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INTRODUCTION

Ancient DNA (aDNA) is the DNA extracted from
archaeological, paleontological, and museum speci�
mens. Most often, these include bone remains, teeth,
and mummified tissues, but they also can be wool,
feathers, egg shell, plant corns, fossilized tree trunks,
and sea shells. The complexity of working with aDNA
is stems from the extremely low content of endoge�
nous DNA against the background of DNA contami�
nations with ancient and modern microorganisms,
DNA degradation, and chemical base modifications
leading to sequencing errors. Therefore, ancient DNA
studies are closely associated with methodological
advances, resolving technical problems specific to this
area. The study of ancient DNA is one of the methods
of paleogenetics, a young and rapidly growing field of
science at the confluence of molecular evolutionary
biology, archeology, and paleontology. Today, paleoge�
neticists reconstruct the DNA sequences directly from
paleontological specimens and remodel the genome
and population structures in the past. Despite the ini�
tial distrust of the results of ancient DNA research, to
date, paleogenetic data are considered to be reliable
due to recent methodological advances. A series of
large�scale studies demonstrated the true potential of
ancient DNA samples for the study of evolution, vali�
dating the models and hypotheses used to study the
course of evolution and to analyze the population
genetics and paleoecological changes. Recent
advances in DNA sequencing achieved with the use of
next�generation sequencing platforms made it possi�
ble to reconstruct more completely the genome struc�

ture of archaeological and paleontological specimens.
This information makes it possible to study the genetic
relationship between extinct and present�day popula�
tions and species.

HISTORY OF ANCIENT DNA STUDIES: 
ISOLATION OF SHORT ANCIENT

GENOME FRAGMENTS

Works with ancient DNA began over 30 years ago,
when Russell Higuchi and colleagues at Berkeley iso�
lated aDNA from a museum specimen of quagga
(South African equid Equus quagga quagga), which
had been stored for more than 150 years, and found
that quagga was phylogenetically closer to zebras than
to horses. [1]. In the next two years, Svante Pääbo et al.
studied aDNA from mummified human samples with
age of thousands of years [2–4]. At the initial stages,
aDNA studies were considerably slowed because of the
complexity and low efficiency of DNA amplification
techniques (cloning of individual sequences in
prokaryotic vectors). The discovery of the polymerase
chain reaction (PCR) has provided a breakthrough in
paleogenetics [5]. Amplification of the number of
DNA fragment copies in vitro from trace amounts of
DNA template provided robust and reproducible
sequencing of ancient genetic markers, which led to a
rapid growth and diversification of ancient DNA stud�
ies [6]. However, because of the high sensitivity of
PCR technique, contamination with modern DNA
became a key problem.

The publication of a number of studies on the iso�
lation of 400 to 600 thousand years old aDNAs from
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dinosaur, plants [7, 8], and bacteria [9], caused a dis�
trust of all studies of ancient DNA samples. In leading
laboratories an authentication protocol was devel�
oped, the implementation of which is compulsory
when working with ancient DNA [10–12].

In almost all cases, the sizes of isolated aDNA frag�
ments did not exceed 100 to 500 nucleotides. The
amount of extracted DNA is usually so small that it
cannot be assessed spectrophotometrically and,
depending on the sample, varies from almost 0 up to
200 µg per 1 g of dry tissue [6]. The low quantity and
high degradation of aDNA are the main reasons that
nearly all of the studies were based on either ribosomal
DNA (with a copy number of about 100 per cell) or
mtDNA (100 to 1000 mitochondria per cell). Since
the mitochondrial genome is maternally inherited and
is not subject to recombination, the mtDNA muta�
tions are clonally transmitted from generation to gen�
eration and can be used to retrace the maternal lin�
eages. Due to these characteristics, mtDNA has been
successfully used in studies on the reconstruction phy�
logenetic relationships between existing and extinct
species.

Traditional methods of working with ancient sam�
ples consist of the following steps:

(1) PCR amplification of a number of short and
overlapping target sequences;

(2) cloning and sequencing of a number of clones
(to eliminate the sequences subjected to deamination
and apurinization);

(3) alignment and comparison of DNA sequences
from different clones and different overlapping frag�
ments to reconstruct the final consensus sequence of
the entire target area.

As a result of these investigations, the sequences of
short aDNA fragments (mostly mitochondrial) were
determined in dozens of ancestors of present�day ani�
mals and about 20 extinct species of vertebrates from
different taxa.

Among extinct species, such species as the marsu�
pial wolf [13, 14], the New Zealand moas [15], the
American ground sloth [16], the endemic Hawaiian
goose [17], the cave bear [18], the Balearic Islands
cave goats [19], the giant lemur [20], the Caspian tiger
[21], the Quagga [1], the saber�toothed cat, the mam�
moth, the blue antelope, aurochs, the mastodon, the
New Zealand coot, the South Island piopio, the
Steller’s sea cow, the Neanderthal, the pig�footed
bandicoot, the moa�nalo, and some others [11] should
be mentioned.

These findings provided ample opportunities to
explore the phylogenetic relationships of extinct and
modern species. For example, it was demonstrated
that the marsupial wolf was much closer with respect
to mtDNA to other Australian marsupials than to the
murderous marsupials of South America. Apparently,
some morphological features that are common to the

marsupial wolf and marsupial South American preda�
tors evolved independently on two continents [13, 14].
The first results on a complete reconstruction of the
mitochondrial genome were obtained by Cooper et al.
[15]. They reconstructed the mitochondrial DNA
(mtDNA) in two species of extinct moa birds of New
Zealand (16500 bp) and showed that moa were much
closer to flying birds of Australia than to the New
Zealand kiwi.

