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ABSTRACT

There is an enormous potential in the analysis of ancient DNA, from revealing the genomes of
human ancestors to disentangling the origins and evolution of domesticated animals associated
with patterns of human settlements and migrations.

In this review we describe the technical aspects for a successful, authentic and reliable recovery
of ancient DNA. The aim is to provide an overview of the interesting yet complex process of
analyzing DNA obtained from archaeological remains
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RESUMO

Existe um enorme potencial na andlise de DNA antigo, desde a descoberta de genomas dos

nossos ancestrais até a compreensdao sobre as origens e a evolucdo dos animais domésticos

associados a populagdes humanas e as suas migracdes. Nesta revisdo descrevemos os aspectos

técnicos relacionados com a recuperacdo de DNA antigo auténtico. O objectivo é proporcionar

uma revisdo do processo interessante, mas complexo, de andlise do DNA recuperado de restos

arqueoldgicos.

Palavras-chave: DNA antigo; filocronologia,; arqueogenética; paleogendmica

Introduction

The reconstruction of past events and the
understanding of evolutionary processes may
be impaired if one relies solely on inferences
drawn from modern genetic data
(Ramakrishnan and Hadly, 2009). Even
though past evolutionary events left specific
signatures in the genome of modern species,
which to some extent can be assessed by
analyzing modern DNA (Barbujani and Chikhi,
2006), some information will remain
obscured by the dominance of more recent
processes. Understanding the history of
populations directly from data obtained from
archaeological samples  can provide
extremely useful information, but it is no
trivial task. Adequate samples are difficult to
obtain, ancient DNA (aDNA) analysis requires
stringent and refined methodological
procedures, as well as considerable

laboratory expertise.

In studies of the genetic composition of
past populations it is important to ensure
adequate sample sizes and representative
geographic coverage to estimate levels of
genetic diversity, to analyze population
structure and to infer phylogenies more
accurately (Hedrick and Waits, 2005). A
phylochronological approach in  which
populations are studied in space and time
using serially sampled genetic data has been
proposed (Hadly et al., 2004; Ramakrishnan
et al., 2005). Ideally, a phylochronological
research makes use of population genetics
and phylogenetic methods to analyze genetic
data recovered from both archaeological
remains and modern populations.

The first successful extraction of old DNA
was made in 1984 from a 140 year old
museum specimen of a quagga (Equus
quagga quagga) (Higuchi et al., 1984), an
event that saw the beginning of

archaeogenetics (Hofreiter, 2008). After the
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development of the polymerase chain
reaction (PCR) (Mullis and Faloona, 1987), it
became possible to amplify small amounts of
fragmented DNA from specimens stored in
museums for many years. Methods have
been developed and criteria established to
reproduce results, to identify contamination
by modern DNA and to account for
sequencing inaccuracies (Paabo et al., 1984;
Green et al., 2009). Despite the increasing
number of publications in this field over the
years (Ramakrishnan and Hadly, 2009), there
are several limitations and technical
constraints associated with the analysis of
aDNA. Several authors consider that it is not
possible to amplify DNA molecules older than
one million years (Paabo and Wilson, 1991;
Lindahl, 1993; Hofreiter et al., 2001). In fact,
publications reporting amplification of aDNA
obtained from Miocene (23 to 5 million years
before present, BP) plant fossils (Golenberg
et al., 1990; Soltis et al., 1992) and insects
preserved in amber (DeSalle et al., 1992;
Cano et al., 1993) have been questioned
(Sidow et al., 1991; Austin et al., 1997).
Although recent technical advances such as
high-throughput DNA sequencing (see the
last section of this paper) opened novel
opportunities for aDNA-based studies, even
at the level of paleogenomics (recovery and
analysis of genomes from ancient samples),
there are difficulties that arise mainly in
assessing the authenticity of whole-genome
DNA shot-gun sequences obtained from
ancient genomes (Green et al., 2009).

In this review we will describe technical
aspects associated with successful, authentic
and reliable aDNA recovery. We hope to
provide an interesting and comprehensive

overview of the process of analyzing DNA
obtained from archaeological remains.

Retrieval of ancient DNA — a demanding task

The emerging field of archaeogenetics
undertaken by evolutionary biologists and
archaeologists allows one to travel back in
time. It relies on the analysis of DNA directly
obtained from ancient tissues, avoiding the
limitations of genetic inferences based solely
on extant samples. The basic procedures for
aDNA retrieval can be described as follows:
excavation, biometrics, external cleaning,
fragmentation or powdering, DNA extraction,
PCR amplification and targeted sequencing of
a specific genomic region or enrichment and
library  construction for whole-genome
sequencing, bioinformatic analysis and
authentication (Schlumbaum et al., 2008).
However, poor DNA preservation in
archaeological remains can impair genetic
studies of past populations. Preservation and
DNA integrity are a function of intrinsic
factors related to the organic material post-
mortem degradation and fossilization, e.g.
fragmentation, organic and chemical
modification (Paabo et al., 1989; Lindahl,
1993; Paabo et al., 2004; Geigl, 2008) and,
environmental factors. Certain environments
(cold, dry and/or low oxygen) are more
favorable for molecular preservation of DNA
during burials, e.g. permafrost regions (Geigl,
2008). In contrast, DNA preservation in
temperate regions is much more difficult to
obtain. Endogenous DNA degradation can
occur even faster after excavation, due to
temperature

increase,  desalting and
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decrease of pH during cleaning (Pruvost et
al., 2007). Thus, several authors suggest
storage of freshly excavated material in dry
and cold conditions or even frozen (Burger et
al., 1999; Smith et al., 2001; Pruvost et al.,
2007).

The use of specifically dedicated facilities
for aDNA analysis is mandatory. There are
several examples of state-of-the-art aDNA
laboratories around the world and these
must follow strict rules for the maintenance
of an almost sterile environment and control
for contamination. There should be a clean
area physically separated from general
analyses areas where modern samples and
PCR products might be present. No modern
DNA experiments should ever be carried out
in a dedicated aDNA laboratory. Inside the
clean area, where ancient samples are
handled for DNA extraction and PCR or
sequencing set up, the environment must be
as clean as possible and have its own
independent air system. Frequent
decontamination of the laboratory areas (e.g.
10% bleach

solution (or Actril), is essential and should

weekly), with for example,
target all working surfaces (benches and
equipment), and also walls and ceilings.
Environmental controls, as well as the
swabbing of work surfaces and other areas,
are recommended procedures to check
regularly for the presence of DNA from any
species by PCR amplification using universal
primers (e.g. within the cytochrome b gene,

cyt b) (Telechea et al., 2007).

