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Abstract
The nucleic-acid revolution started 31 years ago. The development of the second-generation
sequencing (SGS) has allowed a higher throughput and lower price per sequenced base,
opening the possibility to sequence ancient genomes, including epigenetics. The main SGS
platforms are described in this review: i) Roche 454 Life Sciences, based on emulsion PCR
(emPCR) and further pyrosequencing; ii) Illumina (bridge-amplification and subsequent
reversible-terminator sequencing); iii) Life Technologies SOLiD (emPCR coupled with
oligonucleotide ligation to interrogate DNA); and iv) Life Technologies Ion-Torrent-chip
(emPCR, further using microchip pH-meters). Different ancient genomes (including viruses,
microorganisms, plants and animals) have been sequenced. This has allowed to study the
evolution of pathogens, domestication of microorganisms, plants and animals, paleodiets and
paleoenvironments, including climate changes. Some hurdles and challenges must yet be
overcome, but the steady technological advances in nucleic-acid isolation, sequencing and
bioinformatics (together with higher computing power) promise a bright future for
bioarchaeology in general, and paleogenomics in particular, allowing to analyze not just single
genomes, but also to address ancient population genomics and evolution.

Key words (not in title or abstract, which are always indexed): ancient DNA (aDNA), high-throughput sequencing (HTS),
paleoenvironmental DNA (PalEnDNA), paleogenomes, polymerase chain-reaction (PCR).

Resumen

La revolución de la secuenciación de ácidos nucleicos comenzó hace 31 años. El desarrollo de
la secuenciación de segunda generación (SGS) ha permitido un mayor rendimiento y menor
precio por base secuenciada, abriendo la posibilidad de secuenciar genomas antiguos,
incluyendo epigenética. Esta revisión describe las principales plataformas de SGS: i) Roche
454 Life Sciences, basada en PCR en emulsión (emPCR) y posterior pirosecuenciación; ii)
Illumina (amplificación por puente y secuenciación mediante terminadores reversibles); iii) Life
Technologies SOLiD (emPCR y ligación de oligonucleótidos para interrogar ADN); y iv) Life
Technologies Ion-Torrent-chip (emPCR y microchips pH-metros). Distintos genomas antiguos
(incluyendo virus, microorganismos, plantas y animales) han sido secuenciados. Ello ha
permitido estudiar la evolución de patógenos, domesticación de microorganismos, plantas y
animales, paleodietas y paleoambientes, incluyendo cambios climáticos. Todavía quedan por
superar obstáculos y desafíos, pero los avances tecnológicos continuos en aislamiento de
ácidos nucleicos, secuenciación y bioinformática (junto con mayor potencia de computación)
prometen un futuro brillante para la bioarqueología en general, y la paleogenómica en
particular, permitiendo analizar no sólo genomas aislados, sino también abordar la genómica y
evolución de poblaciones antiguas.

Palabras clave (no en título o resumen, que son siempre indexados): ADN antiguo (ADNa), secuenciación de alto
rendimiento (SAR), ADN paleoambiental (ADNPalAmb), paleogenomas, reacción en cadena de la polimerasa (RCP).
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Introduction

Sequencing of ancient DNA (aDNA) started more than three decades
ago with the quagga (Equus quagga), a zebra-like species extinct in 1883
(Higuchi et al, 1984), using the first-generation sequencing (FGS) methodology.
Later on, the second-generation sequencing (SGS) of DNA (sometimes
described using the ambiguous “next-generation” sequencing terminology;
NGS) revolutionized the life sciences and related disciplines, including
archaeology (bioarchaeology). The main advantages over the previous first
generation sequencing platforms were the significantly higher throughput and
lower price per sequenced base.

Such high-throughput sequencing (HTS) technology allowed to
sequence full genomes in an affordable way. Additionally, some second-
generation nucleic-acid platforms have allowed what was previously considered
an impossible task: to sequence full ancient genomes. Thus, most advances in
aDNA sequencing have been carried out with such second-generation DNA-
sequencing approach (Dorado et al, 2007-2014; Charman et al, 2015;
Hagelberg et al, 2015; Orlando et al, 2015). The SGS also allows to study
epigenetics, which has been recently applied to ancient DNA (Orlando et al,
2015; Pedersen et al, 2014; Smith et al, 2015; Seguin-Orlando et al, 2015).

A new third-generation sequencing (TGS) of nucleic acids promises to
further revolutionize bioarchaeology in future years, sequencing single
molecules (not requiring amplification). This has the potential to sequence not
only unbiased aDNA, as demonstrated with horse (Orlando et al, 2011;
Ginolhac et al, 2012) but also ancient RNA (aRNA), albeit it is now mostly in
development. Thus, this review deals with the second-generation nucleic-acid
sequencing in bioarchaeology.

Sequencing platforms

There are several second-generation nucleic-acid sequencing platforms.
The most popular are described below.

a. Roche 454 Life Sciences sequencing

This technology revolutionized DNA sequencing, igniting the
second-generation sequencing. It is based on emulsion polymerase chain-
reaction (emPCR) in-vitro amplification, allowing a high multiplexing of parallel
reactions in a water-in-oil (W/O) emulsion.

