29–31). As greater numbers of
paleogenomes become available, it is likely that
similar situations will be revealed for other taxa,
providing increased power to understand the relationship between environmental change and biodiversity (Fig. 2C). Beyond demographic inferences,
paleogenomes can be used to identify selection
within the genome, including genetic changes that
may underlie species-specific traits (Fig. 2D). For
example, 367 mutations in genes, regulatory regions, and splice sites that have become fixed in
humans since divergence from Denisovans were
identified from the Denisova genome (28), presenting potential targets for future functional
analyses. Finally, paleogenomes provide a means
to investigate genome evolution (32), including
the evolution of pathogenicity (33–38).
The First Paleogenomes and the Enduring
Curse of Contamination
In 2005, a high-throughput approach was used to
sequence ~15,000 bacterial colonies containing
DNA sampled from two ~40,000-year-old Austrian
cave bears (39). The result was a mixed sample of
cave bear, bacteria, fungi, plant, and other sequences,
where less than 6% of the recovered DNA was
determined to be that of cave bear (39). Nevertheless, the 27 kb of cave bear nuclear DNA established
that, in principle, it would be possible to sequence
and assemble a paleogenome.
The low percentage of endogenous DNA in
these samples is not surprising. When an organism dies, its DNA begins to decay almost immediately and continues to decay at a rate determined
by the environment (15, 40). Cold, dry environments discourage the growth of microorganisms
and minimize chemical damage. Remains that
are quickly buried and, ideally, frozen tend to be
best preserved. Extracted ancient DNA is always
a mixture of organismal and environmental DNA,
including DNA from bacteria, fungi, and other
organisms that colonize the sample during burial,
and any contamination occurring during excavation and processing. However, low endogenous
percentages do not rule out paleogenomic analysis. For example, paleogenomic data were used
to infer the evolutionary relationship between a
6000-year-old Myotragus (an extinct bovid) and
other bovid species despite 0.27% endogenous
content (41). Even lower values (0.01 to 0.03%
endogenous DNA) were reported from a ~40,000year-old human bone from Tianyuan Cave, China,
and yet a complete mitochondrial genome and
several nuclear loci were reconstructed (42). Although samples with more endogenous DNA are
better targets for sequencing, endogenous DNA
content varies widely, even between samples with
similar preservation histories (43–45), making
sample selection a difficult but important step.
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The first paleogenomic studies using NGS
produced ~13 Mb of nuclear DNA from a 28,000year-old mammoth fossil (46) and ~1 Mb of Neandertal DNA (47). A simultaneous project using
bacterial cloning to sequence the same Neandertal extract produced ~60 kb of Neandertal nuclear
DNA. Among the two Neandertal studies, the
study that used bacterial cloning inferred an older
common ancestor for the lineages leading to humans and Neandertals. A reanalysis of the NGSderived data (48) suggested that more than 50% of
the sequences may have been contaminants from
modern humans.
Remains can become contaminated with human DNA at any point during excavation, storage, and processing. The most reliable methods
to estimate contamination do so directly, by identifying sequence motifs that differ between the
paleogenome and the potential contaminant and
then calculating the proportion of contaminating
sequences (49). This approach was used to estimate the amount of contamination in the mitochondrial component of the NGS Neandertal data
set (47). Positions that differed between the newly available, complete Neandertal mitochondrial

Hominin Paleogenomics
In 2010, a 20-fold coverage genome of a 4000year-old paleo-Eskimo from Greenland’s Saqqaq
culture was isolated from a tuft of hair (51). Hair
is a good source of ancient DNA because its hydrophobic exterior limits colonization by bacteria
and makes it possible to clean the surface before
extraction (52). In assembling these data, a potential general limitation of paleogenomics was re-
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vealed: Even with 20-fold coverage, only 79% of
the Saqqaq genome could be determined. This is
likely a consequence of the short length of ancient DNA fragments (an average for the Saqqaq
specimen of 55 bp) (51). Although there is no
strict rule, most very short fragments cannot be
mapped unambiguously to a single location in
a genome, particularly when that genome is highly repetitive, as are most eukaryotic genomes.
Unfortunately, most ancient sequences are as
short as or shorter than the Saqqaq sequences [e.g.,
(17, 28, 29)] (Table 1). Even those isolated from
a tuft of 100-year-old hair from an Australian
aborigine were, on average, only 69 bp long, despite the specimen’s young age (53). Given the
challenge of accurately mapping short reads to a
reference genome, it has been standard in paleogenomic assemblies to discard sequence fragments
<30 bp in length (17, 28, 29). This suggests that,
even with improved methodologies to recover the
shortest surviving DNA fragments (17), it may
not be possible to sequence any eukaryotic paleogenome truly to completion.
Soon after the Saqqaq paleogenome, a 1.3-fold
coverage Neandertal genome (29) was produced

