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ABREVIATIONS

aDNA: ancient DNA

A: adenina

AMH: anatomically modern humans

AP: apurinic site

Asp: Aspartic

Bp: base pairs

BP:Before present

BSA: bovine serum albumine

C: Citosina

Ct: Cycle threshold parameter

CRS: Cambridge Reference Sequence
DNA: Deoxyribonucleic acid.

EDTA: ethylenediaminetetra-acetic acid
dNTP’s: deoxiribonucleotides triphosphate.
ddNTP’s:dideoxiribonuclleotides triphosphate
G: Guanina

GC: Gas Chromatrography

H strand: heavy strand

H,O,: hydrogen peroxide

HX:hypoxantine

HVR: Hyper variable region

KYA: kilo years ago

L strand: Light strand

MS: Mass spectrometry

mMtDNA: mitochondrial DNA

MYA: million year ago

MW: molecular weight

Na: Avogadro’s number

N¢e. Effective population size

NUMTSs: nuclear mitochondrial sequences
-Oy: peroxide radicals

-OH: hydroxy radicals

PC: Principal components

PCA: Principal Component Analysis

PCR: polymerese chain reaction

Ppm: parts per million

PTB: N-phenacyltiazolium bromide
RT-PCR: Real Time PCR

SAM: S-adenosylmethionine

SDS: sodium dodecyl sulphate

SNP: Single Nucleotide Polimorphism

T: Timina

TE: Tris-Edta

Tag polymerase: Thermus aquaticus DNA polymerase
TMCR: Time Most Recent Common Ancestor
UNG: Uracil N-Glycosylase

UV: Ultraviolet light

X-gal: 5-bromo-4-chloro-3-indolyp-D-galactopyranoside
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INTRODUCTION

1.1 HISTORY OF ANCIENT DNA

The history of ancient DNA (aDNA) starts only tweittvo years ago when Higuchi and
collaborators (Higuchi et al., 1984) extracted aaduenced, by means of molecular cloning,
DNA fragments from a museum specimen of the qudggaEquid from South Africa that
became extinct in the nineteen century). This spenidied 150 years ago. This finding
revolutionised the field of molecular biology besalit showed that it was possible to retrieve
DNA from an organism from the distanct past. A ykder, Svante Paabo (Paabo, 1985),
retrieved DNA molecules from 2,500 year old humagyian mummies dated using the
same methodology,. Nevertheless, retrieving DNAuseges from ancient samples was
difficult and methodologically laborious and themmeer of publications related to the field
increased slowly at that time.

The improvement of aDNA research is associated wighdiscovery in 1987 of the PCR
(Polimerase Chain Reaction) technology (Mullis &atbona, 1987). In contrast to molecular
cloning, PCR allows the specific exponential anigdifion of little amounts of DNA of
interest, discarding other DNA sequences from tbel §i.e DNA from micro organisms).
Bone and teeth were quickly found to be better seaiof aDNA than soft tissues (Hagelberg
et al., 1989) and this meant that museums suddsstpme recognised as storehouses of
preserved genetic information from the past.

Since the discovery of the PCR, the list of pultimmes related to aDNA increased
exponentially. High profile journals started publisy studies claiming that aDNA from
specimens that were millions years old could becessfully extracted and sequenced.
Lindhal denominated this phenomenon “the antiddnavDNA” (Lindahl, 1993a). Examples
of this period are the retrieval of aDNA from organs preserved in amber (Cano et al.,
1993, DeSalle et al., 1992), plants sediments dateal the Miocene (Golenberg et al., 1990)
and even the retrieval of tleytochrome bmitochondrial genérom a dinosaur bone dated to
over 80 million years ago (MYA) (Woodward et al991b). However and, as we will see
below (see chapter 1.3) the field is plagued by enams technical problems; later, some of
the most extraordinary claims that had been pubdisto far, like the retrieval of DNA from
the dinosaur or from the insects preserved in antiaare been proven to be false (impossible
to reproduce or have been shown to derive frondantifiable source of contamination) and
severely criticised (Paabo and Wilson, 1991, Linda®93b, Gibbons, 1994).



INTRODUCTION

Despite this, recent advantages in knowledge atbmutempo and mode of DNA template
damage, sample contamination and biochemical demgenof the DNA molecule have
improved aDNA studies to the extent that aDNA isvnemerging as a viable scientific
discipline (Willerslev and Cooper, 2005). Neverdss, unimaginable technical
improvements apart, studies of DNA sequences shioelldonfined to the past one million
years and more probably to the past 100,000 yearsrder to achieve credible results
(Hofreiter et al., 2001b).

Several studies have begun to reveal the potewitiaDNA retrieval to record the methods
and processes of evolution. These studies providenigue way to test models and
assumptions commonly used to reconstruct pattefresvalution, population genetics and
palaeoecological changes (Willerslev and CooperQ520 This includes studying the
phylogenetic relationships between extinct spewigls extant species. Australian marsupial
wolves (Thomas et al., 1989); New Zealand moa (€oap al., 2001), American ground
sloth (Hoss et al., 1996a) aMyotragus balearicugLalueza-Fox et al., 2005a) are examples
of about 50 extinct animal species for which thies Hbeen done (Paabo et al., 2004).
Moreover, studying ancient populations providesdpportunity to track genetic changes in
the population over the time. Examples of ancieygypation genetics are rabbits (Hardy et
al., 1995), penguins (Lambert et al., 2002) or m{ieergams et al., 2003). In addition, the
discovery that diverse mitochondrial DNA (mtDNA) carchloroplast DNA (cpDNA)
sequences may be preserved in permafrost and ediraents (Willerslev et al., 2003) opens
up the exciting possibility of studying ancient anisms even when no macroscopically
identifiable remains are present (Paabo et al.4R@nother source of aDNA investigated so
far has been animal or human coprolites (Poina®2R0This source of aDNA has yielded
insight into the diet and behaviour both humans amichal species in the past (Paabo et al.,
2004).

Another important applications of the aDNA retrieliave been the study of the evolution of
current pathogens such the bactévigcobacterium tuberculosiéZink et al., 2001) or the
virus Yersinia pestigGilbert et al., 2004). This is a potentially verxciting field because the
evolution of some pathogens can be expected tadieehough to allow genetic change to be
follow over decades or centuries (Paabo et al.,4P06e study of the origins of
domestications of animals such a cattle (Beja-Pem al., 2006) and plant species such as
maize (Jaenicke-Despres et al., 2003) around 13,€8% ago has been also possible with the

development of aDNA techniques.
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As we will see below (see chapter 1.6), DNA segasrfcom mtDNA or cpDNA, that are
present in hundreds of copies in each cell, areesstrievable from ancient specimens than
the single genome copies of nuclear DNA sequentestefore, this delimits, for example,
the ability to resolve phylogenies of species thtiter diverged recently in time or so rapidly
that different parts of the genome have differdntipgenies (Paabo et al., 2004). However, a
few studies have been reported so far where theesatul retrieval of nuclear DNA genes has
been possible (Greenwood et al., 1999, JaenickesBe<st al., 2003, Poinar et al., 2003,
Poinar et al., 2006). The retrieval of nuclear geoné extinct species has opened up the
possibility of knowing even the phenotypic charastes of the species that inhabited our
planet in the past (Rompler et al., 2006).

This improvement of the aDNA field in other speciesntrasts with the obtained on
understanding the recent history of the human spge¢basically due to the big threat
associated to modern human contamination when wgnkith ancient human specimens; see
chapter 1.3.5); ancient DNA has, however yieldesgints into the peopling of the Americas
(Stone and Stoneking, 1993, Stone and Stonekiri})1®eopling of the Caribbean (Lalueza-
Fox et al.,, 2001, Lalueza-Fox et al., 2003), pewplof Central Asia (Lalueza-Fox et al.,
2004), peopling of Japan (Oota et al., 1995) ometle peopling of the Canary Islands
(Maca-Meyer et al., 2004). Moreover, recently, aDN&s been useful to yield insights into
the continuous debate about if the current Eurogeapulations have a Palaeolithic or a
Neolithic origin. The genetic analysis of ancienedlithic remains from Central Europe
supports a Palaeolithic origin of the current Eeap population (Haak et al., 2005).
However, one of the most exciting achievementshin human aDNA field was produced
when the team supervised by Svante Paabo reco88fetase pair (bp) of the hypervariable
mtDNA region from a Neanderthal specimen (Kringalet1997). This sequence showed that
this individual carried a mitochondrial type quitkfferent from those of contemporary
humans and that this mtDNA fell outside the genetdgiation of modern humans in
phylogenetics trees. This result has been subs#guearroborated by more mtDNA
sequences from the same individual (Krings et #899) and from sequences of another
eleven Neanderthal specimens spread all over Eff@pehinnikov et al., 2000, Krings et al.,
2000, Schmitz et al., 2002, Serre et al., 2004udezd-Fox et al., 2005b, Lalueza-Fox et al.,
2006, Caramelli et al., 2006, Beauval et al., 2@ando et al., 2006).

The breakthrough in ancient DNA sequencing camg onk year ago when Krause et al

(Krause et al., 2006) sequenced the entire mitati@ingenome (16,770 bp in length) of the
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Pleistocene woolly mammotiammuthus primigeniuby using a powerful variant of the
PCR technology known as multiplexing. Multiplex PCRiffers from standard PCRs by
simultaneously amplifying multiple genetic targétstead of just one. Consequently, this
study indicates that the entire mitochondrial DNAngme from extinct species can
potentially be determined with just the same amadri?NA as the used in a standard-single
locus PCR.

It seems clear that this fast improvement of theAltBichnology will revolutionise the field
of aDNA in the near future, and that it is goinghlie focused mainly on the retrieval of
nuclear DNA sequences of extinct species. In fast,year Margulies et al (Margulies et al.,
2005) developed a new sequencing DNA technology thas able to sequence and
assemblage 25 million bases in fragments of ~1@@apfour hour run. Taking advantage of
this new technique, Poinar et al (Poinar et alQ6)0sequenced 13 million nuclear and
mitochondrial base pairs from an extinct well-preged mammoth dated 28,000 years ago.
Recently, Svante Paabo and his team launched thariderthal genome project”, announcing
that using the same DNA technology as Poinar didalthe entire genome of the first extinct
homo species will be available in the next two gear

Such kind of projects was unthinkable only a fewrgeago and it gives us an idea of how fast
is moving the aDNA field. However, despite thesehtécal advances, researchers must be
aware that reliable results were not obtained sni@any precautions and experimental
controls are implemented in their studies; espgcihen working with ancient human
remains. Future developments focused mainly on vergoor repairing chemical damages in
the ancient DNA templates or in discarding all kafdhossible modern contaminations in the

ancient sample would be very helpful in the develept of the aDNA field.
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1.2 DNA PRESERVATION

1.2.1 DNA MOLECULE

The DNA molecule is a polymer composed of four ricchcid bases - two purines (Adenine
[A] and Guanine [G]) and two pyrimidines (Citosifg] and Thymine [T]) - linked to
phosporilated sugars by meangbfcosilic bondsThe phosporilated sugars are
2'deoxirribose units linked to each other by meainghospodiester bondshaping a double
helix. Sugar and phosphate backbones are placeiieutwhereas the bases are placed inside
the DNA molecule. Hydrogen bonds are formed betwmemes and pyrimidines on opposite
chains, always matching A with T and G with C (see

Figure 1).
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Figure 1: A short segment of one strand of the DNAlouble helix is shown with the four common bases.
Sites susceptible to hydrolytic cleavage are indited by green arrows and those prone to oxidative
damage by blue arrows. Sites susceptible to depudtion are pointed with a red arrow. A yellow arrow
indicate a phospodiester bond whereas a purple arm indicates a glycosilic bond G, guanine; C, cytase;
T, thymine; A, adenine. (modified from (Hofreiter & al., 2001b)).
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The DNA molecule carries the information for makioge organism from one
generation to the next one. Because DNA uniquelyeseas a permanent copy of the cell
genome, changes in its structure have strong impattte fithness of the cell. DNA damage
can block replication or transcription and can lesu a high frequency of mutations,

consequences that are unacceptable from the stabhdpacell reproduction (Cooper, 1997) .

1.2.2 DNA STABILITY IN VIVO

However, the DNA is one of the least stable moleswlithin the cells (see Table 1)
and, as a consequence, it is labile and prone ttyftams of damage. To protect the DNA
molecule against that damage, cells have develspradtural mechanisms of protection. In
vivo, the molecule is protected by water molecuethe major grooves of the double helix.
Furthermore, nuclear DNA (but not mtDNA) is linkéal histones; these proteins have an
important role in the folding of the DNA moleculeside the nucleus of the cells and

presumably avoid the exposition of the DNA to thersunding environment. (Poinar, 2002).

Table 1. Cellular compounds, their susceptibility lbnds and groups and their preservation potential.— to
++++ (weakest to strongest), a rough estimate of éhlpreservation potential for an unaltered moleculdase
upon relative bond strengths (adapted from (Poinar2002).

Compounds class Susceptible bon8Sasceptible groups Preservation

potential
DNA, RNA Phosphate estersjeterocyclic rings -
gycosidic bond, Amino groups,
6 C-C bondMetil groups
pyrimidines
Proteins Peptide bond Side chain, chirat
center
Carbohydrates Acetal Hydroxy, amide +
Lipids Ester, etherHydroxil, carboxil, ++
amide ester
Cutin Ester, ether Hydroxil, carboxil ~ +++
Lignin Ether Metoxil —aromatic++++

rings
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1.2.2.1 HIDROLYTIC DAMAGE

The DNA molecule is particularly prone to hydrotytdamage — damage related to the

presence of water- due to the following reasons:

1.) Thephospodiester bondis quite labile because of the lack of 2’-OH grauap
ribose units and subject to quick hydrolytic clegazagenerating single-stranded
nicks in the double helix. This event take placewlonce every 2.5 hours in a
hydrated system while under dry conditions thig @dtop some 20-fold (Lindahl,
1993a, Poinar, 2002).

2.) Theglycosidic bondis prone to base protonation. Nucleotide basesrheca
likely leaving group thus causing the cleavagehef bond. The process is termed
depurinationand forms what it is know as an apurinic/apyrimidisite (AP site).
Apurinic sites are much more frequent than the iapginic ones. Once a
nucleotide base is released from DNA, the AP sie endergo cleavage of the
DNA molecule and thus result in a single-strandeit (Lindahl, 1993a, Poinar,
2002).

3.) Deamination: bases with amino groups such as adenine, cytasidgguanine can
undergo deamination resulting in hypoxanthine, ilirand xanthine, respectively
(Poinar, 2002).

1.2.2.2 OXIDATIVE DAMAGE

The oxidative damage is believed to occur throinghaction of free radicals such as peroxide
radicals (-@), hydrogen peroxide (#D,) and hydroxy radicals (-OH) (Lindahl, 1993a). Thes

radicals are endogenously generated by the celtHayt may also derive from exogenous
sources such as ionising radiation, UV light (Ughli can cause also pyrimidine dimmers in
the DNA double helix) and cellular processes duliagterial and fungal degradation (Poinar,
2002).
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1.2.2.3 NONENZYMATIC DNA METHYLATION

In addition to oxygen, living cells contain sevesther small reactive molecules that
might cause DNA damage and act as an endogenoosogenagent. The best characterized
is S-adenosylmethonine (SAM), a metil group domat tact mainly over the ring nitrogen’s
of purine residues. 3-Methyladenine, one of thedpcts derived of this reaction, is a
citotoxic that blocks replication. In living cellshis lesion is rapidly repaired (Lindahl,
1993a).

1.2.3 DNA REPAIR

Cells had to develop mechanisms to repair damaded @ maintain the integrity of their

genomes. We can distinguish two types of mechanisms

1.2.3.1 DIRECT REVERSAL OF DNA DAMAGE:

Some lesions in DNA can be repaired by direct maleof the damage. This is the most
efficient way of dealing with frequent specific 8% of DNA damage. Two important
examples are the repair of alkilated guanine resicand pyrimidine dimers. The former is
repaired by the action of a metyltransferase enzywtdach is present in all eukariotes,
including humans. The later is repaired by means pfocess called photo- reactivation that

uses the energy derived from visible light to bréakpyrimidine dimer (Cooper, 1997).

1.2.3.2 EXCISION REPAIR:

Although direct repair is an efficient way of dewiwith particular types of DNA damage,
excision repair is a more general mean of repaigirvgde variety of chemical alterations of
the DNA. In excision repair, the damage is recogphiand removed. The resulting gap is then
filled in by synthesis of a new DNA strand, usihg tundamaged complementary strand as a

template (Cooper, 1997).
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1.2.4 DNA DAMAGE AFTER CELL DEATH

Once an organism dies, its decomposition startsatiee unchecked cellular activity
of lipases, proteases, amylases and nucleases.
Concerning to DNA, the most important factor in lissg-term preservation is the rate at
which nuclease activity can be stopped. Since the activity of these engyrmeoxygen-
dependent, this occurs once the oxygen inside #ik i€ finished. Despite particular
conditions that can allow DNA escape from theseymres (for example low temperatures
(Hoss et al., 1996b)), other processes can danh@gBNA molecule. In the cells of a living
person, DNA is continually protected from damagesbphisticated repair systems (Cooper,
1997). However, after death, not only these repachanisms stop working but also the
double helix is subjected to unfavourable environtakconditions that increase the DNA
damage rate. As a consequence, the retrieval of DA bones and/or other tissues of long-
dead organisms can be extremely difficult (Poir302). The post mortem biochemical
modifications that the DNA molecule can suffer bedieve to be analogous to those seen in
vivo (see former sections) and act via the fragem@m of the molecule’s chemical backbone

and/or the alteration of individual nucleotide m=fdoss et al., 1996b).

1.2.4.1 DNA FRAGMENTATION

The most obvious type of post-mortem DNA damaggsisragmentation into small
sequences from 100 bp to 500 bp (Paabo, 1989).t¥ypatof degradation is due to the action
of endonucleases that occur shortly after deathlfeéore), the action of micro organisms and

the hydrolytic or oxidative cleavage of phosphottiebonds (Lindahl, 1993a).

1.2.4.2 NUCLEOTIDE MODIFICATION

Post mortem DNA nucleotide modifications are maihle to hydrolytic and
oxidative damage. Regarding to oxidative damagestéd al (Hoss et al., 1996b) were able
to determine the amounts of eight oxidative basdifications in extracted DNA from bones

and soft tissues specimens ranging in age frono #0000 years old by means of Gas

11



INTRODUCTION

chromatography/mass spectrometry (GC/MS). The hypdaderivatives of pyrimidines

compounds were the most frequent (see

Figure 2).
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Figure 2: Structure of eight oxidative base modifiations detected in ancient DNA extracts (from (Hosst

al., 1996b).

And regarding to hydrolytic nucleotide modificatidghe main modifications described

so far are the hydrolytic deamination of thymineobadenine. The result of these processes

is the base change in the DNA backbone to uracilypoxantine respectively (Hofreiter et

al., 2001Db) (see Figure 3).
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Figure 3: Deamination Cytosine and Adenine to Ura¢é and Hypoxantine.
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1.2.5 DNA SURVIVAL

If the time after death is long enough, the cuningaeffects of damage to the DNA
could be so extensive that could destroy all theADhblecules; all these molecules would be
transformed to mononucleotides or derivates. Thmaide considerations based on the
chemistry and physics of DNA, also taking into aatiofavourable environmental conditions,
indicate that it cannot survive any longer than omkion years, and probably not longer than
100,000 years in most cases (Lindahl, 1993a). Neekss, in exceptional circumstances,
this degradation can be significantly reduced. Semiditions include a fast inactivation of
the nucleases activity, inhibition of the action mfcro organisms, fast desiccation, low
temperatures (Hoss et al., 1996a, Smith et al.3280d high salt concentration (Hofreiter et
al., 2001b). Of such conditions, the temperatuteeésmost important environmental factor in
the preservation of the genetic material; due ®mbal organic reactions that lead to DNA
damage take place with low rate at low temperatufess et al (Hoss et al., 1996b) showed
that a reduction of 20°C in the average temperathithe fossil remain lead to a reduction of

around 10-15 times the frequency of those reactions
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1.3 DNA RETRIEVAL FROM FOSSIL REMAINS

As we have already seen, it is likely that DNA fr@arfossil remain is undergoing
some kind of post mortem DNA damage. Furthermoossif remains tend to be rare and
precious, and recovering DNA from them implies gsiestructive techniques. Thus, it seems
logical that the first question that an ancient DM&earcher may wonder before starting the
study of an ancient sample 44ow likely is retrieving DNA for this sample?”. Some
empirical rules that can help us on knowing ifsitworth trying to extract DNA from a fossil
remain has been described. First, DNA preservafiom a fossil correlates with the
environmental characteristics of the archaeologieal where it has been found (temperature,
pH...). For instance, the possibility of retrieviBdNA from a sample found in permafrost is
higher than in a sample found in a desert (Wilwrstt al., 2003). Smith et al (Smith et al.,
2003) argued that thimnermal history of hominid fossil is a key parameter for long term
survival of bio molecules in the fossil record. Ttermal age of a hominid fossil was
defined as the time taking to produce a given deg@feDNA degradation (assuming DNA
depurination as the principal mechanism of degradptvhen temperature is held constant at
10°C. This analysis suggests that 17,000 year@°&t thay be a practical upper limit for DNA
survival. Second, the macroscopic appearance ofas®l remain, specially the degree of
porosity of the bone (Gilbert et al., 2005). Thieshd contrary to what could intuitively be
expected, the age of the sample is not a good dtafiof the state of DNA preservation
(Paabo et al., 1989, Hoss et al.,, 1996b). In otherds, a young fossil remain does not
necessarily imply a better DNA preservation thamlaer fossil remain.

Thus, as we have already seen, many factors aodvet/ in the DNA survival. An
indirect practical test has been introduced to agmphe degree of damage of a fossil DNA
sample (Poinar et al., 1996). It only requires alsmmount of the specimen to be analysed
(about 50 times less that would be used for a DM#aetion). This test measures changes in
the three dimensional structures of aminoacids lwitorrelates with the degree of DNA
damage rate (see Figure 4). In all aminoacids us@doteins, except glycine, there are four
different chemical groups attached to one carbomanow as an alpha carbon. These groups
are arranged in a tetrahedral shape, with the naabthe centre. There are two different ways
to arrange the groups, which are chemically idahtisut mirror images of each other, called

stereoisomers Aminoacids in living systems exist only in ondeggoisomeric form, called
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the L-form. After death, however, transitions tee tB-form occur (a process known as
recemization), and eventually a dynamic equilibrium is reaciredvhich the proportions of

L- and D- forms are equal. The rate at which racation takes place differs for each
aminoacid and is dependent on the presence of whteitemperature and the chelation of
certain metal ions to proteins. Racemization is thffiected by some of the same factors that
affect depurination of DNA, the major hydrolyticaion responsible of the spontaneous
degradation of nucleic acids (Lindahl, 1993a). Theemization of Aspartic Acid (Asp),
which has one of the fastest racemization rates,amaactivation energy and rate constants
over a wide temperature range (at neutral pH)dhatsimilar to those for DNA depurination
(Lindahl, 1993a). Poinar et al (Poinar et al., 1986served that no DNA sequences could be
retrieved from samples in which the D/L Asp ratiasahigher than 0.10. Furthermore, given
that the amount of fossil aminoacids is extremefgall, contamination with modern
aminoacids will tend to substantially modify theLDratio of all of them. Thus, since the
racemization rate of the Asp is faster than angio#minoacid of the same age, a D/L ratio
for Asp that is lower than the rate for any othemireoacid should be an indication of

contamination by more recent aminoacids.

R R
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H | / H
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Figure 4: Amino acid racemization. R indicates theamino acid side chain, which varies between
aminoacids.

However, Serre et al (Serre et al., 2004) found tha preservation of endogenous
DNA in fossils is correlated not only with the degrof aminoacid racemization content but
also with the amount and composition of the amicidsain the ancient sample. They found,
in addition to the previously defined D/L cut offiat endogenous DNA from a Pleistocene
remain can be amplified when the amino acid congehtigher than 30,000 parts per million

(ppm) and the ratio between glycine to aspartid aetween two and ten (see Figure 5).
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Figure 5: Amino Acid analysis of 64 Hominid remains For each bone, the extend of Aspartic Acid
racemization (D/L) and the aminoacid concentration(ppm) is given. The dash lines delimit the area of
amino acid preservation compatible with DNA retriewal. Circles and triangles represents early modern
humans and Neandertals respectively (from (Serre etl., 2004).

Nevertheless, DNA retrieval from a well-preservachple (environmental conditions,
positive Asp racemization test and large amino aoitcentration) is not going to be an easy

task. The aDNA researcher will face to a big amaidiniéchnical problems:

1.3.1 DNA COPY NUMBER

The number of DNA molecules is a crucial factor witeying to recover aDNA from an
ancient specimen (e.g. (Handt et al., 1994a, Handt., 1994b, Krings et al., 1997, Handt et
al.,, 1996). The researcher has to be sure thahuheber of endogenous molecules in an
ancient DNA extract is high enough in order to loafdent about the final results. The
exponential nature of the PCR process impliesittibe starting number of aDNA molecules
is extremely low, amplified aDNA molecules could bi@sed towards particular subsets of
copies of putatively damaged template. Thus, cammhs based on these results could be
erroneous (see section 1.3.6). Furthermore, knothiegiumber of molecules in the extract is
extremely important due to the problem of moderman contamination (see section 1.3.5);
the lower the amount of endogenous DNA moleculeth@énextract, the more likely the PCR
will be contaminated by exogenous DNA (see Figuye However, when working with
ancient human remains, since the endogenous sexpiemd the putatively contaminant
sequences are very similar, when quantifying themould not be possible to differentiate

between both sources of DNA templates.
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The limitation of the number of endogenous DNA mgeales is one of the main reasons for
using mitochondrial DNA (mtDNA) instead of nucldaNA (Paabo et al., 2004). Since each
cell contains several mitochondria (up to hundreats) each mitochondria contain several
genomes (see section 1.6), it is easier to be ssitdein amplifying sequences from the
mtDNA genome than from the nuclear DNA genome (@gabo, 1989, Handt et al., 1994b);
the ratio can be 1 to 10,000 (Robin and Wong, 1988)
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Figure 6: A) PCR result if the first steps of the ER reaction are based on damaged molecules. B) PCR
result if the first step of the PCR reaction are baed on contaminants sequences. C) PCR result if tffiest
step of the PCR reaction are based on the endogersomnolecules

To find out if the number of DNA molecules is highough to obtain reproducible results,
two types of approach has been done so far. Ifirdtestudies (e.g. (Krings et al., 1997), the
amount of endogenous DNA molecules were measuredidiyg a molecular biology
technique calledquantitative PCR. The basic principle of the quantitative PCR ig th
construction of a “competitor construct”. This ctrast is a sequence equal to the endogenous
we are trying to quantify. The only difference st it has a deletion in the sequence. Once
we have the construct, several PCRs are set up,aaghich carries different dilution of the
“competitor construct”. The primers are specific floe putative endogenous sequence. As the
construct is smaller than the putative endogenegsence, it is amplified easier in the first

steps of the PCR and subsequently the final progilcbe almost only the construct. When
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the concentration of molecules of the putative gedous DNA is higher than the
concentration of the construct, we start havingltef the two sizes. Since the concentration
of the construct is known in each PCR reaction ctirecentration of the putative endogenous

sequence can be extrapolated (see Figure 7).