Additionally, molecular

DNA extraction need to be appropriate for

techniques for

each sample type (e.g. museum specimens or
freshly excavated material) and according to

10

the biological source: faunal (hair, bones,
teeth), plants (seeds, pollen and wood), or
sediments. The extraction of aDNA itself is
challenging. Although a vast number of

extraction methods exist (Rohland and
Hofreiter, 2007b), there are two major
approaches:  organic  extraction  with

phenol/chloroform and the silica-binding
method. The silica-based method appears to
be more efficient in extracting and purifying
DNA from bone either in forensic (Davoren et
al., 2007) or in aDNA studies. Alternatively,
Rohland and Hofreiter (2007a) propose an
improved silica-based protocol for maximum
DNA from
ancient bones and simultaneously minimum

recovery of PCR-amplifiable

co-extraction of PCR inhibitory substances.
This consists of a simplified approach which
uses an EDTA buffer and proteinase K for
bone digestion, followed by DNA-binding to
silica with guanidinium thiocyanate for DNA
purification. These authors determined that
the addition of bovine serum albumin to the
PCR helps to
inhibitors present in aDNA extracts and also
that the Tag DNA
polymerase derived from a recombinant Tag
(e.g. AmpliTag Gold;
Applied Biosystems) is one of the most

overcome amplification

concluded inactive

DNA polymerase

suitables for aDNA amplification. However,
serious contamination problems can arise
the
significant amounts of modern DNA. For

from use of reagents containing
example, in studies of domestic animals (e.g.
cattle or pigs), contamination can occur from
BSA, as well as from enzymes containing
gelatin derived from animal sources. Some
authors have published useful guidelines to
avoid contamination from reagents in aDNA

studies (Champlot et al., 2010).
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Since the success rate for undamaged
aDNA isolation tends to be very low, i.e. at
the level of 10% as reported by Leonard and
2007),
numerous samples need to be collected and

collaborators (Leonard et al.,
tested before a representative sample can be
attained. The scarcity of ancient remains for
a significant analysis both across time and
space makes sampling a demanding and time
consuming task. It is important to stress at
this point that the collection of source
material is inevitably done at the expense of
precious ancient remains (see Figure 1),
although sampling techniques are becoming
and cosmetically
2007).

Fortunately, advances in molecular biology

minimally  destructive

sensitive  (Seco-Morais et al.,
make it possible to maximize the information
obtained from minute amounts of aDNA (see
the last section of this paper). In aDNA
studies, a serious concern is always present,
that can be a source of false positive results:
contamination. It remains the responsibility
of the

demonstrate

researcher to and
that

design and authentication procedures are

guarantee
proper experimental
carried out in each study to avoid and
account for contamination (Cooper and
Poinar, 2000; Gilbert et al., 2005). In the next
section we will provide an overview of the
avoid

recommended procedures to

contamination and to validate aDNA results.

Accounting for contamination and results
authentication

Contamination - a trap for ancient DNA research

Contamination can be a very tricky issue
when analyzing aDNA, as it can lead to false

11

positive results. It can occur in the field
before the samples are analyzed in the
laboratory, from ‘environmental’ DNAg(g.
soil, handling and animal products) or from
inter-sample contamination before PCR and
sequencing. Other sources of contamination
can also be animal DNA present in PCR
reagents, and/or previous PCR products
(Pruvost and Geigl, 2004; Willerslev and
Cooper, 2005; Leonarat al., 2007). The
sources of contamination vary according to
the object being studied: for example, for
sediments there is the risk of vertical DNA
migration across strata (Hofreiter, 2003;
Willerslev et al., 2003; Allendorf et al.,
2008), whereas for bones contamination can
occur during handling at the excavation sites
(Yang and Watt, 2005). Physical methods,
such as the use of sandpaper for polishing or
electric drills, can be used to clean the
outermost surface of some types of specimens
to prevent contamination before aDNA
extraction. Chemical decontamination of
bones is possible; for example, by using an
aggressive treatment with 0.1M HCI, 0.5%
bleach on powdered samples (Malmstrem
al., 2007) or ultraviolet irradiation, but with
some risks (O'Rourket al., 2000). In genetic
studies of ancient fauna, the focus of this
review, contamination with exogenous DNA
can originate from cross-sample
contamination in the same deposit and/or
from modern reference specimens used during
identification of the remains (Yang and Watt,
2005). Human DNA contamination, from

manipulation, is prone to occur as well
(Malmstromet al., 2005).
Methods to prevent and to detect

contamination, and also authenticity criteria,



Pires and Ginja /Cadernos do GEEVH 2 (1) 2013: 7-23

have been presented and improved by n
authors €g. Cooper and Poinar, 20).
Prevention of contamination is much easie
guarantee and more efficient th
decontamination procedures, which can
invasive or, worse still, destructive. Spec
recommendations for the sampling

excavated and tered remains, includin
hominids, have been thoroughly describec
Yang and Watt (2005)@nd Hublin et al.
(2008). These guidelines involve preventi
of endogenous DNA degradation and
contamination, as well as minimizing invas
sampling. Briefly, avoidance of |-
laboratory contamination should start at
excavation site and be carried out efficiet
by field archaeologists, who are the first
handle the remains. Excavations should
carried out as aseptically as possible by u
gloves and bleached instruments w
manipulating specimens for subseqL
genetic analysis. Remains should be st
individudly in sterile plastic bags ar
preferably frozen at 20°C as soon ¢
possible. Screening for DNA contaminati
from field and laboratory workers, especie
when human remains are being investige
is important. Within the framework of tt
Neanderthal gnome project, biotinylate
oligonucleotide primers have been usec
capture target sequences from adeligated
aDNA libraries (primer extension captu
PEC) allowing for high specificity ar
contamination control (Briggst al., 2009b).
The development of modern h-throughput
sgjuencing techniques raises new quest
regarding aDNA contamination and analy
and most probably will require the definiti
of new guidelines to guarantee i
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authenticity and accuracy of results. |
example, due to the high levels
environmentalcontaminants present in bo
specimens, it is necessary to generate
enormous number of shotgun sequences |
able to recover entire aDNA genon(Briggs
et al., 2009a) Additionally, many paralle
amplification reactions are needed
sequence hundreds of very short overlapi
PCR fragments obtained from heay
degraded aDNA, such as that retrieved f
Neanderthal specimens older than 40,
years, which incr@ses the probability ¢
crosseontamination and makes use of la
amounts of precious biological matet
(Briggset al., 2009a).

Figure 1 - Sampling techniques are becoming
minimally destructive and cosmetically sensitive.
Here a little hole made on the surface of the bone
with a Dremel tool to collect bone tissue (powder)
from the inside.

Authentication — no absolute criteria

Regarding within-laboratory prevention and
detection of contamination, it has been
in aDNA-dedicated
laboratories, with characteristics as described

suggested that work
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in the previous section is fundamental. There
are several renowned laboratories around
the world, which have the conditions and
expertise to conduct such studies. Ancient
DNA is of
therefore, strict controls must be established

sub-standard quality and,
and demonstrated in order to guarantee the
reliability of data (Gilbert et al., 2005). In
addition, it is important to assess the quality
and utility of the extracted aDNA prior to
further molecular analysis. Different methods
can be wused: indirectly by amino acid
racemization analysis (Poinar et al., 1996), or
the more recently proposed real-time gqPCR
(Hofreiter et al., 2001; Morin et al., 2001;
Pruvost and Geigl, 2004; Schwarz et al.,
2009). Imprecision of the first method has
recently been pointed out (Schwarz et al.,
2009). The latter has the advantage of being
informative regarding possible inhibition, and
it allows determination of the suitable
volume, dilution factor and purification of the
extracted aDNA for downstream analysis
(e.g. Pruvost and Geigl, 2004). When the DNA
amount is limiting in the beginning of a PCR
also degraded, several

reaction and

repetitions, as well as high-coverage
sequencing (either through cloning of several
by employing high-

throughput methods) are necessary to obtain

PCR products or

accurate results (Handt et al., 1996; Cooper
et al., 2001).