genome and humans were identified and counted,
and it was estimated that ~11% of the original
mitochondrial data were modern human contaminants (50). This direct approach is now widely
used in paleogenomic analyses [e.g., (29, 31, 51)].
Although the source of contamination in the
first NGS-derived Neandertal data set remains unknown and later Neandertal research has superseded these early data, the issue provided an
important lesson to the paleogenomics community: The sequencing library was not prepared in
a sterile laboratory (50), and this may have provided an opportunity for contamination. Consequently, paleogenomic libraries are now routinely
prepared in dedicated ancient DNA facilities.
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Fig. 1. Improvements in ancient DNA recovery through time. The introduction of NGS substantially increased the amount of DNA that could be targeted
in a single experiment, and more recent methodological advances have resulted in
increasingly efficient DNA extraction and library preparation. Paleogenomics will
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always be limited by the amount of DNA that survives in a given sample; future
advances will stem from continued improvements in DNA recovery efficiency, as
well as from technical advances in sequencing, such as single-molecule sequencing, which will allow better characterization of surviving fragments of DNA.
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from bones from Vindija Cave in Croatia that
contained only 1 to 5% endogenous DNA. This
was quickly followed by a 1.9-fold coverage genome from a hominin from Denisova cave (30)
and an 11-fold coverage genome from an Australian aborigine (53). The Denisova genome was
later improved to 30-fold coverage (28) thanks to
very high (~70%) endogenous DNA content and
a new, more efficient method to prepare sequencing libraries (54). Recently, a ~50-fold coverage
Neandertal paleogenome was recovered from another extremely well preserved bone with a high
(~70%) endogenous content, also from a cave in
the Altai Mountains of Siberia (31).
Analyses of these paleogenomes revealed
several episodes of admixture between hominin
lineages during recent evolutionary history. For
example, 1 to 4% of the genomes of all modern
humans except sub-Saharan Africans is derived
from admixture from Neandertals (29, 31). This

finding remains controversial; ancient population
structure in the African population ancestral to
humans and Neandertals has been proposed as an
alternative explanation [e.g., (55–57)]. Analyses
of the Denisovan paleogenome convincingly support the admixture model, however. Although the
Denisovan mitochondrial genome is distantly related to that of both humans and Neandertals
(58), analysis of the Denisovan nuclear genome
shows that Denisovans and Neandertals are sister
groups with respect to humans. Thus, they are
likely descended from the same original hominin
group (30, 59). If ancient population structure in
Africa were to explain the sharing of alleles between the Vindija Neandertals and modern Eurasians, the Denisova genome should show the
same pattern of allele sharing. However, there is
no evidence of allele sharing between Denisovans
and modern Europeans or East Asians (30). Instead, the Denisova genome shares a number of

rare polymorphisms (around 5 to 7% of the genome) with modern Australian and Melanesian
populations (28, 53, 60).
Paleogenomes have also been used to learn
specific details about an individual or population.
For example, the high-coverage Altai Neandertal
paleogenome revealed that inbreeding among close
relatives was common in Neandertal population
history (31). Within modern humans, paleogenomic analyses have confirmed that the Saqqaq
culture represented a different migration from that
which later established Inuit populations in Greenland (51), and that Australian aborigines arrived
in Australia during a wave of human dispersals
before divergence between modern Europeans
and Asians (53). At the level of the individual,
analyses of a paleogenome of the 5300-year-old
Tyrolean Iceman (61) showed that his closest
genetic affiliations were with modern Sardinians,
even though his remains were recovered from the

Table 1. Paleogenomic and partial paleogenomic data sets generated using NGS and used for genome-scale evolutionary inference, as of
December 2013. n/r, not reported; n/a, not applicable; SNP, single-nucleotide polymorphism; indels, insertions and deletions.
Lineage
Mammuthus primigenius

Myotragus balearicus
Homo sapiens

Common name

Reference

Mammoth

Age (years ago)

Endogenous (%)

(46)

28,000

45.4

(65)

18,500*

90

Myotragus

(41)

6,000

0.27

Human

(51)
(53)
(61)

4,000
100
5,300
7,000
(2 bones)

84
61
77.6

(87)
(62)

5,000 (4 bones)

1.7 and 2.3
2.4–6.3

Coverage
Partial:
13 Mb
<1×
Partial:
16 kb
20×
11×
7.6×
Partial:
6 and 1 Mb
Partial:
0.6–1.6 Mb

Average read length
89
93
60
55
69
n/r
75 and 60
55

Polar bear

(63)
(64)

Gossypium

Cotton

(32)

Yersinia pestis

Plague

(33)

~2000
(5 mummies)
24,000 and 17,000
3 bones: 38,300,
44,500, undated
74–82,000†
74–82,000†
~50,000 (Altai) and
60,000–70,000 (Caucasus)
120,000
43
50,000–3,750
(4 samples)
663

TB

(35)

~150

n/r

Horse

(18)

57.4 and
0.5–4.2

1.78× and 1.12×

n/r and 60

Irish potato famine

(36)

38,500 and
~700,000 (2 bones)
123–168
(5 samples)
117–168
(11 samples)
~1075–700
(7 samples)

0.4–2.6

3–22×

52–79

1.0–20

~0–25×

50–85

0.2–40

5–105

(88)
(89)
Homo

Neandertal/ Denisovan

(29)
(30)
(28)
(31)

Ursus maritimus

Mycobacterium tuberculosis
Equus
Phytophthora infestans

(38)
Mycobacterium leprae

Leprosy

*Age provided is for the sample selected for the deepest sequencing.
and average number of reads of 150,000.