Population Studies

Sufficient preservation of a great number of indi�
viduals of the same species living in the same place
makes it possible to carry out population studies with
ancient DNA. The first example of this approach is the
study of three populations of kangaroo rats in Califor�
nia collected by the zoologists in the first half of the
last century. Comparison with present�day popula�
tions from the same region showed that the genetic
diversity of mtDNA lineages in undisturbed natural
environments was characterized by specific geograph�
ical patterns [22]. More recent studies on house mice
caught in Chicago (United States) showed that there
were replacements in the mtDNA in this group over
the last 150 years that were probably associated with
human activity [23]. Similar studies have traced the
population history of many other species, including
rabbits [24], gophers [25], black�footed ferrets [26],
sea otters [27], grizzly bears [28], Eurasian red squir�
rels [29], canids [30], penguins [31], arctic foxes [32],
woolly mammoths [33], cave bears, and giant short�
faced bears [34], solipeds [35], Tasman booby [36],
quails [37], Siberian roe deer [38], etc.

The Problem of Ancient DNA Preservation

Most paleogenetic studies are based on the DNA
analysis from animal bone samples that are seven to
13 thousand years old. Theoretical calculations show
that the degradation of DNA to a size between 100 and
500 nucleotides requires no more than ten thousand
years in a temperate climate and more than 100 thou�
sand years in cold conditions [39, 40]. Works with per�
mafrost samples show a high degree of DNA preserva�
tion. For instance, fragments up to 1600 bp in size
were obtained by the PCR technique from the remains
of a 7000�year�old penguin [41]. Studies on 50000�
year�old mammoth bone samples [42], as well as on
samples from bison living about 65 thousand years ago
[43], were also reported. It is not surprising that the
remains from the permafrost became the currently
oldest sources of aDNA samples. For instance, short
DNA fragments from plants and invertebrates were
obtained from deeper layers of a glacier in Greenland
with the age of about 800 thousand years [44].
Recently, data were reported on the almost complete
genome of an ancient horse from the Middle Pleis�
tocene about 700 thousand years old [45]. Outside the
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permafrost, the age record belongs to cave bears from
400000� and 450000�year�old specimens. Moreover,
the researchers were able to reconstruct the complete
mitochondrial genome from individual fragments [46,
47]. Such conditions as rapid dehydration and a high
salt concentration can also provide good DNA preser�
vation [48]. However, it is suggested that DNA cannot
be preserved for more than 1 million years even under
absolutely ideal conditions [49]. Under optimal pres�
ervation conditions (transfer of the tissues into the low
temperature zone, drying), DNA degradation contin�
ues due to slow oxidation processes that lead to the
destruction of the bases and deoxyribose residues, as
well as to hydrolytic deamination of cytosine to uracil,
adenine to hypoxanthine, and guanine to xanthine
[50]. As a result of the high frequency of this type of
degradation, the errors are accumulated in PCR and
upon sequencing are visualized as a base composition
bias toward GC > TA [43]. This creates great method�
ological difficulties for the determination of aDNA
structure. In DNA samples from the permafrost,
interstrand crosslinks blocking the amplification pro�
gression occur much faster than single�stranded
breaks, which lead to DNA fragmentation. Further�
more, intermolecular reactions, which link different
DNA molecules with each other and with amino acid
residues forming Maillard products with the sizes of
several kilobases [49], take place. To overcome the
consequences of aDNA modifications, several tech�
niques were developed, including the use of uracil�N�
glycosylase to excise deaminated cytosine [51], the
repair of single�strand breaks with the help of DNA
polymerase 1 and T4 ligase [52], treatment with
N�phenacyl thiazolium bromide (PTB), and the
breaking of intermolecular cross�linking [48].

Because of the high rate of DNA degradation,
before 2005 it was impossible to obtain DNA
sequences of more than 1000 base pairs, even in well�
studied Pleistocene mammalian species, such as
mammoths, ground sloths, and cave bears. A break�
through in aDNA sequencing occurred thanks to mul�
tiplex sequencing. Krause et al. [53] reconstructed
long mitochondrial genome (mitogenome) sequences
of the mammoth (16770 bp), using the material from
only 200 mg of bone. Multiplexing consisted of two
stages. In the first stage, two PCR were performed,
with each containing 23 pairs of primers amplifying
alternative noncontiguous fragments. The resulting
amplicons completely covered the entire mitogen. The
next PCR was performed with individual primers, and
the PCR products were then cloned and sequenced.
Even if this variant of multiplex does not save time, it
surely saves initial material, since it can utilize hun�
dreds of pairs of primers in a single tube, overcoming
the limitations in the amount of the sample.

The use of the uracil�N�glycosylase enzyme, which
removes uracil from DNA sequences, did not become
widely used, because the number of molecules of
DNA in ancient samples is often so low that the

enzyme can completely destroy aDNA. In 2001, Coo�
per et al. reported another approach, the so�called
Single Primer Extension (SPEX), which can provide
more information on post�mortem changes in ancient
DNA nucleotides [15]. Unlike PCR, SPEX represents
amplification with only one biotinylated primer to a
single strand of ancient DNA in the locus of interest,
without imposing any requirements to the target
length. In SPEX, primer extension continues until the
process is stopped at the end of the template or at the
site of the polymerase�blocking damage. After the step
of primer extension, biotinylated product was bound
to streptavidin immobilized on magnetic beads, and
all nonbiotinylated DNA templates were removed by
washing. The isolated product was annealed to the
poly�C tail and amplified using nested PCR. Compar�
ison of the data obtained using SPEX and the standard
procedure on the same samples showed that SPEX
could produce data on ancient DNA composition
with unprecedented accuracy. Despite its potential,
SPEX did not become widely used, mainly because of
its laborious protocol as compared with other more
innovative procedures (see the section Study of
Ancient DNA Using Next�Generation Sequencing).

It should also be noted that blocking oligonucle�
otides specific for the sequences of modern species are
used sometimes to remove modern contaminant
DNA. With this approach, blocking of modern human
sequences upon the analysis of Neanderthal aDNA
was carried out. Blocking was performed by modifying
the 3' end of oligonucleotide with a C3 spacer consist�
ing of a three�carbon arm [54] and by preventing its
extension by DNA polymerases.

Binding of blocking oligonucleotides inhibits the
hybridization of standard PCR primers, which signifi�
cantly increases the yield of Neanderthal aDNA (from
25.23 to 90.18%) [55].

