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Siberia is an ideal region for exploring population histories from a molecular
anthropological perspective given the diverse human populations, in terms of
linguistic affiliation and lifestyle, currently inhabiting this geographically large region.
As such, this thesis explores new methodologies for the investigation of the genetic
histories of Siberian populations. While previous genetic work in this area of the
world was able to provide detailed insights into paternal histories based on Y
chromosomal data, it was not as successful on the maternal side. There existed
difficulties in exploring the complex maternal demographic histories due to high
levels of sequence identity between individuals in different populations when using
only a very small region of the mitochondrial DNA (mtDNA), known as the
hypervariable region | (HV1). This realization led to the initial focus of this
dissertation which was to identify and test improved methods of sequencing entire
mtDNA genomes. This was necessary because the mtDNA genomes that were
published for human Siberian populations and across the globe prior to the work
described here were chosen based on specific sub-sample selection criteria that
introduced an ascertainment bias rendering them unusable for population-wide
analyses. After testing multiple next generation DNA sequencing methods, | helped
develop a sequencing library preparation method based on multiplexing and
hybridization enrichment of mtDNAs for sequencing by synthesis that has since
become widely used in labs across the globe. Comparing the same samples
sequenced by both the traditional and new methods for five ethnolinguistic
populations showed that these new methods were robust and could lead to different
inferences about population histories while avoiding a sampling bias. Based on the
results of this thesis it is now recommended for researchers to sequence complete
mtDNA genomes for all relevant samples within a collection. By applying these
methods to additional Siberian populations it was possible to better describe
maternal population contact and identify demographic changes over time. This
additional information allowed for the identification of putative drops in the maternal
effective population sizes in the Siberian populations examined here. When
examining the potential migrations and population contact between Turkic-speaking
Yakuts and the Tungusic-speaking Even and Evenks, there exists a differential
sharing of haplotypes suggesting that the Tungusic speaking populations herein
were already in the northern region and split prior to the expansion of the Yakuts into
their territory. The putative origin of the Yakuts as being around Lake Baikal was
given additional support from the analyses included in this study and the origins of
the Dolgans were shown to predominately include the admixture of Yakuts and
Evenks.
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Introduction

Research in the field of molecular anthropology focuses on an exploration of human
populations across the globe. As humans exhibit a variety of mating and dispersal
patterns that often do not correlate to observed ethnic groupings, population genetic
analyses can be used to uncover their histories, such as migrations and population
contacts. Historically, uniparental markers have been used as humans often exhibit a
sex-bias in dispersal patterns. Mitochondrial DNA (mtDNA) is predominately passed
from mother to child and analyses of these sequences can trace maternal histories
while analyses of Y chromosomal markers, such as single nucleotide polymorphisms
(SNPs) and short tandem repeats (STRs), are used to examine paternal histories.
Prior to the advent of modern ‘next-generation sequencing’ (NGS) technologies,
most work on mtDNA focused on a small area of the mtDNA genome known as the
hypervariable region | (HV1). This region mutates at a rapid rate relative to the rest
of the mtDNA genome and is the most commonly used marker for maternal analyses
as its small size is easy to sequence using traditional Sanger methods. In the past
decade, new technologies like pyrosequencing and sequencing-by-synthesis have
emerged and have slowly been incorporated into the field of molecular anthropology.
Methods to enrich samples for mtDNA and tag them so that they can be combined in

the sequencing process have allowed for a reduction of costs and time relative to




traditional methods. The higher throughput of NGS therefore means that sequencing

complete mtDNA genomes is now possible for full sample collections.

Prior to the research presented in this thesis, it was not known whether using
complete mtDNA sequences would lead to better population inferences; though this
has been a commonly held notion. Since the majority of published complete mtDNA
sequences were sub-selected based on specific haplogroups of interest or sequence
identity in the HV1, most publically available mtDNA genomes are not usable for

exploring maternal population histories

Siberia provides an ideal landscape for exploring the historical movement and
contact of human populations. It is a geographically large region with highly diverse
human populations in terms of lifestyle and linguistic affiliations. Previous research
into Siberian population histories have shown structure on the paternal side, but,
using only HV1, were unable to uncover maternal histories due to the sharing of HV1
sequence types across populations. It was therefore hypothesized that full mtDNA
sequences would be able to elucidate these populations’ maternal histories if indeed

they had the power to do so.

Goals of this thesis

The aims of this thesis are threefold. First, it was necessary to identify and test new
methods of sequencing complete mtDNA genomes using NGS. Techniques for
creating libraries to enrich for mtDNA and tag samples for multiplexing greatly helped
to utilize the full benefits of NGS systems. The second aim was to improve our
understanding of the potential benefits of moving to full mtDNA genome sequencing
by exploring the putative bias in sub-selecting samples for complete mtDNA

sequencing that was done in many studies. A comparison of population inferences




based on HV1 and complete mtDNA genomes was performed to identify differences.
The final goal of this thesis was to apply the new methods to specific populations in

Siberia to explore their population contact and histories.

Chapter 1 provides an introduction to the topics presented in the rest of the thesis
and Chapter 2 gives an overview of the methods used both for laboratory techniques
and analyses. This includes specifics on sequencing library preparation, creating and
verifying consensus sequences as well as detailing the specifics of the analytical
methods used. In Chapter 3, there is an exploration of ascertainment bias and HV1
sequences are compared against complete mtDNA sequences. The following
Chapters 4 and 5 explore Siberian maternal population histories on a large scale and
small scale, respectively. Finally, a discussion of the utility of the methods employed
is given along with their application to improving our understanding of maternal

population histories and contact in Siberia with some concluding remarks.

Results

The approach used for generating the complete mtDNA sequences used in this
thesis involved a sequencing library preparation method of multiplexing and
hybridization-based enrichment of mtDNAs. An initial subset of 379 samples
underwent a comparison between HV1 sequences generated using traditional
Sanger sequencing and the HV1 region from the Illumina-generated complete
mMtDNA sequences. An investigation into the two types of sequencing showed that
the majority of the differences were due to an N being called in one of the methods
or a C being called in a Sanger sequence that wasn’t seen in the corresponding
lllumina sequence. Most of these (82%) were in a region of the HV1 known as the

poly-C which is known to be problematic in sequencing and was, thus, excised from




all subsequent analyses. Because the Illumina sequences had much higher
coverage (50-100X) vs only 2x in Sanger sequences, the Illumina base was chosen
when there was a discrepancy. Next, there was an exploration of whether HV1
sequence identity is a predictor of complete mtDNA genome sequence identity. Only
17% of pairs of individuals with the same HV1 are also identical for the entire mtDNA
genome, so this method of sub-selecting samples for complete mtDNA sequencing
based on HV1 identity introduces a bias to the data. Similarly, sub-selecting samples
for complete mtDNA sequencing from specific haplogroups of interest also
introduces a bias when performing population based analyses based on analyses

shown in Chapter 3.