Cloning can be used to detect the presence
(number and percentage) of different types
of sequences and potential NuMts (nuclear
copies of mitochondrial sequences). For
example, Ermini et al. (2008) were able to
identify a mutated position in the mtDNA

genome of an Iceman simply by sequencing a
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large number of clones, which had been
missed in a previous study where fewer
clones were screened. The development of
high-throughput sequencing methods (e.g.
454 GS Junior sequencing, Roche) make it
possible to obtain large numbers of aDNA
sequences in a short time, i.e. high-coverage,
which the
contaminant sequences and to authenticate

allows identification of

results.

Additionally, along with the process of aDNA
analysis, the inclusion of multiple blank
extractions as well as negative PCR and
sequencing controls (at high ratios) is critical
to monitor for contamination. The use of
modern positive PCR controls should be
avoided due to obvious contamination risks
(Willerslev and Cooper, 2005). Reproduction
of results (at least at the 10% level) from
independent extractions from the same
biological source within the same laboratory,
independent

and when needed in an

laboratory, is common practice in high-

standard aDNA research.

Some useful indicators can inform whether
reliable aDNA data were obtained: inverse
relationship between amplification efficiency
and fragment length (Handt et al., 1994), as
tests of the data
phylogenetic sense (Handt et al., 1996).
Altogether the above methods will help to

well as standard

demonstrate whether aDNA is authentic and
not a contamination by modern DNA,
although no absolute criteria prove the
the aDNA.

Authentication criteria have been described

antiquity and quality of

and updated thoroughly in several

publications over time (Handt et al., 1994;
Willerslev et al., 1999; Cooper and Poinar,



Pires and Ginja /Cadernos do GEEVH 2 (1) 2013: 7-23

2000; Hansen et al.,, 2001; Hofreiter et al.,
2001; Gilbert et al., 2003; Paabo et al., 2004;
Gilbert et al.,, 2005; Willerslev and Cooper,
2005; Schlumbaum et al., 2008; Green et al.,

2009; Krause et al., 2010). Gilbert and
collaborators (2005) make a pertinent
observation about the importance of

researchers pursuing these authentication
procedures for the validation of data and at
the same time following a cognitive approach
towards their conduct.

DNA
samples is common and can be identified,
if specific PCR
primers are carefully designed and used in

Human contamination in animal

limited or circumvented
the reactions. Moreover, subsequent cloning
will allow the detection of sequences of
human origin. For Neanderthal extracts, the
case is complicated due to the similarities
between human and Neanderthal genomes.
Contamination should be assayed using fixed
differences in the Neanderthals nuclear
genome where differences from modern
humans are identified (Green et al., 2009).
Malmstrom et al. (2007), tested the reliability
of one criterion of authentication -
“appropriate molecular behaviour” (Cooper
and Poinar, 2000) of bona fide aDNA. The
that

contaminant DNA behaves differently and

authors concluded authentic and

that this asymmetry can be used to identify
aDNA. bleach
treatment has a more detrimental effect on

authentic For example,
contaminant DNA and as the PCR target
fragment size decreases there is a substantial
increase of the authentic DNA proportion.
Using different quantification methods and
different types of data sets this asymmetry is

apparently the only known detectable and
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qguantifiable difference between
contaminating modern human and ancient
human DNA (Malmstrom et al., 2007). In the
framework of the recently released complete
mitochondrial genome of a Siberian hominin
(Krause et al., 2010), the patterns of aDNA
degradation were used to ascertain the
authenticity of the sequences obtained in
comparison to the potentially contaminant
modern human DNA. The level of post-
mortem damage of DNA depends on the time
elapsed since the death of the organism, and
on the effects of exposure of biological
remains to taphonomic processes during site

deposition.

Reliable ancient DNA research: how far back
can we look?

Kinetic studies of DNA degradation indicate
that DNA fragments might not survive more
than 10,000 years in temperate regions and
around 100,000 vyears in colder regions
(Poinar et al., 1996; Smith et al., 2001;
Binladen et al., 2007b). However, this limit
can be exceeded in especially well-preserved
specimens, such as those recovered from
permafrost (Orlando et al. 2013). Diachronic
studies (longitudinal studies over time) using
aDNA sequences are probably limited to
approximately the past 100,000 vyears
(Hofreiter et al., 2001). However, aDNA has
been obtained from cave bear samples
dating from ~110,000 years to as old as
400,000 vyears old, where the authors were
able to screen single nucleotide
polymorphisms (SNPs) by targeting short cyt
b  fragments

through  pyrosequencing
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2006).
analysed in this study were collected in

(Valdiosera et al., The samples
caves, where temperature and humidity are
reasonably constant. Therefore, this should
be regarded as an example of exceptional
aDNA recovery from >100,000 year old
specimens  preserved under  optimal
environmental conditions. Case studies of
DNA retrieval from specimens as old as
millions of vyears are suspicious, simply
because they violate the theoretical limit of
DNA survival (Cooper and Wayne, 1998). So
far, aDNA has been extracted from several
biological sources such as teeth, bones, hair,
fish
fingernails, feathers, eggshell, coprolites and

skins, mummified tissue, scales,
seeds obtained from museum collections or
archaeological sites (Brown and Brown, 1994;
Hofreiter et al., 2001; Gilbert et al., 2004;

Leonard, 2008; Oskam et al., 2010).

The length of the average aDNA molecule is
generally around 100-200 bp (Green et al.,
2006; Poinar et al., 2006), but most probably
no longer than a few hundred base pairs,
depending on the environmental conditions
under which the specimens were preserved.
With endogenous DNA repair mechanisms no
longer operating post-mortem, DNA starts to
decay and suffers chemical modifications.
These DNA lesions have been thoroughly
reviewed by Pdabo and collaborators (2004)
and can consist of strand breaks, oxidative
lesions, hydrolytic lesions and crosslinks.
Lesions that may occur and accumulate in the
course of millennia can result in highly
fragmented aDNA, and substantially altered
be obtained PCR

amplification and sequencing. Template DNA

sequences can after

with such modifications produces typical PCR

15

errors and evident sequencing artifacts, e.g. a
to TA
adenine) bias due to hydrolytic deamination

CG (cytosine guanine) (thymine
of cytosine to uracil and thymine, and/or
formation of chimeric sequences through
“jumping PCR”. Depending on time and
environmental conditions, DNA degradation
may actually leave no intact molecules. All
these base lesions may cause nucleotide
misincorporations when aDNA sequences are
replicated during enzymatic amplification and
large-scale sequencing (Stiller et al., 2006).
Ancient DNA is invariably damaged but,
fortunately, there are methods that can
improve the quality of the template to be
amplified and/or sequenced, or the PCR
performance such as Uracil-N-glycosylase
(UNG) and N-phenacylthiazolium bromide
(PTB).
such as Pfu, Taq HiFi (Willerslev and Cooper,

High-fidelity polymerase enzymes,

2005), Phusion polymerase (Finnzymes as
suggested in the Illumina library preparation
protocol) (Rasmussen et al., 2010), as well as
a novel hybrid Tag polymerase variant are
capable of extending DNA despite base
mismatches and limiting misincorporations
(Gloeckner et al., 2007). The challenge when
studying aDNA is directly related to the
quality of the preserved molecule, but also to
the genomic region targeted, as we explain in
the following section.