A insert

—_—L

104 10%10%210" 1 0 C

Figure 7. Schematic illustration of quantitative PCR. Above the template from a tissue extract whichsi
amplify by primers A and B and the same template irwhich an insert has been introduced. To a constant
amount of extract, a dilution series of a known ament of the insert template is given. Above the lars the
number of added molecules is indicated. It can beeen that there are approximately ten copies of the
target sequence in the extract added to the PCR.dapted from (Handt et al., 1994a)

There are two main pitfalls of this technique. Gre dand, this technique is tedious and on
the other hand the results that we can obtain ahg an approximation. For this reason,
nowadays another technique is used to quantify ehdogenous DNA molecules more
accurately. This technique is based onRiePCR (real time PCR) reaction(Whelan et al.,
2003, Alonso et al., 2004, Malmstrom et al., 20856) it is the most accurate method to
guantify a specific segment of DNA so far. In siRR-PCR, a probe lies downstream of the
forward primer and has a fluorescent tag at therl and a quencher at the 3’ end. As the
PCR proceeds, taq polymerase uses its 5'-3' exeasgel activity and destroys the probe thus
generating fluorescence, which is proportional he amount of amplified target DNA
present. Hence, if fluorescence is rapidly detectieein large amounts of DNA are present
and vice versa when release is small (see FigurBeéypite the exquisite sensitivity of this
reaction, it is necessary to use some form of iidn in order to know the number of target

molecules (see (Alonso et al., 2004) in order tovkinow to construct a mtDNA standard).
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Figure 8: Real Time PCR experiment. A probe lies donstream of the forward primer and has a
fluorescent tag at the 5’ end and a quencher at th®' end. As the fluorescent tag and the quencher ar
closed, the fluorescent emited by the tag is annell by the quencher.Since the taq polymerase has
exonuclease 3'-5’ activity, when it is elongatingrad find the probe it is able to digest it. When theprobe is
degested, the fluorescent tag and the quencher afar away so, fluorescent is emitted. The fluoresoe
emmited is proportional to the number of moleculesn the sample.

It is known that if a PCR starts from 1,000 or marelecules, then an experiment does not
need to be repeated to verify that nucleotide ro@imoration does not influence the final
result. Nevertheless, several repetitions beconcessary when fewer molecules initiate a
reaction. Hofreiter et al, (Hofreiter et al., 20Dldaimed that at least two independent
amplification products are needed when the extraét@ncient specimens contain few
template molecules in the PCR. In the case of pinigidiscrepancy results then, at least, one
more amplification should be performed to determimbich of the two sequences is
reproducible (see Figure 9). They argued that wherh precautionary measurements are
taken, errors induced by damage to the DNA temageunlikely to be more frequent than
0.12% even under the unlikely scenario where eagtiification starts from a single template

molecule.
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Ist Amplification 98, l 2%
2nd Amplification Tzv:;. 95% Tn«;. DE%
/ path 3 path 4 /
Jrd Amplification Tz% 95, Tl% 98
path 1 path 2 path 5 path &

P{wrong)= P(path 1) + P{path 4) + P(path 5)
=0,02=0,02 + (0,02:0,02=0,98) =2

=0,0012 20,12 %

Figure 9: Schematic illustration of the strategy wlere two or three amplifications are used to deternmie an
ancient DNA sequence. The correct base (C) is blaead the incorrect base (T) red. An error rate of 2%is
assumed and the probability of determining an incarect base is the sum of the three paths that arrivat
the incorrect base after two or three amplificatiors (from (Hofreiter et al., 2001a).

1.3.2 DNA FRAGMENTATION

Several studies have been published so far (Pd£1&9, Handt et al., 1994a, Handt et al.,
1994b, Poinar et al., 2006) showing that it is atrimpossible to obtain long amplification
products from an ancient template. Furthermorka# been observed an inverse relationship
between amplification efficiency and length of #maplification products (e.g. (Handt et al.,
1994a, Malmstrom et al., 2005). In practice, thisams that long sequences can only be
retrieved by means of short sequences usingrlapping primers (see Figure 10). The
maximum length of the overlapping amplification Mdepend on the state of preservation of
the sample. For instance, Lalueza et al (Laluezadtal., 2006) were able to amplify 300 bp
of the mitochondria control region of a Neander@cimen by using overlapping fragments
of only 70-80 bp. In contrast, Cooper et al in 2QCboper et al., 2001) were able to amplify
the complete mitochondrial genome sequence of titioma moas as a series of 400-600bp

amplification product.
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I No amplification product

Figure 10: A representation of fragmented strandsA) A situation in which we try to amplify an enough
short fragment so both primers can hybridise and tlerefore the PCR amplifiction is possible. B) A
situation in which we don not get any amplificationproduct due to one of the primers can not hybridis.

1.3.3 JUMPING PCR

It is a phenomenon that can occur during the PC#&ti@n due to the presence of
fragmentation in the molecule templates; it ocaungn one template “recombines in vitro”
with another that shares a similar sequence duhed®CR reaction. It was described for the
first time in 1990 by Svante P&&bo and collabosai{®aabo et al., 1990). They designed
specific pairs of templates partially sharing taene sequence and tried to amplify them by a
pair of primers, one primer specific to one templand the other primer specific to the other
template (so neither of the templates containet pdtner sites). They showed that the only
way to obtain PCR products was by fragmenting gmeplates with restriction enzymes, so
jumping PCR happens (Paabo et al., 1990). Furtheintbey found that lesions such as
breaks or AP sites can cause the extending priongmtp to another similar template during
the PCR. Consequently, amplification products fralamaged templates such as
archaeological DNA could be made up of a high pridpo of chimerical molecules between
endogenous and contaminant sequences or endogeitbymst mortem damage and without

post mortem damage (see Figure 11). Special casetdidbe taken into account when
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analysing such results, since the chimerical prtsdo€ this reaction could be erroneously
taken as a novel ancient DNA sequence.

Molecular cloning and sequencing of multiple clongshighly recommended in order to
detect such kind of phenomenon in our sample; tlaesdyses will help us to sort out the
different types of molecules present in the angaifion products and distinguish chimeric
products from those that are not. Neverthelesba# been argued that the presence of a
jumping PCR phenomenon in the PCR products couldsied as an indication that the DNA

may be of ancient origin (Handt et al., 1994a).
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Figure 11: A schematic representation of a jumping®CR event. Two similar sources of DNA molecules
are represented, althought one of them is fragmentke (the green one). A) DNA polymerase start
elongating the fragmented molecule. B) It can be psible that when the DNA polymerase arrives at the
end of the fragmented fragment, can jump to the otér source of DNA molecues (green bars) and continue
elongating it. C) Therefore, at the end a lot of reombining molecues are generated.
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1.3.4 INHIBITORS

It is well-known for the aDNA community that whenateic acids are extracted from ancient
specimens, the extracts often contain componemtscdin inhibit the activity of the DNA
polymerises (Hanni et al., 1995); furthermore sikhown that that inhibition affects longer
amplification fragments more than shorter fragméRtssch and Bachmann, 2004). However,
after the extraction protocol and in order to avtii@ presence of these inhibitors, the
resulting aqueous phase is carefully removed (ayamaer of organic solvents to subsequent
extraction and amplification stages may inhibit BCéd desalted and concentrated using
usually filtration (Cooper et al., 2001). While gshprocedure usually removes possible PCR
inhibitors of less than 30,000 molecular weight (M\vi some samples (such as these buried
in the soil and paleofaeces) it is common to finthe co-extraction of PCR inhibitors along
with the DNA. One simple solution to deal with tigeoblem is the incorporation of bovine
serum albumin (BSA) (or other molecules that biméhhibitory chemicals) to PCR reactions
(Paabo et al., 1988). BSA binds to inhibitors ahdst prevents them from inhibiting the
polymerase enzymes activity. Another way of stoggime activity of these inhibitors wide-
used by the aDNA community is by making serial titdos of the extracts until we find one
dilution for which the PCR is successful (e.g. (®®al989, Woodward et al., 1994a,
Binladen et al., 2006).

Nevertheless, little is known about the naturehafse inhibitors; it has been proposed that
they are soil components such us humic or fluvidsa¢Paabo et al., 1989) or sub products
derived from organic reactions, such the volatdenpound products of the Maillard reaction
(Poinar, 2002). The Maillard reaction is defined the reaction of carbonyl groups on
reducing sugars (such as those that belong toabkbone skeletal of the DNA double helix)
with the primary amines of aminoacid and formsracture known asross links It has been
demonstrated that treatments with the reagent NFBhenacyltiazolium bromide) breaks the
cross links DNA-protein and allows DNA sequencesb& amplified from some ancient

remains that otherwise could not be amplified (BQi2002).
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1.3.5 CONTAMINATION

We define a contaminant sequence as an exogenudip@bably modern) DNA molecule in

the pool of aDNA sequences. Contamination is onghefmost common pitfalls in aDNA

studies and represents one of the biggest threhds working with samples from ancient
humans. The problems regarding ancient human DN randern human contamination,
often detected of more than one haplotype of ongleiindividual has been known several
years ago(Handt et al., 1994a, Handt et al., 1R8Bnan and Tuross, 2000, Gilbert, 2005b).

As the retrieval of tiny amounts of DNA from andieremains is a multi-step process,
contaminants can enter in multiple stages:

1.) Sample Handling This kind of contamination is extremely importéamthe study
of ancient human remains (the main objective of tlherent thesis) because
usually cannot be monitored or controlled (only can be monitored in
contemporaneous excavations). Unprotected handbhgthe remains may
impregnate the samples with the handlers swedkinrcglls, and thus exogenous
DNA could penetrate into the remains(Gilbert, 200B®ne and teeth remains are
extremely porous and thought very susceptible tgarnination by handling. The
pulp cavity of the tooth is directly connected be texterior by numerous dental
tubules. Therefore, once a tooth is washed or ¢iwe is directly handled, the
impervious nature of enamel is of no help in limgticontamination by handling
(Gilbert, 2005b). Mercury porosimetry demonstratbat the minimum total
interconnected porosity in human bones is highan #f6 of the bone volume, the
majority of witch is derived from the Harvesian at{Gilbert, 2005b). We can
distinguish different potential sources of handloantaminants depending on the
step of DNA retrieval:

- Archaeologists and anthropologists: they are aesible of recovering,
washing and macroscopically analysing the fossihai@s and interacts
directly with the fossil material.

- Geneticists: Once the sample arrives to the aD&bbratory, the genetic
team must decontaminate the sample using bleacb\biight before
starting the DNA extraction. In this step it is qusory the use of gloves,
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mask face and coverall inside the aDNA laborataryorder to avoid

contamination by handling.

2.) Extraction procedure: Contaminants can be introduced in the aDNA ektrac
during the preparation of all the reagents thaigaiag to be used in the extraction
process as well as in the place were the extracsiagoing to be performed. In
order to avoid this kind of contamination, it isyémportant that the place where
the aDNA extraction is carried out is physicallypaeted from the main
laboratory (molecular biology laboratory) with poge air pressure, UV light at
night and continually bleach cleaning of the besalfaces (Cooper and Poinar,
2000). In addition, the manipulation of all reagentust be done in a flow cabinet

and the use of coverall, gloves, facemask andestgrs is compulsory.

3.) PCRs setting up Contaminants can be introduced in this stageMoymain ways:
First, due to the low specificity of the primer<CR reaction are based upon the
premise that primers will bind to specific loci n@tesent in unrelated organism,
and thus will selectively amplify only the DNA ofiterest under specific PCR
conditions (e.g. annealing temperature) Howeveanreltould be DNA from some
soil micro organisms present in the aDNA extradie Tow amount of aDNA
forces using unspecific conditions (e.g. high numhlé cycles and low
temperature) in the PCR. For this reason, it cteldhat the primers can also bind
to those similar sequences that are present irettract and therefore amplify
them. Second, contaminants can be introduced wéslearchers are setting up the
PCR reaction. As in the extraction step, contantsaan be in the used reagents
and in the environment where researchers are wgriih the precautions that are
described in the previous step are compulsory asreell. The setting up of the
PCR reaction must be done in the ancient laboranodythen carried to the main
laboratory. Material interchange between the aDNoratory and the main
laboratory should be strictly forbidden because tls& of contamination is
extremely high due to the large amount of amplictiveg are generated in the

molecular laboratory (from?2to 2° copies in each PCR).
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1.3.6 MISCODING LESSION

Unfortunately, although the majority of the damalgat the DNA molecule can suffer after
cell death inhibits the activity of PCR enzymesr (Bxample, strand fragmentation or
intermolecular cross-links; see sections 1.3.21a8d#), a small proportion of damage events
do not inhibit the polymerase activity but genenatiscoding lesionsMiscoding lesions are
defined as base modifications in the amplified sege that change the appearance of aDNA
template (Fattorini et al., 1999) and potentiallgngrate misleading haplotype analysis
(Gilbert et al., 2003a, Gilbert et al., 2003b)h#ts been reported several times (for example,
see (Paabo, 1989, Hofreiter et al., 2001a, Binladexh., 2006) that the majority of miscoding
lesions arise from the deamination of C to U onfrA to hipoxantina (HX); this process is
particularly fast in the case of cytosine (Lindat®93a). When a DNA molecule containing
such lesions is used as a PCR templatesTCand G-A transitions will be introduced
erroneously in the final sequences. However, becaither of the complementary DNA
strands can be sequenced after amplification wlkergusanger sequencing technology, each
of these transitions can produce two observablengtiypes (see Figure 12). Hansen et al
(Hansen et al., 2001) termed each set of miscddsigns asype |(A-G andT-C) andtype

Il (G»A andC-T).

Interestingly, the recent development of the sequgrby-synthesis technology (see
(Margulies et al., 2005) offers the possibility gbing deeper into the nature of those
miscoding lesions (Gilbert et al., 2006, Stiller &t, 2006). The advantage of this new
technique is that the nature of the date generatiocess is such that DNA sequence data can
be assigned to individual, originally single-stradd molecules (Gilbert et al., 2006).
Basically, DNA extracted from an ancient remaitigated to biotynilated linkers and single
DNA strands are attached to Sepharose beads, @dplfy PCR and subjected to
pyrosequencing (Margulies et al., 2005). Therefe@ch read sequence derives from one
single-stranded DNA molecule, and the read sequalhoes the actual template strand to be
inferred. (Gilbert et al., 2006) using this newhealogy demonstrated thought comparative
analyses on 390 965 bp modern chloroplast and Bl bp ancient woolly mammoth
sequence date that type 2@ and G-T) miscoding lesions represent the majority of
damage derived miscoding lesions. Furthermore, #heygested, in contrast to previous
studies (Paabo et al., 1989, Hofreiter et al., 20GlIbert et al., 2003a, Binladen et al., 2006)
that the predominant cause of Type Il transitionas the cytosine to uracil deamination, but

the degradation of guanine to a derivative thahisread by the polymerase as an adenine.
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Nevertheless, Stiller et al (Stiller et al., 2008)ng the same DNA technology as (Gilbert et
al., 2006) found that the predominant cause of Tiygeansitions are the cytosine residues
when analysing an ancient mammoth remain. Theyesigbdat the lesion affecting cytosine

residues is very likely to be by deamination.

Given the importance of the control region of hurmatDNA studies (see chapter 1.6),

Gilbert et al (Gilbert et al., 2003a, Gilbert et, #003b) studied the post mortem damage
distribution of this region. Contrary to what agotiis expected, they found that postmortem
DNA damage is not randomly distributed across th&rol region, but there are “hotspots” of

postmortem damage. In other words, there are sasgigns that are more prone to suffer

postmortem damages than others. Furthermore, DNada occurs preferentially at those

positions that have been detected as fast evolwirigiman population studies. Gilbert et al

(Gilbert et al., 2003b) hypothesise that these trartal hotspots may be hyper mutable

because they are more exposed to environmental ggaten the others or they are not
binding sites of proteins that can protect themeyrboncluded that postmortem damage in
the control region could difficult population geigeainalysis of ancient humans due to the
impossibility to distinguish whether a mutationdse to a postmortem damage or it was
already in the sequence.

The use of the enzyme UNG (Uracil N-Glycosylasey baen highly recommended in order

to avoid the presence of miscoding lesions in thal fsequence. This enzyme excises the
uracil bases in the DNA molecule (produced duédéodeamination of cytosine) and therefore
it is able to reduce the apparent>G and A-T mutations and the subsequent errors in the
sequence results (Hofreiter et al., 2001a).
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Figure 12: Determination of a strand of origin for postmortem-DNA-damage events by using type 2
(C—T/G—A) transitions as an exampleA, L-strand C—T transitions after two cycles of amplifications,
resulting in a permanent L-strand change.B, A theoretical H-strand G—A change, producing the L-
strand phenotype of G»T change following one cycle of amplification. Howeer, since a direct G-A
postmortem modification is chemically impossible, he example depicted in this panel is not possible.
Thus, all C—T changes observed on the L strand must have occed as L-strand C»T postmortem
damage, and all G-A changes on the L strand must have occurred as Hrand C—T postmortem
damage (From (Gilbert et al., 2003a)

1.3.7 MOLECULAR CLONING

Molecular cloning is a well-known molecular techuégin aDNA field. It allows us to detect
sequence heterogeneity in a single PCR reactioighwdan be associated to jumping PCR,
contamination events and/or miscoding lesions bgoganous DNA damage or Taq
polymerase errors. Cloning PCR products consigtsarting a single PCR product inside a
bacterial plasmid, which is subsequently insen¢d & bacterial cell§scherichia.col. After
growing up the bacteria, a posterior screening alitw us to select those bacteria that carry
the insert. Colonies derived from successfully sfarmed cells can be identified through
blue/white screening due to the disruption of thesmid’s B-galactosidase gene (which
metabolises X-gal (5-bromo-4-chloro-3-indoBAb-galactopyranoside) into a blue product).
Therefore, white colonies carry the insert (theslerdes are not able to metabolise X-gal and
therefore3-galactosidase gene has been disrupted because iosert) whereas blue colonies

do not.
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Since each bacterium incorporates a single amplicoits genome, postmortem DNA
damage, jumping PCR and contamination can be a&sbk€see Figure 13) by screening a
reasonable number of clones (see(Bower et al.,)2005

Nowadays, when working with ancient templates (lgoshen working with human ancient
templates) cloning each PCR product is crucial étect sequence heterogeneity in the

extract.

Figure 13: An schematic representation of cloning.Products are amplified from three different templaes
(e.g: endogenous, contaminants and damaged molea)ld) PCR products are ligated into bacterial
plasmids. B.) Bacterias are plated in LB agar plate with X-gal and IPTG only those that have
incorporated the insert will be able to metabolicedk-gal.
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1.4 AUTHENTICITY CRITERIA

As we have seen (see section 1.3), aDNA researebepts extreme technical problems
(specially when working with human remains), whoeim lead to erroneous conclusions.

In the nineties, several aDNA works published ighhprofile journal were proved to be
erroneous (see section 1.1). It was in 1994 whemdHd al (Handt et al., 1994a) published
the first list of authenticity criteria that shoubé followed by all researchers in order to make
aDNA a respectable and credible scientific fieldo@er and Poinar updated that list in 2000
(Cooper and Poinar, 2000) and then Paabo et &l04 gPaabo et al., 2004):

1.) Physically isolated work areas: the best casaaio is having the aDNA laboratory
(where the extractions and the setting up of th&$@actions take place) and the
main laboratory (where all the PCR amplificatiome &aun) in different buildings in
order to avoid contaminations from former ampliffgdducts.

2.) Negative control extractions and amplificatiemsletect sporadic or low-copy number
contaminations during each stage. Positive conshtsuld generally be avoided as
they provide a contamination risk.

3.) Appropriate molecular behaviour: Due to DNA detation, PCR amplification
strength should be inversely related to produd.diz general, if shorter fragments are
not easier amplified than longer ones, it is anciatibn that the source of DNA is
likely to be a modern contamination (Paabo et #0289, Handt et al., 1994a).
Therefore, very long PCR products (> 500 bp) aspsated to be contaminants.

4.) Reproducibility: Multiple PCRs and extractiofiem the same sample should yield
consistent results. First, they are useful to detmmtamination of a particular
extraction or amplification and second, nucleotidgsincorporation leading to
consisted changes can be detected only when neuliiplplifications are performed.
Overlapping primers are also highly recommendedriler to detect for instance
NUMTSs (see section 1.6.1)

5.) Cloning of amplification products and sequegcwof multiple clones: In order to
detect post mortem damage, contamination, jumpi@R Revents and to unravel

heterogeneities in the PCR products (see sectid)1.
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6.) Independent replication: separate samplesspfegimen are extracted and sequenced
in independent laboratories in order to detectifgboratory contamination.

7.) Biochemical preservation: Biochemical assayma€tromolecular preservation serves
two purposes: First, they support the claim thapecimen is well enough preserved
to allow the preservation of DNA. Second, they nimy used as rapid screening
techniques to identify specimens that, accordinthéir general state of preservation,
may contain DNA. Several techniques have been stigddsee section 1.3), although
the most widely used is the analysis of the rateaoémization of Aspartic aminoacid
(Poinar et al., 1996).

8.) Quantization of DNA templates by means of giiative PCR or RT-PCR (see section
1.3.1). If a large number of molecules is presefiDQ0), there is no need to perform
several amplifications since consistent changes eateemely unlikely to occur.
However, when the number of starting templatesovs, Iseveral amplifications are
needed in order to exclude the possibility of sgimraontamination.

9.) Associated remains: In studies of human remaimere contamination is especially
problematic, the presence of similar DNA targetvise in associated faunal material
is one additional supporting evidence of DNA preagon because it shows that the

environment is favourable to it.

Mainly papers related to ancient humans or Neaaldertmains (e.g. (Caramelli et al., 2003,
Vernesi et al., 2004) fulfil completely the lishse its publication, whereas papers related to
extinct animals do not (e.g. (Shapiro et al., 20Bdnce et al., 2005). In studies related to
ancient animals, the phylogenetic criterion is mae¢erministic because it is easier, in this
particular case, to discard modern contaminatiamthiérmore, this stringent list has been
severely criticised by some authors (see (Gilbeal.e 2005, Hebsgaard et al., 2005, Bandelt,
2005)that argue that getting a reliable result da#nly mean that the researchers have only
fulfil the nine criteria but that the researcheowld be more cognitive and self-critical in their
results. In other words, instead of checking if lieeof criteria has been completely fulfilled,
researchers should pay more critical attentiorh&éoway the data was obtained and why the
results should be considered authentic in the qudati context and conditions of the samples
analysed.

Some current results (see (Malmstrom et al., 2@0&Ened that the list of the well-known
nine authenticity (Cooper and Poinar, 2000) citeshould be reviewed and subsequently

updated specially when working with ancient humaaisains.
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1.5 ORIGIN AND MAINTENEANCE OF THE CURRENT
HUMAN GENETIC DIVERSITY

It is clear that humans are all different from eatter. The diversity that we observe
between individuals is due to both genetic andrenwental factors. Current estimates of the
human genetic diversity say that if we take two melated individuals at random,
approximately 1 of each 1000 nucleotides will biéedént (Reich et al., 2002). These genetic
differences exist as well between human populatiGasitrary to the what would be expected
based on the phenotypical variability observed ketwhuman populations, different studies
(Excoffier et al., 1992, Barbujani et al., 1997 nRa@ldi et al., 2002, Jorde et al., 2000) point
out that if the human individuals are hierarquicelystered in populations and continents,
approximately 80% of the variance of the modelxigl&ned because of differences between
individuals of the same population. Only 5% to 1@eexplained because of differences
between populations of the same continent and at®0%% of the variance is explained by
genetic differences between continents. This rdsst been traditionally used as a prove of
the lack of sense of clustering the individualsoading to races (Kittles and Weiss, 2003)

The current genetic variation we observe in the dmpopulations is the result of the
complex interaction between four evolutive forcemitation, natural selection, genetic drift
and migration. Disentangling the effect of each oanehaping the genetic variability of our
genome can help us on understanding both past daptug and selective events that

occurred in the human species.

1.5.1 MUTATION

Mutation is defined as a structural change in tiADNolecule. It is the ultimate source of
genetic variation and thus, allows the evolutionb® possible (Crow, 1997). The term
mutation covers a broad range of structural eveintsn substitution of a single base to
insertions and deletions of a few bases or eveoncbsomal rearrangements. The molecular
mechanisms that generate that big spectrum go ftbemical mechanism (for instance,
cytosine deamination), physical mechanisms (fotaimse, breaking of the double helix for

generating an insertion) or enzymatic (for instastippage of the DNA polymerase).
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These mutations could be generated in whatevertgedl that form an organism but only
those that appear in the germ line could have th@orunity of passing on to the next
generation. Mutations that occur in the rest cghets (they are called somatic mutations),
although could be associated to particular phemstyor instance, cancer) will not have

direct evolutive consequences since they will rastspto the next generation.