An exploration of maternal population histories in central and eastern Siberia using
715 complete mtDNA genomes described in Chapter 4 was able to shed new light
on population contact and histories. Here the focus was on migrations of Turkic and
Tungusic speaking populations into Siberia from further south, putatively around
Lake Baikal. Additional populations were included for comparison including Mongolic
speakers. Taking advantage of the complete mtDNA genomes allowed for a more
full understanding of the histories of these populations through the use of haplotype
sharing analyses and Bayesian skyline plots to examine changes in maternal
effective population sizes (Nef). There was a drop in Nef around 6,000 years ago
visible in all Siberian populations but absent in others (Mongolian and Kyrgyz). A
subsequent increase in Nef observed in the Yakuts (the largest Turkic speaking
population in Siberia) around 1,000 years ago is in agreement with results from Y
chromosomal and archaeological research showing a northern migration and
following expansion. This shared Nef drop combined with mtDNA homogeneity

suggests a common origin for the Siberian populations under study. In regard to




which populations migrated northward first, there is a differential haplotype sharing
between the Yakuts and Evens (Tungusic speakers) and Yakuts and Evenks
(another Tungusic speaking population) and it can be inferred from this that
Tungusic speakers were already in the region and had split prior to the expansion of

the Yakuts into their territories.

An exploration of the maternal histories in a smaller region of Siberia, the Taimyr
Peninsula, focuses on a population called the Dolgan in Chapter 5. A further 149
complete mtDNA genomes were sequenced and analyzed from Dolgans and Nenets
(Samoyedic speakers living in the region) and compared with those generated for
the analyses in Chapter 4. The Dolgans are also Turkic speakers but have adopted
the lifestyle of Tungusic speakers (reindeer herding and hunting rather than cattle
and horse pastoralist Yakuts). Thought to be recently formed through the admixture
of Yakuts, Evenks, Samoyedic speakers and possibly Russians, it has not been
known to what degree these populations contributed to their formation. Analyses
show that a very high percentage of haplotype sharing (compared to all other
Siberian populations examined in this study) exists between the Dolgans, the Evenks
on the Taimyr, and a nearby population of Yakut-speaking Evenks. This sharing is
highest between the most geographically close sub-populations and less with
linguistic relatives suggesting high levels of recent admixture. Sharing between
Dolgans and multiple geographically farther populations suggests maternal lineages
being brought to the region in waves of migrations by both the Yakuts and the
Tungusic speakers. Therefore, the emerging picture is a complex one involving both

shared ancestry and continuing recent admixture.

The analyses provided in this thesis underscore the need to move from HV1

sequencing to complete mtDNA genome sequencing for investigating maternal




population histories. These methods have allowed for greater insights into the
prehistories of Siberian populations included here as well as in multiple other

populations studied around the globe.
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Einfihrung

Die Forschung auf dem Gebiet der molekularen Anthropologie konzentriert sich auf die
Untersuchung menschlicher Populationen auf der ganzen Welt. Menschen zeigen eine
Vielzahl von Paarungs- und Verbreitungsmuster, die haufig nicht mit beobachteten,
ethnischen Gruppierungen korrelieren. Populationsgenetische Analysen kénnen
verwendet werden um solche Migrationsbewegungen und Kontakte zwischen
Populationen aufzudecken. Historisch wurden uniparentale Marker verwendet, da
Menschen bei ihren Verbreitungsmustern eine geschlechtsspezifische Verzerrung (sex-
bias) aufweisen. Mitochondriale DNA (mtDNA) wird hauptséchlich von der Mutter auf
das Kind Ubertragen, so dass die Analyse solcher Sequenzen die mutterliche
Vergangenheit nachvollziehen kann. Wahrenddessen lasst die Analyse von Y-
Chromosom spezifischen Markern, wie einzelnen informativen nuklearen
Polymorphismen (SNPs) und kurzen Tandemrepeats (STRs), Ruckschlisse auf die
vaterliche Geschichte zu. Vor dem Aufkommen der modernen "Next-Generation-
Sequencing” (NGS) -Technologien, konzentrierten sich die meisten Arbeiten zur mtDNA
auf einen kleinen Bereich des mtDNA-Genoms, der als die hypervariable Region | (HV1)
bekannt ist. Diese Region mutiert im Vergleich zum restlichen mtDNA-Genoms mit einer
relativ schnellen Rate und stellt den meistverwendeten Marker fir maternale Analysen

dar, da sie aufgrund ihrer kleinen GréR3e leicht mit der traditionellen Sanger-Methode zu




sequenzieren ist. In den letzten zehn Jahren entstanden neue Technologien wie
Pyrosequenzierung und Sequenzierung-durch-Synthese, welche allmahlich in das
Gebiet der molekularen Anthropologie aufgenommen wurden. Methoden um mtDNA in
verschiedenen Proben anzureichern und zu markieren, so dass sie in einem
Sequenzierungsprozess kombiniert werden konnten, reduzierten die Kosten und Zeit
gegenuber traditionellen Methoden. Der hohere Durchsatz von NGS bedeutet, dass die
Sequenzierung vollstandiger mtDNA Genome fir eine Vielzahl von Probensammlungen
heutzutage mdglich ist.

Vor der Forschung und Auswertung, welche in dieser Arbeit prasentiert wird, war es
unklar ob die Sequenzierung des vollstandigen mtDNA-Genoms bessere Rickschliisse
Uber Bevolkerungsentwicklungen zulassen wirde; obwohl dies allgemein angenommen
wurde. Da die Mehrheit der veréffentlichten, vollstandigen mtDNA-Sequenzen aufgrund
einer Vorauswahl entstanden, die auf bestimmten Haplogruppen oder
Sequenzidentitaten in der HV1 basierten, sind die meisten 6ffentlich zugénglichen
mtDNA-Genome nicht fir die Erforschung der maternalen Populationsgeschichte
verwendbar.

Sibirien stellt eine ideale Mdglichkeit dar um die historischen Bewegungen und
Bertihrungen menschlicher Bevolkerungen zu erkunden. Es ist ein grol3e geographisch
Region, deren unterschiedlichen Bevdlkerungsgruppen in Bezug auf Lebensstil und ihre
sprachliche Zugehorigkeit eine hohe Diversitat aufweisen. Bisherige Untersuchungen
der Geschichte sibirischer Bevoélkerungen zeigten eine Struktur auf der vaterlichen
Seite. Die limitierte Verwendung der HV1 war nicht in der Lage maternale Strukturen zu
entschlisseln, da viele Bevolkerungen HV1 Sequenztypen teilen. Es wurde daher
vermutet, dass vollstdandige mtDNA-Sequenzen in der Lage wéren, die maternale
Geschichte dieser Populationen zu erhellen, wenn deren Analyse aussagekréftig genug

ware.