Molecular markers: Nuclear

organellular ancient DNA

versus

Various aDNA evolutionary studies rely on
the analysis of organellular rather than
nuclear DNA and focus on neutrally evolving
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and non-coding loci. The mitochondrial
genome has some interesting peculiarities: it
is only 1/200,000 the size of the nuclear
genome, has a rate of evolution that is five-
to-ten times greater than the nuclear
genome, occurs in many copies per cell and is
maternally  inherited almost  without
recombination. However, in particular for
population genetic studies in closely related
species, there is the need to use nuclear DNA
as well for a multi-locus approach to make
more precise inferences (Bruford et al,
2003). Y-chromosome markers, for example,
are very informative regarding patrilineal
inheritance, and may tell a different story
than that of the maternal lineages. Nuclear
microsatellites are also useful in detecting
signatures of more recent processes and in
inferring  relationships among modern
populations, but their use is limited in aDNA
studies due to difficulties in targeting
repetitive regions. In addition, the analysis of
nuclear loci s

functional extremely

informative, for example, to investigate
economic and domestication-related traits,
genetic variation of the immune system, to
identify selection for specific functions and to
detect environmental adaptation (Jaenicke-

Despres et al., 2003; Svensson et al., 2007).

There are, however, either intrinsic or
technical limitations associated with each of
the above mentioned molecular markers
when doing aDNA research: nuclear DNA is
expected to be harder to retrieve, whereas
multicopy DNA, such as that in organelles
(mitochondria in animals or chloroplasts in
plants), is more likely to be present.
Microsatellite loci, in particular, can have

lengths over 300 base pairs (bp) exceeding

16

the limit of aDNA amplification; but more
importantly, polymerase can slip during PCR,
and wrong allele sizes can be scored due to
the template DNA
al., 2008). Although
extensively used, there are also problems

degradation  of
(Schlumbaum et

regarding mitochondrial DNA. Its validity for
population level studies has been questioned
due to several particularities. Being a single
genetic locus, it may not thoroughly reveal
the history of the genome (Hofreiter et al.,
2001). As evidenced by
collaborators (2008),
potential biases and quantitative errors, since

Blow and

it is susceptible to

undamaged modern contaminant DNA can
be preferentially amplified. Events such as
trafficking of genetic material from the
mitochondria to the nucleus, (NuMts, see

section “Accounting for contamination and

results authentication”) may impair the
ascertainment of organellular DNA
sequences (Kolokotronis et al., 2007).

Assumptions regarding its clonality, or strict
clonal transmission, neutrality and clock-like
nature have been challenged (see the review
of Galtier et al., 2009). There is evidence for
heteroplasmy due to recombination or
biparental transmission (Eyre-Walker, 2000;
Hey, 2000; White et al., 2008); Bazin and
colleagues (2006) demonstrated the non-
neutrality of mtDNA by a meta-analysis of
over 1,600 animal species, and it is clear that
the dynamics of the mtDNA genome and its
diversity patterns are not clearly understood.
Variations in mutation rates were detected
across various lineages questioning the clock-
like nature of mtDNA (Galtier et al., 2009).
Thus, caution is required when using mtDNA
as a molecular marker. Additionally, most of
the molecular markers applied to aDNA have
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been developed in modern samples, which
can introduce ascertainment bias (Leonard,
2008). We may or may not find the same
variation as detected in modern samples, and
we will certainly miss some of the variation
exclusive to ancient populations. That is why
direct screening of ancient populations for
molecular markers is important to correctly
assess past genetic diversity (Leonard, 2008).
Complete genomes of several species are
now being sequenced and many genes will be
fully described and eventually their functions
characterized (Xia et al., 2009), oppening new
the
additional molecular markers. Fortunately,

possibilities  for development of

new strategies are being developed that will

allow the wuse of small amounts of
archaeological material which contain
degraded endogenous DNA, to analyze

nuclear aDNA at the level of genomics.

Powerful technical approaches for ancient
DNA analysis

As already mentioned, samples for aDNA
studies may contain very little endogenous
aDNA,
chemical modifications such as presented by
(2004). The
traditional strategy adopted to increase the
amounts of target DNA is PCR (Mullis and
Faloona, 1987). However, there are some

and the template has suffered

Pruvost and collaborators

limitations associated with conventional PCR
amplification when working with aDNA. The
original template is likely to have become
damaged over time and so constitutes a poor
substrate for Tag polymerases. PCR can be
unreliable for various reasons such as its high

17

sensitivity to contaminant DNA and the
PCR
methodological procedures are, therefore,

presence  of inhibitors.  Specific

needed.

There are non-PCR based methods to
increase the quantity of aDNA recovered,
such as whole genome amplification (WGA)
using the multiple displacement amplification
(MDA) technique (Dean et al., 2002). This
method has been successfully applied, for
example by Druzhkova et al. (Druzhkova et
al., 2013), to increase the initial amount of
aDNA retrieved from the remains of a
putative 33,000 year old Pleistocene dog
from Altai (Siberia), and as a preliminary
for PCR and

procedure sequencing

experiments.

Moreover, next-generation DNA sequencing
methods (Metzker, 2010) requiring minute
amounts of nucleic acids have enabled the
unprecedented study of ancient nuclear
genomes, even of human ancestors (Green et
al., 2006; Noonan et al., 2006; Poinar et al.,
2006; Shendure and Ji, 2008; Rasmussen et
al., 2010). These new DNA technologies have
revolutionized the field of archaeogenetics.
Sequences produced by next-generation
technologies are detected as they are being
synthesized — sequencing by synthesis (SBS)
(Fuller et al., 2009). Several methods have
designed: (1)
technology and (2) bridge amplification,

been emulsion-based
which both require DNA amplification; and
(3) a high-definition optical system that is
able to detect single-base additions to single
DNA or RNA strands (Millar et al., 2008).

Several platforms for massive detection of

short sequencing reactions have been
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developed: Roche/454 FLX, Illumina/Solexa
Genome Analyzer, Applied Biosystems
SOLIDTM System, Helicos HeliscopeTM, and
Pacific Biosciences SMRT instruments. The
their
comprehensively

basis of these systems and

performances are
presented elsewhere (Mardis, 2008; Millar et
al., 2008; Schuster, 2008; Shendure and Ji,
2008; Metzker, 2010). Briefly, and quoting
Green et al. (2009, p. 2495), “they rely on the
construction of sequencing libraries by the
ligation of DNA adapters to the ends of DNA
molecules in a sample. These adapters then
serve as priming sites both for amplification
and for sequencing, which occur either on
beads or on a solid surface in which each
bead or cluster on a surface represents an
amplified copy of a single original template
molecule.”

More recently, target enrichment methods
have been developed and a few examples for
the 454 FLX platform are: (1) the use of
(MIDs)
barcodes), which enable unique samples to

multiplex identifiers (molecular
be specifically tagged in a sequencing run
allowing for the combination of template
DNA from multiple individuals (see Binladen
et al., 2007a); (2) the primer extension
capture (PEC) method developed by Briggs et
al. (2009a), which directly isolates specific
DNA sequences from complex libraries of
highly degraded DNA, and (3) the direct
multiplex sequencing (DMPS) developed by
Stiller et al. (2009) that combines standard
multiplex PCR with sample barcoding and
high-throughput sequencing. For other target
enrichment approaches, such as the uniplex
PCR, the molecular inversion probes (MIP)
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and the hybrid capture, see the recent review
by Mamanova et al. (2010).