A promising innovation was the transition to new
sources of aDNA. Gilbert et al. [56] proposed the use
of hair shafts from ancient remains to investigate
aDNA and showed that DNA preservation in hair was
much higher than in bones; it was more resistant to
degradation, contained less deaminated cytosine, and
the mtDNA content was increased in relation to
nuclear DNA. The mitochondrial DNA yield from
various samples of mammoth wool was from five to
26 times higher than that from the bones. The authors
obtained ten full mammoth mitogenomes with a cov�
erage from 7.3� to 48�fold [56].

ANALYSIS OF ANCIENT DNA USING
NEXT�GENERATION SEQUENCING

The new era or second wave in the study of ancient
DNA began in the last decade with the advent of next�
generation sequencing technologies (NGS), the
power of which is five to seven orders of magnitude
higher compared to capillary sequencing using Sanger
technology. The possibility of sequencing complete
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genomes and the development of related methodolo�
gies of NGS multiplexing, barcoding, and library cap�
ture for the determination of desired sequences
brought works on ancient DNA to qualitatively new
level. The principles of operation and the possibility of
different sequencer models are described in numerous
reviews and articles [57–62]. Currently, the most
widely used are the Illumina sequencers. The efficien�
cies of the latest models are as follows: HiSeq, 600 bil�
lion bp; MiSeq, 15 billion bp in a single run. The stan�
dard procedure for DNA library construction for
sequencing with llumina kits includes double�
stranded DNA fragmentation to a size of about 500 bp,
the production of blunt ends, ligation to the adapters
and, if appropriate, additional amplification of the
product. Adapters contain sequences complementary
to sequencing primers and the so�called indices (bar�
codes), a set of six�letter oligonucleotides providing
the identification of read sequences by bioinformatics
methods. The presence of barcodes facilitates parallel
sequencing of up to 96 different DNA samples. The
determined sequences (reads) are aligned with respect
to the reference sequence of the same or closely
related species with the help of a special software pro�
gram of the sequencer. Despite the enormous effi�
ciency of the platforms constructed for whole�genome
sequencing, the specificity of ancient DNA imposes
some restrictions. The main proportion of the DNA
(usually around 90 to 95%) in ancient samples is rep�
resented by fungal, bacterial, and modern human
DNA contamination. Although contaminations do
not affect the quality of sequences obtained in all
cases, except for the aDNA of hominids, they signifi�
cantly reduce the efficiency of sequencing. In addi�
tion, the degradation of aDNA to less than 100 bp
causes an increase in the scope of sequencing. There�
fore, the first complete genomes were sequenced to
about 1 to 1.8�fold coverage [45, 63]. Green et al. [63]
suggested a method for lowering the amount of micro�
bial DNA using restriction endonucleases specific for
bacterial genomes. The authors showed a fivefold
increase in the content of Neanderthal DNA in the
sequencing library, and recently, the same group used
this approach for sequencing of the Denisovan [64].

Thus, two problems associated with the previous
work with ancient DNA—DNA degradation and
contamination—lost their critical role in the use of
NGS. However, it should be noted that modern
human DNA contamination in the study of ancient
hominids still considerably complicates the analysis of
the results of sequencing. It was demonstrated that it
was impossible to completely remove modern human
DNA from ancient bones and teeth even with inten�
sive UV irradiation and chlorine bleach treatment
[65]. Thus, only careful adherence to aseptic condi�
tions during excavations and laboratory work, as well
as the subsequent analysis of nucleotide damage in
ancient DNA sequences, remain the main evidence of
authenticity [66].

In terms of DNA degradation, the appearance of
NGS was associated with a new problem. As reported
by researchers from the laboratory led by S. Pääbo,
most ancient DNA was present in the sample as sin�
gle�stranded DNA, and it was lost upon the use of a
standard protocol designed for double�stranded DNA.
To fix this problem, a protocol for the preparation of
sequencing libraries based on single�stranded DNA
was elaborated [67].

Next�generation sequencing enabled a more careful
examination of the problem of chemical modification
of DNA, leading to reading errors. Clonal amplifica�
tion, which takes place during sequencing on modern
platforms, where all descendants of each single strand
are separated from the others and sequenced individu�
ally, makes it possible to evaluate the degree of damage
to the two strands, as well as the frequency of the
enzyme errors. Gilbert et al. [68] evaluated the profiles
of misincorporation of erroneous nucleotide bases in
modern freshly isolated chloroplast DNA (the test for
innate enzyme errors) and mammoth mtDNA from the
permafrost. It was demonstrated that there was a dis�
tinct difference between these profiles. The deamina�
tion of cytosine to uracil was the major lesion (88% of all
errors, 94% of transitions) in aDNA. It was also demon�
strated that the lesion strand of origin could be deter�
mined, and that the light and heavy strands were not
considerably different in the error rates. In addition to
the cytosine deamination, the phenomenon of G > A
transition through a yet�unknown guanine derivative,
leading to a significant proportion of errors, was discov�
ered. It was surprising that Platinum Taq Hifidelity
polymerase (Invitrogen), the enzyme used in the next�
generation sequencers, was mistaken two orders of
magnitude more often than expected (7 × 10–4 instead
of 2 × 10–6). High�throughput sequencing of aDNA
libraries confirmed that C > T transitions generate the
majority of all other lesions [68, 69]. Moreover, it was
shown that these substitutions were predominantly
located on ends of the fragments, where up to 40% of
cytosine was substituted by thymine, and then, with dis�
tance from the end, the substitution frequency
decreases exponentially [70, 71]. With the use of single�
stranded aDNA libraries, it was demonstrated that sub�
stitutions were present at the 3', as well as the 5', ends of
the fragments. Since deaminated cytosine is localized
mainly at the ends of the fragments and the rate of
deamination in single�stranded DNA in approximately
two orders of magnitude higher than in double�stranded
DNA, it is evident that aDNA fragments carry over�
hanging ends on both sides [70, 72]. In the central part
of double�stranded fragments, uracil is rare and can be
easily removed.

