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ABSTRACT At its core, genetics is a historical discipline. Mutations are passed on from generation to generation and accumulate as a
result of chance as well as of selection within and between populations and species. However, until recently, geneticists were confined
to the study of present-day genetic variation and could only indirectly make inferences about the historical processes that resulted in
the variation in present-day gene pools. This “time trap” has now been overcome thanks to the ability to analyze DNA extracted from
ancient remains, and this is about to revolutionize several aspects of genetics.
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OVER 30 years ago, the first evidence that DNA could
survive in dead organisms emerged (Higuchi et al. 1984;

Pääbo 1984). With the invention of the polymerase chain
reaction (PCR) it became possible to reproducibly retrieve
old DNA sequences (Pääbo et al. 1989). This resulted in novel
insights about the relationships of extinct animals and in the
determination of the first DNA sequences from a Neandertal,
the closest extinct relative of present-day humans (Krings
et al. 1997). However, early enthusiasm was tempered by
the realization that contamination with present-day human
DNA made studies of ancient human remains challenging
(Pääbo et al. 2004). Whereas the retrieval of multicopy
DNA sequences such as mitochondrial DNA was often possi-
ble, the study of single-copy nuclear DNA from diploid organ-
isms was fraught with difficulty (for a popular account, see
Pääbo 2014b). This situation changed with the advent of
high-throughput DNA sequencing technologies at the begin-
ning of this millennium.

High-throughput DNA sequencing circumvents the need to
directly apply the PCR to DNA extracts prepared from ancient
tissues. Instead, the extracts are used to produce DNA libraries
that can then be sequenced or used to isolate DNA fragments of
interest by hybridization capture (Burbano et al. 2010). This has
several advantages. First, the vast majority of the DNA mole-
cules preserved in ancient tissues are degraded to lengths,50 bp
(Green et al. 2009). Such short molecules can be studied by
sequencing molecules in DNA libraries, whereas the applica-

tion of PCR requires that a large proportion of the preserved
molecules are used for priming sites, thusmaking the study of
molecules shorter than�40 bp impossible. Second, while the
PCR by necessity focuses on longer molecules, the high-
throughput sequencing techniques make it possible to focus
on the older and shorter molecules, avoiding contaminating
DNA molecules that often are longer (Krause et al. 2010a).
Third, the chemical modifications that accumulate in ancient
DNA over time cause characteristic miscoding lesions that
accumulate at the ends of DNA molecules (Sawyer et al.
2012). Although inaccessible to direct PCR, these substitu-
tion patterns can be detected using high-throughput sequenc-
ing. Because they are largely absent in modern DNA, they can
be used to authenticate ancient DNA, and when present-day,
contaminating DNA is present in an extract the analysis can
be confined to molecules that carry such substitutions and
thus are likely to be ancient (Krause et al. 2010a).

Refinements of the techniques that allow short DNA se-
quences to be extracted efficiently (Dabney et al. 2013) and
libraries to be made from small amounts of damaged DNA
(Meyer et al. 2012), as well as the finding that DNA is particu-
larly likely to survive in the petrous part of the temporal bones of
humans and animals (Gamba et al. 2014), havemade it possible
to retrieve genome-wide DNA data from large numbers of re-
mains and from warmer areas of the world where preservation
is less optimal (Gallego Llorente et al. 2015). The ability to go
back in time will revolutionize genetics in at least four areas.

Extinct Organisms

Most species that have existed on the planet are extinct.
Remains of some of these are preserved as fossils, and from
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a fraction of these DNA can nowbe retrieved. This contributes
to our ability to understand evolutionary processes. For exam-
ple, the elucidation of the phylogeny of flightless ratite birds
such as moas, kiwis, and ostriches, most of which are extinct,
has shown that flightlessness has evolvedmultiple times in the
Southern Hemisphere (Cooper et al. 1992). Other examples of
convergent evolution have been found among extinct marsu-
pial carnivores in Australia and South America (Thomas et al.
1989), and DNA frommany extinct animals such as cave bears
(Hänni et al. 1994), giant ground sloth (Höss et al. 1996), and
the saber-toothed cat (Janczewski et al. 1992), to name a few,
have been retrieved. Whole genomes from the mammoth
(Lynch et al. 2015; Palkopoulou et al. 2015) and a 700,000-
year-old horse (Orlando et al. 2013) presage the complete
genomes of many extinct species that will be sequenced over
the next decade. This will clarify the evolutionary relationships
of these species and open the possibility of understanding
functional adaptations in extinct organisms.