(37)

~0–21

Partial: up to 1.5 Mb‡

100

17.1 and 0.8

1× and 0.1×

84 and 80

<5

1.3×

47

70
70

1.9×
30×

58, 74
n/r

~70 and ~4

52× and 0.5×

71–99 and 47

~0.8
86

0.4×
4.3×
Partial:
16 Mb
30×
Partial:
218 SNPs, 10 indels,
2 repeats

123
122

45.7–95.1
n/r

†Estimated using the “branch shortening” method (28).
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37–73
56
n/r

49–109

‡Estimate based on reported average read length of 100 bp
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European Alps. A partial paleogenome from 5000year-old remains of a human farmer from Gotland,
southeastern Sweden, also revealed close affiliations with living southern Europeans and not
with 5000-year-old hunter-gatherers from Gotland
(62). Together with the Iceman’s genome, these
data provide evidence that the spread of agriculture across Europe involved the movement of
people and not only ideas.
Beyond Hominins and the Future
of Paleogenomics
As of October 2013, the only vertebrate lineages
other than hominins for which a >1-fold coverage

paleogenome is published are polar bears (Ursus
maritimus) (63, 64) and horses (Equus) (18). A
partial mammoth genome has been published
(65), but despite the excellent biomolecular
preservation of permafrost-preserved mammoth
remains, no high-coverage genome yet exists.
The small number of paleogenomes is at least
partly due to the paucity of fossils with high
proportions of endogenous DNA. Some substrates, such as hair, contain higher fractions of
endogenous versus environmental DNA than do
others, but hair is uncommon in the fossil record.
Although there is presently no widely implemented method to predict endogenous DNA
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content, quantitative PCR can estimate relative
abundance of environmental versus endogenous
DNA (66). Sequencing pooled, barcoded libraries
to low coverage can also estimate the quality of
each library at low cost. Recently, progress has
been made in both ancient DNA isolation and
target enrichment. For example, a new extraction
protocol increases recovery of the shortest DNA
fragments (17) and, consequently, may enrich for
endogenous DNA, which tends to be more fragmented than environmental and other contaminants. Also, a new method for preparing genomic
libraries retains single-stranded, as well as doublestranded, molecules (54).
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Fig. 2. Insights made possible through the analysis of paleogenomes.
(A) Paleogenomes can be used both to resolve evolutionary relationships and
provide a source calibration for a molecular clock: Multiple genome alignments of horses including a 700,000-year-old paleogenome pushed back
estimates of the divergence among Equus to more than 4 Ma (18). (B) Highcoverage paleogenomes can be used to infer complex demographic histories
of an extinct lineage: The 30× Denisova genome was used to infer the size of
the Denisova population through time (28). ka, thousands of years ago. (C) A
simulated data set describing how paleogenomic data can reveal the effect of
environmental change on genetic diversity. A previously widespread popu-
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lation (orange circles) becomes subdivided into two isolated populations
(orange and blue) during the glacial maximum (~20 ka), when ice sheets
block dispersal between the north and south. As the ice recedes, both populations expand into the deglaciated area, resulting in a hybrid zone (shaded
circles). Only admixed individuals survive to the present day. (D) Comparison
between loci makes it possible to distinguish regions of the genome or phenotypes
that (i) are evolving neutrally versus those that (ii) have undergone a recent
selective sweep. Based on comparison with the Neandertal genome, 4235
genomic regions >25 kb in length were identified as having swept to fixation
in modern humans (28).
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estimates of heterozygosity, such as estimates of
changes in population size through time (27).
Demographic inference and admixture analysis are not the only applications of paleogenomes.
Paleogenomes whose ages are well constrained
may be useful to calibrate a molecular clock or to
investigate genome stability—for example, by tracing movements of transposable elements through
time (32). Multiple paleogenomes of the same
species will enable inference of changes in selection pressure over time, allowing direct observation of Darwinian evolution. For example, as a
reaction to potato blight, plant breeders introduced
genes from wild relatives into the potato genome,
which provided resistance to infection by the fungus Phytophtora infestans. In response, P. infestans
evolved new effector protein alleles that enabled
them to infect resistant plants. P. infestans paleogenomes isolated from historic specimens were
missing these new alleles (36, 38). Similarly, by
observation of genomic differences that accumulate through time, paleogenomes could provide a
means to discover domestication-associated genes
(74), particularly where comparison between wild
and domestic genotypes is not possible, either because the wild form is extinct (e.g., European
cattle) (75) or because of relatively recent interbreeding between the wild and domestic forms
(e.g., pigs) (76).
Understanding how extinct organisms differed
from living organisms remains another major objective of paleogenomics. Linking genotype to
phenotype has been possible by using PCR (77, 78);
however, few insights have been gained thus far
from paleogenomes. Lists of genes that may influence phenotype, generated from positive selection scans, have been published for hominins
(29), bears (63), and horses (18). However, these
data lack functional verification and remain
speculative.
More progress has been made in identifying
and describing the function of genes passed into