Ziele dieser Arbeit

Diese Arbeit verfolgt dreierlei Ziele. Zuerst war es notwendig neue Methoden der
Sequenzierung vollstandiger mtDNA Genome mittels NGS zu identifizieren und zu
testen. Techniken zur Erstellung von Bibliotheken mit angereicherter mtDNA, sowie das
markieren verschiedener Proben (multiplexing) halfen enorm um die Vorzige des NGS-
Systems umfanglich auszuschodpfen. Das zweite Ziel war es, unser Verstandnis fur die
potenziellen Vorteile vollstandiger mtDNA-Genom-Sequenzierung zu verbessern. Hierzu
sollte die vermeintliche Verzerrung, aufgrund von voreingenommener Probenauswabhl
vieler friherer Studien untersucht werden. Ein Vergleich von
Populationsschlussfolgerungen basierend auf HV1 und vollstandigen mtDNA-Genomen
wurde durchgefuhrt, um mogliche Unterschiede zu identifizieren. Das endgultige Ziel
dieser Arbeit war es, die neuen Methoden auf bestimmte Bevolkerungsgruppen in
Sibirien anzuwenden um ihre Kontakte und Geschichte zu erforschen.

Kapitel 1 bietet eine Einfuhrung in die Themen, die im Rest der Arbeit prasentiert
werden und Kapitel 2 beschreibt die angewendeten Labor- und Analysemethoden. Dazu
gehoren Einzelheiten zur Vorbereitung von Sequenzierungsbibliotheken, der Erstellung
und Uberprifung von Konsensus-Sequenzen sowie die detaillierte Beschreibung der
analytischen Methoden. In Kapitel 3 wird die Erforschung der Verzerrung aufgrund von
Probenauswahl (ascertainment bias) behandelt und HV1 Sequenzen mit vollstandigen
mtDNA Sequenzen verglichen. Die folgenden Kapitel 4 und 5 erforschen die sibirischen
maternalen Populationsgeschichten in grof3em wie im kleinen Maf3stab. Abschliel3end
wird eine Diskussion Uber die Nutzlichkeit der angewandten Methoden geflihrt. Dabei
wird darauf eingegangen inwieweit diese unser Verstandnis der mutterlichen

Populationsgeschichte und Kontakte in Sibirien verbessern kénnen.
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Ergebnisse

Der in dieser Arbeit verwendete Ansatz zur Erzeugung vollstandiger mtDNA-Sequenzen,
umfasste die Herstellung von Sequenzierungs-Bibliotheken anhand von Hybridisierungs-
Anreicherungsmethoden und Markierungen (multiplexing). Eine erste Teilmenge von
379 Proben, diente dem Vergleich zwischen HV1 Sequenzen, die mit traditionellen
Sanger-Sequenzierung erzeugt wurden und vollstandigen mtDNA-Sequenzen die mit
der Illumina-Technologie entstanden. Eine Untersuchung der beiden
Sequenzierungsmethoden zeigte, dass die Mehrheit der Unterschiede nichtbestimmter
Basen (N) in einem der beiden Verfahren betraf oder ein C in der Sanger-
Sequenzierungsmethode ermittelt wurde, das bei der lllumina-Methode nicht gesehen
wurde. Die meisten von ihnen (82%) entfielen auf einen Bereich der HV1 der als poly-C
bekannt, und sich fir die Sequenzierung als problematisch darstellt und deshalb in allen
nachfolgenden Analysen entfernt wurde. Da die lllumina-Sequenzen eine vielfach
héhere Abdeckung einzelner Basen hatte (50-100X) im Vergleich zu 2X der Sanger-
Sequenzen, wurde bei Diskrepanzen die lllumina-Base verwendet. Als nachstes wurde
untersucht, ob die HV1 Sequenzidentitat ein Indikator fur die Identitat des vollstandigen
MtDNA-Genoms ist. Nur 17% der Paare von Personen mit derselben HV1 waren
ebenfalls fur bei der vollstandigen mtDNA identisch, so dass durch die Vorauswahl von
mtDNA Sequenzierungen aufgrund ihrer HV1-ldentitaten eine Verzerrung in den
Datensatz eingefihrt wird. In ahnlicher Weise fiihrt eine Vorauswahl basierend auf
Haplogruppen ebenso zu einer Verzerrung, die sich in der Analyse von Populationen
widerspiegelt und in Kapitel 3 beschrieben wird.

Eine Untersuchung der maternalen Populationsgeschichte in Zentral- und Ostsibirien,
unter Verwendung von 715 vollstandige mtDNA-Genomen in Kapitel 4, war in der Lage
ein neues Licht auf Bevolkerungskontakte und ~geschichten zu werfen. Hier lag der

Fokus auf Migrationen von tirkisch- und tungusisch-sprechenden Populationen nach
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Sibieien, aus weiter sudlichen Regionen, mutmalflich um den Baikalsee. Weitere
Populationen, wie z.B. mongolisch sprechende Vaélker, wurden zum Vergleich mit
einbezogen. Die Verwendung der gesamten mtDNA hatte den Vorteil ein umfassendes
Verstandnis der Geschichte dieser Populationen zu erhalten. Hierbei kamen Analysen
der Haplotyp-Ubereinstimmungen sowie Bayesian-Skyline Plots zum Einsatz, welche die
maternale effektive Populationsgrof3e (Nes) untersuchen. Es gab einen Abfall der N vor
rund 6.000 Jahren, der in allen sibirischen Populationen sichtbar ist, aber in
mongolischen und kirgisischen Populationen fehlt. Eine spater folgende Erhéhung der
Netr, die bei den Jakuten (der gréRten Turk-sprechenden Bevdlkerung in Sibirien) vor
rund 1.000 Jahren beobachtet werden konnte, steht in Ubereinstimmung mit den
Ergebnissen von Y-Chromosom und archaologischen Forschung, die eine ndrdliche
Migration und anschlielBende Expansion zeigt. Dieser gemeinsame Neg-Abfall in
Kombination mit mtDNA-Homogenitéat legt einen gemeinsamen Ursprung der sibirischen
Populationen nahe. Zur Frage, welche Bevolkerung zuerst nach Norden gewanderte,
lasst sich sagen, dass es ein unterschiedliche Ubereinstimmungen der Haplotypen
zwischen Jakuten und Ewenen (tungusisch-sprechend) und Jakuten und Ewenken
(eine andere tungusisch sprachige Bevolkerung) gibt. Man kann ableiten, dass
tungusisch-sprachige Populationen in dieser Region bereits prasent und voneinander
getrennt bevor sich die Expansion der Jakuten in ihr Territorium vollzog.