Further pyrosequencing reactions are used to read the DNA sequence in
picowells. The reads are finally assembled using bioinformatics tools. It
represents the second-generation platform with longer reads, albeit being also
more expensive.

The power of this approach has been demonstrated through sequencing
ancient genomes, like the one from Neanderthal (Green et al, 2006; Noonan et
al, 2006).
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Figure 1. Roche 454 Life Sciences sequencing. The pyrosequencing reaction (coupled with
DNA polymerization) generates light, allowing the DNA sequencing. Figure credit: How
pyrosequencing works. © 2014 Jacopo Pompilii, Wikimedia Commons
<http://commons.wikimedia.org> and Creative Commons <http://creativecommons.org>.

b. Illumina sequencing

This approach is based on the Polymerase Chain-Reaction (PCR)
bridge-amplification technology, to generate DNA clusters on solid supports
(PCR-free protocols are also available). Then, a reversible-terminator
sequencing is carried out in a massively-parallel way, generating light in flow
cells. Sophisticated software algorithms are then used to assemble the reads
and generate the contigs, chromosomes and genomes.

This platform allows a high coverage of the sequenced genome.
Although the original reads were short (which sometimes was a blocking
problem, since the bioinformatics tools may not be capable of assembling
short/repetitive sequences), the technology has since evolved to generate
significantly longer reads.

Figure 2. Illumina sequencing. The bridge amplification allows a high-throughput sequencing.
Figure credit: Bridge amplification. © 2009 Abizar, Wikimedia Commons
<http://commons.wikimedia.org> and Creative Commons <http://creativecommons.org>.
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c. Life Technologies SOLiD sequencing

This methodology uses emPCR in a solid support, coupled with
oligonucleotide ligation of different universal primers and labeled probes to
interrogate DNA. The fluorescence generated by the probe cleavage allows to
read the DNA in the sequencing reaction. Then, bioinformatics tools are used to
assemble the reads.

Figure 3. Life Technologies SOLiD sequencing. The sheared DNA is subjected to emPCR and
further sequencing. Figure credit: Library preparation for the SOLiD platform. © 2012 Philippe
Hupé, Wikimedia Commons <http://commons.wikimedia.org> and Creative Commons
<http://creativecommons.org>.

d. Life Technologies Ion-Torrent-chip sequencing

This approach generates a library of DNA fragments ligated to adapters
with biotin, which are captured with streptavidin-coated beads. The DNA is
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denatured and the non-biotinylated fragments are captured by primer-coated
beads. The DNA is amplified by emPCR using biotinylated primers, allowing to
isolate the extension products attached to the beads. They are captured in
picowells and the sequencing reactions are carried out in femtowells that detect
the generated protons (H+) in the DNA polymerization, thus effectively working
as microchip pH-meters. The reads are finally assembled using bioinformatics
applications.

Figure 4. Life Technologies Ion-Torrent-chip sequencing. Detection of protons during DNA
polymerization. Figure credit: dNTP incorporation - hydrogen magnitude. © 2011 David Tack,
Wikimedia Commons <http://commons.wikimedia.org> and Creative Commons
<http://creativecommons.org>.

Sequencing ancient genomes

To date, different ancient genomes (paleogenomes) have been
sequenced. This was initially allowed by the development of the PCR in vitro
amplification. The methodology has also improved in recent years, including the
isolation of higher quantity/quality DNA, as well as reading longer DNA lengths
at lower prices. Thus, paleogenomics allows the sequencing of partial or
complete ancient genomes, including viruses (Ng et al, 2014) and
microorganisms like cyanobacteria (MartínezDeLaEscalera et al, 2014; Pal et
al, 2015). Likewise, organelles like chloroplasts and mitochondria (Haak et al,
2010; Bon et al, 2012; Fu et al, 2012; Hung et al, 2013; Paijmans et al, 2013;
Fernández et al, 2014; Meyer et al, 2014; Orlando, 2014; Shapiro and Ho,
2014; Sheng et al, 2014; Hervella et al, 2015; Immel et al, 2015; Marsolier-
Kergoat et al, 2015) and nuclear genomes of plants such as cotton (Palmer et
al, 2012a,b; Brown et al, 2015) and wild animals like mammoth (Poinar et al,
2006; Miller et al, 2008), bear (Barnes et al, 2002; Noonan et al, 2005), cave
hyena (Bon et al, 2012), horse (Orlando et al, 2013) and bison (Marsolier-
Kergoat et al, 2015), as well as livestock like sheep (Teasdale et al, 2015) and
hominins such as Neanderthals (Paabo, 2015) and Denisovans (Meyer et al,
2012; Brown and Barnes, 2015) from the Middle Pleistocene; up to about one
million years ago (Orlando, 2014). The new sequencing technologies also allow
to address ancient population genomics and evolution, as recently described
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for the Adelie penguin (Pygoscelis adeliae) (Parks et al, 2015) and humans
(Allentoft et al, 2015).