DNA hybridization capture methods also aim
to enrich genomic libraries for endogenous relative to environmental DNA. Large-scale enrichment approaches rely on a process of selective
hybridization, whereby synthesized bait molecules
representing targeted regions hybridize with and
immobilize ancient DNA sequences in the library,
and anything that does not hybridize is washed
away (67). These methods have targeted genomic
DNA from hominins (42, 68) and maize (69);
mitochondrial genomes of archaic and modern
humans (42, 44, 58, 70, 71), horses (18), a cave
bear (17), and the oldest putative dog remains
(72); and DNA from multiple pathogenic organisms (33–35, 37). One potential complication
of whole-genome enrichment is high–copy number sequences, which tend to dominate enriched
libraries (69). Nonetheless, capture-enrichment
methods have increased the range of samples
useful for paleogenomic research and remain a
promising area of research.
Interpreting Paleogenomes
Although nonhuman and pathogenic organisms
represent a major area of growth in paleogenomics,
most nonhuman taxa lack high-quality, annotated,
reference genomes. This presents a challenge
to genome assembly and limits biological insight. For example, the mammoth paleogenomic
data confirmed a slower evolutionary rate among
elephantids than among hominids (65), but this was
described previously from an analysis of mitochondrial genomes (73). Also, the main insight
obtained from the ancient horse paleogenome
was that the genus Equus began to diverge 4 to
4.5 million years ago (Ma), much older than previous estimates (18). Assembling and interpreting
paleogenomes will undoubtedly become simpler
as more genomes are produced, in particular genomes from taxonomically diverse organisms. As
coverage depth increases, it will also become possible to perform analyses that rely on accurate

Looking Ahead
As methods to isolate and sequence endogenous
ancient DNA continue to improve, the next few
years will almost certainly see an explosion in the
taxonomic diversity, number, and temporal range
of published paleogenomes. Although the de novo
assembly of most paleogenomes will remain limited by the short fragment length of ancient genome (82), increasingly evolutionarily diverse
genomes from living organisms will provide scaffolds against which most paleogenomes can be
assembled (Fig. 3).
A major goal of genomics is to infer function
directly from a genome. Although it is not possible to observe many ancient phenotypes, it may
be possible to recover epigenetic information from
some paleogenomic data sets (83); additional
work in this very new area will reveal how useful
such epigenetic information will be. Improved
annotation of modern genomes will also greatly
facilitate the analysis and interpretation of paleogenomes. Better integration with other fields of
research, including developmental and synthetic
biology and biochemistry, will no doubt facilitate
achieving these goals. Although paleogenomes
are not necessary to understand how a genome
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the human lineage after admixture with archaic
humans. Abi-Rached et al. (79) identified a specific human leukocyte antigen (a gene involved
in the human immune response) allele that was
acquired by humans from Denisovans and has
since risen to high frequency in some west Asian
populations. Understanding how the archaic
version of this gene differs from human versions,
and why the archaic version may be increasing in
frequency, may shed light on the evolution of the
human immune system. Interestingly, alleles for
two other immune-related genes, OAS and STAT2,
have also been identified as having introgressed
into modern humans from Neandertals and
Denisovans (80, 81).
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encodes an organism, genomic data from extinct
lineages will reveal extinct alleles, such as the
changes observed in mammoth hemoglobin that
appear to have provided an adaptive advantage to
elephantids in cold climates (84). Finally, although
deextinction remains a controversial topic with
many barriers to success (85), a multidisciplinary
approach may make it possible to revive extinct
phenotypes (86), suggesting that at least some
aspects of extinction may not be forever.
Perhaps most importantly, the last few years
of paleogenomic research have revealed that the
ancient DNA community may have been overcautious with regard to the time scale and range
of substrates suitable for analysis. We have learned,
for example, that with a conscientious approach
to avoiding contamination, it is possible to generate high-quality ancient human genomes. Paleogenomes isolated from pathogenic organisms have
confirmed that pathogen DNA survives in the
fossil record. A 700,000-year old horse genome
(18) and >300,000-year-old mitochondrial genomes from a cave bear (17) and a hominin (71),
both from bones preserved in Spanish caves, indicate that DNA preservation extends further back
in time and across a wider range of environments
than has been generally assumed. Although in
many cases individual specimens will continue
to yield key information—for example, about demography or paleoecology—the next phase of
paleogenomic inference is likely to come from
population-level data sets, which will provide a
means to explore adaptive evolution directly through
time. As the number and range of published palaeogenomes grows, paleogenomics is poised to play
an increasingly important role in improving our
understanding of evolutionary processes over
the short and medium term.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