These
methods require DNA enrichment (or DNA
the

and

second-generation sequencing

capture) through generation  of

sequencing libraries therefore can

introduce biases into the data.

Third Generation Sequencers (TGS) are now
available which rely on direct sequencing and
allow for single molecule sequencing (Rizzi et
al., 2012), and provide sequence information

and quantitation for many different
applications. True Single Molecule DNA
Sequencing (tSMS), using the Helicos

HeliScope platform, has been successfully

applied to study a Pleistocene horse
preserved in permafrost (Orlando et al.,
2011), and its performance was improved by
the different

preparation methods (Ginolhac et al., 2012).

use of two template
For illustration of some of the methods
mentioned above see Figures 3, 4 and 5 in

Rizzi et al. (2012).

Although the measures previously described

for prevention of contamination and
authenticity of aDNA are still valid with these
new technologies, novel difficulties have
arisen with the recent advances in high-
throughput DNA sequencing. Referring to
Poinar et al. (2006), these new methods
allow filtering and correcting for aDNA
damages because they generate overlapping
reads and multifold coverage of the target
regions. However, this versatile large-scale
data production requires new and substantial
computational resources (Venter, 2010) for
data

management

downstream storage, laboratory

information systems and
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bioinformatic (Mardis, 2008).

Challenges for bioinformatics, due to the

support

average short read-lengths resulting from
these new technologies, are, amongst others,
sequence quality scoring, alignment,
assembly and data release. For a review on
high-throughput sequence alignment and
assembly algorithms, see Flicek and Birney
(2009). Numerous software packages are
now available for analyzing these kinds of
sequencing data (for a review see Shendure
and Ji, 2008). Accuracy of data is a major
issue with these high-throughput sequencing
systems, as calling precision (determination
of the correct nucleotide) is highly dependent
on redundancy (coverage), sequencing raw
error rate (Fuller et al., 2009), and on the use
of closely related genomic sequences for
correctly identifying and classifying bona fide
endogenous DNA fragments (Prufer et al.,
2010).

guidelines for reporting and archiving short-

The establishment of consensual

read sequence data is a subject still under
development (Shendure and Ji, 2008;
Shendure et al., 2008). Albeit the need for
extraordinary computational processing,
large research teams and generous budgets,
these new methods are ideal for the analysis
of aDNA and are likely to result in the

recovery of entire ancient genomes.

Acknowledgements

We would like to acknowledge to Angel Del
Valle, Constantin Fesel, Simon Davis and
Edwards their
comments and valuable criticism on the

Ceiridwen for helpful

manuscript, and for English revisions; and to

19

an anonymous referee for valuable

comments.

A. E. Pires received funding from Foundation
for Science and Technology of Portugal
through SFRH/BPD/20806/2004
PTDC/HIS-ARQ/100225/2008 grants.

and

C. Ginja received funding from the European
Union Seventh Framework Programme
(FP7/2007-2013) under grant agreement n°
PCOFUND-GA-2009-246542 and from the
Foundation for Science and Technology of
Portugal through a Marie Curie/Welcome Il
fellowship (Ref. DFRH/WIIA/15/2011)

References

Allendorf, F.W., England, P.R., Luikart, G., Ritchie, P.A,,
Ryman, N., 2008. Genetic effects of harvest on wild animal
populations. Trends Ecol. Evol. 23, 327-337.

Austin, J.J., Ross, A.J., Smith, A.B., Fortey, R.A., Thomas, R.H.,
1997. Problems of reproducibility--does geologically ancient
DNA survive in amber-preserved insects? Proc. Biol. Sci. 264,
467-474.

Barbujani, G., Chikhi, L., 2006. Population genetics: DNAs
from the European Neolithic. Heredity 97, 84-85.

Bazin, E., Glemin, S., Galtier, N., 2006. Population size does
not influence mitochondrial genetic diversity in animals.
Science 312, 570-572.

Binladen, J., Gilbert, M.T., Bollback, J.P., Panitz, F., Bendixen,
C., Nielsen, R., Willerslev, E., 2007a. The use of coded PCR
primers enables high-throughput sequencing of multiple
homolog amplification products by 454 parallel sequencing.
PLoS ONE 2, e197.

Binladen, J., Gilbert, M.T., Willerslev, E., 2007b. 800,000 year
old mammoth DNA, modern elephant DNA or PCR artefact?
Biol. Lett. 3, 55-56; discussion 60-53.

Blow, M.J., Zhang, T., Woyke, T., Speller, C.F., Krivoshapkin,
A, Yang, D.J,, Rubin, E.M., 2008.
Identification of through genomic

Derevianko, A.,
ancient remains

sequencing. Genome Res. 18, 1347-1353.



Pires and Ginja /Cadernos do GEEVH 2 (1) 2013: 7-23

Briggs, A.W., Good, J.M., Green, R.E., Krause, J., Maricic, T.,
Stenzel, U., Lalueza-Fox, C., Rudan, P., Brajkovic, D., Kucan,
Z., Gusic, |., Schmitz, R., Doronichev, V.B., Golovanova, L.V.,
de la Rasilla, M., Fortea, J., Rosas, A., Paabo, S., 2009a.
Targeted retrieval and analysis of five Neandertal mtDNA
genomes. Science 325, 318-321.

Briggs, A.\W., Good, J.M., Green, R.E., Krause, J., Maricic, T.,
Stenzel, U., Paabo, S., 2009b. Primer extension capture:
targeted sequence retrieval from heavily degraded DNA
sources. J. Vis. Exp., 1573.

Brown, T.A., Brown, K.A., 1994. Ancient DNA: using
molecular biology to explore the past. Bioessays 16, 719-
726.

Bruford, M.W., Bradley, D.G., Luikart, G., 2003. DNA markers
reveal the complexity of livestock domestication. Nat. Rev.
Genet. 4, 900-910.

Burger, J., Hummel, S., Hermann, B., Henke, W., 1999. DNA
preservation: a microsatellite-DNA study on ancient skeletal
remains. Electrophoresis 20, 1722-1728.

Cano, R.J., Poinar, H.N., Pieniazek, N.J., Acra, A., Poinar, G.O.,
Jr., 1993. Amplification and sequencing of DNA from a 120-
135-million-year-old weevil. Nature 363, 536-538.

Champlot, S., Berthelot, C., Pruvost, M., Bennett, E.A.,
Grange, T., Geigl, E.M., 2010. An efficient multistrategy DNA
procedure of PCR

hypersensitive PCR applications. PLoS ONE 5.

decontamination reagents for

Cooper, A., lLalueza-Fox, C., Anderson, S., Rambaut, A.,
Austin, J., Ward, R., 2001. Complete mitochondrial genome
sequences of two extinct moas clarify ratite evolution.
Nature 409, 704-707.

Cooper, A., Poinar, H.N., 2000. Ancient DNA: do it right or
not at all. Science 289, 1139.

Cooper, A., Wayne, R., 1998. New uses for old DNA. Curr.
Opin. Biotechnol. 9, 49-53.

Davoren, J., Vanek, D., Konjhodzic, R., Crews, J., Huffine, E.,
Parsons, T.J., 2007. Highly effective DNA extraction method
for nuclear short tandem repeat testing of skeletal remains
from mass graves. Croat. Med. J. 48, 478-485.