1.5.2 NATURAL SELECTION

Mutation generates genetic diversity whereas nhtsetection shapes directionally that
variation. It is defined as a directional changetle frequency of a mutation in the
descendents by increasing or decreasing the fit(esty of a genotype to survive and
reproduce) of the individuals that carry such matatvhen interacting with the environment.
We can distinguish three different types of setettil.) positive selection,a mutation is
positively selected when increases the fitnesshef darriers in comparison to the other
individuals due to that mutation give them some amii@ge in the adaptation to the
environment; 2.negative selectiona mutation is negative selected when reduces tiness

of the carriers, that means that the carriers &ss probability of having descendents that the
non carriers; 3.palancing selectiona mutation is balanced selected when the hetero®ygo
have higher probability of having descendents tharhomozygotes.

Classic population genetics states that in the ahpesitive selection a mutation will increase
its frequency in the population towards its fixatib the environmental conditions are always
favourable and in the case of negative selectiemthtation will tend towards its elimination.
In the case of balancing selection the frequenctheftwo variants will reach equilibrium.
Therefore, positive and negative selections redheegenetic variation whereas balancing

selection increases it.

1.5.3 GENETIC DRIFT

Genetic drift is defined as the random fluctuatidrallele frequencies in a finite population
due to stochastic variations in the contributiorea€h individual to the next generation. The
magnitude of the genetic drift is inversely propmal to the number of chromosomes that

pass to the next generation. We define this nunalsetheeffective population size In
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contrast to the two former evolutive forces, geneltiift affects the whole variability in our
genome and it is not locus specific. We can distisiy two demographic processes where
genetic drift has an important role in shaping tienetic diversity: founder event and
bottleneck. Founder eventis produced when a small set of individuals fronbigger
population is separated towards the colonizationnefv regions. This has two main
consequences: first, this small group of individuabuld carry allelic frequencies that are not
representative of the original population and sd¢cdhere are big chances that the allelic
frequencies could fluctuate until the populatiomalges a large size. As a consequence,
common alleles in the original population could éasmall frequency in the new population
or even could disappear. On the contrary, rardeslli@ the original population could increase
their frequency in the new population, even if tieye deleterious effects in the individuals
that carry themBottleneck is produced when there is a drastic reduction enrthmber of
individuals in a population. Its consequences eghpulation are similar to that found in the

founder event.

1.5.4 MIGRATION

Migration refers to the movement of the individudésigrants) from one area to another.
Colonization is a special case of migration anthe process of movement into previously
unoccupied land.

It is a demographic event able to modulate the tiemiversity of populations due to the

movement of individuals from one population to 4@t The continuous gene flow (outcome
when a migrant contributes to the next generatiotinéir new location) between populations
tends to homogenise the amount of genetic diversigsent in both populations before
starting the migration movement, resulting in abglopopulation or meta-population. The
fingerprint of the migration will be observed onlfnen the allelic frequencies differ between
both populations and the homogenisation procesadtaget finished.

The current human populations are the result ofpgerncolonization and migration events as
well as the result of demographic expansions andodps of genetic drift during the

colonization of the continents (Barbujani and Gtdds 2004).
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1.6 THE MITOCHONDRIA

The mitochondria is a small cellular organelle pthcon the cytoplasm of almost all
eukaryotic cells. They are the sites where theainid metabolism is placed and thus they are
responsible for generating most of the ATP molexulerived from the breaking of organic
molecules in the cells. The number of mitochondades depending on the cell type: those
requiring a lot of energy, such as nerve and musalls, contain thousands whereas other cell
types may content only a few hundred as the spéotuli(g, 2004).

In contrast to other cell organelles, mitochondramntain their own DNA, which encodes
some of their bio molecules. Lynn Margullis in 19@@argulis et al., 1990) proposed the
endosymbiotic theory of the mitochondria evolutiaryrrently widely accepted by the
scientific community. According to this theory, thetochondria derive from a bacterium that
about 1.5 billon years ago was introduced into atgeukariotic cell in a symbiotic
relationship. The bacteria gave energy to the osliereas the cell provided a safe
environment to the bacteria. This symbiotic relagioip lead to the lost of autonomy of both
organisms; moreover, the safe environment wherebtieteria lived made easy loosing
duplicated functions that shared with the eucacytist cell. Thus, the bacteria lost the genes
associated to these functions and nowadays therityagb the proteins that the mitochondria
needs are imported from the nucleus of the cell ldva et al., 1997). Furthermore, a
continuous transfer and insertion of MtDNA sequsrfecem the mitochondria to the nuclear
genome has been described (Bensasson et al., 2063e insertions are known as NUMTS
(nuclear mitochondrial sequences) and analysishef human genome has revealed the
existence between 250 and 600 of such insertionvaofable length (Pakendorf and
Stoneking, 2005). NUMTS are considered as moledoksils due to the molecular evolution
in the nucleus is slower than in the mitochondsae( below) and have been used for a
phylogenetic approach to date the origin of modemmans (Mishmar et al., 2004).

The prokaryotic origin of the mitochondria left ifsigerprints in some features of the
mtDNA: it is a circular genome, it is not protectby histones, it has discrete origins of
replication, genes have no introns and it has &réifit genetic code than the nuclear

genome(Jobling, 2004).
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1.6.1 HUMAN MITOCHONDRIAL DNA

Anderson and collaborators (Anderson et al., 198&j)e the first to obtain the complete
sequence and the gene organization of the humarNAthis sequence was calléthe
Cambridge Reference Sequence (C&%) it is currently used as the standard referefloe
human mtDNA is a circular double-stranded moleail&6569 bp in lenght that codes for 13
subunits of the oxidative phosporilation systempasomal RNAs (12S and 16S rRNAs) and
22 transfer RNAs (tRNA) uses for the protein systben the mitochondria (see Figure 14).
Two strands compose the human mtDNA, the H straed\Wy strand) that is rich in guanine
and the L strand (light strand) that is rich inasjhe. The majority of the human mtDNA is
coding DNA, with the exception of a fragment of 010p that has mainly regulatory
functions (Pakendorf and Stoneking, 2005). Thisareds known by different names: the
control region (because its regulatory functiotisg, D-loop (because the structure that forms
when the mtDNA is replicating) and the hyper vaategion (because of its high mutation
rate). The hyper variable region (HVR) has a matatate that is higher than in the rest of the
mtDNA and therefore it has been widely used to ystpdpulation relationship at the intra-
specific level (e.g.(Comas et al., 1998, Salad.eR@02, Plaza et al., 2003). The numeration
of the CRS were first established by Anderson aotfaGorators and then slightly modified
by Andrews et al (Andrews et al., 1999). It arbityastarts in the replication origin of the H
strand, in the middle of the control region. Acdngito this numeration, the control region is
expanded from the position 16024 to 16569 (HVRnK aontinues from the position 1 to 579
(HVR 11).
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Figure 14: Human Mitochondrial DNA (Adapted (MITOMA P: A Human Mitochondrial Genome
Database. http://www.mitomap.org)

Since the first study in human mtDNA variation wasblished (Brown, 1980), a large
number of papers have used this genetic markdutty she genetic variation in humans and
making inferences about the human evolution (eam(Cet al., 1987, Vigilant et al., 1991,
Ingman et al., 2000) . This widespread use is duthé unique features that the mtDNA

shows, making it of particular interest for thegedk of studies:
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1.) MATERNAL INHERITANCE

The mtDNA is transmitted from one generation tothap via maternal inheritance (e.qg.
(Wallace et al., 1999). Oocytes contain around A@D,mitochondria while sperm contain
only about 50-75 localized in the midpiece, betwdensperm head and tail. Clearly, even if
fertilization involve a complete mixing of paternahd maternal mtDNA molecules, the
contribution of the father to the zigote’s poolrfDNA would be relatively small due to its

small number of mitochondria compared to the oayite addition, it is known that paternal

MtDNA is marked for destruction in the oocyte byiquitination (Sutovsky et al., 1999,

Sutovsky et al.,, 2000). However, some rare cas&s baen recently reported where the
paternally inherited of mtDNA has been proved (Sattzvand Vissing, 2002); nevertheles,
all these cases have been always related to pgtholothe maternal mtDNA and thus, it is
widely accepted the maternal inheritance of mtDNA.

This maternal mode of inheritance is one of theagm@dvantages of mtDNA in human

evolution studies due to:

1.) As it is an haploid genome, does not recomhbing therefore enables researcher to
trace back through time its genealogy via matehmalages without the confusing
effects of bi-parental inheritance and recombimatinherent to nuclear DNA
(Pakendorf and Stoneking, 2005).

2.) All the individuals from the same maternal dge have the same sequence. Thus,
mutations that differentiate two mitochondrial lges are due to mutations that have

been accumulated over time since these two linesigéed.

2.) HIGH COPY NUMBER

It is estimated that inside each cell there arevéen 1,000 and 10,000 mitochondria genomes
(Robin and Wong, 1988). This large number of copi@strasts with the two copies of any
given nuclear DNA locus. This propriety, togetheithwthe extra nuclear location of the
MtDNA, makes easier to extract mtDNA than nucle&tADfor genetic analysis. Therefore,
MtDNA is the main choice when analysing aDNA andipalar forensic samples (e.g. hairs
without root) (Pakendorf and Stoneking, 2005).

Nevertheless, despite that all the mtDNA copiesec&nom the mtDNA copies present in the

oocyte, there is no reason for what the multipleie® of mtDNA within an individual should
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be all identical. In other words, some mtDNA molesucan suffer a mutation event when
they are in a particular ceHeteroplasmy is defined as the existence of different mtDNA
sequences within an individual (e.g. (Comas et1®95, Bendall and Sykes, 1995). Current
estimates indicate that about 14% of the populatiea a second mtDNA sequence at a
frequency of at least 1% (Tully et al., 2000). kngral, the overall genetic homogeneity of
mtDNA within individuals is due to a substantialttbeneck that occurs during the oogenesis
(Poulton and Marchington, 2002).

3.) HIGH MUTATION RATE

The mutation rate of mtDNA is 6 to 17 times higtiean that of nuclear genes (Wallace et al.,
1987). Current estimates show a rate of 0.017 % sufbstitutions per site per year for the
whole mitochondria genome excluding the controlaedingman et al., 2000). However, the
mutation rate in the control region is even highecause it is not a codifying region (Tamura
and Nei, 1993). Recent estimates on pedigrees sutjge rate at approximately 0.0043 per
generation (Sigurgardottir et al., 2000).

The high mutation rate of the mtDNA compared to inelear DNA has been explained by
the presence of three main factors: 1.) mtDNA hatspnoteins like histones that protect the
nuclear DNA. 2.) As the oxidative metabolism isgald on the mitochondria, mtDNA is
surrounded by free radicals and therefore it isemexposed to oxidative damage. 3.) The
mitochondria has a DNA repair system less efficigman the nucleus so that the possible
changes that are produce in the mtDNA sequencéeaseprone to be repaired than those
changes in the nucleus (Brown et al., 1979).

It is important to take into account that not @ks mutate at the same rate. This happens both
in the coding region and in the control regionrekurrent mutatioris defined as a mutation
that due to the high mutation rate of a particslta arose independently more than one time

in different mtDNA lineages.
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4.) LACK OF RECOMBINATION

Although until year 1999 it was considered likeaatfthat the mtDNA did not recombine, in

that year were published several papers (e.g. (Allme@t al., 1999, Hagelberg et al., 1999)
claiming evidence for recombination in human mtDNA&e main point of these papers was
that the human mtDNA has too much homoplasy (hoasypmeans the generation of the
same state by independent means). However, pasgtudies (e.g. (Arctander, 1999, Jorde
and Bamshad, 2000, Kumar et al., 2000) showed ttiatstatistical tests, phylogenetic

analyses and experimental design used in the fostndres were wrong and then the possible
recombination in human mtDNA was called into quasti

Since the presence of paternal mtDNA in the mitochia is a very rare phenomenon (see
before), recombination in the mitochondria shoutd be a major issue. In the absence of
heteroplasmic DNA molecules in the mitochondriahaf oocyte, any recombination between

two mtDNA copies would result in mtDNAs that areaetly the same.
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1.7 HUMAN POPULATION HISTORY

1.7.1 HUMAN AS A PRIMATE SPECIES

Humans are primates. We are closely related to mhimrees from which we have diverged
from 5 to 7 million years ago (MYA) (see Figure 18)is close relationship is reflected in the
amount of shared genome between both species. Husfene 98.76% of its genome with
the chimpanzee species(Paabo, 2003).

The 5 to 7 million years of hominid evolution sinbemans and chimpanzees shared a
common ancestor lead to develop specific humamifestin the human linage. The brain size
and the bipedal locomotion are the most importaetbpments (Carroll, 2003). These

features are listed in Table 2

Table 2: Selected traits that distinguish humans fsm other apes (adapted from Carroll et al 2003)

Selected traits that distinguish humans from
other apes

Body shape and torax

Cranial properities (brain case and face)
Relative brain size

Relative limb lenght

Long ontogeny and lifespan

Small canine teeth

Skull balanced upright on vertebral column
Reduced hair cover

Elongated thumb and shortened fingers
Dimensions of the pelvis

Presence of a chin

S-shaped spine

Language

Advance tool making

Brain topology

1.7.2 THE FOSSIL RECORD OF HOMINIDS

Nowadays, there are several described ancientespbeionging to hominids (see Figure 15).
Regarding to fossil record, our ancestors appedwat@ existed at low population densities

and were seldom fossilized. Teeth, cranium and ibéndre the most frequent human fossil
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remains. Other bones are rarely preserved and ksmly tissues hardy ever (except in
mummies) (Jobling, 2004).

The finding of new hominid species is always a erattf controversy; opinions about the
number of genera and species and their relatiosashiphe homo linage differ considerably

between experts in the field, and changes over. time
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Figure 15: Timescale and phylogeny of hominids. Apeelationships are shown in grey for the chimpanzee
(pan troglodytes), bonobo (P.paniscus), gorilla andrangutan (Pongo pygmaeus). The approximate times
of divergence are derived from molecular data. The@hylogenetic relationships between hominids (shadgd
are uncertain. The solid red bars denote the timepan of the fossil species and/or the uncertainly dbssil
ages. (Adapted from (Carroll, 2003)

The oldest hominid fossil remains have been found\frica, thus suggesting an African
origin of the hominid species. The oldest fossigists of a cranium and a jaw fragment from
Chad (Africa) and it is calleBahelanthropus tchadengBrunet et al., 2002). Indirect dating
of the fossil suggests a date of 6-7 MYA. Seveoakil remains from two gener®ifonin
and Ardipithecu$ dating to 5-6 MYA have been found in Kenya andtEAfrica (Senut,
2001). A large number of fossils found in the Aémccontinent date after 4.2 MYA and have
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been attibuted to the genAsistralopithecusThe oldest fossil associated to the geHosno

is Homo habilisdated from 1.8-1.9 MYA, although this genera hesrbalso associated to the
genusAustralophitecusHowever, it is not until 1.8 MYA when we found haids of the
speciesHomo erectusout of Africa. Fossils from this species have béamd in Europe,
Middle East, Asia and Africa (but not in America)thvdates between 1.9 and 0.5 MYA
(Anton, 2003); being the oldest fossil from thisxgea found in Africa and date from 1.8-1.9
MYA (Jobling, 2004).

Several lateHomo species are known, includirtgomo heidelbergensis, Homo antecessor,
Homo neanderthalensend Homo sapiengsee Figure 15)Homo heidelbergensifias been
found in Africa, and Europddomo antecessdnas been found only in Atapuerca site, Spain
(Bermudez de Castro et al.,, 1997) and it is dateed80 KYA (kilo years ago). Many
scientists includeHomo antecessomwithin Homo heidelbergensispecies while others

consider them as a separate species.

Homo neandertalensiare found only in Europe, Middle East and Westésia dating
between 250KYA and 28KYA. They were relatively rgbwith large brains and short
extremities. Well-known examples include the fikganderthal fossil found in the Neander
valley in Germany and “the old man of La Chapelle-&aints” found in France. Neandertals
are thought to be descendentsHafmo heidelbergensiand their relationships with modern
humans are still a theme of debate (see (HublinRa@abo, 2006).

Homo sapiensippear about 1.6 KYA in Africa and spread all ower word. Nowadays is the
unique alive species of the genus Homo that inkatit planet.

Since the classification of the fossils inside ge@us Homo is not universally accepted for all
the experts in the field, all species betwétmo erectusndHomo sapiensre sometimes
collectively classified as “archagapiens.

The discovery in 2004 of a fossil with sufficienstihctive features to be assigned to a new
hominid species in the island of Flores, IndonéBiawn et al., 2004, Morwood et al., 2004)
put into alert to the scientific community. Thiswédossil was calleH.floresensisand its
most distinctive features were its diminutive baslge (about a metre in height) and the
smallest brain size of all the hominids describetl mow (380cni). It was dated on 18 KYA
and Morwood et al conclude that it was a dwarfestdadant from an ancestldmo erectus
population that survived until at least 18KYA, cbltang in time withHomo sapiengsee
Figure 16). In isolation, these populations weréeased from predation pressure and

constrained by restricted resources (for instanod)t The effect of these forces could lead to
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this dwarfism. Island dwarfism is well known amon@mmals (e.g. (Lalueza-Fox et al.,
2005a). Marta Miranzon Lahr and Robert Foley clainf®lirazon Lahr and Foley, 2004),
“Homo florescienciss a challenge-it is the most extreme hominid edscovered. An
archaic hominid at that date changes our undensigndf late human evolutionary
geography, biology and culture”. However, recergtyne authors (Jacob et al., 2006). argued
that the fossil found in the island of Flores is, fact, an early pygmyHomo sapiens
population. The studied individual would show, imdddion, some developmental
abnormalities, including microcephaly. Their argumnes supported by additional mandible

and post cranial remains from the same site treaestmall body size but not microcephaly.
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Figure 16: Homo floresiensis in the context of the evolution and dispersal ofite genus Homo. . 1H.
ergaster/African erectus; 2, georgicus, 3, Javanese and Chineserectus; 4, antecessor; 5, cepranensis; 6,
heidelbergensis; 7, helmei; 8, neanderthalensis; 9, sapiens; 10, floresiensis. Solid lines show probable
evolutionary relationships; dashed lines, possiblalternatives. (adapted by (Mirazon Lahr and Foley,

2004)
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1.7.3 THE ORIGINS OF MODERN HUMANS

The origin of anatomically modern humans (AMH) th@en a matter of controversy between
scientists during more than half a century. His@liy, two extreme models, the
Multiregional model and theOut of Africa model, have been proposed to explain the
transition betweerH.erectusto H.sapiens Although both models agree in the departure of
H.erectusfrom Africa to Europe and Asia between 1.8 to R¥A, they disagree in the way

of transition from one species to the other.

1.7.3.1 MULTIREGIONAL MODEL

The multiregional model proposes that there isanabique geographic origin of anatomically
modern humans but the transition frdfinerectusto H.sapienstook place in a number of

places all over the world (see Figure 17). Due thatisolation of archaic sapiens populations
would have produced phenomena of speciation, pgses the presence of long term local
regional continuity with populations connected @ah other by gene flow and therefore
high population sizes which is unlikely. Accorditg this model, current Europeans would

be, in part, descendents from the Neandertals.
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Figure 17: Multiregional Model. (Adapted from (Excoffier, 2002)
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1.7.3.2 OUT OF AFRICA MODEL

The “Out of Africa” model proposes that the traiwsitfrom H.erectusto H.sapienstook
place recently (about 200 KYA) in the African car@nt (see Figure 18) and then around 100
KYA the anatomically modern humans left Africa twanise the rest of the world. There are
evidences of human population in the south of Asid Australia around 60 KYA and of
Europe around 40 KYA (Cavalli-Sforza and FeldmadQ3. According to this model, the
anatomically modern humans evolved from a smallicAfr population that was able to
colonize the whole world, replacing the hominid gpe already present in other continents
(e.g. theHomo neanderthalengisReduced or inexistent inbreeding is assumetdignodel.

A modified version of the “Out of Africa” model ihe “Weak garden of Eden hypothesis”.
This model suggests that after the anatomically enodiumans left Africa, the size of the
population was reduced drastically due to a batttknphenomena and then the remained
population expanded to the rest of the continenlg 50 KYA ago (Harpending and Rogers,
2000).
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Figure 18: The migration of modern Homo sapiens (mdified from(Cavalli-Sforza and Feldman, 2003)
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Obviously, intermediate models are also possiblen{gleton, 2002, Excoffier, 2002).
Although the most direct prove of our past it is tbssil record, the information that we have
got until now from the fossil record is scarce amely contradictory. It is here, where the
genetic data can help us in disentangling the owatsy that has surrounded the origin of the
modern humans. Patterns of genetic diversity shaudtain information about the
demographic history oH.sapiensdue to the current genetic diversity, necessardg to

derive from an ancestral state (coalescence).

1.7.4 THE GENETIC FINGERPRINT IN THE HISTORY OF HUMAN
POPULATIONS

However, population genetics is not a panaceardreéng the current genetic variability of
the human populations is not an easily affordaddd.tAs we have seen in chapter 1.5, there
are different evolutionary forces that can shape dbnetic diversity of a population. The
same patterns of genetic variation can be obtaibgdthe combination of different
evolutionary forces acting at different times atrérsgths. Such number of different variables
could potentially introduce a large degree of utaiety when making inferences about the
history of populations, and so population genelias to be understood as another tool for
studying the human history in addition to othetdgesuch as the archaeology, anthropology
or linguistics.

According to the multiregional model (see chaptér3d.1), it is expected to find high levels
of genetic diversity in human populations due torenthan two million years of separate
evolution between populations across several centi Furthermore, there is no reason for
one geographic region to show more genetic diwethan another. In contrast, according to
the “Out of Africa model” (see chapter 1.7.3.2) thresence of a bottleneck in the original
population that spread out of Africa and the skedlutionary time since this event (only 100
KYA) would have decreased the genetic diversitthenhuman populations out of the African
continent; Africa should show greater genetic diitgrthat any other geographic region.
Recent human population studies using differentetes markers as mtDNA, Y-
chromosome, Alu insertions, autosomic minisatelite autosomic haplotypes point out in
the same direction, that is, a recent African origi our species. No genetic evidences
supporting the multiregional model have been fosadar. Some basic genetic findings that

support the recent African origin of our species & low human genetic diversity of human
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species in comparison to other primate speciesnéance chimpanzee diversity (reflecting a
recent origin from a small population in contrastancient lineages and constant population
size)(Gagneux et al., 1999) II) global human gendiversity is a fraction of that found in
Africa (reflecting that the origin of modern humamwas in a population from Africa) (e.g.
(Cann et al., 1987, Vigilant et al., 1991, Ingmarale, 2000) and Ill) Neandertals, the only
extinct homo species from which genetic data isilabke, show their own evolutionary
history with their mtDNA variability outside the BINA variability of modern humans (e.g.
(Krings et al., 1997).

1.7.4.1 EVIDENCE FOR THE MITOCHONDRIAL GENOME: “The mitochondria Eve”

The mtDNA was the first genetic marker that suppaithe “Out of Africa” model. Brown et
al (Brown, 1980) were the first in studying the lammtDNA variation by means of RFLPs
(restriction fragment length polymorphism). Theycluded that the diversity that actually
exists in the human species started to accumudt®Q@0 year ago.

The team of Allan Wilson in 1987 published an &etim nature (Cann et al., 1987) where
they postulated that all the genetic diversity lé tmtDNA present in the current human
population coalesced from a woman who lived 200,988rs ago, probably in Africa. This
woman was calledThe mitochondrial Eve’. The study consisted in analysing the mtDNA
of 147 individuals from five different geographiegions (Africa, Asia, Australia, Caucasus
and New Guinea) by means of RFLPs of high resatlutfotree built by a parsimony method
with the genetic diversity present in the mtDNA wied two branches. The deepest branch
separates African mtDNAs while the other leads tBDNAs from populations out of Africa.
Based on these results, they suggested that Afdca likely source of the human
mitochondrial gene pool and that our common ancestisted between 140,000 and 290,000
years ago.

This work was severely criticized by the scientiiommunity due to technical problems
when selecting the samples and to methodologicdllems (the method used to generate the
tree was not the most parsimonious and the metked to generate the root was inaccurate
(e.g. (Wills, 1992, Templeton, 2002). Despite thesgicisms, subsequent studies of the
variability of mtDNA in modern populations have papted the results of Cann et al. A
subsequent study published by Vigilant and collatms (Vigilant et al., 1991) was based on

the mtDNA control region. They sequenced 189 irdligis all over the world from which
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121 individuals came from Africa. The phylogendtiee (see Figure 19) of those sequences

supported as well the “Out of Africa model”.

Figure 19: Genealogical tree of 182 mtDNA types (Aapted from (Vigilant et al., 1991)

A more recent study (Ingman et al., 2000) developecitDNA phylogeny based on the
complete mtDNA sequences of 53 individuals of dieegeographical origins. All sequences
were different. It was built a robust phylogeny haitit taking into account the variable
positions in the control region. The results agdiawed a complete separation of African and
non-African lineages with deep branches within édn lineages and a starlike structure

within non-African lineages.
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1.741.1 DISTRIBUTION OF THE MtDNA LINAGES IN THE HUMAN
POPULATIONS

However, the current genetic variability found iretmtDNA not only have been useful to
study the origin of modern humans but also to detéer understanding of human migrations
all over the world (Maca-Meyer et al., 2001). Aatiog to the Out of Africa model, the
spread ofH. sapiensout of Africa was not instantaneously and tookoagl period of
generations (Cavalli-Sforza and Feldman, 2003)s thilowed the possibility that new
mutations appeared in the mtDNA genome of diffeogulations, differentiating them. The
posterior isolation by distance of the human papuis would have geographically confined
these genetic variants to the neighbour populatibasnot to far away populations). In fact,
genetic studies have shown that mtDNA substitutitias have accumulated along maternal
lineages have diverged as human populations expahdeugh different geographic origins
(Forster, 2004). Aidaplogroup is defined as a group of sequences that shareathe set of
mutations; it can be defined by the presence ofadiqular SNP (Single Nucleotide
Polymorphism) in the coding region of the mtDNAathcorrelates to different haplotype
sequences in the hypervariable control region (H¥iRhe mitochondrial genome. Due to the
isolation by distance, haplogroups tend to showesmgional specificity.