References and Notes
1. R. Higuchi, B. Bowman, M. Freiberger, O. A. Ryder,
A. C. Wilson, DNA sequences from the quagga, an extinct
member of the horse family. Nature 312, 282–284
(1984). doi: 10.1038/312282a0; pmid: 6504142
2. S. Pääbo, Molecular cloning of Ancient Egyptian mummy
DNA. Nature 314, 644–645 (1985). doi: 10.1038/314644a0;
pmid: 3990798
3. K. B. Mullis, F. A. Faloona, Specific synthesis of DNA in
vitro via a polymerase-catalyzed chain reaction. Methods
Enzymol. 155, 335–350 (1987). doi: 10.1016/00766879(87)55023-6; pmid: 3431465
4. J. J. Austin, A. J. Ross, A. B. Smith, R. A. Fortey,
R. H. Thomas, Problems of reproducibility—does
geologically ancient DNA survive in amber-preserved
insects? Proc. Biol. Sci. 264, 467–474 (1997).
doi: 10.1098/rspb.1997.0067; pmid: 9149422
5. M. B. Hebsgaard, M. J. Phillips, E. Willerslev, Geologically
ancient DNA: Fact or artefact? Trends Microbiol. 13,
212–220 (2005). doi: 10.1016/j.tim.2005.03.010;
pmid: 15866038
6. O. Handt, M. Krings, R. H. Ward, S. Pääbo, The retrieval
of ancient human DNA sequences. Am. J. Hum. Genet.
59, 368–376 (1996). pmid: 8755923
7. S. Pääbo et al., Genetic analyses from ancient DNA. Annu.
Rev. Genet. 38, 645–679 (2004). doi: 10.1146/annurev.
genet.37.110801.143214; pmid: 15568989
8. F. Rollo, A. Amici, R. Salvi, A. Garbuglia, Short but
faithful pieces of ancient DNA. Nature 335, 774 (1988).
doi: 10.1038/335774a0; pmid: 3185708
9. P. Goloubinoff, S. Pääbo, A. C. Wilson, Evolution of maize
inferred from sequence diversity of an Adh2 gene

1236573-6

22.

23.

24.

25.

26.

27.

28.

29.

segment from archaeological specimens. Proc. Natl.
Acad. Sci. U.S.A. 90, 1997–2001 (1993). doi: 10.1073/
pnas.90.5.1997; pmid: 8446621
A. D. Greenwood, C. Capelli, G. Possnert, S. Pääbo,
Nuclear DNA sequences from late Pleistocene
megafauna. Mol. Biol. Evol. 16, 1466–1473 (1999).
doi: 10.1093/oxfordjournals.molbev.a026058;
pmid: 10555277
M. Hofreiter, D. Serre, H. N. Poinar, M. Kuch, S. Pääbo,
Ancient DNA. Nat. Rev. Genet. 2, 353–359 (2001).
doi: 10.1038/35072071; pmid: 11331901
S. Pääbo, Ancient DNA: extraction, characterization,
molecular cloning, and enzymatic amplification.
Proc. Natl. Acad. Sci. U.S.A. 86, 1939–1943 (1989).
doi: 10.1073/pnas.86.6.1939; pmid: 2928314
M. Hofreiter, V. Jaenicke, D. Serre, A. von Haeseler,
S. Pääbo, DNA sequences from multiple amplifications
reveal artifacts induced by cytosine deamination in
ancient DNA. Nucleic Acids Res. 29, 4793–4799 (2001).
doi: 10.1093/nar/29.23.4793; pmid: 11726688
J. Dabney, M. Meyer, S. Pääbo, Ancient DNA damage.
Cold Spring Harb. Perspect. Biol. 5, a012567 (2013).
doi: 10.1101/cshperspect.a012567; pmid: 23729639
T. Lindahl, Instability and decay of the primary structure
of DNA. Nature 362, 709–715 (1993). doi: 10.1038/
362709a0; pmid: 8469282
E. Willerslev et al., Ancient biomolecules from deep ice
cores reveal a forested southern Greenland. Science 317,
111–114 (2007). doi: 10.1126/science.1141758;
pmid: 17615355
J. Dabney et al., Complete mitochondrial genome
sequence of a Middle Pleistocene cave bear reconstructed
from ultrashort DNA fragments. Proc. Natl. Acad.
Sci. U.S.A. 110, 15758–15763 (2013). doi: 10.1073/
pnas.1314445110; pmid: 24019490
L. Orlando et al., Recalibrating Equus evolution using the
genome sequence of an early Middle Pleistocene horse.
Nature 499, 74–78 (2013). doi: 10.1038/nature12323;
pmid: 23803765
M. Hofreiter et al., Lack of phylogeography in European
mammals before the last glaciation. Proc. Natl. Acad. Sci.
U.S.A. 101, 12963–12968 (2004). doi: 10.1073/
pnas.0403618101; pmid: 15317936
E. D. Lorenzen et al., Species-specific responses of Late
Quaternary megafauna to climate and humans. Nature
479, 359–364 (2011). doi: 10.1038/nature10574;
pmid: 22048313
T. L. Fulton, R. W. Norris, R. W. Graham, H. A. Semken
Jr., B. Shapiro, Ancient DNA supports southern survival
of Richardson’s collared lemming (Dicrostonyx
richardsoni) during the last glacial maximum. Mol. Ecol.
22, 2540–2548 (2013). doi: 10.1111/mec.12267;
pmid: 23495672
M. Krings et al., Neandertal DNA sequences and the
origin of modern humans. Cell 90, 19–30 (1997).
doi: 10.1016/S0092-8674(00)80310-4; pmid: 9230299
M. D. Sorenson et al., Relationships of the extinct
moa-nalos, flightless Hawaiian waterfowl, based on
ancient DNA. Proc. Biol. Sci. 266, 2187–2193 (1999).
doi: 10.1098/rspb.1999.0907; pmid: 10649633
A. D. Greenwood, J. Castresana, G. Feldmaier-Fuchs,
S. Pääbo, A molecular phylogeny of two extinct sloths.
Mol. Phylogenet. Evol. 18, 94–103 (2001). doi: 10.1006/
mpev.2000.0860; pmid: 11161746
B. Shapiro et al., Flight of the dodo. Science 295, 1683
(2002). doi: 10.1126/science.295.5560.1683;
pmid: 11872833
B. Shapiro et al., Rise and fall of the Beringian steppe
bison. Science 306, 1561–1565 (2004). doi: 10.1126/
science.1101074; pmid: 15567864
H. Li, R. Durbin, Inference of human population history
from individual whole-genome sequences. Nature 475,
493–496 (2011). doi: 10.1038/nature10231;
pmid: 21753753
M. Meyer et al., A high-coverage genome sequence from
an archaic Denisovan individual. Science 338, 222–226
(2012). doi: 10.1126/science.1224344; pmid: 22936568
R. E. Green et al., A draft sequence of the Neandertal
genome. Science 328, 710–722 (2010). doi: 10.1126/
science.1188021; pmid: 20448178