METHODS FOR THE ENRICHMENT
OF ANCIENT DNA SEQUENCING LIBRARIES

High�throughput sequencing opens vast opportu�
nities for metagenomic, phylogenetic, and population
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studies, in which dozens of samples different organ�
isms are analyzed simultaneously. In addition, in
many cases it is not necessary to sequence the whole
genome. Sometimes it is sufficient to obtain the
sequences of a number of certain loci. Targeted
enrichment of the sample can be obtained using differ�
ent strategies [66, 73, 74]:

(1) Multiplex PCR, which means synthesis with
simultaneous use of many primer pairs. The classical
example of this approach is the work of Stiller et al.
[75] on sequencing of mtDNA from the cave bear. The
authors used two sets of nonoverlapping primers, each
containing 64 primer pairs, to amplify the complete
mitochondrial genome in 31 cave bears. After purifica�
tion and the production of blunt ends, PCR products
were ligated with adapters carrying barcodes specific
for each sample. The obtained barcoded libraries were
pooled in an equimolar ratio and sequenced.

(2) Primer Extension Capture, PEC. This method
was designed to enrich the sequencing libraries of the
Neanderthal mitochondrial DNA. A total of 574 short
5' biotinylated primers covering the whole mtDNA
were used. Primers were annealed with the libraries
and extended with the help of Taq DNA polymerase to
form a stable duplex. An excess short primer was
removed by column purification, while a biotinylated
duplex was captured by streptavidin�coated magnetic
beads. After stringent washing the captured product
was eluted by denaturation, amplified, and sequenced.
As a result, the libraries of five Neanderthals repre�
sented from 3600� to 80400�fold enrichment for
mtDNA and were sequenced with a coverage of 18� to
56�fold [76].

(3) Hybridization capture. The hybridization cap�
ture enrichment of sequencing libraries for desired
DNA fragments is performed using single�stranded
DNA or RNA sequences with high homology (baits)
as hybridization probes. Baits are either immobilized
on a solid phase, such as a microarray surface, or are
biotinylated, and hybridization is carried out in solu�
tion with subsequent binding to streptavidin immobi�
lized on magnetic beads [76–78]. The unbound DNA
molecules are removed by washing, and the desired
DNA is then eluted from bytes. The resulting library is
enriched for the desired DNA fragments, which makes
the subsequent sequencing much more efficient.
Unlike the two previous approaches, enrichment by
hybridization capture actually does not limit the size
of target DNA. Moreover, any kinds of bytes are com�
mercially available (Agilent, Mycroarray Nimble�
Gen), although they are very expensive. Some of the
hybridization techniques have been successfully used
for the enrichment of ancient DNA. Avila�Arcos et al.
[79], using commercial in�solution capture systems,
obtained 29�fold enrichment at 670 loci for some sam�
ples of ancient maize with a total size of 0.7 Mb. Bos
et al. [80] used Agilent DNA capture arrays for pandemic
plague agent DNA retrieval from burials of the
14th century. Burbano et al. [81] investigated nonsynony�

mous substitutions occurring in humans but absent in
chimpanzees and designed a 1 million Agilent oligo�
nucleotide array covering all of these substitutions (the
targeted region amounted to 1.3 Mb). This array was
used for the study of Neanderthal DNA after enrich�
ment and sequencing [81].

ANCIENT MITOGENOMICS

One of the most important aspects of aDNA appli�
cation is phylogenetic studies. However, short mito�
chondrial fragments are not sufficiently informative,
and phylogenetic trees built based on these data are
often characterized by low statistical significance. In
this context, the possibility of analyzing complete
mitochondrial genomes is of great importance. The
progress associated with the use of NGS is clearly
demonstrated by the data reported in recent review
[82]. Of the 124 ancient mitochondrial genomes pub�
lished in 2013, 23 genomes were sequenced according
to Sanger (six with simplex PCR and 17 with multiplex
PCR); 100 genomes were sequenced with NGS, both
by direct sequencing (shotgun) and various enrich�
ment techniques; and one with the third�generation
Helicos sequencing platform, which performs true
Single Molecule Sequencing (tSMS) [83]. The mito�
genomic perspective on phylogeny is well illustrated by
numerous studies of the phylogenetic position of the
woolly mammoth. According to paleontological data,
woolly mammoth is more closely related to Asian ele�
phants. In 1994, two studies of short mtDNA frag�
ments led to a conclusion that the relationships
between mammoth and African elephants were closer
[42, 88]. These findings stimulated a great number of
subsequent studies with different, often contradictory
results [85–88]. The publication of two complete
mitochondrial genomes of mammoth showed that the
initial morphological interpretations were correct, and
mammoths actually were more closely related to Asian
than to African elephants. The difficulties with tree
construction were caused by the fact that the diver�
gence of African elephants and the subsequent diver�
gence of mammoth and the Asian elephant occurred
in short time intervals. Rohland et al. [89] also showed
that the use of some individual mtDNA genes in phy�
logenetic reconstructions produced incorrect tree
topologies that were strongly supported, which points
to the risk of using partial mtDNA sequences. A more
recent analysis of nuclear loci confirmed the data
obtained from the mitochondrial genomes [89].

Comparison of the mitochondrial genomes of three
extinct species of New Zealand’s moa (Emeus crassus,
Anomalopteryx didiformis, and Dinornis giganteus) with
modern ratites also led to a revision of earlier results
[90]. Bon et al. [91] showed that cave and spotted hye�
nas belonged to the same species based on an analysis
of sequenced mitogenomes of cave hyena and modern
striped and spotted hyenas. Sequencing of the com�
plete mitochondrial genomes of two museum speci�
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mens facilitated the establishment of the phylogeny of
marsupial Tasmanian tiger as a sister taxon to preda�
tory marsupials (Dasyuroidae) [92]. These examples
show that the analysis of mitochondrial genomes
enables the elucidation of complex phylogenetic rela�
tionships. However, this is not always the case. Unex�
pected results were obtained in an analysis of the taxo�
nomic relationships of five modern species of rhinoc�
eros (Indian, Javan, Sumatran, black, and white) and
the extinct woolly rhinoceros. Use of the mitochon�
drial cytochrome b and 12S RNA genes enabled a res�
olution of the phylogeny of these species with strong
support. Three sister�pairings (black and white, woolly
and Sumatran, Javan and Indian), along with the
(woolly + Sumatran) group as basal to the remaining
four species, were identified [93]. However, the use of
complete mitochondrial genomes in the analysis
resulted in the fact that none of the three possible phy�
logenetic trees received statistically significant sup�
port, while the sister�pairings were preserved [94].