Paleogenomics is also being used to study the evolution of pathogens,
including the ones causing infectious diseases like the potato blight
(Phytophthora infestans), plague (Yersinia pestis), leprosy (Mycobacterium
leprae) and tuberculosis (Mycobacterium tuberculosis) (Donoghue et al, 2015).
Likewise, the domestication of microorganisms (eg., fermentations), plants and
animals and paleodiets. Interestingly, a massive sequencing of 101 ancient
human genomes of the Bronze Age in Eurasia (3000 to 1000 BC) has revealed
the surprising fact that the lactose tolerance during this period was only 10% in
Europe (Allentoft et al, 2015), showing that its main onset of positive selection
arose more recently (1000 BC or later) than previously thought (5500 BC) (Itan
et al, 2009). On the other hand, sequencing extinct plants and animals may
shed new light on climate change, migrations, adaptations and the evolutionary
history of the species (Haak et al, 2010; Fu et al, 2012; Fernández et al, 2014;
Brandao et al, 2015; Cooper et al, 2015; Hervella et al, 2015). This way, the
gene flows can also be determined, demonstrating ancient genetic admixtures
in which modern humans inbred with Denisovans and Neanderthals (which also
interbred between themselves) (Prufer et al, 2014; DerSarkissian et al, 2015;
Ermini et al, 2015; Hofreiter et al, 2015; Knapp et al, 2015; Paabo, 2015; Perry
and Orlando, 2015; Vernot and Akey, 2015). This has demonstrated that they
are subspecies of the same species.

On the other hand, environmental DNA (eDNA), and in particular
paleoenvironmental DNA (PalEnDNA), includes deposits like sediments and
soils, and remains such as coprolites and gut contents (Clack et al, 2012;
MartínezDeLaEscalera et al, 2014; Ng et al, 2014; Pawlowski et al, 2014;
Rawlence et al, 2014; Pal et al, 2015; Pedersen et al, 2015; Thomsen and
Willerslev, 2015). Thus, the sequencing of extinct species may be used to
reconstruct ancient ecosystems, even in the absence of fossils visible to the
naked eye or the microscope.

But different challenges must be overcome to successfully sequence
aDNA (Kircher, 2012; Shapiro and Hofreiter, 2012), including its recovery with
enough quantity/quality, with the required chemical and physical integrity
(Overballe-Petersen et al, 2012; Parks and Lamber, 2015), not being cross-
contaminated with modern DNA. Besides physical fragmentation, possible
chemical DNA alterations include tautomerization, deamination, base loss
(mainly depurination; mostly at guanosines), oxidation and hydrolysis (mostly at
purine bases). The sequencing artifacts may also be platform-specific (Seguin-
Orlando et al, 2013). Thus, a palindromic-sequence artifact has been recently
identified (Star et al, 2014). Indeed, it has been found that although the age of
the sample may be obviously relevant, other aspects like the taphonomic
history of the remains may be more important to determine both the quantity
and quality of recoverable DNA from the archaeological remains. Thus,
coldness (eg., permafrost in the Arctic and Antarctic regions) and dryness (eg.,
desertic and saline environments) usually yield the best-preserved DNA
samples.
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Bioinformatics applications have been developed to ascertain aDNA
damage (Jonsson et al, 2013). It has been recently advised that samples with
limited DNA fragmentation and deamination should be used to avoid biased
results in epigenomic studies (Seguin-Orlando et al, 2015). Some enzymatic-
repair approaches to decrease aDNA damages and increase its quantity have
been evaluated (Mouttham et al, 2015). Furthermore, some sample treatments,
like enzymatic digestions in the presence of ethylenediaminetetraacetic acid
(EDTA) may significantly increase the recovered aDNA (Damgaard et al, 2015).
Additionally, and not surprisingly, there may also be a differential
quantity/quality of DNA isolated from different parts of samples, like teeth and
bones (Damgaard et al, 2015; Pinhasi et al, 2015). The enrichment of aDNA
fragments by probe-hybridization capture, or probe-free approaches such as
affinity of methylated binding-domains (MBD) for methylated CpG dinucleotides
(mCpG), as well as the isolation of single-stranded DNA (ssDNA) from ancient
samples, have represented milestones in aDNA sequencing progress in recent
years (Carpenter et al, 2013; Gansauge and Meyer, 2013; Enk et al, 2014;
Avila-Arcos et al, 2015; Brown and Barnes, 2015; Hofreiter et al, 2015).

Additionally, the huge amount of data generated with the second-
generation sequencing demand new bioinformatics approaches for both
hardware and software development. Thus, parallel processing using many-
core microprocessors are being used together with bioinformatics tools to
assemble short-reads. Consequently, these developments are also fueling a
conceptual shift towards properly addressing the experimental challenges,
analyzing and interpreting the results (Schubert et al, 2012; Rawlence et al,
2014; Hofreiter et al, 2015).

Future prospects and concluding remarks

The future looks promising for aDNA in general and paleogenomics in
particular, mostly due to the development of new sequencing platforms that
allow to quickly sequence ancient genomes using less starting material, with
much longer reads, higher accuracy and throughput, at a lower cost. Thus,
population studies on paleogenomics will be more cost-effective with the third-
generation sequencing of nucleic acids, which are capable of directly reading
single nucleic-acid sequences without previous in vivo (eg., molecular cloning
inside bacteria) or in vitro (eg., PCR) amplifications. Besides, such new
platforms could also allow to sequence aRNA. But to reach such goals, further
developments and refinements in computing processing power (mostly from
parallel executions on many-core chips) and bioinformatics algorithms will also
be required to handle the growing complexity of the generated data sets. Of
course, special care should be taken to maintain the nucleic-acid integrity,
increase yield and avoid cross-contaminations, as learned from the aDNA
research experience in the past 31 years.