24 JANUARY 2014

VOL 343

SCIENCE

30. D. Reich et al., Genetic history of an archaic hominin
group from Denisova Cave in Siberia. Nature 468,
1053–1060 (2010). doi: 10.1038/nature09710;
pmid: 21179161
31. K. Prüfer et al., The complete genome sequence of a
Neanderthal from the Altai Mountains. Nature 505,
43–49 (2013). doi: 10.1038/nature12886; pmid: 24352235
32. S. A. Palmer et al., Archaeogenomic evidence of
punctuated genome evolution in Gossypium. Mol. Biol. Evol.
29, 2031–2038 (2012). doi: 10.1093/molbev/mss070;
pmid: 22334578
33. K. I. Bos et al., A draft genome of Yersinia pestis from
victims of the Black Death. Nature 478, 506–510
(2011). doi: 10.1038/nature10549; pmid: 21993626
34. V. J. Schuenemann et al., Targeted enrichment of ancient
pathogens yielding the pPCP1 plasmid of Yersinia pestis
from victims of the Black Death. Proc. Natl. Acad.
Sci. U.S.A. 108, E746–E752 (2011). doi: 10.1073/
pnas.1105107108; pmid: 21876176
35. A. S. Bouwman et al., Genotype of a historic strain of
Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U.S.A.
109, 18511–18516 (2012). doi: 10.1073/pnas.1209444109;
pmid: 23091009
36. M. D. Martin et al., Reconstructing genome evolution in
historic samples of the Irish potato famine pathogen.
Nat Commun 4, 2172 (2013). doi: 10.1038/ncomms3172;
pmid: 23863894
37. V. J. Schuenemann et al., Genome-wide comparison of
medieval and modern Mycobacterium leprae. Science
341, 179–183 (2013). doi: 10.1126/science.1238286;
pmid: 23765279
38. K. Yoshida et al., The rise and fall of the Phytophthora
infestans lineage that triggered the Irish potato famine.
Elife 2, e00731 (2013). doi: 10.7554/eLife.00731;
pmid: 23741619
39. J. P. Noonan et al., Genomic sequencing of Pleistocene
cave bears. Science 309, 597–599 (2005). doi: 10.1126/
science.1113485; pmid: 15933159
40. C. I. Smith, A. T. Chamberlain, M. S. Riley, C. Stringer,
M. J. Collins, The thermal history of human fossils and the
likelihood of successful DNA amplification. J. Hum. Evol.
45, 203–217 (2003). doi: 10.1016/S0047-2484(03)
00106-4; pmid: 14580590
41. O. Ramírez et al., Paleogenomics in a temperate
environment: Shotgun sequencing from an extinct
Mediterranean caprine. PLOS ONE 4, e5670 (2009).
doi: 10.1371/journal.pone.0005670; pmid: 19461892
42. Q. Fu et al., DNA analysis of an early modern human
from Tianyuan Cave, China. Proc. Natl. Acad. Sci. U.S.A.
110, 2223–2227 (2013). doi: 10.1073/pnas.
1221359110; pmid: 23341637
43. M. T. Gilbert et al., Whole-genome shotgun sequencing
of mitochondria from ancient hair shafts. Science 317,
1927–1930 (2007). doi: 10.1126/science.1146971;
pmid: 17901335
44. A. W. Briggs et al., Targeted retrieval and analysis of five
Neandertal mtDNA genomes. Science 325, 318–321
(2009). doi: 10.1126/science.1174462; pmid: 19608918
45. S. Sawyer, J. Krause, K. Guschanski, V. Savolainen,
S. Pääbo, Temporal patterns of nucleotide misincorporations
and DNA fragmentation in ancient DNA. PLOS ONE 7,
e34131 (2012). doi: 10.1371/journal.pone.0034131;
pmid: 22479540
46. H. N. Poinar et al., Metagenomics to paleogenomics:
Large-scale sequencing of mammoth DNA. Science 311,
392–394 (2006). doi: 10.1126/science.1123360;
pmid: 16368896
47. R. E. Green et al., Analysis of one million base pairs of
Neanderthal DNA. Nature 444, 330–336 (2006).
doi: 10.1038/nature05336; pmid: 17108958
48. J. D. Wall, S. K. Kim, Inconsistencies in Neanderthal
genomic DNA sequences. PLOS Genet. 3, e175 (2007).
doi: 10.1371/journal.pgen.0030175; pmid: 17937503
49. R. E. Green et al., The Neandertal genome and ancient
DNA authenticity. EMBO J. 28, 2494–2502 (2009).
doi: 10.1038/emboj.2009.222; pmid: 19661919
50. R. E. Green et al., A complete Neandertal mitochondrial
genome sequence determined by high-throughput
sequencing. Cell 134, 416–426 (2008). doi: 10.1016/
j.cell.2008.06.021; pmid: 18692465