Human Origins

Genome sequences of Neandertals (Green et al. 2010; Prüfer
et al. 2014) provide a unique perspective on human origins by
showing that Neandertals contributed to the gene pool of
present-day humans. Our ancestors also include a distant
Asian relative of Neandertals, the Denisovans, which was dis-
covered using DNA from a small finger bone found in the Rus-
sian part of the Altai Mountains (Krause et al. 2010b; Reich
et al. 2010). There is emerging evidence that such genetic
contributions may have substantial physiological effects in
present-day humans, for example, for the immune system (Abi-
Rached et al. 2011), for lipid metabolism (Khrameeva et al.
2014), and for adaptation to high altitude (Huerta-Sanchez
et al. 2014). Neandertal genetic variants also have medical
consequences, for example, with respect to type 2 diabetes
(Consortium et al. 2014), Helicobacter pylori susceptibility
(Dannemann et al. 2016), and depression, actinic keratosis,
hypercoagulation, and other diseases (Simonti et al. 2016).

The availability of the Neandertal and Denisovan genome
sequences also allows us to identify the genetic changes shared
by all (or almost all) present-day humans, but absent in Ne-
andertals and the great apes. Their total number is only
�30,000. An important undertaking over the next few years
will be to understand the functional consequences of these
changes, which are likely to include some that underlie unique
aspects of the modern human phenotype (Pääbo 2014a). This
not only may illuminate the biological basis for human evolu-
tionary history over the past 100,000 years, but alsomaymake
inroads into the understanding of diseases such as autism that
may affect aspects of cognition that are unique to humans.

Human History

The ability to study genetic variation in past human popula-
tions will revolutionize archaeology by providing direct in-
sights into migrations and population turnover in the past.

Genome-wide analyses of hundreds of West Eurasians span-
ning the past 10,000 years provide direct evidence for at least
twomajor humanmigrations into Europe at the beginning and
the end of the Neolithic (Haak et al. 2015). A recent study on
Pleistocene human remains across Europe provided genetic
evidence for a previously unknown population turnover in
Europe at the end of the last Ice Age, �14,000 years ago,
highlighting how genetic studies can reveal unsuspected
events in human history (Posth et al. 2016). Ancient and
present-day genomic data will also provide new perspectives
on historically documented events such as the Anglo-Saxon
invasion of Great Britain by allowing estimates of the number
of migrants and the reconstruction of admixture patterns
(Schiffels et al. 2016).

Now that large numbers of ancient individuals can be
efficiently analyzed, genetic transects through space and time
will allow the spread of alleles to be monitored over time,
allowing biological adaptations to be correlated with environ-
mental or cultural change andwith epidemics (Mathieson et al.
2015). In fact, genetic studies of human remains recovered at
excavations are likely soon becoming a standard tool in ar-
chaeology similar to radiocarbon dating, allowing genetics to
enter into a fruitful symbiotic relationship with archaeology.

Evolution of Pathogens

Despite tremendous progress in biomedical research, infec-
tious diseases still pose a major threat to human health.
However, surprisingly little is known about the evolution
and historical dissemination of most human pathogens. Even
the etiological agents of past pandemics and the zoonotic
origin of humandiseases are often subjects of speculation. The
reconstruction of pathogen genomes from ancient skeletal
remains allows evidence-based diagnosis of past diseases and
the direct study of the evolutionary history of pathogens and
host–pathogen interactions. For example, the recent recon-
struction of ancient Yersinia pestis genomes provided un-
equivocal evidence for the presence of bubonic plague
during the Medieval Black Death pandemic in Europe and
demonstrated that no major changes in the genetic makeup
of this pathogen have occurred during the past 660 years
(Bos et al. 2011). Mycobacterium tuberculosis genomes from
1000-year-old human remains exhumed on the coast of Peru
were found to be most closely related to strains causing tu-
berculosis in seals and sea lions, suggesting an unexpected
zoonotic origin of tuberculosis in the New World (Bos et al.
2014). Moreover, the study of immune genes in individuals
who succumbed and who survived pandemics in the past will
reveal how pathogens and the immune system interact and
may provide new strategies for prevention and treatment of
infectious diseases.

Conclusions

During just the past year, hundreds of genome-wide data sets
from ancient humans have been published (Allentoft et al.
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2015; Haak et al. 2015; Mathieson et al. 2015). This devel-
opment will undoubtedly accelerate and extend to other
organisms. However, DNA retrieval also has limitations.
Because ancient DNA is almost invariably degraded to short
fragments, de novo assemblies of genomes will remain diffi-
cult or impossible, and mapping to repetitive parts of the
genome will be only partially possible. DNA preservation is
also limited by age and by environmental conditions. Outside
the permafrost, the oldest hominin DNA retrieved to date is a
little over 400,000 years old (Meyer et al. 2014, 2016). In
most parts of the world, it will probably not be possible to
study DNA sequences much older than half a million or at the
most a million years. But genetic studies of humans and other
organisms as well as their pathogens and commensals across
the past 100,000 years will soon become routine.