Therefore the different geographic regions haver tieevn characteristic mitochondrial
haplogroups usually at the continental level (sig@ré 20). Haplogroups LO, L1 and L2 (all
of three subdivided in many subhaplogroups) belailmgshe macrohaplogroup L and are
specific from sub Saharan African populations (Safaal., 2002). L3, M and N haplogroups,
also belongs to the macrohaplogroup L. L3 is ret&td to the African continent (Salas et al.,
2002) whereas M and N haplogroups were originateBastern Africa but were posteriory
dispersed into Europe and Asia whersapienscolonised these regions (Quintana-Murci et
al., 1999, Maca-Meyer et al., 2001). Europe is ati@rized by a genetic homogeneity in the
mtDNA variability (Simoni et al., 2000, Richards &t, 2002). Nevertheless, there are two
main exceptions to this rule: (i) the Saami popafatthat is clearly differentiated from the
rest of the European populations (probably due @petic drift and geographic isolation
(Simoni et al., 2000) and, (ii) the area around Mediterranean sea, that shows a West to
East clinal patterns (but not north to south) (Cened al., 1997, Simoni et al., 2000).
Haplogroups H, I, J, N1b, T, U, V and W are sinijldrequent in European populations. All
of them derived from the macrohaplogroup N (Torretral., 2006).
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The genetic landscape of the mtDNA in Asia is maomplex. Typical Asian haplogroups are
derived from the macrohaplogroup N as C, D, E, Gl & or derived from the
macrohaplogroup M as A, B, F and Y (Kivisild et,al999) but their frequencies in the
different Asian regions strongly differs from oregion to the other.

Haplogrups A, B, C and D are characteristic of WatAmericans and together with the
Western Asia X haplogroup comprise the 100% ofrthBNA linages (Forster, 2004). The
haplogrups are represented in the following Figi0re

— — e —
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Figure 20: Human mtDNA migrations (Adapted from (MITOMAP: A Human Mitochondrial Genome
Database. http://www.mitomap.org)

1.7.4.2 EVIDENCE FOR Y CHROMOSOME

The Y chromosome is, together with the X chromosoaeexual chromosome. It is male

specific (contain the SRY gene that codifies fa tbrmation of testis), haploid, passes from
fathers to sons (patrilineal inheritance) and oalysmall fraction recombines with its

homologous part in the X chromosome. These praggsennake the Y chromosome an
attractive marker for population genetics studied, dike in the case of the mtDNA, it has

been widely used to study the history of modern dipopulations (e.g. (Perez-Lezaun et al.,
1999, Bosch et al., 2001).
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The Y-chromosomal phylogeny is well established dehhill et al.,, 2000, Thomson et al.,
2000) and its structure shows complete separafigkircan and non-African lineages with

the root in Africa and supports as well the “OfiAérica” model.

1.7.4.3 EVIDENCE FROM AUTOSOMIC LOCUS

Together with the mtDNA and Y-chromosome genetitaddhe analysis of the genetic
variability in some autosomic locus reinforces thecent African origin of human
populations. The stochastic nature of the neutvalutionary forces shaping the neutral
variability of our genome (see section 1.5) implibat conclusions about demographic
processes can only be obtained by analysing marefdw loci.

The (neutral) genetic variability present in diéfat types of autosomic loci has been widely
studied in human populations, including alu instext (Stoneking et al., 1997), minisatellites
(Armour et al., 1996), SNPs (HAPMAP, 2005), claakipolymorphisms (Cavalli-Sforza,
1994), haplotype diversity (Tishkoff et al., 199@pnhd linkage disequilibrium patterns
(Tishkoff et al., 1996). All these results tendital higher degrees of genetic variation within
the African populations and much lower in populasioout of the African continent;
furthermore, studies performed with a large numindér widely spread populations
(e.g.Tishkoff et al., 1996, Ramachandran et al052&how that the genetic diversity of the
different markers tend to be geographically distiélal following clinal patterns from the
African continent to out of Africa. Clinal patteria$ genetic diversity can be obtained when
successive population expansions in the space enfermed from a single starting point
(Barbujani and Goldstein, 2004). Thus, all thesults support as well the “Out of Africa”
model.

1.7.4.4 EVIDENCE FROM ANCIENT DNA

The possible analysis of the DNA from all the Hospecies that have inhabited our planet by
means of aDNA techniques should be the best wagigentangle the origins of modern
humans. It would provide direct results, avoidinge tuncertainty introduced by the
evolutionary processes (i.e genetic drift) whemgsnodern DNA data. If it were possible,
the results would tell us directly whether theresvearegional continuity of our species or a

replacement of archaic sapiensHhgapiendrom Africa.
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Unfortunately, as we have already seen in chap&rrétrieving DNA from fossil remains it
is not an easy task. Moreover, it is still morefidifit due to the big problem of modern
human contamination when working with “Homo” specié¢lowever, the improvement of
aDNA techniques allowed investigators to get mtDs&guences from the control region of
thirteen Homo Neanderthalensispecimens spread all over Europe (Krings et &971
Krings et al., 1999, Ovchinnikov et al., 2000, Ky#net al., 2000, Schmitz et al., 2002, Serre
et al.,, 2004, Lalueza-Fox et al., 2005b, Lalueza-Eb al., 2006, Caramelli et al., 2006,
Beauval et al., 2005, Orlando et al., 2006). WHen denetic diversity of these Neandertal
sequences was compared to that found in currenahysopulations, it was shown that the
MtDNA sequences retrieved from the thirteen Neaatitrssils have never been found in the
pool of modern mitochondrial DNA sequences. Howgwancluding that there was no
inbreeding based on these results could be tritlgould be that these genetic variants have
been lost in the actual human populations by gergiit; thus, it would be better comparing
the genetics affinities of the earliest modern hasnaf Europe and the Neandertals. However,
such field is still a source of controversy (Hublamd Paabo, 2006). Caramelli and
collaborators (Caramelli et al., 2003) extract aseljuence mMtDNA from two early
anatomically modertdomo sapiens sapier(€ro-Magnon) that had been dated at about 23
and 25 thousand years ago. Therefore they had extdgenetic comparison between
individuals who lived at (ideally) the same timeswértheless, the obtained results have been
severely criticised due to (again) the problem aidern human contamination (Serre et al.,
2004, Gilbert et al., 2005). Following the mostirgjent criteria of validation aDNA
sequences so far (Cooper and Poinar, 2000), thew shat mtDNAs sequences of these
individuals fall well within the range of variatioof today’s humans, but differed sharply
from the available (at that moment only four spemis of Neandertal had been sequenced)
sequences of contemporary Neandertals. This gedlisiontinuity supported again the “Out
of Africa model”.

Serre et al (Serre et al., 2004) trying to avoidpdaeblem of modern human contamination
tried to amplify Neandertal sequences in well-prese fossils of early modern humans. They
did not get any Neandertal sequence. From thisystuely concluded that it is unlikely that
Neandertals lead a large genetic contribution éngairly modern humans, but they do not rule
out the possibility of a small contribution. It shd be recalled that male contribution cannot
be recorded in the mtDNA sequences and that weryeanalysing one locus from all the
genome. Cooper et al (Cooper et al., 2004) argoedftiture methodological developments,

such us the retrieval of nuclear sequences frormtiersal fossils, are needed in order to
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arrive a conclusive results about the possibilifyinbreeding between Neandertals and
anatomically modern humans. In July of this yea®0@) the Max Plank institute for
Evolutionary Anthropology and private company 45fLScience announced that they are
going to sequence the Neandertal genome over tketwe years. It is thought that a
comparison of the Neandertal genome and the hureaange will help us in understanding

the evolutionary history of this extinct homo sgeci
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1.8 PEOPLING OF EUROPE

The peopling of Europe is a complex phenomenorofuthigratory events. We can study this

phenomenon through the fossil evidence, througlatbleaeological evidence and through the
genetic evidence (current and ancient).

The temperatures that characterise Eurasia duniedast 250 KY were very instable ( see

Figure 21), mostly colder and drier with lower $egel. Such environmental changes had a
deep influence in the migration of human populaionthe past, by changing the ecosystem

of the Eurasian continent and opening (and closieg) migratory paths.
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Figure 21: Temperature variation over the last 10KY (Adapted from (Jobling, 2004).

1.8.1 UPPER PALEOLITHIC: THE NEANDERTALS

As we have already seen in chapter 1.7.2, thel fessird tells us that the first presence of the
Homo genus in Europe was around 1 MYA after the eaxlyaasion from Africa oHomo
erectus Later descendents of this first diasporadofno erectusn Europe lead to thElomo
neanderthalensisBased on the fossil record Neandertals occupigde and Western Asia
between 250 KYA and 30 KYA when they became extifMellars, 2004).The Iberian
peninsula is the place where the most recent fobeibnging tdHomo neanderthalensisave
been found so far (Hublin, 1995). TiH®mMospecies evolved physical adaptations to the cold
climate present in Europe during this geologicalqee(see previously) including large brain,
short-but-robust bodies (weighting around 80kg) Emde noses, those body proportions can
be found nowadays in populations that inhabit iid adimates as artic populations. Other

morphological features of this archaic form ldbmo genus are receding foreheads and
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supraorbital buttresses. Their faces were long\arg projecting in the mid-part, with no
chins. This morphometric features show that Nedatewere in fact different to modern
humans (Hublin and Paabo, 2006). The first Neaatlskeleton was found in 1856 in the
Neander Valley in Germany. Nowadays around 400il®osé Neandertals are known, and
several almost complete skeletons have been dismhvéncluding immature individuals
(Hublin and Paabo, 2006).

Traditionally they are related ftdousterian culture. This culture is characterized by flakes
described as side-scrapes and points (Jobling,)2004

Both archaeological and genetic evidences suggasthe first anatomically modern humans
entered Europe from the Middle East 35 KYA to 40A¥Barbujani and Goldstein, 2004).
Therefore, Neandertals and the incoming anatorgicathdern humans coexisted in Europe
during approximately 10,000 years. The incomingt@mécally modern humans were hunter
gathers and they were related to a more sophisticatilture calledAurignacian culture.
This was the first culture that has been associtdedomo sapiens sapierasnd spread
through central and Western Europe between 40 KNd\2b KYA. It is characterized by the
use of blade flint technology and bone tools (Jahl2004).

The cohabitation of Neandertals and modern humanSurope during more than 10,000
years has stimulated considerable debate regatuypgthetical admixture between both
Homo species. Paleoanthropological evidence indicateds Neandertals were mostly
replaced, with very rare, if any, interbreedingefighis no direct evidence that the two groups
lived in close contact (Hublin and Paabo, 2006).itAlsas been argued above (see chapter
1.7.4.4), molecular data from Neanderthal remams faom the early anatomically modern
humans that inhabited Europe at the same time stgygleat there were not genetic flow
between these two homo species or, if it took pléceas irrelevant (Krings et al., 1997,
Krings et al., 1999, Ovchinnikov et al., 2000, Kynet al., 2000, Schmitz et al., 2002,
Caramelli et al., 2003, Serre et al., 2004, Laltieza et al., 2005b, Lalueza-Fox et al., 2006,
Caramelli et al., 2006, Beauval et al., 2005, Qitaret al., 2006).; that is, anatomically
modern humans would have replaced the Neanderwsilations without presumable
inbreeding with them. Furthermore, Krings et ali(igs et al., 1997) calculated the time when
the most recent ancestral sequence common to thadsdals and current modern human
MtDNA sequences existed. They obtained a date ®K55A to 690 KYA for the divergence
of the Neandertal mtDNA and contemporary human rmiDihereas coalescence times for
contemporary humans are between 120 KYA and 150 Khofn the same mitochondrial

data. Therefore, the divergence between the Netahdimage and thélomo sapiendinage
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was between the first diasporatébmo erectusutside Africa 2 MYA and the migration of
modern humans out of Africa around 100 KYA. As wavé already seen, the retrieval and
the analysis of the thirteen Neandertal mtDNA seqae available till now, confirm that
Neandertals differ sharply from modern humans. Alsone of the many thousands of
humans living today have been found to carry suebrgent mtDNA sequences. Given these
facts, the contribution of the Neandertals to teaegpool of modern humans can only be
minor, if any.

When considering both hypervariable mitochondr&gjions, their average differences from
European and Africans are 35.3 £2.1 and 33.9 +@btgution respectively (Krings et al.,
2000). In addition, a low genetic diversity hasmebserved among Neandertals, similar to
that observed among modern humans (Krings et@Q) Lalueza-Fox et al (Lalueza-Fox et
al., 2006) calculated the most recent common aocesthe Neandertal linage with the seven
MtDNA sequences that were longer than 300 bp froeandertal specimens and they
obtained an estimation of 250 KYA to 65 KYA by cestent methods.

However, no one knows for sure why Neandertals ipecextinct. Presumable many factors
concurred to cause that extinction, but two mayehlaeen very important, namely climatic
instability (Neandertals were adapted for a coldimmment, and it could be possible that
they were unable to adapt to the warming climatthatend of the most recent ice age) and
competition with the incoming anatomically modermtans that presumably carried a more
sophisticated culture. At the end, modern humansitvwen towards a complex social
organization whereas Neandertals become extinct.

The climatic stabilisation in Europe around 30 KY&ad localHomo sapiengopulations
grew strongly, as can be evidenced by the presehcarlike mtDNA clusters (Forster,
2004). One of the consequences of this growth Wwassettlement of the Americas trough
Beringia (now submerged). According to mtDNA foundmalysis (Forster et al., 1996),a
small group of Asian from northern Siberia movedoimericas, whose characteristic
mMtDNA types A, B, C and D are found today in trilzesoss the Americas.

However, after anatomically modern humans setttedEurope, the average temperatures
strongly decreased, leading to the last glacialimam around ~18,000 years before present
(BP)(see Figure 21). In that period, many speciesevextinct, whereas others and probably
including humans, migrated to southern areas otfleniclimate, the glacial refuges, from
which they re expanded when the climate improveari{Bjani and Goldstein, 2004). Based
on the paleobiological evidence, three refugia haeen recognized in Europe: Iberia
peninsula, Italy and the south of the BalkaniamgeafWillis and Whittaker, 2000). The end of
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the last maximum glacial in Europe was followedabselative climatic stability in which the
human populations prospered and grew in size, ttkageof the northern latitudes (Forster,
2004). According to certain authors, such re-exipeng/ould have leaded its fingerprint in
the current genetic variation present in the northEBuropean populations. The resulting
reduced diversity in the north of the continenevédenced today by the predominance of a
mtDNA haplogroup in Eskimo-Aleut and Na Dene spesike by the very high percentage of
H and V mtDNA haplogroups in north-western Eurogeahich appear to have arisen from a
founder effect from Iberia peninsula or southeraniée (Torroni et al., 1998, Torroni et al.,
2001). Furthermore, by dissecting haplogroups ld (ttost common in Europe) and U5 into
subhaplogroups, it has been shown that in the WHpper Palaeolithic there was a
repopulation of much of Western and Northern Eurbipen the Franco-Cantabrian glacial
refuge (Iberian refuge). This expansion must bendt&c and it is testified by the star-like
structure of sub-haplogroups H1 and H3 (Achillakt 2004).

1.8.2 THE NEOLITHIC PERIOD

An important cultural event for the European popata history took place about 10,000
years ago in the Near East. Neolithic revolutionintyaconsisted in the discovery of
agriculture (plant and animal domestication), dmeldevelopment of new technologies as the
manufacture of pottery or the building of humantleetents (Jobling, 2004). Neolithic
revolution started between the current Syria amdels in a region called the “fertile
crescent”. The human population of the “Fertileseent” changed its lifestyle from a hunter-
gatherer society to a farmer society. This prosesas not unique in the history of human
populations but such a technological improvemeok fgace independently in time and space
in China and Mesoamerica as well. In fact, all ¢haseas share in common the presence of
native species suitable for domestication (Diam@@d_2).

The capacity of the farmer societies to producer tbemn food lead to a crucial human
population growth. Several reasons have been peopdsr this crucial change in the
demography of human populations (Diamond, 2002)e ©h the main reasons was that
increasing the surface of the designated land teela edible food could support higher
population densities. Moreover, better nutritioruldolead to a longer period of fertility in
women. Despite these apparent advantages, changady farmers were not as beneficial as

a priori we could think. Skeletal remains show lov®ne porosity among farmers than
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among hunter-gathers, a sign indicative of anaddvoaling, 2004). This and other skeletal
indicators suggest that malnutrition was common rmgnthe early farmers. Furthermore,
skeletal remains suggest the presence of morenkesierived from pathogenic infections in
the early farmers than in the hunter-gathers. &t, flne new environment developed by the
farmers should be particularly favourable for thhegence of infectious diseases: pathogens
could be transferred from an animal host (zoonoaed)high population densities could help
to the rapid transmission of infections from ondividual to another (Jobling, 2004).

However, as farming was a very successful cultumabvation, it spread rapidly all over the
world. Once the “agricultural package” had beemrled in one region, it could be exported to
other regions of similar climate. The arrival ofiaglture to Europe is still a matter of debate
among scientists. Two main theories have been gexpdo explain the spread of the
agriculture through Europe: thmltural diffusion model andthe demic diffusion model
The cultural diffusion model supports the idea thia@ farmers did not move but the
agricultural knowledge was transmitted from the NE€ast to Europe through the movement
of technology and ideas. In contrast, the demifusibn model (most commonly known as
thewave of advancg supports the idea that the farmers from the Nisat spread to Europe
taking agricultural knowledge with them; thus, thi®del involves gene flow between the
hunter-gatherers that inhabited Europe at that méraed the farmers that arrived. Other
intermediate models have also been proposed (Amareri®84).

There are two main sources of evidences used @ntdisgle between both hypotheses: the

archaeology and the genetics.

1.8.2.1 EVIDENCE FROM THE ARCHAEOLOGY

Luigi Luca Cavalli-Sforza together with the archlagist Albert Ammerman were the
pioneers in using archaeological sciences to duelympact of the Neolithic revolution in the
peopling of the Europe continent (SEee Neolithic transition and the Genetics of Pogiola

in Europe 1984). Ammerman and Cavalli-Sforza accepted #reral role of sedentism and
population growth in the early farming communitiésey observed that there was a complex
of elements at Neolithic sites in Europe (it wallecathe Neolithic package). This included
cereal crops (especially wheat and barley), domestimals, pottery, ground and polished
stone tools and houses. They developed the usedirones mapsplotting similarly dated

sites (radiocarbon dating) on a map of Europe sevias of isochrones lines. The result was a

59



INTRODUCTION

remarkably uniform rate of expansion of the “Ndutitpackage” of about one kilometre per
year (see Figure 22). They observed that therdimeagradient: the oldest sites, that indicate
the origins of agriculture, date to almost 10,0Gtarg ago and they are in the “Fertile
Crescent”. Sites become consistently younger tosvatee northwest of Europe, with
agricultural practices arriving at the Baltic ahe British Isles between 5,500 and 4,200 years
ago. Farming communities appeared in the Aegeam amd Greece around 9,000 years ago
and they followed two streams of movement, one sutotheast Europe, and the other along
the Mediterranean coast. From the Mediterraneam thhere expansions into Italy, France and
the Iberian Peninsula.

Ammerman and Cavalli-Sforza introduced the tekifaVe of advanéen order to explain the
outcome of population growth together with rangpagsion as a radial expanding population
wave, in which the culture spreads with the expam=f people. Farmers would have
displaced the less numerous hunter-gatherer popugaand as a consequence they predicted
that the major component of the modern Europear gewl is derived from Near Eastern
farmers rather than the indigenous Mesolithic pafioihs. A recent analysis of prehistoric
population in densities inferred from archaeolobidata also showed that the likely
demographic impact of Neolithic dispersal was grsiain the south eastern Europe, and
decrease towards Iberia and the north (Lahr, 2001).

Although there is a debate about interpretationirafividual pieces of archaeological
evidences, this overall picture from archaeology pivided a framework for the disputes of

genetics.
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Figure 22: Map of the distribution of the earliest archaeological sites in Europe and the Middle East
showing evidence of agriculture. Constructed from dta in Ammerman and Cavalli-Sforza (from(Jobling,
2004).

1.8.2.2 EVIDENCE FROM THE GENETICS

Human population history in Europe resembles angadest, where the same peace of paper
is written on, scraped off, and used again. Sinmiggratory routes were followed by the first
settlement of Europe by early anatomically modeumans and the later spread of
agriculture, that is, from South-East Europe tothkWest Europe (Barbujani and Goldstein,
2004) (see Figure 23). Furthermore, the hunteregate that occupied Europe and the
incoming farmers are likely to share the same gertiversity, since the divergence took
place only some hundreds generations ago, a tiraivedy small in the evolutionary
timescale. Moreover, the genetic composition ofitttigenous Europeans before the arrival
of the agricultural is unlikely to have been unifgithe original occupation in the Palaeolithic
was followed by a later re-expansion after the dgestial maximum from the southerly glacial
refugia in the Iberia peninsula, Italy and the Bal& (see chapter 1.8.1). The sum of these
population movements is very likely to have prodldeeterogeneous patterns of gene
frequencies among hunter-gatherers populationsrddf® arrival of agriculture (Barbujani
and Bertorelle, 2001, Richards et al., 2000, Ridkaat al., 2002, Barbujani and Goldstein,
2004).
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Figure 23: Major population movement in the Europea prehistory (Adapted from (Simoni et al., 2000).

Therefore, the interpretation of the available giengata (current and ancient) is not an easy
task; a lot of factors have to be taken into actauorder to get a definitive conclusion about
how was the impact of the Neolithic revolution,ttt@ok place in the Near East 10,000 years

ago, in the current European genetic diversity.

1.8.2.2.1 EVIDENCE FROM AUTOSOMIC LOCUS

Menozzi et al (Menozzi et al., 1978) were the finstising genetics in order to study how big
was the impact of the “Neolithic revolution” in thpatterns of human genetic diversity that
we observe today in Europe. They analysed the énequof 38 alleles at 10 different loci in

several European populations and, some years thtesame authors (Cavalli-Sforza, 1994)
extended the study to 94 alleles at 34 loci. Spaterns for single locus should be treated
with caution (e.g.: some might be under naturac@n, some might be uninformative) they
used Principal Components analysis (PCA) to analyse the data from all alleles

simultaneously. These authors developed a methpdetent the output of PCA in the form
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of synthetic geographical mapsf individual principal components (PC). The syitb map

of the first principal component that summarisesuad the 30% of the total variance has a
strong focus in the Near East and shows the samesdrom the southeast to the northwest
(see Figure 24) as in the case of the radiocarbatingl map (see Figure 22 and
chapter1.8.2.1). This result was interpreted apatting the demic diffusion model of the
Neolithic expansion in Europe with a deep impactha current genetic diversity of the
European populations.

These conclusions were supported by posterioresu@okal et al., 1989, Sokal et al., 1991)
using a different analytical approach based onsthdy of the spatial autocorrelation of the
gene frequencies; other studies using multiple osatellites loci and estimating the
percentage of admixture between south-east ant-m@s$t populations have been interpreted
also as an indication of the demic diffusion mog@hikhi et al., 1998, Dupanloup et al.,
2004, Belle et al., 2006).

Nevertheless, the interpretation of the outcomehef PCA has been severely criticised by
several authors. Firstly, (Zvelebil, 1988) pointedt that there was no strong reason for
identifying the first PC solely with a Neolithic pansion given that it is very likely that
Europe has suffered several migratory movementshe prehistory. So, the observed
gradients might be the results of many dispersaish one overlap the last. Later, Richards et
al (Richards et al., 1996) pointed out that theeagrof the first modern humans into Europe
was about 45,000 years ago, following very simitartes to the later spread of the Neolithic,
so the same routes into Europe may have been imsedahd time again and so it must be
difficult to disentangle how was the effect of eafibpersal in the current European genetic

diversity.
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Figure 24:Synthetic map of Europe and western Asiabtained using the first principal component of
classical genetic date (Adapted from (Cavalli-Sfoi, 1994).

1.8.2.2.2 EVIDENCE FROM mtDNA

The first studies of the mitochondrial control @yidiversity found little geographical
structure in Europe, with most European populatishewing similar mtDNA haplotypes
(Richards et al., 1996, Richards et al., 1998). inferred evolutionary networks showed that
MtDNA haplotypes form clusters, which were calleablogroups (see chapter 1.7.4.1.1).
Richards et al in three different papers where thieglied mtDNA diversity in population
from Europe and the Near East (Richards et al.81B%chards et al., 2000, Richards et al.,
2002) defined these haplogroups, calculated thges dased on estimates of mitochondrial
mutation rates (founder analysis), and observed tba most haplogroups these ages
indicated common molecular ancestors in Palaeolitmes (see Figure 25). The 95%
confidence intervals for haplogroup ages proposedRichards et al (Richards et al., 2000)
ranged from 53,600-58,900 for haplogroup U, to 6;1Q0,800 for T1. Only a minority of
lineages (haplogroups J and T1) were a result ®fealithic immigration, whereas the
remaining lineages, dating back to between 150@058900 years ago, seem to have Early,
Middle or Late Upper Palaeolithic origin within Eyre. Having these figures, they concluded



INTRODUCTION

that the most European mtDNA sequences descenaieddical Upper Palaeolithic ancestors,
and that only a small fraction of the mitochondBalopean gene pool, less than 25% entered

Europe in the Neolithic.

Mesalithic
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Figure 25: Estimated ages of the major European miXNA haplogroups founders. The proportion of
lineages in each cluster is indicated. The 95% (50/4CRs for the age estimates of each cluster are sho
by white (black) bars. (Adapted from (Richards et &, 2000)

Nevertheless, these works have been widely crtitizom a traditional population-genetic
perspective by a number of authors (e.g (Barbugard Bertorelle, 2001, Barbujani and
Goldstein, 2004) focusing mainly on the way of dgtthe haplogroups. However, there is a
general agreement that the current European geokipaonainly derived from Paleolithic
hunting-gathering and Neolithic farming ancestdssf different studies disagree on the
relative weight of these contributions.