www.sciencemag.org

REVIEW
51. M. Rasmussen et al., Ancient human genome sequence of
an extinct Palaeo-Eskimo. Nature 463, 757–762 (2010).
doi: 10.1038/nature08835; pmid: 20148029
52. M. T. Gilbert et al., Ancient mitochondrial DNA from hair.
Curr. Biol. 14, R463–R464 (2004). doi: 10.1016/
j.cub.2004.06.008; pmid: 15203015
53. M. Rasmussen et al., An Aboriginal Australian genome reveals
separate human dispersals into Asia. Science 334, 94–98
(2011). doi: 10.1126/science.1211177; pmid: 21940856
54. M. T. Gansauge, M. Meyer, Single-stranded DNA library
preparation for the sequencing of ancient or damaged
DNA. Nat. Protoc. 8, 737–748 (2013). doi: 10.1038/
nprot.2013.038; pmid: 23493070
55. A. Eriksson, A. Manica, Effect of ancient population
structure on the degree of polymorphism shared between
modern human populations and ancient hominins.
Proc. Natl. Acad. Sci. U.S.A. 109, 13956–13960 (2012).
doi: 10.1073/pnas.1200567109; pmid: 22893688
56. M. A. Yang, A. S. Malaspinas, E. Y. Durand, M. Slatkin,
Ancient structure in Africa unlikely to explain Neanderthal
and non-African genetic similarity. Mol. Biol. Evol. 29,
2987–2995 (2012). doi: 10.1093/molbev/mss117;
pmid: 22513287
57. R. K. Lowery et al., Neanderthal and Denisova genetic
affinities with contemporary humans: Introgression versus
common ancestral polymorphisms. Gene 530, 83–94
(2013). doi: 10.1016/j.gene.2013.06.005; pmid: 23872234
58. J. Krause et al., The complete mitochondrial DNA genome
of an unknown hominin from southern Siberia. Nature
464, 894–897 (2010). doi: 10.1038/nature08976;
pmid: 20336068
59. J. J. Hublin, The origin of Neandertals. Proc. Natl. Acad.
Sci. U.S.A. 106, 16022–16027 (2009). doi: 10.1073/
pnas.0904119106; pmid: 19805257
60. D. Reich et al., Denisova admixture and the first modern
human dispersals into Southeast Asia and Oceania.
Am. J. Hum. Genet. 89, 516–528 (2011). doi: 10.1016/
j.ajhg.2011.09.005; pmid: 21944045
61. A. Keller et al., New insights into the Tyrolean Iceman’s
origin and phenotype as inferred by whole-genome
sequencing. Nat Commun 3, 698 (2012). doi: 10.1038/
ncomms1701; pmid: 22426219
62. P. Skoglund et al., Origins and genetic legacy of
Neolithic farmers and hunter-gatherers in Europe.
Science 336, 466–469 (2012). doi: 10.1126/
science.1216304; pmid: 22539720
63. W. Miller et al., Polar and brown bear genomes reveal
ancient admixture and demographic footprints of past climate
change. Proc. Natl. Acad. Sci. U.S.A. 109, E2382–E2390
(2012). doi: 10.1073/pnas.1210506109; pmid: 22826254
64. J. A. Cahill et al., Genomic evidence for island population
conversion resolves conflicting theories of polar bear
evolution. PLOS Genet. 9, e1003345 (2013).
doi: 10.1371/journal.pgen.1003345; pmid: 23516372