Eine Untersuchung der maternalen Geschichte in einer kleineren Region Sibiriens, der
Taimyrhalbinsel, konzentriert sich auf eine Population die Dolganen genannt wird findet
in Kapitel 5 statt. Weitere 149 vollstindige mtDNA Genome von Dolganen und Nenzen
(samojedisch-sprechende Population, die in der Region lebt) wurden sequenziert und
analysiert und mit den Analysen aus Kapitel 4 verglichen. Obwohl die Dolganen
ebenfalls turk-sprachig sind, haben sie sich den Lebensstil der tungusisch-sprechenden

Bevdlkerung angeeignet (Rentierzucht und Jagd statt pastorale Rinder- und
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Pferdehaltung der Jakuten). Bisher nahm man an, dass die Dolganen durch die
Vermischung der Jakuten, Ewenken, samojedisch-sprechenden Gruppen und
maoglicherweise Russen entstanden. Unbekannt war allerdings, inwieweit diese Gruppen
zu der Formierung der Dolganen beitrugen. Die Analysen zeigen, dass ein sehr hoher
Prozentsatz der Haplotyp-Ubereinstimmungen (im Vergleich zu allen anderen
sibirischen Populationen, die in dieser Studie untersucht wurden) zwischen den
Dolganen und den Ewenken der Taimyr-Region und ortsnahen jakutisch-sprachigen
Ewenken existiert. Diese Ubereinstimmungen sind zwischen den geografisch
naheliegenden Subpopulationen am gré3ten und bei sprachlich Verwandten Gruppen
geringer, was auf ein hohes Niveau von Durchmischung in der jingeren Vergangenheit
schlieRen lasst. Ubereinstimmungen zwischen Dolganen und mehreren geographisch
weiter entfernten Populationen deutet darauf hin, dass maternale Abstammungslinien
durch Migrationswellen der jakutisch- und tungusisch-sprachigen Populationen in diese
Region eingebracht wurden. Daher ist das sich darstellende Bild komplex und beinhaltet
sowohl eine gemeinsamen Abstammung als auch eine fortdauernde jlingere
Durchmischung.

Die Analysen in dieser Arbeit unterstreichen die Notwendigkeit, von HV1
Sequenzierungen zu vollstandigen mtDNA Genomen zu wechseln, wenn man die
maternalen Populationsvergangenheit untersuchen will. Diese Methoden ermdglichten in
dieser Arbeit tiefere Einblicke in die Vorgeschichte der sibirischen Populationen, sowie

in anderen Studien die Untersuchungen vieler Populationen auf der ganzen Welt.
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Chapter 1

General Introduction
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Introduction

The field of molecular anthropology aims to elucidate the prehistories of human
populations across the globe using biological markers. Over the past three decades,
continually improving technologies have allowed for larger amounts of data to be
gathered for increasing numbers of populations. Important questions in the field of
anthropology revolve around whether and how genes and languages migrate
together. It is possible for either genes or languages to be transmitted from one
population to another alone. It is also possible for both to be passed along together.
There are a number of different combinations by which genes can be passed
between populations that come into contact with one another. Sometimes only men
transfer from one group to another, other times only women emigrate between the
populations, and sometimes populations can fuse together. Migration between
populations can happen in one direction or bi-directionally. In order to differentiate
between types of admixture, molecular anthropologists often focus on a specific
region of the world and examine the genetic diversity in linguistically divergent
populations. Following in this tradition, this study focuses on Northeast Asia due to
its linguistic diversity (Turkic, Tungusic, Samoyedic, and Mongolic speakers as well
as a linguistic isolate) and divergent subsistence patterns ranging from

hunting/gathering to cattle and horse pastoralism and reindeer herding.

Siberia is a geographical region which stretches from the Ural Mountains in the west
to the Kamchatka Peninsula in the east and from the Arctic Ocean in the north down
to the northern borders of Kazakhstan, Mongolia and China. It constitutes roughly %
of Russia, though it has one of the lowest population densities due to its harsh

climate and relative lack of infrastructure. This study focuses primarily on the Central
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portion of Siberia, while also including some relevant populations located in the

Northeast and more southern populations from Mongolia and Kazakhstan.

In this monograph, the term ethnolinguistic group will be used to mean a group of
people that share a combination of a common language, culture and subsistence
pattern. Groups are always self-identified and some are subsequently divided by
geographic location for the purposes of analyses. The primary focus here will be on
populations that speak Turkic and Tungusic languages and, for comparative
purposes, also includes Mongolic speakers, Samoyedic speakers, and speakers of

the linguistic isolate, Yukaghir.

Benefitting from the fact that some DNA is inherited paternally and some maternally,
it is possible to use parental-specific markers to uncover information about our
species’ past from multiple perspectives. Given the diverse residence marriage and
residence patterns existing in human populations, these uniparental markers can
help to disentangle complex male and female population contact situations.
Mitochondrial DNA (mtDNA) is passed on from mother to offspring and has been
used since the 1980s to study human population history and was used to trace back
a common mtDNA ancestor (Cann et al., 1987). Most work up until the past few
years has focused primarily on a very short segment of the mtDNA genome, the
hypervariable region 1 (HV1), in order to elucidate maternal population histories. As
the name implies, this small region mutates at a higher rate than the rest of the
mtDNA genome. There has long existed a need to investigate the putative benefits
of performing population-wide analyses based on complete mtDNA genomes rather
than solely focusing on one rapidly mutating region. However, this has largely
remained too expensive and time consuming for most research groups. Second- and

third-generation sequencing technologies have however made this possible and the
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data analyzed in this thesis were generated by a novel, tailored method of preparing
sequencing libraries by enriching for mtDNA that was developed in collaboration with
colleagues using some of the Siberian samples examined here (Maricic et al., 2010).
Although “2nd generation sequencing” methods have been around for over a

decade, they are still relatively new to the field of molecular anthropology and remain
under-utilized. Here they are used to examine maternal prehistories amongst human

populations in Siberia.

Studies of maternal population history in Siberia have previously been limited
because they largely focused on mtDNA HV1. A few studies have included complete
mtDNA genomes, but only limited population inferences could be made from these
data because the samples selected for complete mtDNA genome sequencing were
chosen based on haplogroups of interest or sub-selected due to having unique HV1
sequences and were, thus, non-random (Achilli et al., 2005; Derenko et al., 2014;
Derenko et al., 2007; Fedorova et al., 2013; Starikovskaya et al., 2005; Volodko et
al., 2008) With the advent of multiplexing and hybridization methods for use in 2"
generation sequencing technologies, it is now feasible to completely sequence the
mtDNA genomes of all the individuals in a collection, rather than just a small
selection of samples, which increases our ability to study population demographic
parameters (Barbieri et al., 2013a; Barbieri et al., 2012; Delfin et al., 2014; Duggan
et al., 2014; Duggan et al., 2013; Gunnarsdaéttir et al., 2011a; Gunnarsdéttir et al.,
2011b; Maricic et al., 2010; Meyer and Kircher 2010; Vyas et al., 2016). We recently
published the first paper on Siberian maternal population history utilizing these
methods on a comparatively unbiased collection of Siberian populations with a focus
on Tungusic speaking populations (Duggan et al., 2013) using samples sequenced

during the course of the work for this dissertation. In addition to more closely
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examining population contact, the use of complete mtDNA genomes allows for
additional analyses that can elucidate effective population sizes over time to provide

a look deeper into the past to identify demographic changes.