In the context of this debate, the results of te@ggaphical dissection of the European
haplogroup V have been interpreted as an eviddratddte glacial expansion of Palaeolithic
populations from refuge areas in Southern Europg#dcbave had a major impact in the
repopulation of the continent before the arrivaltiedé farmers into Europe (Torroni et al.,
1998, Torroni et al., 2001, Torroni et al., 2006).
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1.8.2.2.3 EVIDENCE FROM Y-CHROMOSOME

Y-chromosome genetic analysis provides contradiceridence about how big was the
Neolithic contribution in the current European gemeiversity and contrary to the mtDNA
variability point out towards a demic diffusion nebdn the transition from the Palaeolithic to
the Neolithic period in Europe.

Several studies show (e.g. (Semino et al., 1996s&oet al., 2000) that the most common
diagnostic Near Eastern haplogroups are J andB&8h.J and E3 display declining gradients
moving from the Near East to Europe, and both meelpotentially been spread with the
Neolithic so that these clines are compatible lith demic diffusion model. Semino et al
(Semino et al., 2000) published that the Near Eadteolithic contribution to Europe would
be around 20%-25%. However, this work was seveeaticised by Chikhi et al (Chikhi et
al., 2002) that reanalysing the date set of Semirad (Semino et al., 2000) suggested that the

Neolithic contribution is much higher, in fact grelathan 50% in some parts of Europe.

1.8.2.2.4 EVIDENCE FROM ANCIENT DNA

As previously mentioned, Europe has an ancientcanaplex history where modern humans
have been around for the last 40 KY and so th&t af population movement could have
happened in response, for instance to climatic @gganThus, disentangling the population
history from the actual content of genetic variatio the European populations is not an easy
task. Indeed, it would be preferable analysing dbeetic diversity of the farmers and the
hunter-gatherers rather than studying the genétersity of their (putatively) descendents.
This could be achieved by means of the direct @malyf ancient DNA from ancient remains.
The difficulties when working with ancient DNA ohatomically modern humans are now
well known (see chapter 1.3) and reliable resudtslct only been expected under special
circumstances (Gilbert et al., 2005). However, Hatlal (Haak et al., 2005) successfully
extracted and sequenced the HVR | of the mtDNA f@#hout of 57 Neolithic skeletons from
various locations in Germany, Austria and Hungaly.human remains were dated to the
LBK or AVK period (7000 to 7500 years ago). Thewrad that 25% (6 out of 24) of the
samples are of a distinctive and rare Nla lineaggh® mtDNA well-known phylogeny.
Furthermore, five of these six individuals displd§ferent N1la haplotypes and they were

widespread in the LBK area. Europeans today ha¥BCatimes lower frequency (0.2%) of
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this mtDNA type, revealing that these first Nealitldid not have a strong impact in the
genetic background of the modern European femaéages. In addition, they addressed the
guestion of whether the 150-times lower frequerfdyia in modern Europeans might be due
to a simple genetic drift scenario over the pa$i0fgears. To resolve that problem they used
a simulation approach finding that the resultshef simulations reject the simple hypothesis
in which modern Europeans are direct descendantisest first farmers and have lost Nla
mainly by genetic drift. They proposed that smanger farming groups carried farming into
new areas of Europe, and that once the techniqdetaik@®n root; the surrounding hunter-
gatherers adopted the new culture and then outredlibe original farmers, diluting their
Nla frequency to the current residual figure.

Thus, this result supports the cultural diffusioad®l, where the farming culture itself spread
without the people originally carrying these idedbey proposed that within the current
debate on whether Europeans are genetically oeBlilasic or Neolithic origin, and leaving
aside the possibility of significant post-Neolithmigration, their data lend weight to the
arguments for a Palaeolithic origin of Europeans.

In summary, it is difficult to quantify with absdkiconfidence the contribution of the first

Palaeolithic settlers, or of later Neolithic imnagts, to the current Europeans’ genome.

1.8.3 POST-NEOLITHIC PERIOD

On the basis of archaeological data, only the ¥ahg three large-scale demographical events
that occurred in Europe since Palaeolithic time# tdeolithic times has been documented to
have a deep impact in the European demographycadhinent colonization by anatomically
modern humans coming from the Near East in theeBaihic (Mellars, 1992); the re-
expansion of the population from glacial South gedutowards Northern Europe after the last
maximum glacial (Otte, 1990) and the introductidragriculture from the Near East towards
western and Eastern Europe (Ammerman, 1984). Tifereht genetic studies using different
types of genetic markers explain the current gequgca structure of the European
population’s genetic diversity within the context whatever of those three main events
(Barbujani and Bertorelle, 2001). Post-Neolithicgrations are probably not important to
understand the origin of the continental geneiites, (Barbujani and Goldstein, 2004). None
of the post-Neolithic migration processes docunetrtethe archaeological and historical

records seems to have had a sufficient geographiwéldemographic scope to determine
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spatial structuring of genes across Europe. In tagi these migrations occurred in all
directions and hence they are not expected to genarcontinent —wide pattern (Sokal et al.,
1996). However, although small in comparison wite main migrations, such expansions
could have left its genetic fingerprint at a migeographic scale. Semino et al (Semino et al.,
2004) explained the variability of the Y-chromosofaecertain markers with regard to more
recent migrations. In addition, Xiao et al (Xiacakt 2004) when analysing the variability in
a marker in the X-chromosome proposed a recenglaraite of recent post-Neolithic female
migration in Europe.

Within this framework, the genetic analysis of Bagan ancient human remains belonging to
the post-Neolithic period allow us to understanttdsehow was the impact of post-Neolithic
migration in the history of particular, well delited, geographical regions. Nevertheless, up
till now, analyses based on the genetic of angmamulation from post-Neolithic period in
Europe are very scarce (Izagirre and de la Rua9,18&ualde et al., 2005, Vernesi et al.,
2004). Vernesi et al (Vernesi et al., 2004) analy28 individuals (following all authenticity
criteria for the validation of ancient DNA sequesicéelonging to the Etruscan population
that populated Italy between the VIII and Ill BChéy found that genetic distances and
sequences comparison at mtDNA level showed clogeluttonary relationship with the
easter Mediterranean shores from the Etruscans fttramodern Italian population. The
Etruscan sites appear to have rather homogeneownstigecharacteristics. In addition,
Etruscan mitochondrial haplotypes were very simitart rarely identical, to those commonly
observed in contemporary Italy and they suggedtad the links between the Etruscan and
Eastern Mediterranean region were in part assatiith genetic, and not only to culture
exchanges. A year later, Alzualde et al (Alzualdale 2005), when analysing the mtDNA
variability of the historical population of Alda&t(VI-VIl AD, Basque country) found that
the variability of the mtDNA haplogroups fall withthe range of the present-day population
of Europe’s Atlantic fringe, whereas the prehist@opulation of the Basque country display
clear differentiation in relation to present daysBae population. These two genetic studies
regarding to prehistoric population from post-N#wod times, reveal a discontinuity between
prehistoric and present day population, sugges#ingost-Neolithic structuration of the
populations between 5,000-1,500 years before presen

It may be that this phenomenon is more widesprewat lead occurred in other regions of
Western Europe. Data on more prehistoric populatame required in order to confirm this
phenomenon. It should also be taken into accoust tirese differences have only been

detected by means of studying the mtDNA that iswaméo be quite homogeneous in Europe
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((Simoni et al., 2000, Richards et al., 2000); gsiag the nuclear genome of prehistoric
European populations could provide further evidenafgpost Neolithic micro migrations that

have occurred in the European populations
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In the current thesis we were interested in difietechnological aspects of the aDNA
research field and in the history of human popatetiin the European (mainly the

Iberian Peninsula region) continent:

(i) The problematic associated to pre-laboratorydemn human DNA contamination
when working with ancient human remains (see chaptechapter). Several studies
have deal the problems associated with laboratenyed contamination when working
with ancient human remains and a number of guidsllmas been suggested to help deal
with this issue, but little is known regarding t@angple contamination prior the genetic
analysis. In the first chapter we address thiseis3w do that, Neolithic remains from
the Iberia peninsula were subjected to a genetityais adopting all the authenticity
criteria proposed so far, but with the advantage We have been able to monitor all the
persons involved in the manipulation of the remdiefore and after their genetic

analysis.

(i) Development of non-invasive techniques thdbwl studying ancient samples but
preserving it from the destruction due to the aurmmethods of DNA extraction. In
particular, we attempted to extract aDNA from Neamals from soil sediments (in
particular, clay sediments) from “El Sidron Cavese¢ chapter 0). The chemical

characteristics of clay make this substrate swétédol binding and preserving aDNA.

(i) The study of three different historical ped® of the prehistoric peopling of Western
Europe by using ancient DNA techniques: Palaeglithieolithic and Post-Neolithic.

The first historical period was covered by retngyiand comparing with existing data
aDNA from two samples of a Neanderthal from “El r8id cave” (Asturias, North of

Spain) dated 43,000 years before present (see ethd®). The Iberian Peninsula
represents both the Western and the Southern Eamopdge of the Neanderthal
distribution. It is furthermore the place where Neertals coexisted longest with
modern humans and where it has been suggestechybatisation between these
species may have taken place. Consequently, thevadtof mtDNA sequences from an
Iberian Neandertal represents an important stepiirunderstanding of the evolutionary
history of this species and its past interactiothwlomo sapiensNext we studied a

Neolithic population from the Iberian Peninsula, ieth allowed us to share light

between the different hypotheses of cultural vedemic diffusion of the agriculture
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(see chapter 4.5). Finally, we attempt to studystfeolithic Iberian population ( see
chapter 4.6). This population is of particular net because they spoke and wrote a
non-Indo-European language and their origins afatioaships with other population
(like Etruscans or Basques) remain unclear. Wel titeresolve this issue thought the
genetic analysis of the scarce skeletal remainshaee been preserved (the Iberians

cremated the bodies).
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MATERIALS AND METHODS

3.1 DNA EXTRACTION

Extraction procedures were carried out in an isdlapre-PCR area exclusively
dedicated to ancient DNA studies and where no ptesvDNA amplification had been
undertaken, physically separated from the main ritboy (molecular biology
laboratory) with positive air pressure, overnighV Uight and continually bleach
cleaning of the bench surfaces. Furthermore, alld@s and reagent manipulation were
performed in a laminar flow cabinet routinely iraéd with UV light and we used
coverall, gloves, facemasks and sterile tips ineortb help avoid intra-laboratory
derived contamination.

The techniques that were employed to extract DN#nfrancient specimens varied
according to the tissue. Nevertheless, such metrelgson an initial digestion of the
tissue to release DNA, with a subsequent purificasitep using either organic solvents
(mainly phenol-chloroform protocol) or the DNA bind properties of silica. It is usual
that before starting the extraction procedure gretislly when working with ancient
human samples (the main aim of this thesis), tleeispen is ‘decontaminated’ using
various techniques that are aimed at removing amiace contaminants such bleach
surface cleaning or UV light surface irradiationllBwing these steps, bones, teeth, and
other ancient samples, are powdered using a dritiachine. Grinding has the effect of

increasing surface area, thus aiding the postdig@stion of the ancient sample.

3.1.1 DNA ISOLATION FROM TEETH

All ancient teeth DNA extractions made in the cotrthesis (chapter 1,2 and 3) were
performed by gphenol-chloroform extraction protocol. The surface of each sample
were first scraped with a scalpel; cleaned witrabeand then ground to powder. We
used from 0.1 to 1 g of teeth powder in each DN&agtion.

First, the sample was subjected to a decalcifinasi@p with ten millilitres of EDTA
(ethylenediaminetetra-acetic acid; pH:8; 0.5M) onght at 37°C in order to remove
mineral salts (mainly C4 and PQ ions). Next and after centrifugation at 5000x for
5min, the EDTA was carefully poured off and the pewwas incubated overnight at
50°C in alysis solution (Iml SDS 5%, 0.5ml TRIS 1M, 8.5ml,B and loads of
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proteinase K) in order to release DNA from the<dltis-HCI breaks up the cell walls
by creating an hypotonic medium, proteinase K diydke protein fraction, and a
nonionic detergent such as SDS (sodium dodecyhatdp emulsifies the lipids. The
day after, after centrifugation at 5000x for 5mtime aqueous face (the DNA is now in
the solution) were extracted three times, firsthwiD ml phenol, second with 10 ml
phenol-chloroform (1:1) and third with 10 ml chlé@an-isoamilic alcohol (24:1).
Since DNA is polar, it remains dissolved in the emus phase, whereas many other
compounds commonly found in the tissue remain endlganic phase. Between each
extraction step the sample is centrifuged at 50@0x5 minutes, take the top layer
(aqueous layer) with a Pasteur pipette, put ineshrfalcon tube and continues the
following extraction step. Once the third extranticc made (chloroform-isoamilic
alcohol), the resulting agueous phase is carefidimoved (as carryover of organic
solvents to subsequent extraction and amplificasteges may inhibit PCR), and
desalted and concentrated using centricons (Mi#ipoTo do that, we take 2 ml of the
sample, put into a centricon with filter (removesaromolecules less than 30,000
molecular weight (MW) that may inhibit subseque@RPreactions and keep the rest,
including DNA) and centrifuge at 4000x for 30 mirhe solution that come through the
filter is throwing it away and we put another 2 aflthe sample in the centricon and
repeat again the steps until the sample is finisfibé DNA is now in the filter. Then
we clean the filter with water (biological watevye add 2 ml of water and centrifuge at
4000x for 30 min. We repeat it twice. In the laps we turn around the centricon to
receive the DNA that is in the filter. Now we ceéfitge at 4000x for 5min and keep the

solution in the frozen.

3.1.2 DNA ISOLATION FROM SOIL SEDIMENTS

The extraction protocol followed in order to extr@NA from soil sediments from El

Sidrén Cave (Asturias, Spain) was the following:

1. Add 0.25g soil to each FAST PREB soil tube inWwHood. Clean work area
between loading samples.
2. Suspend pellet in 600ul enzymatic solution.
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12.5ml enzymatic solution

2.5 ml of 10% Sarcosyl

0.625ml 1M Tris ph 7.8

0.5ml 0.5M EDTA

0.375ml 5M NaCl

Make up to 11.925ml (add water)

Filter with 3000 MWCO

Just before use:

0.43ml of Beta mercaptoethanol (50mM)

10mg of proteinase K (64@ of an stock 14-22mg/ml)
0.625 ml 1M DTT

0.25ml PTB (100mM)

3. FAST PREP tubes (level 6 for 45 sec. x 4 ses¥iand put the tubes on ice for
1-2 min. between each session.

Leave the enzymatic solution for agitation édG8r overnight.

Spin briefly (5000rpm).

Add 150l 5M NacCl to enzymatic solution

Add 375ul Chloroform/Octanol solution (24:1).

FAST PREP tubes briefly to mix

Rotate tubes at room temperature and leaveOfoniButes (or overnight).

© ©® N o g bk

10. Centrifuge the solution at 12,000g for 2 mimkifg care not to disturb the
interface, combine the samples by transferringatiieeous (top) phase from the
pairs of tubes to a new 1.5ml Eppendorf tube ardbate it at 2-3°C for at
least 1h allowing sediments to settle.

11. Centrifuge the solution at 12,000g for 2 mird anove the supernatant to a
15ml tube.

12. Add Quiagen PB buffer (5 x the vol. of the sua¢ant) and agitate by hand.

13. Move remainder of the solution, (700ul a tineea QIAquick spin column and
centrifuge 1 min at 10,000g. Discard filtrate. Rember, samples can be split
into multiple spin-columns at this stage.

14. Sub-aliquot buffers — don’t use stocks. Remedieeck Salton wash 1 hasn’t
precipitated.

15. Add 500ul Salton wash 1 buffer and centrifugeid at 10,000g.
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16. Add 500ul Salton wash 2 buffer and centrifugeid at 10,000g.

17. Add 500u! AW 1 buffer and centrifuge 1 min 8{A00g.

18. Add 500ul AW 2 buffer and centrifuge 3 min & A00g. Discard filtrate and
spin again to remove residual ethanol from basspof columnEthanol in the
final solution will inhibit PCR

19. Place QIAquick column in a clean 1.5 ml Eppehdafe lock tube with the lids
removed.

20. To elute the DNA, add 100ul buffer EB to thentce of the QIAquick
membrane and leave at room temperature for 10 iffien centrifuge the
column for 1 min at 10,000g and the extract is ydfad use.

21. Transfer and combine samples to clean 0.5méEghqrf tube.

3.1.3 DNA ISOLATION FROM HAIR

2-3 cm of hair were mixed with 20l chelex 5% (“chelating resin”), withb of
proteinase k 10ngl and with {ul of DTT 1M. Then, the mix was heated one hour at
56°C. After vortexing the mix, it was boiled duringn minutes. Finally, we vortex
again the sample and spin it during 3min at 10.08000rpm (rounds per minute). At

the end, we retrieved the supernatant where the Bisé\

3.2 PCR AMPLIFICATIONS

PCR reactions set up in this thesis were designadplify fragments from the mtDNA
genome (basically fragments from the control regialthough we have type some
diagnostic SNPs of the coding region (sesble 4) to classify the sequences in
haplogroups) either of ancient humans or Neandegaécimens. Since the DNA was
fragmented, we designed (or used designed primens previous studies) primers that
covered the entire mtDNA control region both in rmoedhumans (se®able 3) and in

Neandertals (semable 5)with a very long range of sizes.
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L primer Sequence (5'-->3") H primer Sequence (553)
L16022 Ctaatttaaactattctct H16142 atgtactacagcpggt

L 16055 gaagcagatttgggtaccac H16158 tgtggattggitt
L16081 ttgactcacccatcaacaa H16211 tagttgagggtagattg
L16122 cattactgccagccaccatgaata H16218 totgtgesamttg
L16131 caccatgaatattgtacggt H16247 caactatcacacaiicaa
L16185 aacccaatccacatcaaaac H16281 ttaagggtgitgagg
L16209 ccccatgcttacaagcaagt H16356 gtcatccatggggaeg
L16247 caactatcacacatcaactgcaa H16378 caagggactyatm
L16223 agcaagtacagcaatcaac H16385 ggtggtcaaggigtcccc
L16261 caactatcacacatcaactgcaa H16401 tgatttcagajmmng
L16347 cgtacatagcacattacagt

Table 3: HVRI Mitochondrial primer sequence information for PCR amplification in human

extractions.

L H haplogroup
primer |Sequence (5-->3) primer |Sequence (5-->3)

L12227 | gaaagctcacaagaactgc H12341 ggttatagtagtgigca U (12208)

L 6999 | caaactcatcactagacatcy H 7066 gaatgaagdgeucig H (7028)
L13669 | cacccttactaacattaacg H137pR5 tagtaatgagsgajcc J (13708)
L13257 | aatcgtagccttctccacttcd  H133f2  ttgttaaggitdtgat T (13368)
L56 gagctctccatgcatttggt H131 ggatgaggcaggaatcaag| re-HY (073)
L10014 | tittagtataaatagtaccg L1008§8 gtagtaaggctamgag I

L8215 | acagtttcatgcccatcgtc HB8297  atgctaagttagatjtac W

Table 4: Primers used to type SNPs in the codifyinmtDNA human genome

Lprimer Sequence (5’-->3) H primer | Sequence (5-3)
NL00189 tacgttcaatattacaggcgad NH00247  gcagctgagedt)
NL16129 agccaccatgaatattgtaca NH16169 gggggttagsus
NL16183 aaaacctaatccacatcaacd NH16223  gtagttggdgtadtigaa
NL16230* cagcaatcaaccttcaactg NH16262  gttgatattypgatgtaa
None NL16230 NH16262G gttgatatcctagtgggtgtag
NL16232 gcaatcaaccttcaactgtc NH16260  gatatcctatgtaspg
NL16256** atacatcaactacaactccaaaddH16278 | aagggtgggtaggtttgttga
NL16258 catcaactacaactccaaagaca NH16276  gggtgditpimmta
NL16278 ccttacacccactaggatat NH16311  gtacggtaa#tgtg
L16034 actattctctgttctttcatgg H16079 acgaaatacgguy
NL16068C gtaccacccaagtattgacc H16097 gtggctggatygh
NL16068A gtaccacccaagtattgaca None H16097

NL16078 agtattgactcacccatcag H16112 ccgtaceatgitg
L16168 ccacctgtagtacataaaaacc  NH16205  gttgattgtigtg
L16203 ctccccatgcttacaa NH16234  gctggagtigtagitgat
NL16244 cttcaactgtcatacatcaacta H16268 tagajggttcctagtg

Table 5: Mitochondrial primer sequence information for PCR amplification in Neanderthal soil

extractions.
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PCR amplifications were performed in 2breactions and were setting up in the pre-
PCR area and then carried to the main laboratosrevthe PCR machines are. Material
interchange between the aDNA laboratory and thenniaboratory were strictly

forbidden in order to avoid contamination due te ldwrge amount of amplicons that are
generated in the molecular biology laboratory. tA# precautions that are described in
the extraction procedure were fulfilled here aslvi#le have to distinguish to different

PCR reactions: those set up to amplify DNA fragredrdm ancient teeth and those set

up to amplify fragments from soil sediments (wor&da in Copenhagen University):

3.2.1 ANCIENT TEETH PCR

The standard 25ul PCR reaction conditions werdat@&wing:

STOCK FINAL
COMPONENTS CONCENTRATION CONCENTRATION ul for each sample
10x Ecotag buffer 10X 1X 2,5
dNTP’s 2.5mM 0,2mM 0,5
MgCl, 50mM 2,5mM 0,8
Tag DNA polymerase (Ecogen)|5 units/ul 1,2 unit 0,2
ddH20
BSA 10 mg/ml 1.4mg/ml 3,5
Primer L 10 uM 1uM 0,4
Primer H 10uM 1uM 0,4
DNA extract
total volumen 25

The amount of DNA extract and water varies from &R to another depending on
the extract quality (for example amount of inhilstd.

The PCR reactions were subjected to 40 amplifioatirles (1 min step at 8@, 1 min
step at 50and 1 min step at #2) with an initial denaturing step at®@4for 5 min and
a last elongation step at<f2for 7 min. Products were electrophoresed in 11646
melting point agarose gels (Invitrogen) stainedchvathidium bromide. When needed,
PCR products were excised from the gel and sulgdéotanother 35 cycles of PCR with

limiting reagents.



3.2.2 SOIL SEDIMENT PCR

MATERIALS AND METHODS

The standard 25ul PCR reaction conditions werddh@wing:

STOCK FINAL
COMPONENTS CONCENTRATION CONCENTRATION ul for each sample
10x Hi-Fi buffer 10X 1X 2,5
dNTP’s 10mM 0,4mM 1
MgS04 50mM 3,5mM 1,75
Platinum Hi-Fi 5 units/ul 1 unit 0,2
ddH20 15,55
Primer stock mix 25uM 1uM 1
DNA extract 3
total volumen 25

The amount of DNA extract varies from 1 to 5ul degieg on the extract. The PCR

reactions were subjected to 40-45 amplificationey¢30 sec step at 94°C, 30sec step
at 50°-57°CGand 30sec step at 68°C) with an initial denatusteg at 94°C for 2 min and

a last elongation step at€3for 6 min. Products (12,5ul) were electrophoreise8%

low-melting point agarose gel (100V for 2 hours)h&ever | obtained a band with the

expected size or even a bit bigger | cut it andrified it.

3.3 DNA PURIFICATION

Before sequencing the PCR products, it is essgmiidfied them. This step is based on

eliminating the remaining dNTP’s, the primers thate not been used, the PCR

products partially amplified in the elongation stepd all those compounds that could

interfere in the sequencing reaction. There areymays to purify PCR products based

either on enzymatic reactions (Exo-sap reactionjnahe DNA binding properties of

silica (geneclean protocol or column separation)this thesis, we have used mainly

silica purification protocols. We have to distingjui between purify directly PCR

products or purify from gel band cut.
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3.3.1 PCR PRODUCTS PURIFICATION

We use this kind of purification mainly to purifyCIR cloning products. We did it
throughout the use of available commercial kits @ksham biosicence; Omega Bio-
Tek (E-Z 96 Cycle-Pure Kits)). These methods udenaps (single columns or 96 well-
plates) that are pre-packed with a glass fibre imé#tat is able to “capture” the DNA.
The sample, treated previously with a chaotropenag‘capture buffer”) that promotes
the binding of double-stranded DNA, is passed bwtrdegation throughout the
column, which captures the DNA onto the glass fibmatrix. Once the DNA is
“captured” in the matrix, proteins and salt contaamts are washed away with a “wash
buffer solution” (which is basically 70% ethanougplTris and EDTA). At the end, the
purified DNA is eluted in the desired volume ofrdeewater or TE.

A standard protocol is the following:

- Add 125pl of capture buffer to each gbof PCR product and mix.
- Transfer the DNA solution to the column and ciénge 1min.

- Add 500ul of wash buffer to the column and centrifuge 1 min

- Discard the collection tube.

- Apply 30l of water. Incubate 1min and centrifuge.

An alternative method when there are a lot of sampb purify is using ExoSAP
method because that requires a minimum of “handtong. ExoSAP employs two
hydrolytic enzymes, exonuclease (degrades residimjle stranded primers) and
phosphatase (hydrolyzes remaining dNTPs from th&® P@xture), to remove the
unwanted dNTPs and primers.

Protocol:

- Add 2ul of exosap for eachs of PCR product.
- Mix and incubate at 37°C for 15min (thermal cykle

- Inactivate exosap by heating to 80°C for 15ntei(inal cycler)
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3.3.2 GEL BAND PURIFICATION

Two kinds of protocols were used in order to putignds cutting from low-melting
point agarose gels: QIAquick Gel Extraction Kit fw@ol (Amersham bioscience) or
gene cleanprotocol. The former is similar to those descrilre@¢hapter 3.3.1 with the
only difference that before using “the capture bdffanother buffer is needed (QC
buffer) in order to dissolve the agarose that newpiesent together with the PCR
product. Gene clean protocols is a more tediouwpob but is very efficient and highly
recommended when the length of the amplified fragneevery small in order to avoid

the product can get lost (the recovery thresholith@fcommercial kits are around 70bp).