Acknowledgements. Supported by “Ministerio de Economía y Competitividad” (MINECO grants
AGL2010-17316 and BIO2011-15237-E) and “Instituto Nacional de Investigación y Tecnología
Agraria y Alimentaria” (MINECO and INIA RF2012-00002-C02-02); “Consejería de Agricultura y
Pesca” (041/C/2007, 75/C/2009 and 56/C/2010), “Consejería de Economía, Innovación y
Ciencia” (P11-AGR-7322 and P12-AGR-0482) and “Grupo PAI” (AGR-248) of “Junta de
Andalucía”; and “Universidad de Córdoba” (“Ayuda a Grupos”), Spain.



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org238

Bibliography

Allentoft ME, Sikora M, Sjogren KG, Rasmussen S, Rasmussen M, Stenderup
J, Damgaard PB, Schroeder H, Ahlstrom T, Vinner L, Malaspinas AS,
Margaryan A, Higham T, Chivall D, Lynnerup N, Harvig L, Baron J, DellaCasa
P, Dabrowski P, Duffy PR, Ebel AV, Epimakhov A, Frei K, Furmanek M, Gralak
T, Gromov A, Gronkiewicz S, Grupe G, Hajdu T, Jarysz R, Khartanovich V,
Khokhlov A, Kiss V, Kolar J, Kriiska A, Lasak I, Longhi C, McGlynn G,
Merkevicius A, Merkyte I, Metspalu M, Mkrtchyan R, Moiseyev V, Paja L, Palfi
G, Pokutta D, Pospieszny L, Price TD, Saag L, Sablin M, Shishlina N, Smrcka
V, Soenov VI, Szeverényi V, Toth G, Trifanova SV, Varul L, Vicze M,
Yepiskoposyan L, Zhitenev V, Orlando L, Sicheritz-Ponten T, Brunak S, Nielsen
R, Kristiansen K, Willerslev E (2015): Population genomics of Bronze Age
Eurasia. Nature 522: 167-172.

Avila-Arcos MC, Sandoval-Velasco M, Schroeder H, Carpenter ML, Malaspinas
AS, Wales N, Penaloza F, Bustamante CD, Gilbert MTP (2015): Comparative
performance of two whole-genome capture methodologies on ancient DNA
Illumina libraries. Methods Ecol Evol 6: 725-734.

Barnes I, Matheus P, Shapiro B, Jensen D, Cooper A (2002): Dynamics of
Pleistocene population extinctions in Beringian brown bears. Science
295:2267-2270.

Bon C, Berthonaud V, Maksud F, Labadie K, Poulain J, Artiguenave F, Wincker
P, Aury JM, Elalouf JM (2012): Coprolites as a source of information on the
genome and diet of the cave hyena. Proc Biol Sci 279: 2825-2830.

Brandao MM, Spoladore L, Faria LC, Rocha AS, Silva-Filho MC, Palazzo R
(2015): Ancient DNA sequence revealed by error-correcting codes. Sci Rep 5:
12051 (9 pp).

Brown TA, Barnes IM (2015): The current and future applications of ancient
DNA in Quaternary science. J Quat Sci 30: 144-153.

Brown TA, Cappellini E, Kistler L, Lister DL, Oliveira HR, Wales N,
Schlumbaum A (2015): Recent advances in ancient DNA research and their
implications for archaeobotany. Vegetation History and Archaeobotany 24: 207-
214.

Carpenter ML, Buenrostro JD, Valdiosera C, Schroeder H, Allentoft ME, Sikora
M, Rasmussen M, Gravel S, Guillén S, Nekhrizov G, Leshtakov K, Dimitrova D,
Theodossiev N, Pettener D, Luiselli D, Sandoval K, Moreno-Estrada A, Li Y,
Wang J, Gilbert MT, Willerslev E, Greenleaf WJ, Bustamante CD (2013):
Pulling out the 1%: whole-genome capture for the targeted enrichment of
ancient DNA sequencing libraries. Am J Hum Genet 93: 852-864.

Charman DJ, Duller GAT, Long AJ, Schreve DC, Scourse JD (2015): Editorial:
Quaternary revolutions. J Quaternary Sci 30: 101-103.



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org239

Clack AA, MacPhee RD, Poinar HN (2012): Mylodon darwinii DNA sequences
from ancient fecal hair shafts. Ann Anat 194: 26-30.

Cooper A, Turney C, Hughen KA, Brook BW, McDonald HG, Bradshaw CJ
(2015): Abrupt warming events drove Late Pleistocene Holarctic megafaunal
turnover. Science 349: 602-606.

Damgaard PB, Margaryan A, Schroeder H, Orlando L, Willerslev E, Allentoft
ME (2015): Improving access to endogenous DNA in ancient bones and teeth.
Sci Rep 5: 11184 ( pp).