The family Ursidae (bears) is one of the best stud�
ied with ancient DNA analysis. Based on the analysis
of more than 30 Pleistocene mitochondrial genomes,
Stiller et al. [73] confirmed the existence of three sub�
populations among the Eurasian cave bears, including
Ursus spelaeus, U. ingressus, and U. deningeri kudaren�
sis. However, analysis of the mitochondrial genome
from a 120000�year�old polar bear [95] also pointed to
the limitations of data based solely on mtDNA.
According to previously obtained data based on short
mtDNA fragments, phylogenetic analysis placed this
bear into the polyphyletic clade together with the
brown bear [96]. Molecular dating of these sequences
showed a recent divergence of the brown and polar
bear species, about 152 thousand years ago. A more
recent analysis of about 9 kb from 14 independent
nuclear DNA loci of modern polar, brown, and black
bears disproved these results. The nuclear phyloge�
netic tree places the polar bear outside the brown bear
clade and dates the divergence of brown and polar
bears at about 600 thousand years ago [97]. It is sug�
gested the inconsistency of the data obtained based on
the analysis of nuclear and mitochondrial DNA can be
explained in terms of possible interspecific hybridiza�
tion of closely related species, which can lead to com�
plete replacement of certain genetic loci, like mtDNA
[98].

The observed identity of mitogenomes of the wooly
mammoth (Mammuthus primigenius) and Columbian
mammoth (M. сolumbi), which migrated to North
America at least 1.4 to 1.7 million years ago and had
distinct morphological differences, is also explained in
terms of possible interspecific hybridization [99]. A
similar situation is known for the two modern species
of African elephants. In spite of the differences of for�
est elephants and savanna elephants at the morpholog�
ical and genetic (nuclear DNA) levels, the data on
mitochondrial DNA show that interspecific hybrid�
ization takes place in the zone of range overlap [100].

Estimating the Rate of Molecular Evolution

Determination of the precise nucleotide substitu�
tion rates for genetic loci is of great importance in
many areas of evolutionary genetics. The rates of
molecular evolution were previously assessed only
with modern samples, while now it is possible to cali�
brate the nucleotide substitution rates with sets of
ancient samples of different ages (the age of a sample
can be accurately determined based on radiocarbon
analysis) [101, 102]. The first species for which the rate
of molecular evolution was examined with this
approach was the Adélie penguin. Based on the analy�
sis of the mtDNA hypervariable region, the calculated
substitution rate constituted from 0.4 to 1.4 replace�
ments per site per million years [31]. This is signifi�
cantly higher than the substitution rate of 0.02 substi�
tutions per site per million years calculated earlier for
the four primate species based on the analysis of
restriction sites in the complete mitochondrial
genome [103]. Obviously, the average substitution rate
for the complete replacement of the mitochondrial
genome should generally be lower than for the hyper�
variable region. The overall substitution levels for eight
ancient samples aged between 250 and 44 thousand
years and for 12 modern Adélie penguins were estimated
as 0.018 to 0.024 replacements per site per 1 million years
[104]. The same substitution rate (0.018) was determined
recently for another bird species, the Hawaiian honey�
creeper (Drepanididae) [105]. Despite the differences in
approaches, the substitution rates reconstructed in these
two studies were very similar, suggesting that they repre�
sented a fairly accurate estimate of bird mitochondrial
genome evolutionary rate.

PALEOGENETIC ANALYSIS
OF DOMESTICATION PROCESSES

A number of important ancient DNA studies were
aimed at tracing the genetic history of domestication.
The most widely studied were types of cattle and pigs.
The limited geographical range of the wild ancestors of
sheep and goats indicates that the domestication of
these species probably originated in Anatolia and in
the Fertile Crescent zone. In contrast, the wild ances�
tors of cattle and pigs were distributed over a wider
area, which suggests that the process of domestication
is more complex, with a possible genetic contribution
from local wild populations. The first report on
ancient DNA cattle concerns mtDNA sequences of
extinct wild cattle (Bos primigenius) from the United
Kingdom [106, 107]. Phylogenetic analysis of aDNA
from B. primigenius showed that these animals were
clearly different from modern cattle. For this reason,
they were assigned to a clade characteristic for ancient
bulls and designated as P, while the clade of modern
animals was designated as T. Even if the data are based
on only few sequences of one mtDNA region, they
indicate the Middle Eastern origin of European cattle.
More recent genetic studies of aurochs and ancient
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domestic animals from different locations showed that
the process of domestication of cattle was more com�
plex than previously thought [108–112]. Analysis of
mtDNA from Pleistocene Italian aurochs showed that
the vast majority of sequences fell into the T clade and
was considerably different from the P clade of the
aurochs from the British Isles [109, 112]. In 2007,
Edwards et al. [111] reported that there were only
sequences of P type in ancient aurochsen from north�
ern and central Europe, while almost all sequences of
early domesticates from Neolithic and Bronze Age
belonged to clade T [108, 110]. These data represent
good examples of how the study of ancient DNA may
contribute to the understanding of complex processes
of domestication and the spread of cattle varieties.
Indeed, populations domesticated in the Near East
and introduced to Europe during the Neolithic possi�
bly mixed in southern Europe with local wild animals
of T type. In addition, aurochsen from southern
Europe were characterized by greater genetic variabil�
ity than those from northern and central Europe. Pre�
viously unknown haplotypes not belonging to clade T
were found in some modern lines of local Italian breed
[113–115]. As the result, European breeds may repre�
sent a more variable and important genetic resource
than previously thought, especially in southern
regions.