Gene clean protocol:
- Mix in an eppendorf: @ Nal + 8ul Silica + 2Qul PCR'’s products
- Vortex
- Incubate 5-10min at room temperature and vortexye2min
- Centrifuge 10 sec at 12000rpm
- Discard the supernatant tipping the liquid oraeorbent paper
- Wash the pellet (three times)
-Add 30Qul of new wash solution
-Vortex
-Centrifuge at 12000rpm 10sec

-Discard the supernatant

- Re suspend the DNA (twice)

-Add 8ul ddH,;O to dissolve the pellet
-Incubate in a water bath 5min at 55°C
-Centrifuge and stop the centrifuge machine justorge reaching
12000rpm
-Transfer the DNA solution to an eppendorf tubeidwg to take silica.
-Discard the pellet

- Keep at —20°C (before using it, centrifuge slyaxlavoid pippeting remains

of silica).
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3.4 CLONING OF PCR PRODUCTS

The easiest way to do it is using commercial Kiteere are a lot of kits available in the
market. All of them are based on the same stegatidin of the PCR products into a
vector, transformation into bacterig.¢oli) and then screening the colonies and pick up
those that carry the insert. In the current thesis have used three different kits:
pMOSBlue blunt ended cloning kit (Amersham Biosciences)pddlrA cloning kit
(Invitrogene) and Zero Blunt Topo PCR cloning kitvitrogene) and we have followed
manufacturer’'s instructions. In the laboratory frdarcelona | have used mainly
pMOSBIlue whereas in the laboratory from Copenhagen | haee tise two version of

Topo cloning kit depending on the sequence of tagrfient that | was cloning.

pMOSBIue blunt ended cloning kit protocol:

Treat seven microliters of PCR product withli &f pK enzyme mix

Incubate at 22°C for 40 minutes

Ligate into pMO8lue vector overnight

- Transform 2 of ligation product into MOSBlue competent cel(g0-45
seconds at 42° C, the timing of this step is ctlucia

- Grown in eppendorfs with 1e0of SOC medium at 37°C during one hour

- Plate on IPTG/X-gal agar plates and allow to gowing 16 hours.

- Pick up white colonies with a sterile tip

- Transfer to 5Qul of water. Let it boil during 5min

- Transfer 1Ql of the supernatant to a gi0of PCR reaction (35cycles) using T7
and U-19 universal primers.

- Make an agarose gel, load the samples and refeatrophoresis

- Inserts that yield the correct size are iderdifieurified and sequenced.
Topo Protocol:
- 0.5 ul salt + 0.5ul vector + 2ul PCR product

- Bmin at room temperature (ligation step)

- 13ul competent cells
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- 10min onice

- 30sec at 42 °C (transformation step)

- 125ul SOC medium

- 1 hour at 37°C. shaking

- Plate the entire mix in LB agar plates with anific( x-gal in the topo TA
cloning kit)

- 37°C overnight

- Pick up the colonies. PCR using T7 and M13 ursi&eprimers.

3.5 QUANTIFICATION OF mtDNA BY MEANS OF RT-
PCR

We performed Real Time-PCR experiments to find ibuthe amount of mtDNA
templates was large enough to allow us to obtgiroducible results in the Iberian and
Neolithic samples. To do that, firstly, we neededntDNA standard. The mtDNA
standard was obtained by PCR-amplification of théRA region of the mtDNA
genome (we used L 15997 and H 017 primers; 62&Hdpngth) from an anonymous
laboratory donor; the PCR product was purified éimeh quantified by a Nanodrop
Spectrophotometer instrument. After making a dvlitof 1/10,000 of the PCR product,
we obtained a concentration of 22,48uigAs in each RT-PCR reaction we usqd af
this standard, which means that we added 22.48ripeofamplified product in each
reaction. Since we were interested in quantifiedrtbmber of initial templates that we
had in each Iberian or Neolithic sample, first, meeded to transform grams in number
of templates. To do that, we used the Avogadro'sibar (N.); the number of
molecules that are in one mol of whatever substa023 x 1&. Thus, we had to
calculate the weight of 628 bp in length amplifggdment (double strand fragment).
As we know that:

Adenine = C:5; N:5; H:4 =104g/mol

Thiamine = C:5; N:2; H:5;0:2 = 125 g/mol

Cytosine= C:4; N:3; H:4;0:1 = 110 g/mol

Guanine= C:5; N:5; H:4;0:1 = 150 g/mol

Deoxiribose + phosphate = 181 g/mol
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The number of adenine, thiamine, guanine and ayosiere counted in each strand and
it was calculated the total molecular weight, titemas added the molecular weight of
the phosphate backbone. Therefore, the moleculaghtvef the 628bp amplified was
359.916 g/mol. With this value we could calculdte number of templates in each
standard dilution.

As we did 10fold serial dilutions, our standardweuwas composed by:

3.761.965 molecules
376.196 molecules
3.7619 molecules
3.761 molecules
376 molecules

37 molecules

Two different sized fragments (107bp and 278bphiwitthe HVR1 mtDNA region
were assayed to estimate the mtDNA preservationedls The design of primers and
probes was performed with Primer Express 2.0 so&wApplied Biosystem). The
primer sequences for the small fragment were: L1600
ACCATTAGCACCCAAAGCTAAGA and H16065 GCGGTTGTTGATGG@&IAGT,
and for the larger one: L16088 TCACCCATCAACAACCGCTAand H16344
GGGACGAGAAGGGATTTGACT. The probe oligonucleotidegsence for the small
fragment was FAM-CAAGCAAGTACAGCAA-MGB and for theaidge was VIC
GAAGCAGATTTGGGTAC-MGB (Alonsoet al 2004). Real-time PCR amplification
was performed in a 20reaction with 1x reaction TagMan Universal PCRsta Mix
(Applied Biosystem), 0,xM each primer, 50nM probes, 1mg/ml BSA angl DNA
extract. Ten-fold serial dilutions of the purifiadd quantified standard were included in
the experiment to create a standard curve, in aeuantify the number of initial
mitochondrial DNA molecules of each size in theriée and Neolithic samples (see
Figure 26).

The cycle threshold parameter (Ct) was determingdthe SDS software as the
fractional cycle number at which the fluorescenuzreases exponentially. The number
of molecules (95% confidence interval) in each rinagt is calculated by the standard

curve.
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Figure 26: Real Time PCR result in the Iberian samfes. The graphic on the right hand is the
standard curve and on the left hand is the quantifiation result on the Iberian samples.

3.6 SEQUENCING

All the sequences analysed in the current thesise woduced using Big dye
Terminator sequencing kit (3.0 version; Applied 8istems) that uses ddNTP’s
labelled with flourochromes of different absorban&@ce, almost all the sequences
analyses belong to cloning PCR product, T7 univgnsmer were used in the reaction.
The resulting products were loaded in the sequerd®r prism 3100 (Appied

Biosystems).

Sequencing PCR reaction:

REAGENTS VOLUME
Big Dye terminator 2 ul
Primer M (T7) 3.2l
DNA template 5.8l

The PCR reactions were subjected to 35 amplifinaticles ( 10 sec step at 96°C, 5sec
step at 50°Gnd 4 min step at 60°C) with an initial denaturstgp at 94°C for 3 min.

Then the samples were purified by a alcoholic jpitstion:

- Mix in an eppendorf each PCR reaction with:

62,5ul Ethanol 95%+ 3,Qul 3M NaAc pH 4.6+23.%l ddH,0
-Vortex. Incubation 15min at room temperature.
-Centrifuge 20min. 14000 rpm

-Remove Ethanol solution
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-Add 250ul Ethanol 70%
-Centrifuge 5min.14000 rpm
-Remove Ethanol solution

-Dry the pellet (let open tubes air-dry or use @espvacuum)

3.7 SEQUENCING ANALYSIS

Two different software were used in order to amalffse sequences: Bioedit (version
7.0) and DNASTART software package (version 3.1).

It is sometimes difficult to distinguish betweerggence variation associated to post-
mortem damage and sequence heterogeneity attributamixed contamination. It can
be concluded that a sequence comes from a singteeseand therefore, it is potentially
endogenous- if all clones share the same pattesulwdtitutions, but this is not always
the case. Occasionally, the majority of the cldma®our some motifs, while a minority
—sometimes less than 5% of the clones- show areiftehaplotype; it seems more
parsimonious to attribute the sequence displayethbymajority of the clones to the
endogenous DNA (specially if we have evidence goad biochemical preservation)
and the sequence displayed by the minority of tlemes to residual contaminants
(basically for handling the specimen) than to tkeeersal (the majority being the
contaminant). However, at least in some Neandspatimens, it is obvious that the
majority of the sequences retrieved (sometime®1§5%0) are modern contaminants.

In addition, quite often there are singletons (§tligons not shared by other sequences)
in the clones; while it can be argued that eacth@$e clones with singletons may come
from different contaminant sequences, it is agaorerparsimonious to attribute it to
cloning artefacts (substitutions generated durlmg growing of a particular bacterial
colony) than to a huge diversity of contaminangge¢sally in modern humans, where

the sequence variation is low).
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Online Abstract

By extracting DNA from clay sediment samples takem the El Sidrén cave (Asturias,
Spain), dated to around 43,000 years ago, we heere d&ble to amplify mitochondrial
sequences that are identical to previously retddVeandertal sequences. Using a Bayesian
approach to assign the Neandertal-like sequencasytpossible taxonomic group, we
demonstrate that the probability that contempohanmypan contaminants could generate these
sequences by chance is essentially zero. Thesésregggest, therefore, that Neandertal
DNA derived from body decomposition is preserve®lieistocene sediments. This finding

could have wide applications in forensics and pE@@onment reconstructions.

Text
To date, putative mitochondrial DNA (mtDNA) sequestave been reportedly recovered
from teeth and bone samples of thirteen Neandedaliduals (L and references therein). The
restricted number of Neandertal fossil#@0) and the destructive nature of ancient DNA
(aDNA) sampling places limits on the skeletal remavailable for analysis. However, so far
no other alternative sources of Neandertal gemedierial have been successfully explored.
Here, we report the retrieval of what appears tbleandertal mtDNA sequences preserved in
clay sediments taken from the El Sidron cave iruAas (Spain)2), a site dated to around
43,000 years agd).

Previous studies have shown the presence of aDbIA mimals and plants in
permafrost and cave sedimer3s4). As clay is known to have a high capacity farding
free DNA, and protects DNA against degradation i is plausible that DNA originating
from thein situ decomposition of the Neandertal bodies may rerabgorbed to the clay.
Based on this evidence, clay samples were takeeruwwhtrolled conditionssj directly from

stratigraphic layers of the El Sidron cave contagriVeandertal remains. DNA was extracted
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from one clay sample (#5) obtained immediately nexn occipital fragment in a dedicated
aDNA laboratory where no previous work with NeanaleDNA has been conducted.
Polymerase chain reaction (PCR) was used to amplidyfragments of the mtDNA D-loop
hypervariable region 1 (HVR1) in two different labtories, using Neandertal specific
primers: NL16,230/NH16,262 and NL16,263b/NH16,36)0 The amplification products
were cloned and 960 clones sequenced.

Of the clones, more than 22% (209 clones) wereddarbe of bacterial origin while
less than 1% (6 clones) was found identical toemiorary humans and is likely the result of
contamination (assignments based on simple BLASTckg. Approximately 77% (741
clones) were likely PCR artifacts or sequences wnitimatch in GenBank, although 28 of
them contained fragmentary sequences identicabmiertal haplotypes (Fig. S2). Finally, 5
clones (<1%) obtained in two independent amplifara with the NL16,263b/NH16,300
primer pair display the 16,278[T]-16,299[G] haplety(Fig. S2) found in all Neandertal
specimens investigated except that of Monte Leg$)ni

There are several lines of evidence suggestinglteagequences are truly of
Neandertal origin. First, the 16,278[T]-16,299[@piotype is not known among >10,000
Caucasians (database updated fidpand has not been reported among modern humans in
GenBank. The 16,278[T]-16,299[G] motifs are absermtl the excavators and laboratory
researchers involved. Second, using a phylogeostérion to assign the Neandertal-like
sequences to any possible taxonomic level for esgarepresented in GenBar@}, (we
found the 16,278[T]-16,299[G] haplotype sequencesing a monophyletic group together
with the GenBank Neandertal sequences with a postaobability of 91% (Fig. 1A).
Additionally, based on an alignment with the 50 treasiilar modern human sequences from
GenBank, the Bayes factor in favour of Neandegtder tharHomo sapiens sapiemsigin is

131. The probability that a human contaminant sthhgenerate a similarly high Bayes factor
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by chance is extremely low (p< 0.01) (Fig. 1B)sltherefore highly unlikely that the
16,278[T]-16,299[G] haplotype sequence is a conteary human contaminant or another
contaminant present in GenBank.

Based on our results we cannot discard the pasgithit an un-described soil
contaminant, not represented in Genbank, couldajigequences identical to Neandertal
mtDNA haplotypes. However, should this be the ctwm other short DNA sequences
previously amplified from other Neandertal remaimsst be viewed with caution. Other
explanations, such as DNA damage and recurrentagrimsequences from contaminations
of unknown origin are less plausible, since therdieatal-like fragment show a coherent and
reproducible Neandertal haplotype. Thus, the nmkslyl explanation is that short fragments
of Neandertal mtDNA have been preserved in thensexli of El Sidron, maybe due to the
stable environmental conditions and fairly low aalnmean temperature (10-13°C on
average) that exists within this karstic system.

The retrieval of Neandertal DNA sequences direftdyn sediments have important
implications. If such sequences can be readilyinbthfrom cave sediments it would provide
a unique opportunity to explore Neandertal intragrgenetic variation through time and
across occupational sites. Additionally, this néirt DNA” approach could have wide

applications in forensics and palaeoenvironmerdanstuctions.
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Fig. 1. Analyses of the 16,278[T]-16,299[G] haplotype smmres(A) Strict majority rule
consensus tree for the query sequence, Neandseitpa¢énces in GenBank, and the 50 best
other Genbank hits (anatomically modern humans, ANB) The empirical distribution of
Bayes factors in favour of the Neanderthal hypathesiculated for AMH sequences from
the HvrBase++ databasg)( The observed value for query sequence fallsidaithe
distribution expected for AMHSs, providing strongtsstical evidence against the hypothesis

that it could be of contemporary human origin.
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Material and Methods
Archaeological Site
El Sidrén is a deep and narrow karstic system dioskee Cantabrian mountain range in
Asturias (north of Spain§1). Numerous Neandertal skeletal fragments are woally being
retrieved in a small pit lateral to the main caa#lagy, around 250 meters from the current
entrance. The geological evidence suggests thdtahes of at least eight Neandertal
individuals accumulated there, after the collagfse doline at the surfac&f). The
sedimentary deposits suggest that little or no sigipoal movements followed, which
explains why some fragile skeletal structures, fd@ bones and a partial thoracic cage, are
still in anatomical connection.
DNA Extraction
During the 2004 excavation season, five soil samplere taken by one of us (C.L.-F.) at
different levels in the Neandertal remains’ lay@ig. S1). The samples were obtained with
sterile gloves and facemasks by pushing 50 ml lRalebes into the wet clay; the sub-
samples analyzed correspond to the soil placededeao the archaeological section and
therefore, not accessible to archaeologists’ maatiijoums.

The sample processing and DNA extraction were @duoiut in dedicated ancient
DNA facilities in Copenhagen with the standard prgmns used on ancient DNA research
(S2, S Importantly no work on Neandertals has previplien conducted in Copenhagen.
A total of 40 DNA extractions were performed orefisections of the clay sediment # 5 (Fig.
S1) using two different methods (both successtulg set of extractions followed the
procedure described i84), except for the addition of PTB (N-phenacylthitaam bromide)
in the lysis buffer as ing9. The other DNA extraction protocol is not pre\sbudescribed:
About 300mg sediment (wet weight) was added tor@dl 7H= buffer also containing with

proteinase K (15ug) and Urea (1M) and incubatésDdE for 4 hours. 0.75ml phosphate-
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buffer (0.2 M KHPQy, set to pH 7.0 with phosphoric acid) was addedthadeaction
incubated at 5TC for additional 20 hours. The reaction was cemgéfd down at 12.000 rpm
for 5 min, the supernatant transferred to a 30d2@6ff amicon filter (supplied by Millipore)
and centrifuged for 10 min at 4000 rpm. Prior tdiidnal centrifugation for 10 min at 4000
rpm, 1ml ddH20 was added to the filter. The fikr&0-100uL) was moved to a silica-filter
(Qiagen), already added 600uL PB-buffer (Qiagen)ianaubated for 30-60 min at room
temperature. The filter was then spun for 1 mih2a000pm and washed twice with PE-buffer
(Qiagen). A final spin was applied to dry out tiieef. The filter was moved to a new
collection tubes and100uL TE-buffer added. Aftenid the extract was collected by

centrifugation at 12.000 rpm for 1 min.

PCR Amplification

The NL16,230-NH16,26236 and NL16263b (5"CAACTCCAAAGACGCCCTTA3)-
NH16,300 (5’ACTTTATGTGCTATGTACTGT3") primer pairsare used to amplify two
mtDNA control region fragments of 71 bp and 76 inpCopenhagen and Uppsala,
respectively. Blank controls were incorporated edta of 1 blank to every four extractions
or PCR reactions and processed together with tiense@t samples.

The 25 or 50ul PCR reactions contained: 1x PCR HHigklity PCR Buffer or
1*Qiagen PCR buffer, 3.5 mM Magnesium Sulfate solu{Invitrogen) or 2.5 mM MgG)
0.4 mM dNTP or 0.2 mM dNTP Mix, 1 U Platinum® TadNB Polymerase High Fidelity
(Invitrogen) or 3 units of HotStarTag DNA polymega®iagen, Valencia, CA), 1 uM each
primer and 1-5 uL DNA extracts. Cycling was perfedrin an Eppendorf Mastercycler
gradient (Eppendorf) thermal cycler or GenAmp P@&em 9700 (Applied Biosystems)

with the following cycle program: denaturation dt@& 95C for 2 or 10 min followed by 40-
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45 cycles of 92C for 30 s, 50-5%C for 30 s and 68 or 72 for 30 s, followed by 6 or 7 min at
68 or72C.

Approximately 12.5 ul or 5 pl of the reactions vedesctrophoresed on 3% or 2% GTC
agarose gels, stained with ethidium bromide, asdalized by UV transillumination. The
bands of the correct size were cut out and puriigdg the QIAquick Gel Extraction Kit
(Qiagen) according to the manufacturer’s instrutdieluting the product in 30ul of EB

buffer.

Cloning and Sequencing

Cloning and sequencing of PCR products was perfdimyeusing the TOPO TA, Zero Blunt
PCR Cloning Kits (Invitrogen), JM109 competent sefind pGEN+T Vector System |l
cloning kit (Promega). Selected clones were piakeectly into in 100 pl sterile water and
2ul were used for the colony PCR (25 pl final voi)raontaining 1x PCR Buffer, 2.5 mM
MgCl; solution, 0.2 mM dNTP Mix, 1 U Taq DNA PolymeraseAmpliTaq Gold (Applied
Biosystems), 1 uM each of universal M13R and Tiprs. Cycle conditions consisted of an
initial denaturation at 94 °C for 2 min or 10 malléwed by 30 cycles of 94C for 20 or 30 s,
53°C or 53°C for 20 or 30 s and 7°Z for 20 or 30 s, followed by 5 min or 7 min at°2
Colony PCR products carrying the expected insedtle were screened by 2% agarose gel
electrophoresis. The PCR products were purifiedgugie GFX-96 PCR (Amersham), the
Omega-Bio-teck (E-Z 96 cycle-pure kits) purificatikits, or with ExoSAP-ITY (USB
Corporation). Cycle sequencing was carried outgu#ie BigDye Terminator Kit (Applied
Biosystems) or with the DYEnanli¢ cycle sequencing kit (Amersham Biosciences) as
recommended by the manufacturer. The sequencimypt®were analyzed by capillary
electrophoresis on an ABI PRISM™ 3130 Genetic AnaityApplied Biosystems), or on a

MegaBACE 1000 (Amersham Biosciences). Further sequence analysescarried out
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using the programs Segman II™ and MegAlign™ fromEINA Star Software package
(version 4.05). The Neandertal-like sequences obthirom the sediment extracts were never
recorded in the blank controls. Each of the repbNeandertal-like sequences (Fig. S2) was
reproducibly obtained from independent reactions.

The sequences obtained with the NL16,230-NH16,2B2¢p pair from three
extractions and four independent amplifications feamd to be similar to mtDNA of
Neandertals displaying the Neandertal-specific ¢tgpe 16,234[T]-16,244[A] (Fig. S2). This
DNA haplotype is described in all Neandertal spegimto date, including that from El
Sidron. Intriguingly, the sequences are putativeincated at position 16,252 by a PCR
event, forming a chimaeric sequence of undetermaimiggh.

The sequences obtained with the NL16,263b-NH16g00er pair display the

Neandertal-specific haplotype 16,278[T]-16,299[8p( S2).

Sequence identification and statistical analysis

To assign the Neandertal-like DNA sequences toqgerietic groups we used a Bayesian
approach. First, using database searches we igeniiéts of sequences closely related to each
sequence (query sequence). The 50 best hits definBdscores of a BLAST search were
chosen, eliminating identical copies, but includauglitional homologues if the initial set did
not include at least three families and two ordetsl|e allowing no homologues with an E-
value over 10. Sequences with <5 BLAST hits witkieise < 0.1 were discarded as possible
PCR artifacts or species from taxonomic groupsdnamnot sufficiently well represented in
the database. An alignment of the 50 non-redursizauiences was then produced using
ClustalW and MrBayesS(?) was applied to the sequences using two indepémdes of
1,000,000 updates, heated with four simultaneoasstusing a GTR+G modek = 2000

trees were sampled from the results and basedeaiaxionomic assignments of sequences in
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Genbank, the probability of each query sequenaaifi a monophyletic group with
sequences from a particular phylogenetic groupasasssed based on the sampled trees. For

example, the probability that a query sequex@ebgelongs to familyF would be assessed as:

PrQLF | X)= _[ I (Q, F monophyleicin G) p(G | X)dG = Zk: I (Q, F monophyleicin G,)

GOQ i=1
whereQ is the set of all possible tre&s)(with branch lengths an@; is theith tree sampled
from the Markov chain simulated in MrBayesis all of the sequence data, and
I (Q,F monophyleicin G) is an indicator returning 1 @ andF are monophyletic in tre@
and 0 otherwise. In general, we would not requireegjuences belonging B©to form a
monophyletic group as long &and some sequencesHriorm a monophyletic group. This
inference procedure would be performed for eachiesace independently for all possible
taxonomic assignments from the level of order lével of species of sub-species. There
are several caveats to this method, the most impbbieing that assignment can only be done
to taxonomic groups represented in the databaselyfone relevant species or sub-species is
represented in the database, the query sequendeeveissigned to this species with
probability one.
To test if the 16,278[T]-16,299[G] sequence cowdalcontemporary human contaminant, we
use a combination of the preciously described Bayespproach for assignment in
conjunction with a frequentist procedure basedxtare human HVR sequences using the
Bayes factor as a statistic. The Bayes factorwoda of the hypothesis of Neanderthal origin
compared to human origin is calculated as the ddtfmosterior to prior probabilities in favour
of Neanderthal origin divided by the ratio of pogieto prior probabilities in favour of a
human origin. Based on an alignment with 50 hungajuences and 4 Neanderthal sequences,
the prior for human origin is 99/105 and the pfmrNeanderthal origin is 6/105. The

posterior probability is 88% and 12% in favour cgaxhderthal and human origin,
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respectively, resulting in a Bayes factor of 138ird the HvrBase++ databas¥f), we then
constructed 365 sequences of same length and fersaime region as the new sequence. For
each of these sequences, we also calculated Bagtes in favour of Neanderthal origin using
the exact same procedure as used for the Sidrareseg (Figure 1). The maximal value
observed among the 365 replicates was 40, provithogg statistical evidence against the

hypothesis that the new sequence is of human origin

In contrast, the posterior probability that thentated 16,234[T]-16,244[A] haplotype
sequence32 groups with the Neandertal sequences is only 48¥6esponding to a Bayes
factor of 15, due to other GenBank sequences caygimilar motifs. Thus, it cannot be

discarded that this fragmentary sequence couldel&m non-Neandertal sources.
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Fig S1.Stratigraphic cut of El Sidron cave in Septemi@4 Several soil samples

(numbered 1 to 5) were obtained at different laySenple #5 was selected for DNA analysis

because it was obtained next to an occipital fragrfgreen dotsQcc).
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Fig S2: Neandertal-like DNA sequences obtained directlynfi®l Sidrén cave sediments
(Sidrén) using the NL16,230-NH16,262 (1) and NLB3B-NH16,300 (2) primer pairs. The
clone sequences are aligned to the Cambridge Refe®equence and to Neandertal
sequences obtained from bones and teeth (Engeldhdier 1,2, La Chapelle-aux-Saints,
Mezmaiskaya, Monte Lessini, Rochers de Villene@a&adina, Vindija 75,77, 80, Sidrén
bone and Sidrén 441). The number of DNA extrackoand PCR amplifications are shown

prior to each of the sediment sequences.



1) NL16,230-NH16,262

2 2
3 4
4 4

Cambridge Reference Sequence  TCACACATCAACTGCAA
Sidron E3,PCR1,clone 1-7
Sidron E3,PCR1,clone 8
Sidron E3,PCR2,clone 1-2
Sidron E4,PCR1,clone 1-18
Sidron E1,PCR1,clone 1-6
Sidrén bone, Sidrén 441
Vindija 75,77,80
Rochers de Villeneuve
Feldhofer 1

Monte Lessini

Feldhofer 2
Mezmaiskaya

Engis 2 T A...
La Chapelle-aux-Saints
Scladina T CA...

2) NL16,263b-H16,300

Cambridge Reference Sequence CACCCACTAGGATACCAA
Sidrén E3, PCR1, clone 1-3
Sidrén E3, PCR1, clone 4
Sidrén E3, PCR2, clone 1
Sidrén bone
Vindija 75,80
Feldhofer 1
Monte Lessini
Feldhofer 2
Mezmaiskaya
Scladina

CAAACCTACCCACCCTTA

RESULTS
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Fig. S4.0riginal strict majority rule consensus tree fag tfuery sequence, Neanderthal

sequences in GenBank, and the 50 best other Getiitar(kModified version see Fig. 1).
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Supplemental data
Mitochondrial DNA of an Iberian Neandertal suggests a population affinity with

other European Neandertals

Carles Lalueza-Fox, Johannes Krause, David Caramelli, Giulio Catalano, Lucio Milani,
Maria Lourdes Sampietro, Francesc Calafell, Cayetana Martinez-Maza, Markus Bastir,
Antonio Garcia-Tabernero, Marco de la Rasilla, Javier Fortea, Svante Piibo, Jaume

Bertranpetit, Antonio Rosas

Supplemental Experimental procedures

After excavation the bone sample from the El Sidron site was kept frozen at -20°
and sent to the Max Planck Institute (Leipzig, Germany), where it was cleaned with
sterile water in a laboratory dedicated to ancient DNA work. Three subsamples each
around 0.5 g, were removed and used for genetic analyses in three different ancient
DNA laboratories, at the University Pompeu Fabra (Barcelona, Spain), at the University
of Florence (Florence, Italy) and the Max Planck Institute itself.