DerSarkissian C, Allentoft ME, Ávila-Arcos MC, Barnett R, Campos PF,
Cappellini E, Ermini L, Fernández R, DaFonseca R, Ginolhac A, Hansen AJ,
Jonsson H, Korneliussen T, Margaryan A, Martin MD, Moreno-Mayar JV,
Raghavan M, Rasmussen M, Velasco MS, Schroeder H, Schubert M, Seguin-
Orlando A, Wales N, Gilbert MT, Willerslev E, Orlando L (2015): Ancient
genomics. Philos Trans R Soc Lond B Biol Sci 370: 20130387 (12 pp).

Donoghue HD, Spigelman M, O'Grady J, Szikossy I, Pap I, Lee OY, Wu HH,
Besra GS, Minnikin DE (2015): Ancient DNA analysis - An established
technique in charting the evolution of tuberculosis and leprosy. Tuberculosis 95
Suppl 1: S140-S144.

Dorado G, Jiménez I, Rey I, Sánchez-Cañete FJS, Luque F, Morales A, Gálvez
M, Sáiz J, Sánchez A, Rosales TE, Vásquez VF, Hernández P (2013):
Genomics and proteomics in bioarchaeology - Review. Archaeobios 7: 47-63.

Dorado G, Rey I, Rosales TE, Sánchez-Cañete FJS, Luque F, Jiménez I,
Gálvez M, Sáiz J, Sánchez A, Vásquez VF (2009): Ancient DNA to decipher the
domestication of dog (REVIEW). Archaeobios 3: 127-132.

Dorado G, Rey I, Rosales TE, Sánchez-Cañete FJS, Luque F, Jiménez I,
Morales A, Gálvez M, Sáiz J, Sánchez A, Hernández P, Vásquez VF (2010):
Biological mass extinctions on planet Earth (REVIEW). Archaeobios 4: 53-64.

Dorado G, Rosales TE, Luque F, Sánchez-Cañete FJS, Rey I, Jiménez I,
Morales A, Gálvez M, Sáiz J, Sánchez A, Vásquez VF, Hernández P (2011):
Ancient nucleic acids from maize - A review. Archaeobios 5: 21-28.

Dorado G, Rosales TE, Luque F, Sánchez-Cañete FJS, Rey I, Jiménez I,
Morales A, Gálvez M, Sáiz J, Sánchez A, Vásquez VF, Hernández P (2012):
Isotopes in bioarchaeology - Review. Archaeobios 6: 79-91.

Dorado G, Sánchez-Cañete FJS, Pascual P, Jiménez I, Luque F, Pérez-
Jiménez M, Raya P, Gálvez M, Sáiz J, Sánchez A, Rosales TE, Vásquez VF,
Hernández P (2014): Starch genomics and bioarchaeology - Review.
Archaeobios 8: 41-50.



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org240

Dorado G, Vásquez V, Rey I, Luque F, Jiménez I, Morales A, Gálvez M, Sáiz J,
Sánchez A, Hernández P (2008): Sequencing ancient and modern genomes
(REVIEW). Archaeobios 2: 75-80.

Dorado G, Vásquez V, Rey I, Vega JL (2007): Archaeology meets Molecular
Biology (REVIEW). Archaeobios 1: 1-2.

Enk JM, Devault AM, Kuch M, Murgha YE, Rouillard JM, Poinar HN (2014):
Ancient whole genome enrichment using baits built from modern DNA. Mol Biol
Evol 31: 1292-1294.

Ermini L, DerSarkissian C, Willerslev E, Orlando L (2015): Major transitions in
human evolution revisited: a tribute to ancient DNA. J Hum Evol 79: 4-20.

Fernández E, Pérez-Pérez A, Gamba C, Prats E, Cuesta P, Anfruns J, Molist
M, Arroyo-Pardo E, Turbón D (2014): Ancient DNA analysis of 8000 B.C. near
eastern farmers supports an early Neolithic pioneer maritime colonization of
Mainland Europe through Cyprus and the Aegean Islands. PLoS Genet 10:
e1004401 (16 pp).
Fu Q, Rudan P, Paabo S, Krause J (2012): Complete mitochondrial genomes
reveal Neolithic expansion into Europe. PLoS One 7: e32473 (6 pp).

Gansauge MT, Meyer M (2013): Single-stranded DNA library preparation for
the sequencing of ancient or damaged DNA. Nat Protoc 8: 737-748.

Ginolhac A, Vilstrup J, Stenderup J, Rasmussen M, Stiller M, Shapiro B, Zazula
G, Froese D, Steinmann KE, Thompson JF, Al-Rasheid KA, Gilbert TM,
Willerslev E, Orlando L (2012): Improving the performance of true single
molecule sequencing for ancient DNA. BMC Genomics 13: 177 (14 pp).

Green RE, Krause J, Ptak SE, Briggs AW, Ronan MT, Simons JF, Du L,
Egholm M, Rothberg JM, Paunovic M, Paabo S (2006): Analysis of one million
base pairs of Neanderthal DNA. Nature 444: 330-336.

Haak W, Balanovsky O, Sanchez JJ, Koshel S, Zaporozhchenko V, Adler CJ,
Der Sarkissian CS, Brandt G, Schwarz C, Nicklisch N, Dresely V, Fritsch B,
Balanovska E, Villems R, Meller H, Alt KW, Cooper A; Members of the
Genographic Consortium (2010): Ancient DNA from European early Neolithic
farmers reveals their near eastern affinities. PLoS Biol 8: e1000536 (16 pp).