Phylogenies are usually reconstructed based on
information from several genetic loci, which restricts
phylogenetic reconstructions of species that diverged
either recently or so quickly that different parts of the
genomes have different phylogenetic histories. How�
ever, in some cases, this limitation can be overcome.
For example, it became possible to determine the
nuclear DNA sequences of several Pleistocene ani�
mals [48, 116], plants preserved in dry conditions
[117], and museum specimens [118, 119]. The study
of domestication with samples of ancient cattle that
are based on the transmission of Y�specific polymor�
phism (SNP) [120] is of particular interest. In modern
cows, one Y�chromosome specific single�nucleotide
polymorphism (SNP) in the UTY gene intron 19,
together with one two�nucleotide deletion–insertion
polymorphism in the ZFY gene intron 5, characterize
two haplogroups. Haplogroup Y1 is found in northern
Europe, while haplogroup Y2 is mostly distributed in
southern Europe [121]. The identification of haplo�
group Y1 in ancient cows and aurochsen from north�
ern and central Europe was first interpreted as confir�
mation of the hybridization between domesticated
cows and aurochs males in Europe. However, more
recent studies using different sets of samples disproved
these data and showed considerable variation in the
allele frequencies in different periods [120]. These
data show that the current frequencies of haplogroups
Y1 and Y2 depend on recent demographic events
rather than on events that took place during the early
stages of cattle domestication. Even if an analysis of
Y�chromosomal lineages is potentially useful for

understanding the evolutionary history of cattle, there
is still no patrilineal marker capable of marking the
introgression of European haplotype in modern
domestic cows.

The studies of Larson et al. [122, 123], which were
based on an analysis of ancient mtDNA from both
wild and domestic pigs from different places and dif�
ferent ages, provided insight into the processes of
domestication of pigs and the expansion of these ani�
mals to Europe, East Asia, and Oceania in the
Neolithic. Analysis of a number of samples of ancient
pigs collected throughout Western Eurasia showed that
the Middle East pigs were brought by people in Europe
and that they may have spread at least along two differ�
ent routes: the Danube corridor and the southern sea
route, which passed along the northern coastline of
the Mediterranean [123]. Local European wild boars,
which quickly became the dominant line in the Euro�
pean pig breeding, are thought to have been domesti�
cated at the same time. In light of these results, the
process of pig domestication in Europe is fundamen�
tally different from what was happening in the Middle
East. It is suggested that there were no truly indepen�
dent events of pig domestication in Europe; Middle
Eastern domestic pigs were introduced by early farm�
ers, which was followed by the introduction of local
genetic variants from wild populations.

A rich collection of lithological samples of equids
made them a convenient model for the study of evolu�
tionary processes. The study of ancient DNA studies
of horses began with eight museum samples of bones
from the permafrost in Alaska dating from the late
Pleistocene (12 to 28 thousand years ago) and bones
obtained during the excavation of human sites in Swe�
den and Estonia with an age of one to two thousand
years. Sequence comparison of the mtDNA control
regions from ancient samples and 192 modern samples
from different breeds showed a high diversity of horses
long before the expected period of domestication
[124]. These data were confirmed by the Cieslak et al.
[125], who examined 1961 sequence (247 bp of
mtDNA) of modern and 217 ancient horses [125].
Researchers from France analyzed a 347�bp fragment
of the mtDNA control region from 13 bone remains
from the Scythian Berel site in Kazakhstan aged
2.3 thousand years and two remains found near
Yakutsk and related to 12th–13th centuries AD. A
clear similarity of the mitochondrial DNA from the
part of horse individuals from Kazakhstan and the
DNA from ancient horses found in Sweden, the Ice�
landic horse breed, and modern northern European
ponies was demonstrated. The oldest complete
genome sequence of a horse was obtained from
560000� to 780000�year�old mandible remains (found
in the permafrost near Thistle Creek, Yukon, Canada)
[45]. Using the Illumina and Helicos platforms, the
researchers sequenced the genome with the coverage
of 1.12�fold. For comparison, the authors conducted
genome sequencing of a horse from the Middle Pleis�
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tocene (aged at about 43 thousand years old) and the
complete genomes of five modern horses of different
breeds, as well as of Przewalski’s horse and a donkey.
The results of the study pushed back the time of the
existence of the common ancestor of horses by two
times and showed that the lineage that gave rise to all
modern horses, zebras, and donkeys arose from 4 to
4.5 million years ago. Domestic horses and Przewal�
ski’s horses diverged between 38 and 72 thousand years
ago and did not mix after that. These data support the
hypothesis that Przewalski’s horses are the last surviv�
ing wild horses and are not feral domestic horses. The
authors claimed [45] that horses experienced selection
on the immune system and olfaction genes after
domestication. They identified 29 genomic regions
that were different from the regions in the genome of
the Przewalski’s horse and were homogeneous within
the domesticated horse. Selection for these variants
could take place during domestication. In this study, a
large part of ancient DNA in the sample was repre�
sented by short fragments of about 40 bp in size.

For a long time, the place and time of dog domestica�
tion was based on mtDNA analysis of modern breeds of
dogs and wolves [126]. Some researchers have speculated
that it happened in China 16 thousand years ago. Analy�
sis of the mtDNA hypervariable region fragment from
33000�year�old skull bone remains found in the Razboin�
ichya Cave [127] cast doubt on the previous estimates.
From this sample DNA was isolated and the complete
mitochondrial genome was sequenced. Analysis of the
complete mitochondrial genome of a dog from Razboin�
ichya Cave, 36000�year�old remains of an alleged dog
from Belgium, and ancient wolves, as well as of modern
wolves and dogs, showed that European hunter�gatherers
domesticated ancient representatives of canids as early as
between 18.8 and 32.1 thousand years ago [128].