The Y chromosome is passed from father to son and can therefore help us to gain a
better understanding of paternal population histories. This chromosome has
traditionally been analyzed using two different types of markers, single nucleotide
polymorphisms (SNPs) and short tandem repeats (STRs). Because of the high rate
of mutations of STRs, it is possible to distinguish more recent population events,
while SNPs involved in the analyses of Y chromosomal data are in relatively stable
(mutationally speaking) positions, so we can use them to look in the paternal past
(Jobling and Tyler-Smith 1995). While the focus of this thesis is on using complete
mtDNA genomes to disentangle maternal population histories, some limited Y

chromosomal data will be discussed for the purpose of comparison.

The specific research goals of this study can be divided into three parts. First, it was
necessary to find and test new methods of generating complete mtDNA sequences
from human samples and to verify these methods against the standard, accepted
Sanger sequencing technology. The second goal was to explore the putative
benefits of these novel methods by determining whether the common practice of
sub-selecting samples for complete mtDNA sequencing from a collection introduces
a bias (which could be avoided with the improved methods) and if inferences of
population histories based on analyses of full mtDNAs are different from those made
using only HV1 data. The third goal of this research was to use these new tested and

verified methods to gain a better understanding of the histories of the Siberian
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populations included herein. To accomplish these goals, the work performed is laid

out in the chapters as described below.

Chapter 2 provides an overview of all the laboratory methods used in this
dissertation from DNA extraction through library preparation and sequencing.
Additionally, the analysis of DNA sequences is described, including sequence
assembly methods and analytical tools used in studying the populations included
herein. Information on individual populations and sample numbers used in different
parts of this study are provided in the “Materials” sections in the relevant chapters (3-

5).

In Chapter 3, we will look at the benefits of using complete mtDNA genomes in a
side-by-side comparison with HV1 sequences and determine whether different
interpretations of population histories could be inferred. This chapter will also
examine the potential bias that could result from using existing published data that
has undergone a form of sub-selection of specific samples used in complete mtDNA
sequencing; a practice which has been common in many past studies and remains in

use today.

Next, Chapter 4 examines the largest ethnolinguistic populations in Siberia as well
as some of their linguistic and geographic neighbors using complete mtDNA
genomes. The goal of this chapter is to obtain a deeper understanding of maternal
histories to help uncover putative past migrations and changes in effective
population sizes as well as to look at potential contact and admixture on a large

scale.

Chapter 5 will explore a small region in the far north of Siberia, the Taimyr Peninsula,

in order to shed more light on the origin of the Dolgans, the northernmost population
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of Turkic language speakers whose subsistence strategies more closely match those
of Tungusic-speakers. This ethnolinguistic group is thought to have been formed
relatively recently and their origins have been unclear. Therefore, complete mtDNA
genome analyses on the relevant populations in this chapter and their comparison to
those from Chapter 4 and presented along with a discussion of some Y preliminary

chromosomal analyses.

The final chapter (6) summarizes the findings of the previous chapters and examines
the key conclusions. A review of the goals of this study will be provided, including the
creation and substantiation of improved sequencing methods and the usefulness of
these methods in examining population histories in the Siberian populations
analyzed in this study both in a large scale exploration of maternal population
demographies and a more fine-scaled examination of a recently formed
ethnolinguistic group. Overall conclusions are provided along with a discussion of the
effects of the work leading to this dissertation on the field of molecular anthropology

in general.
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Chapter 2

Sequencing and Analytical Methods
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Sequencing and Analytical Methods

Initial explorations into generating complete mtDNA genomes

Prior to deciding on the final methods used to sequence the samples in this study,
considerable testing was done using a method of parallel tagged sequencing on the
Roche 454 GS and GS FLX analyzers based on work described in Meyer et al.,
(2008). For complete mtDNA sequencing, this method of library preparation was
based on the amplification of two, overlapping, long range PCR products covering
the entire mtDNA genome that were then sheared down to small fragments.
Sequences generated using these systems were not of adequate coverage across
the mtDNA genomes, often showing some regions completely uncovered. Attempts
were made to improve this protocol for our purposes by varying the long range PCR
products used, switching the method of shearing, and using whole genome
amplification using a Repli-G kit (Qiagen). Given that further testing still showed
significant drawbacks to multiplexed sequencing on the Roche 454 platform, it was
decided not to continue with 454 sequencing and those full methods are given in
Gunnarsdottir et al., (2011a). Rather, | switched to testing lllumina Genome
Analyzers as they offered higher coverage without some of the problems inherent in
454 sequencing such as the difficulties with homopolymer regions. Optimization of

library preparation methods led to the protocol described below.

lllumina library preparation and sequencing

The methods given in Meyer and Kircher (2010) were used with the following
modifications: Genomic DNAs were sheared using the Bioruptor UCD-200

(Diagenode) to approximately 200bps to 800bps. The adapter fill-in step used
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Dynabeads® MyOne™ Streptavidin C1 (Invitrogen, cat no. 650.01). Beads were
prepared by aliquoting 25ul bead suspension for each sample, washing twice with
2X-BWT buffer (Maricic et al., 2010) and eluting in 25ul 2X-BWT buffer. Adapted
sample libraries were added to the bead suspension and incubated at room
temperature for 15 minutes. The supernatant was discarded and the beads were
washed twice with 100ul 1X-BWT buffer. The master mix described in Meyer and
Kircher (2010) was used for the fill-in after removing the buffer, and no SPRI

purification was necessary.

Specific indexes were attached to individual samples by performing a PCR
amplification using the Phusion Mastermix (NEB, cat. no. F-531S). Samples were
pooled in equimolar ratios after indexing. The resulting pooled libraries were
hybridized to sheared, long-range mtDNA PCR products according to Maricic et al.,
(2010). Quantitative PCRs were performed on the sample pools after hybridization
with the DyNAmo gPCR kit (NEB, cat. no. F-410). Based on the qPCR amplification
plots, the sample pools were amplified using the Phusion Mastermix so they could
be accurately quantified on an Agilent DNA-1000 chip (Agilent Technologies, cat. no

5067-1504).

Each of the library pools was sequenced with 36+7 or 76+7 cycles in one lane of an
lllumina flow cell (Cluster Generation kit V2 and V4, sequencing chemistry V3 and
V3+). The sequencing primer used can be found in Meyer and Kircher (2010). The
manufacturer's instructions for Single Read Multiplex sequencing on the Genome

Analyzer lIx platform were followed.

23

—
| —



Assembly of Complete mtDNA Genomes

The runs were processed using SCS versions 2.4, 2.5, and 2.6/RTA 1.4, 1.5, and 1.6
(llumina Inc.). Base calling was performed using an alternative base-caller, Ibis
(Kircher et al., 2009). The raw sequences from individual samples were separated
using the index reads (Meyer and Kircher 2010). Reads were scanned for adapter
sequence and trimmed correspondingly. Identical reads were collapsed and
assembled with the software MIA (Briggs et al., 2009) by mapping the reads to the
revised Cambridge reference sequence (rCRS) (Andrews et al., 1999). Additional
information on assembly and quality filtering parameters can be found in Li et al.,
(2010). Once assembled, the reads were checked using clview, an interactive,

graphical file viewer (http://compbio.dfci.harvard.edu/tgi/software/).