Dean, F.B., Hosono, S., Fang, L.H., Wu, X.H., Faruqi, A.F.,
Bray-Ward, P., Sun, Z.Y., Zong, Q.L., Du, Y.F., Du, J., Driscoll,
M., Song, W.M., Kingsmore, S.F., Egholm, M., Lasken, R.S.,
2002. Comprehensive human genome amplification using
multiple displacement amplification. Proc. Natl. Acad. Sci.
U.S.A. 99, 5261-5266.

DeSalle, R., Gatesy, J., Wheeler, W., Grimaldi, D., 1992. DNA
sequences from a fossil termite in Oligo-Miocene amber and
their phylogenetic implications. Science 257, 1933-1936.

20

Druzhkova, A.S., Thalmann, O., Trifonov, V.A., Leonard, J.A.,
Vorobieva, N.V., Ovodov, N.D., Graphodatsky, A.S., Wayne,
R.K., 2013. Ancient DNA Analysis Affirms the Canid from Altai
as a Primitive Dog. PLoS ONE 8.

Ermini, L., Olivieri, C., Rizzi, E., Corti, G., Bonnal, R., Soares,
P., Luciani, S., Marota, I., De Bellis, G., Richards, M.B., Rollo,
F., 2008. Complete mitochondrial genome sequence of the
Tyrolean Iceman. Curr. Biol. 18, 1687-1693.

Eyre-Walker, A., 2000. Do mitochondria recombine in
humans? Philos. Trans. R. Soc. Lond., B, Biol. Sci. 355, 1573-
1580.

Flicek, P., Birney, E., 2009. Sense from sequence reads:
methods for alignment and assembly. Nat. Methods 6, S6-
S12.

Fuller, C.W., Middendorf, L.R., Benner, S.A., Church, G.M,,
Harris, T., Huang, X., Jovanovich, S.B., Nelson, J.R., Schloss,
J.A., Schwartz, D.C., Vezenov, D.V., 2009. The challenges of
sequencing by synthesis. Nat. Biotechnol. 27, 1013-1023.

Galtier, N., Jobson, R.W., Nabholz, B., Glemin, S., Blier, P.U.,
2009. Mitochondrial whims: metabolic rate, longevity and
the rate of molecular evolution. Biol. Lett. 5, 413-416.

Geigl, E.M., 2008. Palaeogenetics of cattle domestication:
methodological challenges for the study of fossil bones
preserved in the domestication centre in Southwest Asia. C.
R. Palevol. 7, 99-112.

Gilbert, M.T., Bandelt, H.J., Hofreiter, M., Barnes, I., 2005.
Assessing ancient DNA studies. Trends Ecol. Evol. 20, 541-
544,

Gilbert, M.T., Hansen, A.., Willerslev, E., Rudbeck, L.,
Barnes, I., Lynnerup, N., Cooper, A., 2003. Characterization
of genetic miscoding lesions caused by postmortem damage.
Am. J. Hum. Genet. 72, 48-61.

Gilbert, M.T., Wilson, A.S., Bunce, M., Hansen, A..,
Willerslev, E., Shapiro, B., Higham, T.F., Richards, M.P.,
O'Connell, T.C., Tobin, D.J., Janaway, R.C., Cooper, A., 2004.
Ancient mitochondrial DNA from hair. Curr. Biol. 14, R463-
464.

Ginolhac, A., Vilstrup, J., Stenderup, J., Rasmussen, M.,
Stiller, M., Shapiro, B., Zazula, G., Froese, D., Steinmann, K.E.,
Thompson, J.F.,, AL-Rasheid, K.A.S., Gilbert, T.M.P.,
Willerslev, E., Orlando, L., 2012. Improving the performance
of true single molecule sequencing for ancient DNA. BMC
Genomics 13.

Gloeckner, C., Sauter, K.B., Marx, A., 2007. Evolving a
thermostable DNA polymerase that amplifies from highly
damaged templates. Angew. Chem. Int. Ed. Engl. 46, 3115-
3117.



Pires and Ginja /Cadernos do GEEVH 2 (1) 2013: 7-23

Golenberg, E.M., Giannasi, D.E., Clegg, M.T., Smiley, C.J.,
Durbin, M., Henderson, D., Zurawski, G., 1990. Chloroplast
DNA sequence from a miocene Magnolia species. Nature
344, 656-658.

Green, R.E., Briggs, A.W., Krause, J., Prufer, K., Burbano,
H.A., Siebauer, M., Lachmann, M., Paabo, S., 2009. The
Neandertal genome and ancient DNA authenticity. EMBO J.
28, 2494-2502.

Green, R.E., Krause, J., Ptak, S.E., Briggs, A.W., Ronan, M.T.,
Simons, J.F., Du, L., Egholm, M., Rothberg, J.M., Paunovic,
M., Paabo, S., 2006. Analysis of one million base pairs of
Neanderthal DNA. Nature 444, 330-336.

Hadly, E.A., Ramakrishnan, U., Chan, Y.L., van Tuinen, M.,
O'Keefe, K., Spaeth, P.A., Conroy, C.., 2004. Genetic
response to climatic change: insights from ancient DNA and
phylochronology. PLoS Biol. 2, €290.

Handt, O., Hoss, M., Krings, M., Paabo, S., 1994. Ancient
DNA: methodological challenges. Experientia 50, 524-529.

Handt, O., Krings, M., Ward, R.H., Paabo, S., 1996. The
retrieval of ancient human DNA sequences. Am. J. Hum.
Genet. 59, 368-376.

Hansen, A., Willerslev, E., Wiuf, C., Mourier, T., Arctander, P.,
2001. Statistical evidence for miscoding lesions in ancient
DNA templates. Mol. Biol. Evol. 18, 262-265.

Hedrick, P., Waits, L., 2005. What ancient DNA tells us.
Heredity 94, 463-464.

Hey, J., 2000. Human mitochondrial DNA recombination: can
it be true? Trends Ecol. Evol. 15, 181-182.

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

Hofreiter, M., 2003. Phylogeny, diet and habitat of an extinct
ground sloth from Cuchillo Cura, Neuquén Province,
southwest Argentina. Quat. Int. 59, 364-378.

Hofreiter, M., 2008. Palaeogenomics. C. R. Acad. Sci.,
Palévol. 7, 113-124.

Hofreiter, M., Serre, D., Poinar, H.N., Kuch, M., Paabo, S.,
2001. Ancient DNA. Nat. Rev. Genet. 2, 353-359.

Hublin, J.J., Paabo, S., Derevianko, A.P., Doronichev, V.B.,
Golovanova, L.V., Friess, M., Froment, A., Hoffmann, A.,
Jillani Kachache, N.E., Kullmer, O., Lordkipanidze, D., Moncel,
M.H., Potts, R., Radovcic, J., Rak, Y.Z., Richards, M., Mendez,
J.R., Rosas, A., Schmauder, M., Schmitz, R.W., Semal, P.,
Smith, T., Tafuri, M.A., Tattersall, |, Tournepiche, J.F.,
Toussaint, M., Vassiliev, S., Vialet, A., White, T., Ziegler, R.,
2008. Suggested guidelines for invasive sampling of hominid
remains. J. Hum. Evol. 55, 756-757.