Plant genomes are an important source of informa�
tion to reconstruct the history of their use in agricul�
ture, to assess their impact on the economy and ecol�
ogy, and to detect the migration routes of ancient
humans and animals. Most of the studies on ancient
plant DNA are focused on cultivated plants [129–
131]. Only a few studies on ancient DNA of wild
plants, such as forest tree species, are known [132,
133]. Genetic comparison of modern cultivated plants
with their ancestors reveals features that were sub�
jected to directional selection during domestication.
For example, studies of ancient maize remains made it
possible to determine when alleles of genes character�
istic of modern maize were selected and fixed [134–
136]. Gene variants that are responsible not only for
the morphology but also for the quality and quantity of
the proteins were bred already 4400 years ago. The
well�studied microsatellite diversity in modern culti�
vars of grape (Vitis vinifera) and their comparison with
ancient cultivars suggests that the places of their origin
were among several Celtic, Greek and ancient Roman
areas [137].

PALEOGENETIC ANALYSIS 
OF THE GENUS HOMO

Phylogenetic analysis of aDNA from bone samples
of ancient people is of particular value for understand�
ing the demographic history of human populations
and requires full compliance with the criteria of
authenticity and the most careful bioinformatic anal�
ysis of sequencing data.

A great number of studies is devoted to the analysis
of the mitochondrial genomes from the ancestors of
modern humans and the spread of different haplotypes
in contemporary populations. For instance, analysis of
the teeth from four individuals recently discovered in
Syrian archaeological sites with an age of 2.5 thousand
years BC to 0.5 thousand years BC revealed mitochon�
drial haplotypes that were absent from modern inhab�
itants of Syria but present in the populations of Tibet,
the Himalayas, India, and Pakistan. These individuals
may have been descendants of the founders of clade M
in Eurasia from much earlier times or were simply
merchants passing through this region. The study of
nuclear DNA in this case was still unsuccessful [138].

In 2011, analysis of the nuclear genome of Austra�
lian aborigines of the early 20th century showed that
the ancestors of this population diverged from Eur�
asians long before the separation of Asians and Euro�
peans, which proves the early migration to this conti�
nent. At the same time, the aboriginal mitochondrial
genome was closely associated with other haplogroups
of Southeast Asia. The authors of the study suggest
that this result is associated with the existence of sig�
nificant gene flow between early and late migrants
[139].

To date, many studies on both the mitochondrial
and nuclear DNA of ancient people from different
geographical areas and archaeological periods have
been performed. The analyses included prehistoric
populations of the Etruscans in Italy [140, 141],
ancient inhabitants of the Andaman Islands [142],
prehistoric Iberians and Sardinians [143, 144],
hunter�gatherers and the first farmers of the Pale�
olithic–Neolithic transition period in different parts
of Europe [145–147], the remains of Neolithic Scan�
dinavian man [148], the Kostenki man (Russia) with
an age of about 30 thousand years [149], the Neolithic
man found in the Alpine glacier (better known as Ötzi)
having a unique haplotype [150], the oldest represen�
tative of H. sapiens with an age of 45 thousand years
found in Siberia [151], a Paleo�Eskimo preserved in
the permafrost for 3.4 to 4.5 thousand years in Green�
land [152, 153], the populations of ancient people
from northwest coast of North America [154], etc.

For a long time there were discussions as to whether
there was hybridization between sapiens and other
ancient forms of the genus Homo. One valid argument
was obtained by Evans et al. from the University of
Chicago [155]. They studied the human microcephalin
gene, mutations in which led to microcephaly. It was
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demonstrated that the most common haplogroup
appeared in the human population only 37 thousand
years ago and it was under positive selection (named as
haplogroup D). It was revealed the common ancestor
not carrying D alleles lived about 1.7 million years ago.
This result suggests that D alleles could be acquired as a
result of hybridization with another population, with
which no gene exchange happened for at least 500 thou�
sand years [156].

In May 2006, Pääbo’s team published the first
complete genome of the Neanderthal man (Homo
neandertalensis) [157]. The Neanderthal genome
project started two years earlier, and 60 museum spec�
imens with different levels of DNA preservation were
examined. A total of 106 bp of nuclear DNA (about
0.03% of the genome) from 45000�year�old bone
samples found in the Vindija Cave, Croatia, were
obtained. James Noonan et al. [158] examined the
genome of a 75000�year�old Neanderthal man. It was
expected that these studies would answer the main
question on whether there was hybridization between
Neanderthals and the ancestors of modern humans.
The German team (led by Pääbo) at the time found no
evidence of hybridization, and the American team (led
by Noonan) reported that they were able to find signs
of genetic exchange. A year later, Wall and Kim [159]
reviewed the results of these studies and found that the
samples in one of the studies were contaminated with
DNA from modern humans. Sequencing of six mito�
chondrial genomes from Neanderthals that lived
38000 to 60000 years ago showed no contribution of
Neanderthals to the the mitochondrial lineages of
modern human genome [76].

Only after the official presentation of the results of
Green et al. [63] was the hybridization of Neander�
thals and ancient humans of modern type confirmed.
The researchers isolated DNA from 400 mg of bone
powder and obtained most of the sequence of the
Neanderthal nuclear genome. A total of 5.3 Gb reads
were obtained with a genome coverage of 1.3�fold.
Complex bioinformatic analysis performed upon the
comparison of the reconstructed genome with the
genomes of five modern humans, including a Euro�
pean (French), an indigenous Chinese, an inhabitant
of New Guinea, and two indigenous Africans, showed
that hybridization affected both European and Asian
populations. All modern humans, except indigenous
Africans, carry from one to four percent of Neander�
thal genes. The populations of the ancestors of modern
humans and Neanderthals separated between 270 and
440 thousand years ago. The authors [63] provided a
list of genes as candidates for positive selection, for
example, those responsible for the cranial morphology
and cognitive abilities. The data obtained by Krause
et al. [160] by the multiplex technique suggesting that
Neanderthals and modern humans had identical alle�
les of the FOXP2 gene, which was closely associated
with speech, were confirmed. The hypothesis, accord�
ing to which the D variant of the microcephalin gene

was received by Homo sapiens from the Neanderthals,
was not confirmed. However, there is still the theoret�
ical possibility that this variant was rather received
from Asians than from European Neanderthals.