65. W. Miller et al., Sequencing the nuclear genome
of the extinct woolly mammoth. Nature 456,
387–390 (2008). doi: 10.1038/nature07446;
pmid: 19020620
66. N. Wales, J. A. Romero-Navarro, E. Cappellini,
M. T. Gilbert, Choosing the best plant for the job:
A cost-effective assay to prescreen ancient plant remains
destined for shotgun sequencing. PLOS ONE 7,
e45644 (2012). doi: 10.1371/journal.pone.0045644;
pmid: 23029156
67. A. Gnirke et al., Solution hybrid selection with ultra-long
oligonucleotides for massively parallel targeted
sequencing. Nat. Biotechnol. 27, 182–189 (2009).
doi: 10.1038/nbt.1523; pmid: 19182786
68. H. A. Burbano et al., Targeted investigation of the
Neandertal genome by array-based sequence capture.
Science 328, 723–725 (2010). doi: 10.1126/science.
1188046; pmid: 20448179
69. M. C. Ávila-Arcos et al., Application and comparison of
large-scale solution-based DNA capture-enrichment
methods on ancient DNA. Sci. Rep. 1, 74 (2011).
doi: 10.1038/srep00074; pmid: 22355593
70. R. Bollongino et al., 2000 years of parallel societies in
Stone Age Central Europe. Science 342, 479–481
(2013). doi: 10.1126/science.1245049; pmid: 24114781
71. M. Meyer et al., A mitochondrial genome sequence of a
hominin from Sima de los Huesos. Nature (2013).
doi: 10.1038/nature12788; pmid: 24305051
72. O. Thalmann et al., Complete mitochondrial genomes of
ancient canids suggest a European origin of domestic
dogs. Science 342, 871–874 (2013). doi: 10.1126/
science.1243650; pmid: 24233726
73. N. Rohland et al., Proboscidean mitogenomics:
Chronology and mode of elephant evolution using
mastodon as outgroup. PLOS Biol. 5, e207 (2007).
doi: 10.1371/journal.pbio.0050207; pmid: 17676977
74. M. W. Bruford, D. G. Bradley, G. Luikart, DNA markers
reveal the complexity of livestock domestication.
Nat. Rev. Genet. 4, 900–910 (2003). doi: 10.1038/
nrg1203; pmid: 14634637
75. A. Beja-Pereira et al., The origin of European cattle:
Evidence from modern and ancient DNA. Proc. Natl.
Acad. Sci. U.S.A. 103, 8113–8118 (2006). doi: 10.1073/
pnas.0509210103; pmid: 16690747
76. M. A. Groenen et al., Analyses of pig genomes provide
insight into porcine demography and evolution. Nature
491, 393–398 (2012). doi: 10.1038/nature11622;
pmid: 23151582
77. H. Römpler et al., Nuclear gene indicates
coat-color polymorphism in mammoths. Science
313, 62 (2006). doi: 10.1126/science.1128994;
pmid: 16825562
78. C. Lalueza-Fox et al., A melanocortin 1 receptor allele
suggests varying pigmentation among Neanderthals.

www.sciencemag.org

SCIENCE

VOL 343

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Science 318, 1453–1455 (2007). doi: 10.1126/
science.1147417; pmid: 17962522
L. Abi-Rached et al., The shaping of modern human
immune systems by multiregional admixture with archaic
humans. Science 334, 89–94 (2011). doi: 10.1126/
science.1209202; pmid: 21868630
F. L. Mendez, J. C. Watkins, M. F. Hammer,
A haplotype at STAT2 Introgressed from neanderthals
and serves as a candidate of positive selection
in Papua New Guinea. Am. J. Hum. Genet. 91,
265–274 (2012). doi: 10.1016/j.ajhg.2012.06.015;
pmid: 22883142
F. L. Mendez, J. C. Watkins, M. F. Hammer, Neandertal
origin of genetic variation at the cluster of OAS
immunity genes. Mol. Biol. Evol. 30, 798–801 (2013).
doi: 10.1093/molbev/mst004; pmid: 23315957
K. Prüfer et al., Computational challenges in the
analysis of ancient DNA. Genome Biol. 11,
R47 (2010). doi: 10.1186/gb-2010-11-5-r47;
pmid: 20441577
J. S. Pedersen et al., Genome-wide nucleosome map and
cytosine methylation levels of an ancient human genome.
Genome Res. (2013). doi: 10.1101/gr.163592.113;
pmid: 24299735
K. L. Campbell et al., Substitutions in woolly mammoth
hemoglobin confer biochemical properties adaptive for
cold tolerance. Nat. Genet. 42, 536–540 (2010).
doi: 10.1038/ng.574; pmid: 20436470
J. S. Sherkow, H. T. Greely, Genomics. What if extinction
is not forever? Science 340, 32–33 (2013). doi: 10.1126/
science.1236965; pmid: 23559235
H. Nicholls, Darwin 200: Let’s make a mammoth. Nature
456, 310–314 (2008). doi: 10.1038/456310a;
pmid: 19020594
F. Sánchez-Quinto et al., Genomic affinities of two
7,000-year-old Iberian hunter-gatherers. Curr. Biol. 22,
1494–1499 (2012). doi: 10.1016/j.cub.2012.06.005;
pmid: 22748318
R. Khairat et al., First insights into the metagenome of
Egyptian mummies using next-generation sequencing.
J. Appl. Genet. 54, 309–325 (2013). doi: 10.1007/
s13353-013-0145-1; pmid: 23553074
M. Raghavan et al., Upper Palaeolithic Siberian genome
reveals dual ancestry of Native Americans. Nature
505, 87–91 (2013). doi: 10.1038/nature12736;
pmid: 24256729

Acknowledgments: We thank J. Cahill for providing
coverage statistics for ancient polar bears, and apologize
in advance if any studies were inadvertently omitted from
Table 1. We thank R. E. Green for helpful comments on
earlier drafts of the manuscript.
10.1126/science.1236573

24 JANUARY 2014

1236573-7

A Paleogenomic Perspective on Evolution and Gene Function: New
Insights from Ancient DNA
B. Shapiro and M. Hofreiter
Science 343, (2014);
DOI: 10.1126/science.1236573

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of October 29, 2015 ):
Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/343/6169/1236573.full.html
This article cites 89 articles, 40 of which can be accessed free:
http://www.sciencemag.org/content/343/6169/1236573.full.html#ref-list-1
This article has been cited by 9 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/343/6169/1236573.full.html#related-urls
This article appears in the following subject collections:
Evolution
http://www.sciencemag.org/cgi/collection/evolution

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2014 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on October 29, 2015

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