Consensus sequence clean-up

Because of the method used to align the reads to the rCRS, the intergenic
COII/tRNALYS 9-bp repeat was called incorrectly in some samples. The rCRS has
two copies of this repeat and, thus, many samples with only one copy were
automatically constructed as having two in the consensus. To verify the number of
repeats in this region, the reads were checked using an in-house Perl script” to
identify the number of copies of the 9-bp repeat by using only those reads that span
the region. Additionally, samples with the deletion, with potential heteroplasmy of the
deletion, and individuals assigned to haplogroup B that appeared to have two copies

of the repeat were amplified using the primers from Wrischnik et al., (1987) and the

1 Thanks to Mingkun Li for the script to check repeats
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protocol specified in Tarskaia et al., (2006) and visualized on a 4% agarose gel’.
There were discrepancies in the number of copies of the repeat between the initially
called consensus sequences and the sequences identified using the Perl script as
well as the length of the fragment after amplification and visualization for six
individuals. The consensus sequences of those six individuals were changed to the
number of repeats resulting from the gel verification and reads spanning the entire

region.

Prior to performing a multiple alignment, all positions with 1x coverage were replaced
with an N. Average coverage of all samples ranged from around 50X to 100X.
Additionally, a cut-off was set such that the majority base was kept if it was present
in over 70% of the reads. Up to 0.5% of missing data was allowed in the consensus
sequences. Samples with more missing data were excluded. A multiple alignment of

the consensus sequences was done using MAFFT v6.708b (Katoh et al., 2002).

Verification of sequences

For 379 of the samples that underwent complete mtDNA sequencing for this thesis,
the hypervariable region 1 (HV1) had been previously sequenced to at least 2-fold
coverage using Sanger sequencing methods (Pakendorf et al., 2006; Pakendorf et
al., 2007). This allowed for a direct comparison to be performed in this region
between the consensus sequences generated from each technology. When

differences were identified (as was the case in 72 individuals, with one to six

2 | would like to thank Serena Tucci for performing the laboratory work to check for the 9-bp
deletions/repeats.
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differences per sample), the trace files and the lllumina Genome Analyzer lIx reads
were investigated to determine possible reasons for the mismatches. The vast
majority of the differences were in the poly-C regions which were removed from

analyses. The specifics of these differences are discussed in Chapter 3.

Haplogroup assignment

After performing a multiple alignment, the resulting consensus sequences were
manually aligned to the rCRS by removing insertions such that all samples had the
same numbering. They were then processed using a Perl script created in-house
that used the full polymorphism data from Phylotree.org Build 12 (Oven and Kayser
2009) as a reference. This script provides information on the closest haplogroup that
is available in Phylotree.org by comparing all variable positions in the sequences

against those provided in the tree.
mtDNA Data analyses

Summary statistics, pairwise ®st between populations, and analysis of molecular
variance (AMOVA) were calculated using Arlequin ver. 3.11 (Excoffier et al., 2005).
A Bonferroni correction for multiple tests was applied to the matrix of ®st values.
MDS plots were created using Statistica ver. 8 (StatSoft, Inc.). Correspondence
analysis plots were generated using an in-house R script’. Haplotype sharing plots
were also created using an in-house R script (de Filippo et al., 2011). Network
v.4.516 was used to generate phylogenetic networks from complete mtDNA

genomes after removing indels and all positions containing Ns. Bayesian Skyline

3 Thanks to Chiara Barbieri for her Correspondence Analysis plot script
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Plots (BSPs) of populations using the coding region (positions 577-16023) were
generated in BEAST v. 1.6.1 to estimate the female effective population size (Nef)
over time (Drummond and Rambaut 2007). A generation time of 28 years was used
to convert to Nes from T (Nesxgeneration time) (Fenner 2005). MCMC samples were
based on runs between 30,000,000 and 50,000,000 generations, depending on
population size, such that ESS values were above 200. Samples were taken every
3,000 or 4,000 generations, with the first 3,000,000 or 4,000,000 generations
discarded as burn-in. The rate of molecular evolution was set at 1.691 x 1078
substitutions/site/year (Atkinson et al., 2008). The plots were produced by Tracer v.

1.5 (Rambaut and Drummond 2003).

Conclusions

The methods of DNA sequencing library preparation described above were modified
and created for this project and were used on the Siberian samples for this study
described in the next chapters. The protocol that came out of this work enhanced the
ability for research labs to multiplex samples and enrich for mtDNA thus reducing
cost while maintaining high coverage leading to more accurate sequences. The
combination of these laboratory methods with the subsequent assembly and
consensus calling pipeline set up in the Genetics Department of the Max Planck
Institute of Evolutionary Anthropology allowed for me to train multiple researchers
from various institutions and led to an improvement in DNA sequencing not only in
many geographic regions in the field of molecular anthropology, but also across

other disciplines.
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Chapter 3

Investigating ascertainment bias in sample selection and comparison of
complete mtDNA sequencing against HV1 sequencing
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Investigating ascertainment bias in sample selection and
comparison of complete mtDNA sequencing against HV1

sequencing
Introduction

The number of complete mtDNA sequences deposited in Genbank has grown rapidly
in the past decade. However, the majority of these sequences were chosen based
on haplogroups of interest or by only using samples with distinctive HV1 sequences
(Achilli et al., 2005; Derenko et al., 2014; Derenko et al., 2007; Fedorova et al., 2013;
Starikovskaya et al., 2005; Volodko et al., 2008). In part, this is due to limited access
of molecular anthropology research groups to facilities able to perform 2™ generation
sequencing methods which could make complete mtDNA genomes more easily
obtainable. Also, prior to the methods described in Chapter 2, Meyer and Kircher
(2010), and Maricic et al. (2010), there were no cost effective and acceptable ways
of even utilizing the advances in sequencing technologies for the purposes of
population wide mtDNA genome sequencing. Given the higher costs and time
associated with sequencing entire mtDNA genomes using traditional Sanger
methods, sub-sampling has often been employed when deciding which samples to
perform complete sequencing on. This is largely due to the size difference between
the HV1 (~360bps) and the complete mtDNA genome (~16,600bps) and the inability

to sequence samples in a highly parallel manner.

Sub-selecting samples for complete mtDNA genome sequencing therefore raises
two questions: (i) is an ascertainment bias (resulting in a non-random sample)
introduced when selecting samples based on unique HV1 haplotypes, and (ii) do the

results of population genetic analyses differ when using HV1 sequences vs.
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complete mtDNA genomes? To investigate these questions | used complete mtDNA
sequences from Siberian populations for which HV1 sequences were previously
generated (Pakendorf et al., 2006, Pakendorf et al., 2007) and performed side-by-

side analyses with both sets of sequences.

Materials

A subset of 379 samples from five Siberian populations was used for the analyses in
this chapter (Figure 3.1). The Yakuts, Yakut-speaking Evenks (YSE), and Tuvans
speak Turkic languages, and the Evens and Evenks speak Northern Tungusic
languages. The Yakut sequences were generated for this project and were first
published in Duggan et al., (2013). The Tuvan and YSE sequences have not been
published elsewhere. More comprehensive descriptions of these populations are

given in Chapter 4.