The stereoisomeric /L ratios observed for three amino acids are: Asp
(0.02+0.002), Ala (0.0036+0.0003) and Glu (0.008+£0.003). The aspartic values are well
within the proposed limit of (.10 compatible with DNA preservation [S1].

DNA was extracted from about 0.5 g of bone in the ancient DNA laboratories of
Barcelona, Leipzig and Florence. With specific variations, the sample was powdered,
incubated with a proteinase K lysis buffer and extracted with phenol chlorophorm
(Barcelona)[S2] or silica extraction (Leipzig and Florence)[S3] previous to concentrate
it by column centrifugation. To generate a consensus HVR1 mtDNA sequence a two-

step multiplex PCR protocol [S3] was used in Barcelona and Leipzig. Both steps
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included 2 U AmpliTaq Gold (ABI, USA), 1X AmpliTaq Gold buffer (ABI, USA), 4
mM MgCl; (ABL USA), 500 uM for each dNTP and 150 uM of each primer in the first
multiplex step and 1.5 uM of each primer in the second step in a final volume of 20 ul.
In the multiplex step up to 6 primer pairs were used in one reaction. Primary
amplification consisted in a 10 min activation step at 94°C, followed by 27 cycles at
94°C for 20 s, 50°-55°C for 30 s, and 72°C for 30 s. In the second simplex PCR step just
one primer pair was used. Conditions were as described for the multiplex step, except
that the primer concentration was increased to 1.5 uM for each primer and that 33
cyeles were performed. Five pl of a 1 to 10 (1:40) dilution of the primary amplification
product were used as a template for the simplex PCR. After visualization of the
products on 1% agarose gels, amplification products of the correct size were excised
from the gel. DNA was purified with a gene clean silica method and cloned using the
Topo TA cloning kit (Invitrogen, The Netherlands). Colonies were subjected to PCR
with M 13 universal primers; inserts with the right size were sequenced with an Applied
BioSystems 3100 DNA sequencer. In Florence, the PCR conditions were based on a
single amplification of 60 cycles, as described previously [S2].

Preliminary tests with Neandertal specific primers showed that the endogenous DNA
was degraded to around <80 bp; after this, primers were designed to amplify 70 to 80 bp
fragments. The specific fragments (those with primers that matched Neandertal specific
positions, such as 1.16,135-H16,169; 1.16,161-H16,191; 1.16,182-H16,223; 1.16,220-
H16,246; 1.16,244-H16,278; 1.16263b-H16,301 and 1.16,299-H16,320) yielded a high
ratio of Neandertal versus contaminant sequences up to 100%. However, the figures
were substantially lower in less specific fragments, especially those that had a complete
match to modern human sequences; in these fragments, the ratio of Neandertal versus

contaminant sequences ranged from only 5% in 1.16,310-H16,350 and 10% in L.16,076-



H16,110 to 33% in 1.16,109-H16,140, 42% in 1.16,347-H16,378 and 60% in 16,319-
H16,350. Overall, in can be concluded that the precautions undertaken during the
excavation helped in the retrieval of genetic data from this specimen.

In total fourteen overlapping fragments were amplified to generate the HVR1 mtDNA
El Sidron consensus sequence (Figure S1). When possible, primer pairs were designed
to obtain Neandertal specific haplotypes or Neandertal specific substitutions (such as
the G in position 16,078, not described in modern Europeans). In the few cases were
this was not possible (1.16,299-H16,320, 1.16,319-H16,350, and L16,347-H16,378
fragments), the substitutions found are concordant with previously described Neandertal
sequences. This, along with the low contamination ratio, supports the authenticity of the

sequences, even in such short fragments.

Supplemental Date Estimates

The coalescence time of the mtDNA Neandertal variation and the specific Neandertal
subclade (G16,078-C16,154 haplotype) was calculated using the approach implemented
in GeneTree[S4] for the mtDNA HVRI between positions 16,076 and 16,378 (N =7
Neandertals). Calculations were performed assuming constant population size, a figure
of 10,000 for Ne and 20 year generation time, with 100,000,000 iterations used to

estimate the 6= N parameter.

Supplemental References
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B

gupplemental Figure 1: Clones used to generate the HVR1 mtDNA El Sidrén consensus

sequence as compared to the Cambridge Reference Sequence. B: means Barcelona, F:
Florence, L: Leipzig. The second digit corresponds to the number of amplification; the
third to the number of clone. For clarity reasons, only <15 clones are included for some

fragments.
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Mitochondrial DNA from a late Neolithic site supports a long-term genetic
continuity in the Iberian Peninsula

Sampietro, M.L., Lao, O., Caramelli, D., Lari, MPpu, R., Marti, M., Bertranpetit, J.,
and Lalueza-Fox, C.

Departament de Ciéncies de la Salut i de la Vidaiyersitat Pompeu Fabra, Dr.
Aiguader 80, 08003 Barcelona, Spain

Laboratory of Anthropology,Department of Animal By and Genetics,

University of Florence, via del Proconsolo 12, 5RFlorence, Itdy

Unitat d’Antropologia, Departament de Biologia Ar@iimFacultat de Biologia,

Universitat de Barcelona, Avda. Diagonal 645, 08@28celona, Spain

INTRODUCTION

The main feature of the European genetic diversigyclinal pattern that must
reflect a population movement from the Southea#tedNorthwest, with a significant
demographic impact (Cavalli-Sforza ). There aregenity two processes in the
demographic and evolutionary history of Europej@sumented from the
archaeological record, that can account for sudina: the Paleolithic colonisation of
Europe (starting around 40,000 YBP) and the Neiolglgricultural diffusion (starting
around 10,000 YBP) (Barbujani and Goldstein, 204)fortunately, clines do not have
dates associated, and as both population mover@lioised the same axis along
Europe, the attribution of the genetic cline tdeitprocess is not straightforward.
Different authors have tried to distinguish betwé®se two hypothesis from the
analysis of genetic data in current European pajouia but the conclusions obtained
are contradictory (Barbujani, Simoni, Torroni, Ractis,,,).

The arrival of agriculture to Europe is also a matf debate among scientists
(Diamond and Bellwood 2003). Two main hypothesegehaeen proposed to explain
the spread of the agriculture through Europe:ctiitural diffusion modeandthe demic
diffusion modelThe cultural diffusion model supports the ideat ttihe farmers did not
move and the agricultural knowledge was transmiftedh the Near East to Europe
through the movement of technology and ideas (¢hit®96). In contrast, the demic
diffusion model (most commonly known as thave of advangesupports the idea that
the farmers from the Near East spread to Europ@dakgricultural knowledge with
them; thus, this model involves gene flow betwew®n liunter-gatherers that inhabited
Europe at that moment and the farmers that arriedmerman and Cavalli-Sforza
1984).
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Interestingly, ancient DNA data could potentially bf great interest to resolve
between both hypothesis since it allows us to tirestudy the ancient populations that
were undergoing these evolutionary processes ahdhea descendent populations.
Recently, Haak et al (2005) successfully extracad sequenced the HVR | of the
mtDNA from 24 out of 57 Neolithic skeletons fromrimus locations in Germany,
Austria and Hungary. All human remains were datethé LBK or AVK period (7000
to 7500 years ago). They found that 25% (6 outddfd? the samples are of a distinctive
and rare Nla lineage of the mtDNA well-known phyoyg. Furthermore, five of these
six individuals display different N1a haplotypedahey were widespread in the LBK
area. Europeans today have a 150-times lower frequ.2%) of this mtDNA type,
revealing that these first Neolithic did not haves@ong impact in the genetic
background of the modern European female lineaesy proposed that small pioneer
farming groups carried farming into new areas ofdpe, and that once the technique
had taken root; the surrounding hunter-gathererpted the new culture and then
outnumbered the original farmers, diluting theiraNfrequency to the low modern
value. Thus, this result supports the culturaludibn model, where the farming culture
itself spread without the people originally cargithese ideas. They proposed that
within the current debate on whether Europeans gametically of Palaeolithic or
Neolithic origin, and leaving aside the possibilif significant post-Neolithic
migration, their data lend weight to the argumefds a Palaeolithic origin of
Europeans.

The results of Haak et al. (2005) have been m#is by Ammerman et al.
(2006) because, among other things, of the linstadple size, the uniparental mode of
inheritance of the mitochondrial (mt) DNA and thengralisation of the results to the
whole of Europe. Moreover, ancient DNA studies amhn samples, specially ancient
Europeans, have also been put into question becafisthe impossibility of
distinguishing between potential contaminants anddogenous sequences.
Nevertheless, such a problem could be overwhelmedarmation of all the putative
contaminants present in a particular sample sawdaslable. In this paper a Neolithic
population from Southern Europe (Granollers, Caiygd Northeast of Spain) has been
subjected to aDNA genetic analysis, previous totypeng of all people involved in the
manipulation of the samples. The putative endogeiseqguences obtained do not match
those found by Haak et al. (2005) in a sample fi©entral Europe and raise new
questions on the heterogeneity of the Neolithipelisal.

MATERIALS AND METHODS

The site “Cami de Can Grau” (Granollers, BarceloBpain) is a necropolis
excavated in 1994, that comprised 23 tombs date€b¥ between 3,500-3,000 cal
years B.C. There were two different funerary typgids with separate geographic
locations that corresponded to different periogansing several hundreds of years; the
older tombs formed squared sepulchral chambersjewthie younger ones were
hypogean tombs with an access through a vertickl we

A tooth sample was removed from 23 adult individuar DNA analysis, with
the exception of a toothless specimen, from whidioae fragment was obtained. In
some specimens, a second tooth was removed fquéndent replication in Florence.
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Standard methodological precautions were followedprovide as much as possible
support for the authenticity of the results. Thentamination by handling has been
recognized as a major problem facing ancient DNédiss that focuss on ancient
human remains, specially when researchers and menaa¢ from the same geogaphic
area. The authentication criteria proposed by uiffe authors (e.g. Cooper and Poinar
2000) can help in preventing putative intralabanatmntamination, but it is impossible

to directly monitor pre-laboratory contamination.

However, what makes Can Grau an exceptional sithas its pre-laboratory
history is perfectly recorded; the remains wereagated, handled and washed by the
archaeologists R.P. and M.M.; once dried, they weomnstructed and studied by a
physical anthropologist (E. Vives) and posteriostpred in closed plastic boxes for
about ten years in a local museum until the gersttidy was attempted. By typing the
mitochondrial DNA of all the people involved in thmanipulation of the skeletal
remains and the laboratory analysis (M.L.S., C.LaRd D.C.), we have been able to
trace all contaminants present in our samples (8aropet al. 2006). As far as we know
it is the first time in the recent history of aDNAsearch where it has been possible to
control the putatively pre-laboratory derived contaant DNA sequences and
consequently to eliminate them of the cloning dettasThus and under such
circumstances, the Neolithic remains that we subgeto the genetic analysis were
unique.

DNA extraction

The surface of each sample was cleaned with bleadtthen ground to powder.
The extraction method has been described elsewkaye Sampietro et al 2006). One
extraction blank was included every three Neolitaenples. In brief, ten millilitres of
EDTA (pH:8; 0.5M) were added to the powder overhigh 37°C to remove mineral
salts; after centrifugation, the EDTA was carefuligured off and the powder was
incubated overnight at 50°C in a lysis solutiorm(BEDS 5%, 0.5ml TRIS 1M, 8.5ml
H,O and loads of proteinase K). Then the samples wetected three times with
phenol, phenol-chloroform and chloroform-isoamiiécohol and concentrated with
centricons (Millipore) up to a 50-1Q0volume.

Extraction procedures were carried out in an isolgire-PCR area exclusively
dedicated to ancient DNA studies, physically issdafrom the main laboratory, with
positive air pressure, overnight UV light and fregtibench cleaning with bleach. All
samples and reagent manipulation were performexdlaminar flow cabinet routinely
irradiated with UV light. To help avoid intralabéoay contaminations, aliquoted
reagents, filter pipette tips, sterile gloves, itguipettes, facemasks and cover-all coats
were used.

Amplification, Cloning and Sequencing

The mtDNA HVR 1 region (Anderson et al, 1981) veasplified in 21 Neolithic
samples in different overlapping fragments withesizanging from 98 to 212 bp
combining several primers pairs (Table I). In aiddif some additional primers pairs
were used to amplify mtDNA coding regions wheregdiastic SNPs that define
unequivocally an haplogroup in the mtDNA geneal@yg located (Table I). PCR
amplifications were performed in gbreactions with fl to 5 pl of extract (some
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extracts were subjected to 1:3 dilution in ordemot@rcome inhibitors), 1.2 U of taq
polymerase (Ecogen), 1X reaction buffer (Ecogem, hg/ml BSA, 2.1mM MgGCl
0.2mM dNTP’s and M of each primer. The PCR reactions where subjetted0
amplification cycles (1min step at 94°C, 1min si»0°C and 1min step at 72°C) with
an initial denaturing step at 94°C for 2min anthalfelongating step for 7min at 72°C.

PCR products were electrophoresed in 1.6% low-nglfoint agarose gels
(Invitrogen) stained with ethidium bromide. Bandghwthe expected correct size were
excised from the gel, diluted in 1400f double destilled water, heated 1hour at 65°C
and subsequently subjected to another 35 cycleP@R with limited reagents
conditions. Resulting bands were purified with GE&{umns (Amersham Biosciences)
and routinatelly cloned using pMOS blue blunt endedning kit (Amersham
Biosciences) following the manufacture’s instruttim brief, seven microlitres of PCR
product were treated with pK enzyme mix, incubate22°C for 40 min and ligated into
pMOSBIue vector overnight. 2il of the ligation product were transformed into 4®f
competent cells, grown in 160 of SOC medium at 37°C during one hour and plated
on IPTG/X-gal agar plates. After 16 hours, whitéooges were subjected to direct PCR
screening using T7 and U-19 universal primers.risgbat yielded the correct size were
identified by agarose gel electrophoresis, puritedl sequenced with an ABI 3100
DNA sequencer (Applied Biosystems), following thupglier’s instructions.

Uracil-N-Glycosylase (UNG) treatment

Hydrolytic deamination of cytosines causes uragedlidues that are incorrectly
read by the polymerase, resulting in false U G- A changes in the clone sequences
(Hofreiter et al, 2001); this is the most commomfmf post-mortem damage in ancient
DNA sequences (Stiller et al 2006). In those clseguences where these-T/ G- A
substitutions were observed, a UNG treatment wdlewed in order to eliminate
possible miscoding lesions. Ten microliters of DM&ract were treated with 1U of
UNG during thirty minutes at 37°C to excise urae$idues in the original template
(Hofreiter et al, 2001). After this treatment, exits were subjected to the same PCR’s
amplifications described above and subsequentlyecio

Quantitation of the templates molecules

To quantify if the number of mtDNA molecules is dar enough to obtain
reproducible results a real time PCR experimenevperformed in several samples. We
used the same quantify standard DNA, primers@nbtes that we used in Sampietro
et al. (2005). However, it is obvious that, in casé human contaminated samples, the
quantitation results cannot discriminate betweerdogenous and contaminant
sequences.

RESULTS

23 Neolithic remains were analysed; two sampleddgte no amplification
products and subsequently were discarded, ninelesamgre as well discarded due to
the irreproducible or fragmentary results, and fanore samples could not be
unambiguously attributed to one of the main Europeatochondrial DNA lineages.
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The remaining eleven sequences were considereel émdbogenous and included in the
posterior population analysis.

A total of 572 clones were sequenced, from whiéh (27.13%) could be
identified as being from 1 of the only 6 peoplediwed in the manipulation and
laboratory analysis of the Neolithic remains (Saetnpi et al. 2006). Since we were able
to monitor all the persons who had ever had adoeigss set of samples, it was possible
to track down the pre-laboratory derived contamirsgguences and consequently we
could definitely eliminate them from the generatézhing data set.

However, we faced some problems in particular asibms, related to the
impossibility of working with long DNA fragments. oF instance, two Neolithic
samples display the haplotype 069T, 126C and twabilne six handlers also have that
haplotype, albeit only in the fist part of the HVRé&quence (M.L.S has the haplotype
069T, 126C, 185T, 189C and R.P. 069T, 126C, 27&BTR Therefore, 069T, 126C
could potentially be a contaminant, but two thia$jsw us to consider these sequences
as endogenous: they reach frequencies up to 10G% % @lones in the amplified 055-
218? CHECK fragment, while up to 90%7?? Of the cfofer the second half of the
HVR1 are CRS. Therefore, the alternative hypothttsis the first fragment was totally
contaminated while the second one was almost fileeoataminants seems less
plausible. Another situation is to consider thebpean that contaminant sequences that
have no substitutions in particular fragments wédbkult in a background of CRS
sequences (for instance, M.M. has the 129A hapéoypd accounts for 20.41% of
detected contaminant sequences will undoubtediytreasCRS sequences in the second
half of the HVR1 fragments, while E.V. has the 29&fplotype and will result in CRS
sequences in the first HVR1 half). Therefore, séragments display a rather high level
of CRS sequences that are likely this unspecifitaminant background; however, the
putative endogenous sequences share some chatacdesuch as to be reproducible,
to be in many cases exclusive of a particular sangrid to be present in higher
frequencies than the distinguishable contaminaviteeover, three Neolithic samples
have probably CRS as endogenous haplotype, siese sequences are overhelmingly
majoritary and present in higher frequency thandéeected contaminants in the other
Neolithic samples.

Neolithic haplotype sequences

Neolithic sequences showed haplotypes widely @histed through Europe when
comparing them to a haplotype dataset composeddog than 10,000 individuals from
Europe and the Middle East (see table 1). Intergisti one of them carries one
haplotype (223T, 292T, 295T, 304C) that is onlyridun the Middle East while other
two Neolithic samples display haplotypes that amty dound in the Iberian peninsula
(264T 270T 311C 319A) and Italy (126C, 140C, 182¢4, 296T, 311¥L Nevertheless,
there were two samples that show a particular Ingpdonever found in the dataset: one
Neolithic individual is assigned to the haplogrdauput the haplotype(126C, 140C, 294,
296T, 311C)does not show all the mutations thatcareently found within the genetic
diversity in the haplogroup T2. Another Neolith&nsple display and haplotype (134T)
that although belongs to the haplogroup U that timosihas never found alone but
always together with other positions.
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Neolithic haplogroup

A correspondence analysis were performed takirgaostount modern population from
the Middle East, from south west Europe and fromItierian peninsula together with
the ancient Iberian Neolithic population. The cependence analysis shows that the
Neolithic population clusters together with the raod southwest Europe populations
and with the Iberian population but not with thedillie East population (see figurel).
This result shows that the haplogroup compositiotne Iberian Neolithic population is
guite similar to the actual population in the lla@riPeninsula. This genetic continuity
between the ancient population and the current latipns suggested by these results
contrasts with these found by Haak et al (2005).

Discussion

Haak et al when analysing an older Neolithic popaie(7000-7,500 years BP) from
Central Europe found that 25% (6 out of 24) of shenples were of a distinctive and
rare Nla lineage (currently present at 0.2% inBbeopean population) of the mtDNA
well-known phylogeny.

Discarding the possibility of a possible lost ofsttmtDNA lineages by genetic drift
over the last 7500 years by means of demographidelspthey proposed that small
pioneer farming groups carried farming into newaaref Europe, and therefore the
dispersal of the agricultural techniques were thhoa cultural model; so that, at the end
of the process, the frequency of the Nla haplognap diluted to the low modern
value that its observed today.

The absence of sequences carrying the Nla haplogouthe Iberian Neolithic
population could be due to the difference of tina@pfoximately 2000 years) and
geographic distance (North versus South Europd) thiese analysed by Haak et al.
However, since the absence of Nla lineage canneipkained by genetic drift, other
hypotheses have to be invoked in order to explarhs discrepancy between their
results and the observed in the current work.

Therefore, we hypothesise that the dispersal ataltmre involved both demographic
and cultural diffusion, depending on the region wh& took place. Whereas the
dispersal of the agricultural in the North of Eueapould be a cultural diffusion model,
in the south our results suggest a demic diffusmmdel. But, if that hypothesis is true,
we should observe a “barrera” in the genetic dityerisetween North and South of
Europe.

To test this hypothesis we should have analysedleolfithic population from the

Iberian peninsula. If that Palaeolithic populatian quite similar to the Neolithic

population therefore, the continuity had had bei@ges paleolithic times. This result
would support haak result.

Thus, in order to totally clarify whether the adtlauropean populations are direct
descendents of the original settlers that replaited Neandertals or the result of
posterior immigrants from the Near East, the amglgEmore ancient Neolithic remains
from different European regions are definitivelyeded. In addition, the analysis of
paleolithic population of different regions would bf great relevance.
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RESULTS

Neolithic Haplotype Coding region haplogrou
Neolithic1 | CRS 6999-7066; 1 clon H and 3 clon no |HH
Neolithic 5 | 264T 270T 311C 319A It didn’t work tleoning 11
Neolithic 6 | CRS | didn’t clone H
Neolithic 8 | 069T 126C | didn’t clone Jic
Neolithic 10 | 223T, 292T,295T,304C Only one clon¢ibisn't W W1
Neolithic 11 | 288C 362C | didn’t clone yet H
Neolithic 12 | CRS | didn't clone H
Neolithic 14 | 069T 126C | didn’t clone Jic
Neolithic 21 | 126C, 140C, 294T, 296T, 311C 13257733Bclon T and 1 clon noT T2
Neolithic 22 | 126C, 140C, 189C,294, 296T, 311C 1328372; 3clon T and 3 clon noT T2
Neoltihic 23 | 134T 12227-12341; 2clon U and 4clotunpU4

Tablel: Haplotypes and haplogroup of each of tludithéc samples.
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DISCUSSION

In the development of the current thesis we hawkresmsed two different although very
related topics. First, we studied the post-mortentation damage rate of contaminated
sequences in ancient human remains and focusitigeodevelopment of strategies that
can avoid pre-laboratory derived contaminationso8d, we analysed ancient human
remains from different evolutionary times (from &allthic to post-Neolithic period) in

order to make inferences about the peopling of @adEurope.

5.1 PRE-LABORATORY-DERIVED CONTAMINATIONS
IN ANCIENT HUMAN TEETH

The importance of authenticating the obtained teswhen trying to retrieve aDNA
from ancient tissues is well known for the aDNA c¢ounity. At the beginning of the
discipline, several revolutionary scientific diseoies were proven to be false due to the
presence of contaminants (see chapter4.1). Siece kbis of efforts have been focused
on proposing list of authentication criteria in erdo validate the obtained results when
working with ancient tissues. These criteria ardrassed mainly to prevent sample
contamination during the DNA extraction and ampétion procedures but they do not
contemplate the possibility that the ancient samptauld have been impregnated with
exogenous although very similar sources of DNA befthe arrival to the genetic

laboratory (pre-laboratory contaminants).

Particularly, human pre-laboratory contaminates haen reported in a number of
studies (Richards, 1995, Hofreiter et al., 2001bkJrivstrom et al., 2005). In addition, in
other situations, human pre-laboratory contaminBMNA sequences have been
unambiguously identified in Neandertal remainsa@hg to some of the anthropologist
or archaeologist that previously had studied tineaias (Serre et al., 2004, Lalueza-Fox
et al., 2005b). Furthermore, Gilbert et al (2008005a) demonstrated that both teeth
and bone are readily contaminated presumably thrdwndling and washing when
excavating them and once contaminated in this Wwath are difficult if not impossible
to decontaminate when using routine decontamingtiotocols like surface bleach and
UV-light bathing.
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However, and despite these evidences, little isMknabout this complex (although
fundamental) area, particularly when pre-laboratderived contamination and the
endogenous sequences could be undistinguishahie isTthe case when working with
ancient human remains that has been excavatedchbgewlogists under uncontrolled
conditions. We have attempted to address this ighumugh the extraction, PCR
amplification and cloning mtDNA HVR | sequences nfrotwenty-three human
Neolithic remains. These samples were of particutarest for such a kind of study,
since we were able to monitor all the persons @eologists, anthropologist and
geneticists) who had ever had access to this sktimfan samples. Therefore, we had
the opportunity to explore deeper the phenomenon pad-laboratory derived
contamination in ancient humans teeth through teeetic analysis of 572 clones
generated from twenty-three Neolithic remains. Thataminants track was monitored
through typing all those persons. We followed &k trecommended authentication
criteria in aDNA studies (Cooper and Poinar, 20R8abo et al., 2004) to generate the
clones in order to asses whether by their impleatemt we were able to avoid or detect
pre-laboratory contaminations.