21

Jaenicke-Despres, V., Buckler, E.S., Smith, B.D., Gilbert, M.T.,
Cooper, A., Doebley, J., Paabo, S., 2003. Early allelic selection
in maize as revealed by ancient DNA. Science 302, 1206-
1208.

Kolokotronis, S.0., Macphee, R.D., Greenwood, A.D., 2007.
Detection of mitochondrial insertions in the nucleus (NuMts)
of Pleistocene and modern muskoxen. BMC Evol. Biol. 7, 67.

Krause, J., Fu, Q., Good, J.M., Viola, B., Shunkov, M.V.,
Derevianko, A.P., Paabo, S., 2010. The complete
mitochondrial DNA genome of an unknown hominin from
southern Siberia. Nature 464, 894-897.

Leonard, J.A., 2008. Ancient DNA applications for wildlife
conservation. Mol. Ecol. 17, 4186-4196.

Leonard, J.A., Vila, C., Fox-Dobbs, K., Koch, P.L., Wayne, R.K.,
Van Valkenburgh, B., 2007. Megafaunal extinctions and the
disappearance of a specialized wolf ecomorph. Curr. Biol. 17,
1146-1150.

Lindahl, T., 1993. Instability and decay of the primary
structure of DNA. Nature 362, 709-715.

Holmlund, G.,
Gotherstrom, A., 2005. Extensive human DNA contamination

Malmstrom, H., Stora, J., Dalen, L.,
in extracts from ancient dog bones and teeth. Mol. Biol.

Evol. 22, 2040-2047.

Malmstrom, H., Svensson, E.M., Gilbert, M.T., Willerslev, E.,
Gotherstrom, A., Holmlund, G., 2007.
contamination: the use of asymmetric molecular behavior to

More on

identify authentic ancient human DNA. Mol. Biol. Evol. 24,
998-1004.

Mamanova, L., Coffey, A.J., Scott, C.E., Kozarewa, |., Turner,
E.H., Kumar, A., Howard, E., Shendure, J., Turner, D.J., 2010.
Target-enrichment strategies for next-generation
sequencing. Nat. Methods 7, 111-118.

Mardis, E.R., 2008. Next-generation DNA sequencing
methods. Annu. Rev. Genomics Hum. Genet. 9, 387-402.

Metzker, M.L., 2010. Sequencing technologies - the next
generation. Nat. Rev. Genet. 11, 31-46.

Millar, C.D., Huynen, L., Subramanian, S., Mohandesan, E.,
Lambert, D.M., 2008. New developments
genomics. Trends Ecol. Evol. 23, 386-393.

in ancient

Morin, P.A., Chambers, K.E., Boesch, C., Vigilant, L., 2001.
Quantitative polymerase chain reaction analysis of DNA from
noninvasive samples for accurate microsatellite genotyping
of wild chimpanzees (Pan troglodytes verus). Mol. Ecol. 10,
1835-1844.

Mullis, K.B., Faloona, F.A., 1987. Specific synthesis of DNA in
vitro via a polymerase-catalyzed chain reaction. Methods
Enzymol. 155, 335-350.



Pires and Ginja /Cadernos do GEEVH 2 (1) 2013: 7-23

Noonan, J.P., Coop, G., Kudaravalli, S., Smith, D., Krause, J.,
Alessi, J., Chen, F., Platt, D., Paabo, S., Pritchard, J.K., Rubin,
E.M., 2006. Sequencing and analysis of Neanderthal genomic
DNA. Science 314, 1113-1118.

O'Rourke, D.H., Hayes, M.G., Carlyle, S.W., 2000. Ancient
DNA studies in physical anthropology. Annu. Rev. Anthropol.
29,217-242.

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

Orlando, L., Ginolhac, A., Raghavan, M., Vilstrup, J.,
Rasmussen, M., Magnussen, K., Steinmann, K.E., Kapranov,
P., Thompson, J.F., Zazula, G., Froese, D., Moltke, 1., Shapiro,
B., Hofreiter, M., Al-Rasheid, K.A.S., Gilbert, M.T.P.,
Willerslev, E., 2011. True single-molecule DNA sequencing of
a pleistocene horse bone. Genome Res. 21, 1705-1719.

Oskam, C.L., Haile, J., Mclay, E., Rigby, P., Allentoft, M.E.,
Olsen, M.E., Bengtsson, C., Miller, G.H., Schwenninger, J.L.,
Jacomb, C., Walter, R., Baynes, A., Dortch, J., Parker-Pearson,
M., Gilbert, M.T., Holdaway, R.N., Willerslev, E., Bunce, M.,
2010. Fossil avian eggshell preserves ancient DNA. Proc. Biol.
Sci. 277, 1991-2000.

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

Paabo, S., Poinar, H., Serre, D., Jaenicke-Despres, V., Hebler,
J., Rohland, N., Kuch, M., Krause, J., Vigilant, L., Hofreiter,
M., 2004. Genetic analyses from ancient DNA. Annu. Rev.
Genet. 38, 645-679.

Paabo, S., Poinar, H.N., Serre, D., Jaenicke, V., Hebler, J,,
Rohland, N., Kuch, M., Krause, J., Vigilant, L., Hofreiter, M.,
1984. Genetic analyses from ancient DNA. Annu. Rev. Genet.
38, 645-679.

Paabo, S., Wilson, A.C., 1991. Miocene DNA sequences - a
dream come true? Curr. Biol. 1, 45-46.

Poinar, H.N., Hoss, M., Bada, J.L., Paabo, S., 1996. Amino acid
racemization and the preservation of ancient DNA. Science
272, 864-866.

Poinar, H.N., Schwarz, C., Qi, J., Shapiro, B., Macphee, R.D.,
Buigues, B., Tikhonov, A., Huson, D.H., Tomsho, L.P., Auch,
A.,, Rampp, M., Miller, W., Schuster, S.C., 2006.
Metagenomics to paleogenomics: large-scale sequencing of
mammoth DNA. Science 311, 392-394.

Prufer, K., Stenzel, U., Hofreiter, M., Paabo, S., Kelso, J.,
Green, R.E., 2010. Computational challenges in the analysis
of ancient DNA. Genome Biol. 11, R47 (doi:10.1186/gbh-2010-
1111-1185-r1147).

22

Pruvost, M., Geigl, E.M., 2004. Real-time quantitative PCR to
assess the authenticity of ancient DNA amplification. J.
Archaeol. Sci. 31, 1191-1197.

Pruvost, M., Schwarz, R., Correia, V.B., Champlot, S.,
Braguier, S., Morel, N., Fernandez-Jalvo, Y., Grange, T., Geigl,
E.M., 2007. Freshly excavated fossil bones are best for
amplification of ancient DNA. Proc. Natl. Acad. Sci. U.S.A.

104, 739-744.

Ramakrishnan, U., Hadly, E.A., 2009. Using phylochronology
to reveal cryptic population histories: review and synthesis
of 29 ancient DNA studies. Mol. Ecol. 18, 1310-1330.

Ramakrishnan, U., Hadly, E.A., J.L., 2005.
Detecting past population bottlenecks using temporal

genetic data. Mol. Ecol. 14, 2915-2922.