To verify the accuracy of the sequences, the HV1 regions of the newly generated
sequences were compared with previously published HV1 sequences (Pakendorf et
al., 2006, Pakendorf et al., 2007) for all samples described above as explained in
Chapter 2. As ~20% of tested samples showed some difference between the Sanger
and lllumina HV1 sequences, a closer investigation was conducted. Most of the
differences between the two technologies were either due to an ‘N’ being called in
one of the sequences (24%) which could be due to heteroplasmy, NUMTSs, or
sequencing error, or a ‘C’ was called in a Sanger sequence that was not present in
the lllumina sequence (62%). The majority of mismatches occurred in, or adjacent to,
the ‘poly-C’ region in HV1 (82%). The C-stretches in HV1 and HV2 (16184-16193

and 303-315) were therefore excluded from all analyses. Given the high coverage of
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the lllumina sequences (50-100X) against the 2X coverage of the Sanger

sequences, for those few discrepancies still present after removing the poly-C

regions, the lllumina base was preferred if it met the cutoff described in Chapter 2

(70% of reads having the majority base), otherwise an N was given.
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Fig. 3.1. Map of population locations, sizes and haplogroup percentages of samples based

on complete mtDNA genomes used in this chapter. Colors indicate haplogroup attribution

Results

Sequence identity

When selecting samples based on unique HV1 haplotypes, there is an underlying

assumption: if HV1 sequences are identical, then the complete mtDNA should also

be identical or at least very similar. Therefore, HV1 has been historically used as a

—
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proxy for the whole mtDNA genome. If the samples used are biasing the currently
existing set of sequences, this could have an impact on what population information
is inferred. To determine whether an ascertainment bias is introduced when selecting
samples for complete mtDNA sequencing based on HV1 identity, pairwise
comparisons were performed using an in-house script’, between the published HV1
sequences and the newly sequenced complete mtDNA genomes. Figure 3.2
compares the HV1 pairwise differences against those outside of HV. As can be
seen, the number of base pair differences within HV1 is not a good predictor of the
number of differences in the rest of the mtDNA genome. This pattern is not unique to
the Siberian populations included in this study, as similar results were subsequently

found in Filipino populations (Gunnarsdattir et al., 2011a).

4 Thanks to Mingkun Li for writing the script to compare sequences.
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Fig. 3.2. Numbers of base pair differences inside versus outside HV1 for pairs of individuals.
Circle size represents number of pairs of individuals represented in comparison and a best fit
line is shown.

When looking at all pairs of individuals having identical HV1 sequences (as seen in
the far left of Figure 3.2), only 17% of the pairs are also identical for the complete
mtDNA genome (Figure 3.3). The majority of differences between complete mtDNA
genomes for HV1-identical individuals lies between one and eight, but can go as

high as 22.
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Fig. 3.3. Distribution of nucleotide differences in complete mtDNA genomes for HV1-identical
individuals

To explore the potential effects of sub-selection based on HV1 identity further, 100
simulations were carried out using an in-house R script” on complete mtDNA
genomes for each of the three most frequently found haplogroups (C, D excluding
D5a, and D5a) by randomly sampling one sequence from each set of individuals
whose HV1 sequences were identical and calculating four common measures of
diversity and then comparing the results to the same summary statistics generated
using all individuals from these haplogroups (Figure 3.4). These statistics include the
number of segregating sites (S), Tajima’s D, mean number of pairwise differences,
and Bs (which is a variation of the Watterson estimator (8) for exploring population
mutation rates using segregating sites and sample size). Statistically significant

differences (P-value < 0.05) were seen in all but two out of the 12 comparisons.

5 The script for these simulations was written by Cesare de Filippo
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differences. The asterisks denote statistically significant differences.
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HV1 versus complete mtDNA
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Fig. 3.5. MDS plots based on pairwise ®st values for HV1 and complete mtDNA

In the MDS plot based on HV1 sequences shown in Figure 3.5, which were cut out of
the complete mtDNA sequences, the two Northern Tungusic populations (Even and
Evenk) are separated by dimensions 2 and 3, while using complete mtDNA genomes
shows them to be closely related. The Yakut-speaking Evenks (YSE) claim Evenk
ethnicity and have the same mode of subsistence, though they have spoken Yakut
for at least three generations. Analyses based on HV1 sequences group them with
Yakuts in dimensions 1 and 2 and show them to be separated from the Evenks in all
dimensions. However, when complete mtDNA genomes are used for the same
analysis, the YSE are more differentiated from the Yakuts in dimensions 2 and 3 and

closer to the Evenks in dimension 2.

Discussion

The underlying assumption that identity in the HV1 region is correlated with identity

across the genome is not true, at least in these populations. Selecting samples for
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complete mtDNA sequencing based on HV1 identity does appear to introduce a bias
into this data set. Most of the differences in summary statistics between using all
sequences in a data set and biased subsamples based on HV1 identity are
significant, so sequencing all available samples in a collection is recommended now
that rapid, cost-effective methods as described in Chapter 2 are available.
Additionally, there is an obvious bias introduced when samples are selected based
on haplogroups of interest, so any population inferences based on such statistics
from biased sample selection would also be questionable. This was supported by
analyses in Gunnarsdoéttir et al. (2011a) where a Bayesian skyline plot was
constructed based on sub-selecting samples from different haplogroups or sub-
haplogroups and compared against an unbiased sample and showed strikingly
different population demographic histories. Taken together, these analyses show
that biased sub-sets of mtDNA genomes should not be used in these types of
analyses of human populations. It is absolutely essential that care is taken to avoid
any such sequences when conducting population-wide analyses for if were one to
simply download all available mtDNA genomes for a given population, there is a

danger of unintentionally biasing the data.

As for the question of using complete mtDNA genomes or HV1 sequences, it is clear
based on the populations examined herein that two different pictures of maternal
population histories emerge based on whether only the HV1 or the complete mtDNA
genome are used in these MDS analyses. Similar work was undertaken to look at
the differences in analyzing the HV1 versus the entire control region but excluding
the larger coding region (Johnson 2013). This study showed that while some
analyses were not significantly different (such as AMOVAs and neutrality tests),

others, including MDS plots and neighbor joining trees, showed obvious differences.
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While the conclusion of that study was reported as being ambiguous, and it was put
forward that issues such as budget must be taken into account when deciding
whether to sequence only the HV1 or complete control region, the increased
information was an improvement and, combined with the analyses shown here,
should ideally be taken to the logical next step of generating the entire mtDNA
genomes for full sample collections. Therefore, given the improvements in cost and
speed previously discussed, it is no longer recommended to use HV1 as a proxy for

the complete mtDNA genome when exploring maternal population histories.
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Chapter 4

Maternal Population Histories of Central / Eastern Siberia
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Maternal population histories of central / eastern Siberia

Introduction

Archaeological evidence indicates that the region around Lake Baikal in Siberia has
been inhabited since the Upper Palaeolithic (Naumov 2010; Weber et al., 2010).
However, as shown by studies of burial sites to the west of Lake Baikal (Cis-Baikal),
this region was initially inhabited by groups differing both genetically and culturally
from the populations who currently reside in this area (Mooder et al., 2006). The
existence of divergent cultures between the Early and Late Neolithic separated by a
hiatus in burial sites during most of the 7™ millennium BP has been uncovered by
archaeological evidence (Weber et al., 2010). In an attempt to elucidate the origins
of modern Siberians, Mooder et al., (2006) examined the hypervariable region 1
(HV1) of mitochondrial DNA (mtDNA) of both ancient and modern populations and
showed affinities of modern Siberians to the Late Neolithic, but not the Early

Neolithic, Cis-Baikal populations.