The investigation of a hominin from the Denisova
Cave was an outstanding event in the study of the evo�
lutionary history of the genus Homo. In 2010, Krause
et al. [161] examined the distal phalanx of the child
hominin from the excavations in Denisova Cave (Altai
Mountains). The phalanx was found in layer 11, which
was dated to between 50 and 30 thousand years ago
and contained ornaments and tools typical of the
Upper Paleolithic. With DNA capture�enrichment
techniques [161, 162] and next�generation sequencing
[161], a complete mitochondrial genome of this sam�
ple was obtained. This genome was compared with
54 mtDNA samples of modern humans, an mtDNA
sample of Upper Paleolithic Homo sapiens from Kos�
tenki (about 30 thousand years old), six complete
mitochondrial genomes of European Neanderthals,
and two mitochondrial genomes of Neanderthals from
the Teshik�Tash grotto in Uzbekistan. It turned out
that the number of nucleotide substitutions in the
child from Denisova Cave, compared to modern
humans, was twice as high as compared to Neander�
thals, suggesting that the Denisovan branch separated
from human and Neanderthal lineage before the
divergence of the latter. Therefore, with respect to
mitochondrial DNA, the Denisovan is a sister group to
modern humans and Neanderthals. The phylogenetic
tree topology was revised after obtaining the nuclear
genome. High DNA preservation in the phalanx bone
and the use of uracil�DNA glycosylase and the endo�
nuclease VIII enzyme made it possible for Reich et al.
[64] to sequence the complete nuclear genome.
A study of two independent libraries showed that the
examined sample belonged to a group of hominins,
which were referred to as Denisovan. In the sample,
no Y�chromosome fragments of H. sapiens were
detected, and it was concluded that the bone sample
belonged to the girl. In terms of anthropology, this is a
unique case, as the new human population, which is
very different from all others, is described as a result of
the DNA analysis. Aside from the phalanx and three
molars, no other bone remains of Denisovans were
described. The phylogenetic position of Denisovan
was determined by comparing the genomes of H. sapi�
ens, Neanderthals, and chimpanzees. The first to sep�
arate were the branches of modern humans and Nean�
derthals, and Denisovans separated from Neander�
thals a little later. After this separation, Neanderthals
experienced a reduction of the population size. An
analysis of 642690 polymorphic loci in 938 modern
humans from 53 different populations showed that the
present�day population of Melanesia (New Guinea
and the islands to the south of it), has 4.8 ± 0.5 genes
in common with Denisovans. At first, no such similar�
ity was found in other present�day populations [163].
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In 2012, Matthias Meyer et al. [164], using the new
method of sequencing library preparation, recon�
structed the complete genomes of Denisovan and
Neanderthal with high coverage (30�fold). Molecular
estimates of the divergence time between the ancestors
of chimpanzees and hominids were 6.5 million years
ago, while the divergence time of modern humans and
Denisovans was 800 thousand years, which was close
to previous estimates. With bioinformatic methods it
was suggested that the Denisovan bone age was
between 74 and 82 thousand years BC. About 6% of
the genome of the present�day population of Melane�
sia was received from Denisovans.

For a more accurate assessment of the divergence
time of modern human and Neanderthal branches,
bioinformatic analysis of a 36�kb locus in the human
genome that reflects ancient haplogroup structure was
performed. One of these haplogroups (NE1) coincides
with the Neanderthal haplogroup and contains the
4.6�kb deletion and 12 single nucleotide polymor�
phisms. The other haplogroup aligns with the chim�
panzee haplotype. Africans have greater number of
differences from Neanderthal haplotypes than Euro�
peans, who are characterized by higher nucleotide
diversity at this locus [165].

Thus, the studies of DNA from bone remains of
ancient humans and other members of the genus Homo
constantly change the formed concepts of the structure of
ancient human populations, the history of their dispersal,
and their interaction with other hominids.

In recent years, researchers have turned from
descriptions of types and haplotype frequencies to the
functional analysis of mutations found in extinct pop�
ulations. For instance, comparison of the substitutions
from modern human, chimpanzee, Denisovan, and
Neanderthal hominin showed that some substitutions
characteristic of human genetic disorder were normal
variants in ancestral forms [166, 167]. Another study
shows that alleles acquired from Denisovans probably
helped Tibetans to adapt to high altitude hypoxia
[168]. This functional approach seems very promising,
and the emergence of new bioinformatics approaches
for more comprehensive analysis of the already
sequenced genomes is expected.

OTHER TRENDS IN PALEOGENETICS

In the framework of this review, we are unable to
consider all varieties of trends in paleogenetics. For
example, in recent years a growing number of studies
are devoted to paleomicrobiology, the study of diseases
of different nature based on the analysis of DNA from
bone remains, mummified samples, and coprolites
[169]. These studies provide a better understanding of
the origin and evolution of many viral, bacterial, and
parasitic infections having a considerable influence on
human evolution, and they are suggestive of the possi�
ble paths of the future development of diseases.

CONCLUSIONS

Unfortunately, the study of ancient DNA has an
absolute time constraint of about 1 million years. In
reality, the DNA in the fossil specimens is preserved
for an even shorter time. In terms of macroevolution,
one million years is a short time interval, but it should
be kept in mind that there were many prehistoric and
historic events during this time that were interesting
for us. This includes the extinction of megafauna and
its replacement with modern fauna, the establishment
of our own genus Homo in all its variants, the begin�
ning of anthropogenic transformation of nature,
including the destruction of many species, the objects of
hunting, and the domestication of other animal and
plant species, migrations of ancient humans and of the
associated species, establishment of agriculture, ancient
diseases of humans and animals, etc. There is another
important consideration. The study of ancient DNA
brought together the aesthetics of classic paleontolog�
ical and archaeological studies with the pragmatism of
molecular biologists to create a very elegant and pro�
ductive new science, paleogenetics.
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