Hagelberg E, Hofreiter M, Keyser C (2015): Ancient DNA: the first three
decades. Philos Trans R Soc Lond B Biol Sci 370: 20130371 (6 pp).

Hervella M, Rotea M, Izagirre N, Constantinescu M, Alonso S, Ioana M, Lazar
C, Ridiche F, Soficaru AD, Netea MG, DeLaRua C (2015): Ancient DNA from
South-East Europe reveals different events during Early and Middle Neolithic
influencing the European genetic heritage. PLoS One 10: e0128810 (20 pp).



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org241

Higuchi R, Bowman B, Freiberger M, Ryder OA, Wilson AC (1984): DNA
sequences from the quagga, an extinct member of the horse family. Nature
312: 282-284.

Hofreiter M, Paijmans JL, Goodchild H, Speller CF, Barlow A, Fortes GG,
Thomas JA, Ludwig A, Collins MJ (2015): The future of ancient DNA: Technical
advances and conceptual shifts. Bioessays 37: 284-293.

Hung CM, Lin RC, Chu JH, Yeh CF, Yao CJ, Li SH (2013): The de novo
assembly of mitochondrial genomes of the extinct passenger pigeon
(Ectopistes migratorius) with next generation sequencing. PLoS One 8: e56301
(9 pp).

Immel A, Drucker DG, Bonazzi M, Jahnke TK, Munzel SC, Schuenemann VJ,
Herbig A, Kind CJ, Krause J (2015): Mitochondrial genomes of giant deers
suggest their late survival in Central Europe. Sci Rep 5: 10853 (9 pp).

Itan Y, Powell A, Beaumont MA, Burger J, Thomas MG (2009): The origins of
lactase persistence in Europe. PLoS Comput Biol 5: e1000491 (13 pp).

Jonsson H, Ginolhac A, Schubert M, Johnson PL, Orlando L (2013):
mapDamage2.0: fast approximate Bayesian estimates of ancient DNA damage
parameters. Bioinformatics 29: 1682-1684.
Kircher M (2012): Analysis of high-throughput ancient DNA sequencing data.
Methods Mol Biol 840: 197-228.

Knapp M, Lalueza-Fox C, Hofreiter M (2015): Re-inventing ancient human
DNA. Investig Genet 6: 4 (11 pp).

Marsolier-Kergoat MC, Palacio P, Berthonaud V, Maksud F, Stafford T,
Begouen R, Elalouf JM (2015): Hunting the extinct steppe bison (Bison priscus)
mitochondrial genome in the Trois-Freres Paleolithic painted cave. PLoS One
10: e0128267 (16 pp).

MartínezDeLaEscalera G, Antoniades D, Bonilla S, Piccini C (2014):
Application of ancient DNA to the reconstruction of past microbial assemblages
and for the detection of toxic cyanobacteria in subtropical freshwater
ecosystems. Mol Ecol 23: 5791-5802.

Meyer M, Fu Q, Aximu-Petri A, Glocke I, Nickel B, Arsuaga JL, Martínez I,
Gracia A, DeCastro JM, Carbonell E, Paabo S (2014): A mitochondrial genome
sequence of a hominin from Sima de los Huesos. Nature 505: 403-406.

Meyer M, Kircher M, Gansauge MT, Li H, Racimo F, Mallick S, Schraiber JG,
Jay F, Prufer K, de Filippo C, Sudmant PH, Alkan C, Fu Q, Do R, Rohland N,
Tandon A, Siebauer M, Green RE, Bryc K, Briggs AW, Stenzel U, Dabney J,
Shendure J, Kitzman J, Hammer MF, Shunkov MV, Derevianko AP, Patterson
N, Andrés AM, Eichler EE, Slatkin M, Reich D, Kelso J, Paabo S (2012): A
high-coverage genome sequence from an archaic Denisovan individual.
Science 338:222-226.



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org242

Miller W, Drautz DI, Ratan A, Pusey B, Qi J, Lesk AM, Tomsho LP, Packard
MD, Zhao F, Sher A, Tikhonov A, Raney B, Patterson N, Lindblad-Toh K,
Lander ES, Knight JR, Irzyk GP, Fredrikson KM, Harkins TT, Sheridan S,
Pringle T, Schuster SC (2008): Sequencing the nuclear genome of the extinct
woolly mammoth. Nature 456: 387-390.

Mouttham N, Klunk J, Kuch M, Fourney R, Poinar H (2015): Surveying the
repair of ancient DNA from bones via high-throughput sequencing.
Biotechniques 59: 19-25.

Ng TFF, Chen LF, Zhou YC, Shapiro B, Stiller M, Heintzman PD, Varsani A,
Kondov NO, Wong W, Deng XT, Andrews TD, Moorman BJ, Meulendyk T,
MacKay G, Gilbertson RL, Delwart E (2014): Preservation of viral genomes in
700-y-old caribou feces from a subarctic ice patch. Proc Natl Acad Sci USA
111: 16842-16847.

Noonan JP, Coop G, Kudaravalli S, Smith D, Krause J, Alessi J, Chen F, Platt
D, Paabo S, Pritchard JK, Rubin EM (2006): Sequencing and analysis of
Neanderthal genomic DNA. Science 314: 1113-1118.