Literature Cited

Abi-Rached, L., M. J. Jobin, S. Kulkarni, A. McWhinnie, K. Dalva
et al., 2011 The shaping of modern human immune systems by
multiregional admixture with archaic humans. Science 334: 89–
94.

Allentoft, M. E., M. Sikora, K. G. Sjogren, S. Rasmussen, M. Rasmussen
et al., 2015 Population genomics of Bronze Age Eurasia. Nature
522: 167–172.

Bos, K. I., V. J. Schuenemann, G. B. Golding, H. A. Burbano, N.
Waglechner et al., 2011 A draft genome of Yersinia pestis from
victims of the Black Death. Nature 478: 506–510.

Bos, K. I., K. M. Harkins, A. Herbig, M. Coscolla, N. Weber et al.,
2014 Pre-Columbian mycobacterial genomes reveal seals as a
source of New World human tuberculosis. Nature 514: 494–497.

Burbano, H. A., E. Hodges, R. E. Green, A. W. Briggs, J. Krause
et al., 2010 Targeted investigation of the Neandertal genome
by array-based sequence capture. Science 328: 723–725.

Cooper, A., C. Mourer-Chauvire, G. K. Chambers, A. von Haeseler,
A. C. Wilson et al., 1992 Independent origins of New Zealand
moas and kiwis. Proc. Natl. Acad. Sci. USA 89: 8741–8744.

Dabney, J., M. Knapp, I. Glocke, M. T. Gansauge, A. Weihmann
et al., 2013 Complete mitochondrial genome sequence of a
Middle Pleistocene cave bear reconstructed from ultrashort
DNA fragments. Proc. Natl. Acad. Sci. USA 110: 15758–15763.

Dannemann, M., A. M. Andres, and J. Kelso, 2016 Introgression
of Neandertal- and Denisovan-like haplotypes contributes to
adaptive variation in human Toll-like receptors. Am. J. Hum.
Genet. 98: 22–33.

Gallego Llorente, M., E. R. Jones, A. Eriksson, V. Siska, K. W. Arthur
et al., 2015 Ancient Ethiopian genome reveals extensive Eur-
asian admixture throughout the African continent. Science 350:
820–822.

Gamba, C., E. R. Jones, M. D. Teasdale, R. L. McLaughlin, G.
Gonzalez-Fortes et al., 2014 Genome flux and stasis in a five
millennium transect of European prehistory. Nat. Commun. 5:
5257.

Green, R. E., A. W. Briggs, J. Krause, K. Prüfer, H. A. Burbano et al.,
2009 The Neandertal genome and ancient DNA authenticity.
EMBO J. 28: 2494–2502.

Green, R. E., J. Krause, A. W. Briggs, T. Maricic, U. Stenzel et al.,
2010 A draft sequence of the Neandertal genome. Science
328: 710–722.

Haak, W., I. Lazaridis, N. Patterson, N. Rohland, S. Mallick et al.,
2015 Massive migration from the steppe was a source for
Indo-European languages in Europe. Nature 522: 207–211.

Hänni, C., V. Laudet, D. Stehelin, and P. Taberlet, 1994 Tracking
the origins of the cave bear (Ursus spelaeus) by mitochondrial
DNA sequencing. Proc. Natl. Acad. Sci. USA 91: 12336–12340.

Higuchi, R., B. Bowman, M. Freiberger, O. A. Ryder, and A. C.
Wilson, 1984 DNA sequences from the quagga, an extinct
member of the horse family. Nature 312: 282–284.

Höss, M., A. Dilling, A. Currant, and S. Pääbo, 1996 Molecular
phylogeny of the extinct ground sloth Mylodon darwinii. Proc.
Natl. Acad. Sci. USA 93: 181–185.

Huerta-Sanchez, E., X. Jin, Z. Asan, B. M. Bianba, Peter et al.,
2014 Altitude adaptation in Tibetans caused by introgression
of Denisovan-like DNA. Nature 512: 194–197.

Janczewski, D. N., N. Yuhki, D. A. Gilbert, G. T. Jefferson, and S. J.
O’Brien, 1992 Molecular phylogenetic inference from saber-
toothed cat fossils of Rancho La Brea. Proc. Natl. Acad. Sci.
USA 89: 9769–9773.

Khrameeva, E. E., K. Bozek, L. He, Z. Yan, X. Jiang et al.,
2014 Neanderthal ancestry drives evolution of lipid catabo-
lism in contemporary Europeans. Nat. Commun. 5: 3584.

Krause, J., A. W. Briggs, M. Kircher, T. Maricic, N. Zwyns et al.,
2010a A complete mtDNA genome of an early modern human
from Kostenki, Russia. Curr. Biol. 20: 231–236.