Mountain,

Rasmussen, M., Li, Y. Lindgreen, S., Pedersen, J.S,,
Albrechtsen, A., Moltke, I., Metspalu, M., Metspalu, E.,
Kivisild, T., Gupta, R., Bertalan, M., Nielsen, K., Gilbert, M.T.,
Wang, Y., Raghavan, M., Campos, P.F., Kamp, H.M., Wilson,
A.S., Gledhill, A., Tridico, S., Bunce, M., Lorenzen, E.D.,
Binladen, J., Guo, X., Zhao, J., Zhang, X., Zhang, H., Li, Z.,
Chen, M., Orlando, L., Kristiansen, K., Bak, M., Tommerup,
N., Bendixen, C., Pierre, T.L., Gronnow, B., Meldgaard, M.,
Andreasen, C., Fedorova, S.A., Osipova, L.P., Higham, T.F,,
Ramsey, C.B., Hansen, T.V., Nielsen, F.C., Crawford, M.H.,
Brunak, S., Sicheritz-Ponten, T., Villems, R., Nielsen, R.,
Krogh, A., Wang, J., Willerslev, E., 2010. Ancient human
genome sequence of an extinct Palaeo-Eskimo. Nature 463,
757-762.

Rizzi, E., Lari, M., Gigli, E., De Bellis, G., Caramelli, D., 2012.
Ancient DNA studies: new perspectives on old samples.
Genet. Sel. Evol. 44.

Rohland, N., Hofreiter, M., 2007a. Ancient DNA extraction
from bones and teeth. Nat. Protoc. 2, 1756-1762.

Rohland, N., Hofreiter, M.,
optimization of ancient DNA extraction. Biotechniques 42,
343-352.

2007b. Comparison and

Schlumbaum, A., Tensen, M., Jaenicke-Despres, V., 2008.
Ancient plant DNA in archaeobotany. Veg. Hist. Archaeobot.
17, 233-244.

Schuster, S.C., 2008. Next-generation sequencing transforms
today's biology. Nat. Methods 5, 16-18.

Schwarz, C., Debruyne, R., Kuch, M., McNally, E., Schwarcz,
H., Aubrey, A.D., Bada, J., Poinar, H., 2009. New insights
from old bones: DNA preservation and degradation in
permafrost preserved mammoth remains. Nucleic Acids Res.
37, 3215-3229.

Seco-Morais, J.,, Oom, M., Quesada, F., Matheson, C.D.,
2007. Ancient Iberian horses: a method to recover DNA from



Pires and Ginja /Cadernos do GEEVH 2 (1) 2013: 7-23

archaeological samples buried under sub-optimal conditions
for preservation. J. Archaeol. Sci. 34, 1713-1719.

Shendure, J., Ji, H., 2008. Next-generation DNA sequencing.
Nat. Biotechnol. 26, 1135-1145.

Shendure, J.A., Porreca, G.J., Church, G.M., 2008. Overview
of DNA sequencing strategies. Curr. Protoc. Mol. Biol.
Chapter 7, Unit 7 1.

Sidow, A., Wilson, A.C., Paabo, S., 1991. Bacterial DNA in
Clarkia fossils. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 333,
429-432; discussion 432-423.

Smith, C.I., Chamberlain, A.T., Riley, M.S., Cooper, A,
Stringer, C.B., Collins, M.J., 2001. Neanderthal DNA. Not just
old but old and cold? Nature 410, 771-772.

Soltis, P.S., Soltis, D.E., Smiley, C.J., 1992. An rbcL sequence
from a Miocene Taxodium (bald cypress). Proc. Natl. Acad.
Sci. U.S.A. 89, 449-451.

Stiller, M., Green, R.E., Ronan, M., Simons, J.F., Du, L., He,
W., Egholm, M., Rothberg, J.M., Keates, S.G., Ovodov, N.D.,
Antipina, E.E., Baryshnikov, G.F., Kuzmin, Y.V., Vasilevski,
A.A., Wuenschell, G.E., Termini, J., Hofreiter, M., Jaenicke-
Paabo, S., 2006. Patterns of nucleotide
misincorporations during enzymatic amplification and direct
large-scale sequencing of ancient DNA. Proc. Natl. Acad. Sci.
U.S.A. 103, 13578-13584.

Despres, V.,

Stiller, M., Knapp, M., Stenzel, U., Hofreiter, M., Meyer, M.,
2009. Direct multiplex sequencing (DMPS)--a novel method
for targeted high-throughput sequencing of ancient and
highly degraded DNA. Genome Res. 19, 1843-1848.

Svensson, E.M., Anderung, C., Baubliene, J., Persson, P.,
Malmstrom, H., Smith, C., Vretemark, M., Daugnora, L.,
Gotherstrom, A., 2007. Tracing genetic change over time
using nuclear SNPs in ancient and modern cattle. Anim.
Genet. 38, 378-383.

Telechea, F., Bernillon, J., Duffraise, M., Laudet, V., Hanni, C.,
2007. Molecular identification of vertebrate species by

23

oligonucleotide microarray in food and forensic samples. J.
Appl. Ecol. 45, 967-975.

Valdiosera, C., Garcia, N., Dalen, L., Smith, C., Kahlke, R.D.,
Liden, K., Angerbjorn, A., Arsuaga, J.L., Gotherstrom, A.,
2006. Typing single polymorphic
mitochondrial DNA as a way to access Middle Pleistocene
DNA. Biol. Lett. 2, 601-603.

nucleotides in

Venter, J.C., 2010. Multiple personal genomes await. Nature
464, 676-677.

White, D.J., Wolff, J.N., Pierson, M., Gemmell, N.J., 2008.
Revealing the hidden complexities of mtDNA inheritance.
Mol. Ecol. 17, 4925-4942.

Willerslev, E., Cooper, A., 2005. Ancient DNA. Proc. Biol. Sci.
272, 3-16.

Willerslev, E., Hansen, A.J., Binladen, J., Brand, T.B., Gilbert,
M.T., Shapiro, B., Bunce, M., Wiuf, C., Gilichinsky, D.A.,
Cooper, A., 2003. Diverse plant and animal genetic records
from Holocene and Pleistocene sediments. Science 300, 791-
795.

Willerslev, E., Hansen, A.J., Christensen, B., Steffensen, J.P.,
Arctander, P., 1999. Diversity of Holocene life forms in fossil
glacier ice. Proc. Natl. Acad. Sci. U.S.A. 96, 8017-8021.

Xia, Q., Guo, Y., Zhang, Z., Li, D., Xuan, Z., Li, Z., Dai, F., Li, Y.,
Cheng, D., Li, R., Cheng, T., Jiang, T., Becquet, C., Xu, X., Liu,
C., Zha, X., Fan, W,, Lin, Y., Shen, Y., Jiang, L., Jensen, J.,
Hellmann, I., Tang, S., Zhao, P., Xu, H., Yu, C., Zhang, G., Li, J.,
Cao, J., Liu, S., He, N., Zhou, Y., Liu, H., Zhao, J., Ye, C., Du, Z.,
Pan, G., Zhao, A., Shao, H., Zeng, W., Wu, P., Li, C., Pan, M.,
Yin, X., Wang, J., Zheng, H., Wang, W., Zhang, X., Li, S., Yang,
H., Lu, C., Nielsen, R., Zhou, Z., Xiang, Z., 2009. Complete
resequencing of 40 genomes reveals domestication events
and genes in silkworm (Bombyx). Science 326, 433-436.

Yang, D.Y., Watt, K., 2005. Contamination controls when
preparing archaeological remains for ancient DNA analysis. J.
Archaeol. Sci. 32, 331-336.