From the 572 clones sequences, 98 (17.13%) wereitdefly identified as being
contaminant DNA sequences derived from one of thehandlers who had ever had
access to the samples. Since, the HVR | was amxgliirough overlapping primers and
the capability of distinguishing between an endogesnsequence and a contaminant
sequence is dependent on the number of nucleatid¢éoth sequences share, it was
unavoidable that the detection of contaminant secge will be differentially
underestimated in some fragments depending onttioked contaminant. Based on the
number of detected number of contaminants and ithéasties between endogenous
and contaminant sequences we computed the totactgd number of contaminant
sequences. Our results showed that this numbevedefiom those people who were
involved in the initial washing and cleaning of themains are represented at a
statistically higher frequency than the expectedqdiency of contaminant DNA
frequency derived from the others participants. seguently, the current
decontamination protocols do not eliminate all tpetatively exogenous DNA
molecules and so that they could remain in somesvireside the teeth and together
with the endogenous DNA. This implies that it wike difficult if not impossible to
differentiate between endogenous and contaminajqiesees if human remains and

archaeologists and/or anthropologists have a Simt®NA genetic background.
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Furthermore, it proves that human teeth remainsrast susceptible to contamination
at initial excavation and washing and that this isritical step for contaminating the
samples, rather than when performing the genetdysis. Therefore these results add
more proof to the inadequacy of current methods useensure the generation of
authentic ancient DNA retrieved from human teetatuxally the specific results of this
study will vary from those derived from alternatidatasets, as no two datasets will
have undergone exactly the same handling treatrievertheless, although our results
are dependent on factors such as sample preservatid the extent of sample
manipulation at excavation and during subsequettitrapological analyses, it is clear
that more research is needed in order to avoidgtraratory derived contamination.
This research should be focused mainly on studthegexact mechanism of how the
exogenous DNA can enter to the teeth by handlimgh&nowledge could allow us to
prevent these kinds of contamination, to develomav nprotocols in order to
decontaminate better ancient human samples, or ewemnifferentiate between
contaminants and endogenous molecules and exgaotity the endogenous DNA
molecules by means of more efficient and specifidADextraction protocols. In
addition, ancient DNA researchers should pay mttent@on to the possibility that the
human remains that they are analysing could beacantated prior to the arrival to the
genetic laboratory. This is especially importantewhEuropean researchers excavate
European human remains, since it could be impassibldifferentiate between both
endogenous and exogenous DNA sources.

The results of this work allow us to suggest a pidé guideline to control pre-
laboratory contaminants both when the samples l@éready been excavated under
uncontrolled conditions (a very common situatiomcei museums are in fact
storehouses of fossil remains) as well as whersémaples are freshly excavated (the
best case scenario). In the former situation, thdajine consists in typing every single
person involved on the manipulation of the rema@specially when the remains have
not been excavated and washed under controlleditemrs In the latter situation, a
possible way to study ancient human remains woaltbbexcavate them under strictly
controlled conditions, including: the use of stegloves, face masks and coveralls; the
placement of excavated samples intenftadlater DNA analyses in sterile, sealed
DNA-free containers; the avoidance of any samplshivey, or if washing cannot be

avoided, this should be undertaken with sterileewahder controlled conditions.
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Moreover, as the manipulations were made over ge¢ans period prior to the current
genetic study, we were also able to test whethdisequent degradation of the
contaminants has produced any sequence modifisatsmmething that has previously
been postulated (Willerslev and Cooper, 2005),caigh not definitively observed. In
addition, since it has spent ten years since thgkes were excavated till the genetic
analysis were performed, we could compare whetbtr fources of contamination (we
named “old contaminants” those sequences that felmrthe archaeologists or to the
anthropologist and “new contaminants” those segeertbat belongs to geneticists)
display the same amount of DNA damage (if any).

When studying the contaminant sequences and dsesifying them into “old” and
“new” contaminants we showed that these sequeraresiedergo observable levels of
miscoding lesion damage post handling; in particulee found high levels of
transitions. Furthermore, we showed that the damémel found in “old”
(approximately 10 years old) contaminant sequencas greater than that in “new”
contaminants, thus demonstrating a time dependsnirence. In addition, the level of
damage found in the believed endogenous DNA se@sefic this case we considered
only those sequences that we were sure that wetegenous) was indistinguishable
from those in the “old” contaminant sequences. @&fwee, we could correlate this
higher damage level found in the “old” contaminabtgh with the time and with the
temperature.

These findings are extremely important, as one coniynused argument in ancient
DNA studies for data authenticity is the presenéesuch damage, following the
reasoning that as damage accumulates roughly iwith tiuthentic, thus old, sequences
will be damaged, while new contaminants will remaimdamaged. Clearly the results
presented in this study demonstrates the aboveramgiuto be flawed and as such has to
be used with caution due to not only the endogesegsences can undergo damage but
also those “exogenous” DNA contaminants that hasenbpenetrated into the teeth
several years ago can undergo damage as well.

Thus, it would be a very valuable and helpful infiation to know where and in which
environmental conditions (temperature, for instartbe remains have been kept once
excavated. This information could help us to deerdiow likely is that those putatively
modern contaminant sequences that are now inseartbient teeth could display the

same level of miscoding lesions than the endogeanes.
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5.2 HUMAN POPULATION HISTORY IN WESTERN
EUROPE

Humans are a young species in evolutionary termer¢@, 2003, Paabo, 2003).
Nevertheless, making inferences about our evolatypnrhistory is quite difficult
because it involves a large number of migratoryness¢hrough all around the word
since the first early anatomically modern human$ Adrica (Cavalli-Sforza and
Feldman, 2003).

The European continent is of special interest futarstanding the evolutionary history
of the Homo sapienspecies. First of all, it is known that two diget Homo species
(neanderthalensis and sapiens) coexisted for niname 10,000 years in the European
continent (Barbujani and Goldstein, 2004). HoweVgtte is known about the natural
history of theHomo Neanderthalensighe biological relationship between the two
Homo species or the degree of inbreeding (if amp)vben both species. Second, one of
the most dramatic demographic events, the agri@iltavolution of the Neolithic, took
place in the near east and then spread througltuhepean continent. Nevertheless,
how this process (either cultural or demographielsvperformed is still a matter of
debate (Barbujani and Goldstein, 2004). Thirds till unclear the demographic history
of European populations once the Neolithic proweass accomplished. Although these
demographic events can be traced from the curremetg variability in human
populations, a better approach would be throughdihect genetic analysis of these
ancient populations. In the current thesis thréemint western European populations
from different historical periods have been studiedorder to address these issues.
Specifically we have extracted and sequenced DNé#mfrthree timely different
European populations, ranging from Upper Paledlitithes since the post-Neolithic
period. We have analysed two Neandertal remainiegiln sample and a clay sediment
sample) from El Sidron Cave (Asturias, North of iBpawenty-three Neolithic remains
from Granollers (Catalunya, Northern Spain) andntydwo Iberian remains from

Girona (Catalunya, North Eastern Spain).
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5.2.1 NATURAL HISTORY OF NEANDERTALS IN THE IBERIA
PENINSULA

Neandertals became extinct about 28 KYA years &igo eoexisting during more than
10,000 years with the anatomically modern humang(iH and Paabo, 2006). The last
Neandertal populations have been found in the dbefieninsula (Hublin, 1995) and it
is as well the Iberia peninsula the place whetegg been suggested the possibility of
hibridization between both species (Duarte et1#99). Consequently, the retrieval of
MtDNA sequences of Iberian Neandertals specimeesents an important step in our
understanding of the evolutionary history of Neatalespecies and its past interaction
with Homo sapiensin the current thesis we have successfully netdeNeandertal
MtDNA sequences from two different sources of malein the first case we explored
the potential of preserving the Neandertal genetiterial in clay sediments. In the
second case we extracted and sequenced 47 bp ahtbNA genome from one
Neandertal upper left first incisor remain fromSatiron Cave (Sidron 441) dated from
43 KYA.

5.2.1.1 RECOVERING NEANDERTAL mtDNA FROM CLAY SEDIMENTS

Screening other sources of neandertal genetic mBtddifferent from the normally
used teeth and bone fossil remains) is of greabitapce due to two main reasons: (i)
the restricted number of well preserved Neandéosdils (400) (Hublin and Paabo,
2006) that has been discovered and (ii) trying woich the destructive nature of the
current ancient DNA methodology when retrieving DNAm a valuable and scarce

Neandertal fossil remain.

The use of soil sediment has been proven to beltamative source of aDNA in a
previous study (Willerslev et al., 2003). By meanisstudying permafrost and cave
sediments, Willerslev et al (2003) were able toiege aDNA sequences from plants
and animals from the Mioceng400,000 years ago). However, this study was based o
soil from a cold environment, which tends to pravddNA degradation (see
introduction). Because of this, the applicabiliysuch approach could be reduced in

warmer areas such as those in the south of Europe.
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Nevertheless, the highly natural capability of lomgdfree DNA of clay (Lorenz and
Wackernagel, 1994) makes this kind of soil sedingemther plausible good candidate
for preserving aDNA after the body decompositiorec8use of this reason, we
attempted to retrieve mtDNA sequences from clayinsendts taking from El Sidron
Cave immediately next to a Neandertal occipitagfin@nt remain. Using the Neandertal
specific primers: NL16,230/NH16,262 and NL16,263d4M%,300 and after sequencing
a large amount of clones, we could retrieve Neagatléke mtDNA HVR | sequences
from clay sediments from El Sidron Cave (see chapteThe sequences obtained with
the set of primers NL16,230/NH16,262 were truncaaedhe very end and although
they displayed a Neandertal specific haplotype 34,P]-16,244[A] (Krings et al.,
1997) we can not discard the possibility of that ttuncated sequence could belong to a
undescribed soil microorganism displayed in the 3@k dataset. In contrast, the
sequences obtained with the NL16,263b-NH16,300 qrripair display the Neandertal-
specific haplotype 16,278[T]-16,299[G] (Krings ét, 4997). Statistical analysis based
on Bayesian probability showed that the probabilitst this haplotype was due to a
contemporary human contaminant or any other p@wationtaminant present in the
GeneBank was highly unlikely. Thus, these resultsvgs that clay sediment is a
suitable source of aDNA and open the possibilityuse other sources of material to
retrieve Neandertal aDNA rather than destroyingahthropological and archeological
valuable tissue samples. In addition, this new @gghm could allow us to study the
genetic diversity of an archeological area wereessvindividuals (e.g. Neandertals)
have been found or even scan if there were Nedralsrtemains or not in a particular

archeological area where a particular industrybdesen found.

Nevertheless, the efficiency of this process waseexely low. A large fraction of the
retrieved sequences consisted of PCR artifactsosagter five), mainly due to the low
amount of Neandertal sequences in the clay sedirbig allowed primers to hybridize
between them instead of binding the Neandertal Dibplate. Furthermore, another
source of non Neandertal sequences was soil mgao@ms. This strongly contrasts
with the results observed in other aDNA Neandestiadies, where a significant fraction
of the retrieved sequences are, in fact, moderranurontaminants (Krings et al., 1997,
Serre et al., 2004, Lalueza-Fox et al., 2005b)s Tésult could be explained by the fact
that these soil sediments were freshly taken ucdatrolled conditions. In addition,

only the deeper layers of the soil sediment weeduthus carefully reducing the pre
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laboratory derived contamination, which is an extedy important factor when working

with bone and teeth remains (see chapter 4.1).

In this particular study we have used clay sedisiéne to the interesting binding DNA
properties of this material. However, more reseascheeded in order to improve the
DNA retrieval efficiency of this technique and topéore other putative sources of long
time DNA preservation. For example, it has beercidesd that some microorganisms
can introduce exogenous DNA inside their genomas fireventing the degradation of
the DNA (Chen and Dubnau, 2004, Gogarten and Tomhs€005, Thomas and
Nielsen, 2005) along the time. If that was the caiseould be possible that some

microorganisms could be used as ancient genomarids.

In the next future, one possible way to increagedfiiciency of this new extraction

protocol from clay sediments (where a lot of soaregEDNA are present) would be try
to get rid of those sources of DNA that we are intd¢rested in during the extraction
procedure. One possible way to do that would beld@ing cleaning strategies in order
to capture in the extract (and before setting upR@R reaction) only those DNA that
we are interested in. Specifically, it would be gibke binding the DNA of interest to

specific proves and then cleaning the remaining CiN# have not been linked. At the
end, we will have increased the efficiency of thetpcol because of after this

“cleaning” step only the DNA of interest will renmai

5.2.1.2 DEMOGRAPHIC HISTORY OF THE NEANDERTAL LINEAGE IN
EUROPE (Teeth Neandertal remain mtDNA extraction)

We successfully extracted and sequenced 47bp aintB&NA control region from the
upper left first incisor Neandertal remain El Sidrd41 in two overlapping fragments.
with the following Neandertal-specific primers: NiA30/NH16262 and
NL16256/NH16278. The 47bp sequenced range betwesitigns 16231 and 16277 of
the reference sequence (Anderson et al., 1981¢eShre DNA was much degraded, it
was impossible to amplify longer fragments than@B0b addition, only a very small

fraction of all the sequenced clones were defialtividentified as Neandertal origin
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((b%). The remaining sequences were clearly modentanunants; some of them
could be assigned to the researchers who had sigkyf handled the specimen.
Consequently, the retrieval of the whole mtDNA HVRpion of the El Sidron 441
remain was technically impossible. This is not arusual case when sequencing
Neandertal sequences. In fact, from the thirteeandertal sequences retrieved so far,
only seven Neandertal sequences(Krings et al.,,1R8igs et al., 1999, Ovchinnikov
et al., 2000, Krings et al., 2000, Schmitz et 2002, Serre et al., 2004, Lalueza-Fox et
al., 2006) cover a significant section (>300 bpjref HVRI of the mtDNA whereas the
remaining sequences only covered a small fractidghad mtDNA region (Krings et al.,
2000, Serre et al., 2004, Beauval et al., 2005 et al., 2006).

The genetic diversity observed in the retrievedg mtDNA sequence from sidron 441
specimen has also been found in other mtDNA HVRifoBean Neandertal sequences
(Krings et al., 1997, Krings et al., 1999, Ovchkuov et al., 2000, Krings et al., 2000,
Schmitz et al., 2002, Serre et al., 2004, Lalueza-#t al., 2006, Beauval et al., 2005,
Orlando et al., 2006). Furthermore, the mtDNA segeefrom Sidron 441 remain
together with the reported mtDNA control region segces of the other twelve
Neandertal specimens have never been found inaleop modern mitochondrial DNA
sequences. In addition Serre et al (Serre et D4R did not get any Neandertal
sequence when trying to amplify Neandertal sequemcevell-preserved fossils of early
modern humans. Moreover, Caramelli et al (2003) rwhanalysing two early
anatomically moderrHomo sapiens sapiengated from 23-25 thousand years ago
showed that mtDNAs sequences of these individualls viell within the range of
variation of today’s humans, but differed sharpigni the sequences of contemporary
Neandertals. Consequently, mtDNA molecular datenfdeanderthal remains and from
the early anatomically modern humans that inhaldierbpe at the same time suggests
that there was not (or, if there were, it was eveint) genetic flow between both Homo
species. That is, presumably both species of tlreohgenus (neanderthalensis and
sapiens) had two independent and unrelated evohuohistories (Krings et al., 1997)
and, although they coexisted in the European centjnthe anatomically modern
humans replaced the Neandertal populations predymathout inbreeding with them.
This conclusion is of special relevance in the aafsthe Iberian Peninsula, where the
large period of coexistence of Neandertals andaamatlly modern humans during

more than 10,000 years could have suggested tisemre of inbreeding. By the way,
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this result supports the “out of Africa model” oftirhan evolution in front of the
multiregional model (see chapter 1.7.3).

The presence of other nine sequences at the tinthiofstudy allowed us to make
deeper analyses on the population structure oEtlrepean Neandertal population. In
particular we estimate the TMRCA (Time Most Rec@ammon Ancestor) and the
effective population size ¢y of the Neandertal population at this time. Theaoted
values (TMRCA: 245,500 +108,00 and.N5000-9000 individuals) indicated that the
genetic history of Neandertals was not shaped lbraanatic population bottleneck
associated with the 130,000 years ago glacial maxim(Jouzel et al., 1999).
Furthermore, among the nine Neandertals sequehagisd until that moment there is a
highly polymorphic genetic marker, an A to G traiosi at position 16258 (4 out of 9
Neandertals mtDNA have an A and the rest a G)niagéis of the age of this highly
polymorphic site (153,000 + 81,000 years ago) togetwith the estimation of the
TMRCA (245,500 £108,00 years ago) suggests thagémetic variation at this position
existed among European Neandertals prior to tregneat into the Southern refugia
(Iberian peninsula and the Balkans). It was alsteworthy that this polymorphic
position showed a different spatial distribution HEurope: whereas Neandertal
sequences from the South of Europe carries the ckotide, Neandertals sequences
retrieved from North Europe show the A nucleotidéis coincides with the full
emergence of the “classical” Neandertal morpholagyg fits chronologically with a
proposed speciation event of Homo Neandertalehsisit is supposed to took place
250,000-300,000 years ago (Rightmire, 2001).

However, the reliability of these results (both tiegtural history of the extinddlomo
Neandertalensispecies and their biological relationships wita #matomically modern
humans) is conditioned to the fact that we havg anklysed one marker (the mtDNA)
that, in addition, is only of maternal inheritan¢gee chapter 1.6). Although the
technical problems when working with very ancieegded DNA templates make
using mtDNA the best choice (see chapter 1.3), €oep al (2004) argued that future
methodological developments, such us the retriesfalnuclear sequences from
Neanderthal fossils, are needed in order to araveonclusive results. This is a
challenging issue that would involve important t@chl and scientific improvement.
However, it seems that getting that challenge tssoofar away. In fact, in July of this
year (2006) the Max Plank institute for Evolutionaknthropology and the private

company 454 Life Science announced the projecégfisncing the Neandertal genome
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over the next two years. It is thought that a comspa of the Neandertal genome and
the human genome will help us in understandingeti@utionary history of this extinct

homo species and their biological relationship witimo sapienspecies.
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5.2.2 THE NEOLITHIC PERIOD IN EUROPE: aDNA FROM AN
IBERIAN NEOLITHIC POPULATION.

It is still a matter of discussion whether the attkEuropean populations are direct
descendents of the original settlers that replélsedNeandertals in Europe or the result
of posterior immigrants from the Near East (Barhujand Goldstein, 2004). As we
have already seen (see chapter 1.8), at leastttveo dramatic demographic events took
place after the peopling of the European contindm: last maximum glacial event
(~18,000 years BP) and the Neolithic expansion ftbe Fertile Crescent (~10,000
years BP). Whereas the first one was within theceledants from the original
settlement that moved towards the glacial refugithé south of Europe, the second one
could involve a replacement of the original Eurapgaopulations. Two different
hypotheses have been proposed to explain the #gradudiffusion in Europe: the
demic and the cultural diffusion models; whereasfitst one invokes the presence of
large population replacements, the second propmsestural rather than demographic
diffusion of the new technologies (see chapter2).8The overlapping nature of the
peopling of the European continent and the agucaltdispersal in addition to the small
evolutionary time period between both processesentakd to disentangle between
both evolutionary scenarios (Barbujani and BertereR001) when using current
European population genetics. The reconstructioth@fdemography and evolutionary
history of European populations has been basedlynam analysing neutral genetic
markers in current European populations but theclosions obtained when analysing
that data are still a matter of debate among dsisntinterestingly, ancient DNA data
could be of great interest to resolve this prob&nce it allows us to directly study the
ancient populations that were undergoing theseugwolary processes and not their
descendent populations. However, aDNA data is wegrce at population level in
Europe(lzagirre and de la Rua, 1999, De Benedéetah,e2000, Caramelli et al., 2003,
Vernesi et al., 2004, Alzualde et al., 2005), mypdtie to the big threat that represents
modern human contamination when analysing anciembam samples (see chapter
1.3.5). Nevertheless, such a problem could be dweimed if there were information
available of all the putative contaminants preserhe sample. In the current thesis we
have analysed a Neolithic population from the Gliam® area (in Catalunya, Northeast

of Spain) making a special effort in tracing alspible contaminants from the sample.
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A total of twenty-three Neolithic remains dated3800-5500 years BC were subjected
to aDNA analysis. Using different pairs of overlagpprimers we attempt to amplify
the whole HVR | of the mtDNA genome in each onethf end, we generated a total of
572 clones. Since, we were able to monitor allpgeesons who had ever had access to
this set of samples (see chapter 4.1), it was plessp track down the pre-laboratory
derived contaminant sequences and consequentlyowll clefinitely eliminate them
from the generated cloning data set. However, thsk was not easy and in some
situations we faced some problems basically reléethe impossibility of working
with longer DNA fragments. This was mainly due bhe degraded nature of the DNA.
Thereby, in some situations it was not possibldistinguish between contaminants and
endogenous sequences basically because both safrsesjuences were equal in a
particular overlapping fragment and thereby impassito differentiate. In these
doubtful situations we discarded the Neolithic skmfor posterior analysis. By the
way, as far as we know it is the first time in tleeent history of aDNA research where
it has been possible to control the putatively lpi®ratory derived contaminant DNA
sequences and consequently to eliminate them ofltreng dataset. Thus and under
such circumstances, the Neolithic remains thatwigested to the genetic analysis were

unique.

We found than in these particular set of samplestet were a lot of pre-laboratory
derived contaminants and therefore we discard 10 adu23 Neolithic remains.
Preliminary results with the remaining samples slibat the haplogroup composition
of the Iberian Neolithic population is quite similéo the actual population that
nowadays inhabits this area .This genetic congrhgtween the ancient population and
the current populations suggested by these resuitsasts with these found by Haak et
al (2005). Haak et al when analysing a Neolithipydation (7000-7,500 years BP) from
Central Europe found that 25% (6 out of 24) of saenples were of a distinctive and
rare Nla lineage (currently present at 0.2% inEbheopean population) of the mtDNA
well-known phylogeny. Discarding the possibility af possible lost of this mtDNA
lineages by genetic drift over the last 7500 yégrasneans of demographic models, they
proposed that small pioneer farming groups carfi@dhing into new areas of Europe,
and therefore the dispersal of the agriculturahmégues were through a cultural model;
so that, at the end of the process, the frequehttyed\1a haplogroup was diluted to the

low modern value that its observed today.
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The absence of sequences carrying the N1a haplegnothe current set of analysed
sequences could be due to the difference of tippr¢ximately 2000 years) and space
(North versus South Europe) with these analysedHagk et al. However, since the
absence of Nla lineage cannot be explained by igetdft, other hypotheses have to
be invoked in order to explain such a discreparetyben their results and the observed
in the current work. Therefore, we hypothesise thatdispersal of agriculture involved
both demographic and cultural diffusion, dependingthe region where it took place.
Whereas the dispersal of the agricultural in thetiNef Europe could be a cultural
diffusion model, in the south our results suggesdtic diffusion model.

Thus, in order to totally clarify whether the adtlauropean populations are direct
descendents of the original settlers that replaited Neandertals or the result of
posterior immigrants from the Near East, the ansigEmore ancient Neolithic remains

from different European regions are definitivelyeded.
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5.2.3 POST-NEOLITHIC PERIOD IN THE IBERIAN PENINSULA:
A mtDNA STUDY OF THE ANCIENT IBERIANS

Although archaeology does not document other langde demographical events after
the Neolithic period, it is known that there haveeb continuous small migrations
through the European continent (Sokal et al., 19B@jsings and fallings of empires,
such as the Roman Empire, have been associatedttioat and population movements
on the conquest territories. Sometimes such presdsave almost erased the previous
culture thus making more difficult the study of skeancient populations. This is the
case of the Iberian populations, that before then&wo conquest had a non Indo-
European language which is still not understood Garrent Basque language and the
extinct Etruscan languages (in Italy) were also-lmmloeuropean languages; this could
indicate the existence of a Palaeolithic substraaomording to a model of a demic
expansion associated with agriculture and Indo-gean languages from de Middle
East. Although the analysis of classical genetickers in the Basque population has
been interpreted as a result of long isolationquk(iBertranpetit and Cavalli-Sforza,
1991), genetic analysis of these extinct populatisrof great interest in order to clarify
the present and past population structure in thet¥ve Europe. We have analysed
seventeen humans’ remains belonging to the Iberdtare (2600 years BP). In contrast
to other aDNA studies based on post-Neolithic papoihs (e.g (Vernesi et al., 2004,
Alzualde et al., 2005), working with Iberian remsihad an additional complication.
Since Iberians incinerated their dead, the majooitythe Iberian necropolises were
unsuitable for aDNA analysis. However, some skéletaains were occasionally found
in the large town of Ullastret (Catalonia, North $bain); these are related to a ritual
practise of nailing skulls, in which the heads leé £nemies were displayed in public
places with a long nail going all the way througie tskull from the forehead to the
cranial base. In this study, we have analysed sofrthese nailed skulls plus other
Iberian remains to obtain, for the first time, anggc picture of the human pre-Roman
substratum in the northeast of the Iberian Pengnskbllowing all the authenticity
aDNA criteria proposed so far (Cooper and Poin®002, the mtDNA HVR was
amplified in different overlapping fragments andrmeodiagnostic SNPs in the control
region were typed. It was possible to assign eamimam to an unequivocally

haplogroup in the mtDNA gene genealogy. When airadythe genetic composition of
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the ancient Iberians at mtDNA level, we found ttiety were not significantly different
from modern populations from the same region (rbugNorth-East and East of the
Iberian Peninsula) in haplogroup composition (degpter 4.6). This finding pointed out
towards a genetic continuity in the Iberia peniassince Neolithic times. This result
contrasts with those found in previous geneticistigvhen analysing populations from
the same historical period but in different regiofig€urope such as the Basque country
(Alzualde et al., 2005) and the Italian peninsifarfesi et al., 2004). These studies
gave support to possible post-neolithic migratimerds because of the presence of
differences between modern populations from thosgions and the ancient
populations. Clearly more research is needed iarahcient post-Neolithic population
in order to clarify this phenomenon.

Furthermore, the lack of African lineages in theciant Iberians, although not
conclusive due to the small number of individualalgzed, does not provide support
for an earlier gene flow between North Africa amme tiberian Peninsula before the
arrival of the Roman Empire. But again, this canhetdiscarded due to the small
sample size. Moreover, the three non Indo-Europegulations, Basque, Etruscan and
the enigmatic Iberian language, do not seem taspeaally close to one another from a
genetic point of view. Interestingly, when analyithe genetic diversity of the ancient
Iberians, it cannot be observed that in compariedhe modern population of the same
area, the Iberians had a lower amount of genetiersity. We hypothesized that the
limited genetic diversity of the ancient Iberiarmuld be due to the existence of small
populations and endogamic processes related tdritestructured Iberian society.
Moreover, the documented, posterior arrivals ougsofrom Europe and North Africa
did not alter significantly the pre- Roman geneliackground but they probably
increased the relatively low genetic diversity fud tberian groups.

In conclusion, there is a long term genetic corntynin the Iberia peninsula at least
since the Neolithic. The only clear genetic diseurty found is this involving two

different human speciebl. sapiensaandH. neanderthalensis
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