Noonan JP, Hofreiter M, Smith D, Priest JR, Rohland N, Rabeder G, Krause J,
Detter JC, Paabo S, Rubin EM (2005): Genomic sequencing of Pleistocene
cave bears. Science 309: 597-599.
Orlando L (2014): A 400,000-year-old mitochondrial genome questions
phylogenetic relationships amongst archaic hominins: using the latest advances
in ancient genomics, the mitochondrial genome sequence of a 400,000-year-
old hominin has been deciphered. Bioessays 36: 598-605.

Orlando L, Gilbert MTP, Willerslev E (2015): Applications of next-generation
sequencing reconstructing ancient genomes and epigenomes. Nat Rev Genet
16: 395-408.

Orlando L, Ginolhac A, Raghavan M, Vilstrup J, Rasmussen M, Magnussen K,
Steinmann KE, Kapranov P, Thompson JF, Zazula G, Froese D, Moltke I,
Shapiro B, Hofreiter M, Al-Rasheid KA, Gilbert MT, Willerslev E (2011): True
single-molecule DNA sequencing of a Pleistocene horse bone. Genome Res
21: 1705-1719.

Orlando L, Ginolhac A, Zhang G, Froese D, Albrechtsen A, Stiller M, Schubert
M, Cappellini E, Petersen B, Moltke I, Johnson PL, Fumagalli M, Vilstrup JT,
Raghavan M, Korneliussen T, Malaspinas AS, Vogt J, Szklarczyk D, Kelstrup
CD, Vinther J, Dolocan A, Stenderup J, Velazquez AM, Cahill J, Rasmussen M,
Wang X, Min J, Zazula GD, Seguin-Orlando A, Mortensen C, Magnussen K,
Thompson JF, Weinstock J, Gregersen K, Roed KH, Eisenmann V, Rubin CJ,
Miller DC, Antczak DF, Bertelsen MF, Brunak S, Al-Rasheid KA, Ryder O,
Andersson L, Mundy J, Krogh A, Gilbert MT, Kjaer K, Sicheritz-Ponten T,
Jensen LJ, Olsen JV, Hofreiter M, Nielsen R, Shapiro B, Wang J, Willerslev E
(2013): Recalibrating Equus evolution using the genome sequence of an early
Middle Pleistocene horse. Nature 499: 74-78.



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org243

Overballe-Petersen S, Orlando L, Willerslev E (2012): Next-generation
sequencing offers new insights into DNA degradation. Trends Biotechnol 30:
364-368.

Paabo S (2015): “Neanderthal Man: In Search of Lost Genomes”. Basic Books
(New York, NY, USA).

Paijmans JL, Gilbert MT, Hofreiter M (2013): Mitogenomic analyses from
ancient DNA. Mol Phylogenet Evol 69:404-416.

Pal S, Gregory-Eaves I, Pick FR (2015): Temporal trends in cyanobacteria
revealed through DNA and pigment analyses of temperate lake sediment cores.
Journal of Paleolimnology 54: 87-101.

Palmer SA, Clapham AJ, Rose P, Freitas FO, Owen BD, Beresford-Jones D,
Moore JD, Kitchen JL, Allaby RG (2012a): Archaeogenomic evidence of
punctuated genome evolution in Gossypium. Mol Biol Evol 29: 2031-2038.

Palmer SA, Smith O, Allaby RG (2012b): The blossoming of plant
archaeogenetics. Ann Anat 194: 146-156.

Parks M, Lambert D (2015): Impacts of low coverage depths and post-mortem
DNA damage on variant calling: a simulation study. BMC Genomics 16: 19.
Parks M, Subramanian S, Baroni C, Salvatore MC, Zhang G, Millar CD,
Lambert DM (2015): Ancient population genomics and the study of evolution.
Philos Trans R Soc Lond B Biol Sci 370: 20130381 (X pp).

Pawlowski J, Lejzerowicz F, Esling P (2014): Next-generation environmental
diversity surveys of foraminifera: preparing the future. Biol Bull 227: 93-106.

Pedersen JS, Valen E, Velazquez AM, Parker BJ, Rasmussen M, Lindgreen S,
Lilje B, Tobin DJ, Kelly TK, Vang S, Andersson R, Jones PA, Hoover CA,
Tikhonov A, Prokhortchouk E, Rubin EM, Sandelin A, Gilbert MT, Krogh A,
Willerslev E, Orlando L (2014): Genome-wide nucleosome map and cytosine
methylation levels of an ancient human genome. Genome Res 24: 454-466.

Pedersen MW, Overballe-Petersen S, Ermini L, Sarkissian CD, Haile J,
Hellstrom M, Spens J, Thomsen PF, Bohmann K, Cappellini E, Schnell IB,
Wales NA, Caroe C, Campos PF, Schmidt AM, Gilbert MT, Hansen AJ,
Orlando L, Willerslev E (2015): Ancient and modern environmental DNA. Philos
Trans R Soc Lond B Biol Sci 370: 20130383 (X pp).

Perry GH, Orlando L (2015): Ancient DNA and human evolution. J Hum Evol
79: 1-3.