Krause, J., Q. Fu, J. M. Good, B. Viola, M. V. Shunkov et al.,
2010b The complete mitochondrial DNA genome of an un-
known hominin from southern Siberia. Nature 464: 894–897.

Krings, M., A. Stone, R. W. Schmitz, H. Krainitzki, M. Stoneking
et al., 1997 Neandertal DNA sequences and the origin of mod-
ern humans. Cell 90: 19–30.

Lynch, V. J., O. C. Bedoya-Reina, A. Ratan, M. Sulak, D. I. Drautz-
Moses et al., 2015 Elephantid genomes reveal the molecular
bases of woolly mammoth adaptations to the Arctic. Cell Rep.
12: 217–228.

Mathieson, I., I. Lazaridis, N. Rohland, S. Mallick, N. Patterson
et al., 2015 Genome-wide patterns of selection in 230 ancient
Eurasians. Nature 528: 499–503.

Meyer, M., M. Kircher, M. T. Gansauge, H. Li, F. Racimo et al.,
2012 A high-coverage genome sequence from an archaic
Denisovan individual. Science 338: 222–226.

Meyer, M., Q. Fu, A. Aximu-Petri, I. Glocke, B. Nickel et al.,
2014 A mitochondrial genome sequence of a hominin from
Sima de los Huesos. Nature 505: 403–406.

Meyer, M., J.-L. Arsuaga, S. Nagel, A. Aximu-Petri, B. Nickel et al.,
2016 Nuclear DNA sequences from the Middle Pleistocene
Sima de los Huesos hominins. Nature (in press).

Orlando, L., A. Ginolhac, G. Zhang, D. Froese, A. Albrechtsen et al.,
2013 Recalibrating Equus evolution using the genome sequence
of an early Middle Pleistocene horse. Nature 499: 74–78.

Pääbo, S., 1984 Über den Nachweis von DNA in altägyptischen
Mumien. Altertum 30: 213–218.

Pääbo, S., 2014a The human condition: a molecular approach.
Cell 157: 216–226.

Pääbo, S., 2014b Neanderthal Man: In Search of Lost Genomes.
Basic Books, New York.

Pääbo, S., R. G. Higuchi, and A. C. Wilson, 1989 Ancient DNA and
the polymerase chain reaction. The emerging field of molecular
archaeology. J. Biol. Chem. 264: 9709–9712.

Pääbo, S., H. Poinar, D. Serre, V. Jaenicke-Despres, J. Hebler et al.,
2004 Genetic analyses from ancient DNA. Annu. Rev. Genet.
38: 645–679.

Palkopoulou, E., S. Mallick, P. Skoglund, J. Enk, N. Rohland et al.,
2015 Complete genomes reveal signatures of demographic
and genetic declines in the woolly mammoth. Curr. Biol. 25:
1395–1400.

Posth, C., G. Renaud, A. Mittnik, D. Drucker, H. Rougier et al.,
2016 Pleistocene mitochondrial genomes suggest a single major
dispersal of non-Africans and a late glacial population turnover in
Europe. Curr. Biol. 26: 1–7.

Commentary 11



Prüfer, K., F. Racimo, N. Patterson, F. Jay, S. Sankararaman et al.,
2014 The complete genome sequence of a Neanderthal from
the Altai Mountains. Nature 505: 43–49.

Reich, D., R. E. Green, M. Kircher, J. Krause, N. Patterson et al.,
2010 Genetic history of an archaic hominin group from Denisova
Cave in Siberia. Nature 468: 1053–1060.

Sawyer, S., J. Krause, K. Guschanski, V. Savolainen, and S. Pääbo,
2012 Temporal patterns of nucleotide misincorporations and
DNA fragmentation in ancient DNA. PLoS One 7: e34131.

Schiffels, S., W. Haak, P. Paajanen, B. Llamas, E. Popescu et al.,
2016 Iron Age and Anglo-Saxon genomes from East England
reveal British migration history. Nat. Commun. 7: 10408.

SIGMA Type 2 Diabetes Consortium, Williams, A. L., S. B. Jacobs,
H. Moreno-Macias, A. Huerta-Chagoya et al., 2014 Sequence
variants in SLC16A11 are a common risk factor for type 2
diabetes in Mexico. Nature 506: 97–101.

Simonti, C. N., B. Vernot, L. Bastarache, E. Bottinge, D. S. Carrell
et al., 2016 The phenotypic legacy of admixture between mod-
ern humans and Neandertals. Science 351: 737–741.

Thomas, R. H., W. Schaffner, A. C. Wilson, and S. Pääbo,
1989 DNA phylogeny of the extinct marsupial wolf. Nature
340: 465–467.

Communicating editor: M. Johnston

12 J. Krause and S. Pääbo

http://www.nature.com/nature/journal/v506/n7486/full/nature12828.html#group-1