Pinhasi R, Fernandes D, Sirak K, Novak M, Connell S, Alpaslan-Roodenberg S,
Gerritsen F, Moiseyev V, Gromov A, Raczky P, Anders A, Pietrusewsky M,
Rollefson G, Jovanovic M, Trinhhoang H, Bar-Oz G, Oxenham M, Matsumura



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org244

H, Hofreiter M (2015): Optimal ancient DNA yields from the inner ear part of the
human petrous bone. PLoS One 10: e0129102 (13 pp).

Poinar HN, Schwarz C, Qi J, Shapiro B, Macphee RD, Buigues B, Tikhonov A,
Huson DH, Tomsho LP, Auch A, Rampp M, Miller W, Schuster SC (2006):
Metagenomics to paleogenomics: large-scale sequencing of mammoth DNA.
Science 311: 392-394.

Prufer K, Racimo F, Patterson N, Jay F, Sankararaman S, Sawyer S, Heinze A,
Renaud G, Sudmant PH, de Filippo C, Li H, Mallick S, Dannemann M, Fu Q,
Kircher M, Kuhlwilm M, Lachmann M, Meyer M, Ongyerth M, Siebauer M,
Theunert C, Tandon A, Moorjani P, Pickrell J, Mullikin JC, Vohr SH, Green RE,
Hellmann I, Johnson PL, Blanche H, Cann H, Kitzman JO, Shendure J, Eichler
EE, Lein ES, Bakken TE, Golovanova LV, Doronichev VB, Shunkov MV,
Derevianko AP, Viola B, Slatkin M, Reich D, Kelso J, Paabo S (2014): The
complete genome sequence of a Neanderthal from the Altai Mountains. Nature
505: 43-49.

Rawlence NJ, Lowe DJ, Wood JR, Young JM, Churchman GJ, Huang YT,
Cooper A (2014): Using palaeoenvironmental DNA to reconstruct past
environments: progress and prospects. J Quat Sci 29: 610-626.

Schubert M, Ginolhac A, Lindgreen S, Thompson JF, Al-Rasheid KA, Willerslev
E, Krogh A, Orlando L (2012): Improving ancient DNA read mapping against
modern reference genomes. BMC Genomics 13: 178 (15 pp).

Seguin-Orlando A, Gamba C, Sarkissian CD, Ermini L, Louvel G, Boulygina E,
Sokolov A, Nedoluzhko A, Lorenzen ED, Lopez P, McDonald HG, Scott E,
Tikhonov A, Stafford TWJr, Alfarhan AH, Alquraishi SA, Al-Rasheid KA,
Shapiro B, Willerslev E, Prokhortchouk E, Orlando L (2015): Pros and cons of
methylation-based enrichment methods for ancient DNA. Sci Rep 5: 11826 (15
pp).

Seguin-Orlando A, Schubert M, Clary J, Stagegaard J, Alberdi MT, Prado JL,
Prieto A, Willerslev E, Orlando L (2013): Ligation bias in Illumina next-
generation DNA libraries: implications for sequencing ancient genomes. PLoS
One 8: e78575 (11 pp).

Shapiro B, Ho SY (2014): Ancient hyaenas highlight the old problem of
estimating evolutionary rates. Mol Ecol 23: 499-501.

Shapiro B, Hofreiter M (Eds) (2012): “Ancient DNA: Methods and Protocols”.
Humana Press - Springer (New York, NY, USA).

Sheng GL, Soubrier J, Liu JY, Werdelin L, Llamas B, Thomson VA, Tuke J, Wu
LJ, Hou XD, Chen QJ, Lai XL, Cooper A (2014): Pleistocene Chinese cave
hyenas and the recent Eurasian history of the spotted hyena, Crocuta crocuta.
Mol Ecol 23: 522-533.



Revista ARCHAEOBIOS Nº 9, Vol. 1 Diciembre 2015 ISSN 1996-5214

Arqueobios © 2015                                       www.arqueobios.org245

Smith RW, Monroe C, Bolnick DA (2015): Detection of Cytosine methylation in
ancient DNA from five native American populations using bisulfite sequencing.
PLoS One 10: e0125344 (23 pp).

Star B, Nederbragt AJ, Hansen MH, Skage M, Gilfillan GD, Bradbury IR,
Pampoulie C, Stenseth NC, Jakobsen KS, Jentoft S (2014): Palindromic
sequence artifacts generated during next generation sequencing library
preparation from historic and ancient DNA. PLoS One 9: e89676 (8 pp).

Teasdale MD, van Doorn NL, Fiddyment S, Webb CC, O'Connor T, Hofreiter M,
Collins MJ, Bradley DG (2015): Paging through history: parchment as a
reservoir of ancient DNA for next generation sequencing. Philos Trans R Soc
Lond B Biol Sci 370: 20130379 (7 pp).

Thomsen PF, Willerslev E (2015): Environmental DNA – An emerging tool in
conservation for monitoring past and present biodiversity. Biological
Conservation 183: 4-18.

Vernot B, Akey JM (2015): Complex history of admixture between modern
humans and Neandertals. Am J Hum Genet 96: 448-453.


	Parte 0 Revista ARCHAEOBIOS 9.pdf
	Parte 1 Introducción y 4 articulos.pdf