Many of the indigenous peoples currently inhabiting central and north-eastern
Siberia are thought to be relatively recent newcomers to these regions. Three
widespread groups, the Tungusic-speaking Evens and Evenks and the Turkic-
speaking Yakuts, moved into the territories they currently inhabit only within the past
millennium. It has been proposed that the ancestors of these peoples come from the
area around Lake Baikal and that they may have migrated north because of pressure
from other groups migrating or expanding into their territories (Alekseev 1996;
Janhunen 1996; Vasilevich 1969). Another Turkic-speaking population, the Kyrgyz,
also migrated to their current location in Central Asia from the Upper Yenissei region

west of Lake Baikal as recently as the 15™ to 17" centuries (Bregel 2003; Lebeynsky
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2007). The modern inhabitants of the Baikal-Altai region, who might represent the
descendants of the Late Neolithic populations, are the Mongolic-speaking Buryats

and the Turkic-speaking Tofa, Tuvan, and Altai peoples.

The Evens and Evenks were the first of the aforementioned populations to migrate
north into what is currently Siberia. A common origin of the Evens and Evenks has
been suggested from mtDNA and Y-chromosomal analyses (Pakendorf et al., 2007).
There is, however, debate over the geographic location of their origins. Vasilevich
(1969) proposes an ancestral population south of Lake Baikal that moved into the
Lake Baikal region before being split into the ancestors of modern-day Evens and
Evenks by the arrival of Turkic populations in the mid-first millennium AD, which
furthermore led to the northward migration of the Evenks and Evens. An alternative
hypothesis, provided by Janhunen (1996), is that these Northern Tungusic
populations come from ancestral populations who lived in Manchuria, followed by a
migration to the Baikal region and subsequent move northward in the 12" century. In
their northern territory they were split due to pressures of the Yakut immigration and
subsequent expansion. Both of these hypotheses allow for contact between the
northern Tungusic-speaking populations and the Turkic-speaking populations
inhabiting the Baikal region who are thought to be the ancestors of the Yakuts. In
both of these scenarios, the Evens and Evenks moved north prior to the Yakut
ancestors. The primary difference between these two hypotheses is whether the
Tungusic peoples were split due to arrival of Turkic populations around Lake Baikal
and then migrated north, or rather split due to arrival and expansion of Yakut
ancestors after they had already migrated north. With the latter, the Tungusic-
speaking populations should be more similar to one another than in the former

hypothesis.
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Recent data based on autosomal genome-wide data has shown low levels of
differentiation and no structure in the Even and Evenks and suggests that rather than
originating in the region around Lake Baikal, they come from the area around the
Amur River (Pugach et al., 2015). This refutation of a Baikal origin is based primarily
on the lack of a type of European signal in the Tungusic-speaking populations that is
otherwise seen in the populations around Lake Baikal which is lacking in the
Tungusic-speaking populations. It was also suggested, based on Y chromosomal
data in Duggan et al. (2013), that, depending on which mutation rate is used, it is
possible to support either the early or late split described above. However, there
exists a preference for the later split due to the pedigree based mutation rate being
shown in a study on Yakut history (Pakendorf et al., 2006) to align better with
associated archaeological and linguistic evidence (Duggan et al., 2013). Taken with
the more recent split date given based on Y chromosomal haplogroup C data
presented in (Malyarchuk et al., 2010) it was therefore suggested that the Janhunen
(1996) hypothesis described has more support based on paternal data (Duggan et
al., 2013). The mtDNA data was unable to lend support to either hypothesis, but no
study has looked at complete mtDNA genomes across these Tungusic populations
and the Yakut while also including multiple South Siberian populations. These
combined data could better address this question and provide a last line of evidence

in determining which of these hypotheses is more likely.

Based on archaeological finds around Lake Baikal, and associated runic inscriptions,
the ancestors of the Yakuts are thought to have been a Turkic-speaking population

called the Kurykans (Alekseev 1996; Gogolev 1993; Konstantinov 1975; Okladnikov
1955). Their lifestyle, including cattle- and horse-pastoralism, is a distinctly southern

feature. A recent study on Yakut horses (Librado et al., 2015) shows that they are
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not descended from the now-extinct, native horse populations which populated this
region prior to the arrival of the Yakuts and, thus, were likely brought with the Yakuts
when they migrated north. They suggest a rapid evolutionary adaptation to the cold
similar to what has been found in wooly mammoths and some humans. This can
explain their more stout body shape and heavy winter coats compared to other
domesticated horses. Linguistic evidence points to a southern origin for the Yakuts in
that a significant percentage of the Yakut lexicon can be attributed to borrowing from
Mongolic (Kaluzynski 1962; Pakendorf and Novgorodov 2009). Additionally, linguistic
evidence shows structural changes which the Yakut language has undergone due to
Evenki influence (Pakendorf 2007). Studies on mtDNA and the Y-chromosome from
both modern and ancient DNA show that the Yakuts underwent a founder event
roughly 800 to 1000 years ago (Crubezy et al., 2010; Pakendorf et al., 2006; Zlojutro
et al., 2008; Zlojutro et al., 2009). These studies have also shown an affinity between

the Yakuts, South Siberian and Mongolian populations.

The ancestors of the Kyrgyz underwent conflicts with various Turkic populations and
eventually defeated the Uygurs in the 9" century CE. By the 10" century, after being
forced to abandon their lands in northwestern Mongolia, they were located in the
upper Yenisei where they remained until being defeated by and integrated into the
Mongol empire in the 13" century. Eventually they migrated to what is now modern

Kyrgyzstan in the 15™ to 17" centuries (Lebeynsky 2007).

Despite linguistic and cultural differences between populations, previous research on
mtDNA hypervariable region 1 (HV1) sequences has revealed a large amount of
sequence type sharing among Siberian populations (Bregel 2003; Fedorova et al.,
2003; Pakendorf et al., 2006; Pakendorf et al., 2007; Zlojutro et al., 2008). There are

multiple possibilities for the pattern of mtDNA HV1 sequence type sharing seen
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between these populations that are separated by vast distances. First, this could be
a result of relatively recent shared ancestry, given that the Turkic and Tungusic-
speaking populations are thought to have inhabited a common territory. Second, this
pattern could be caused by admixture, either between ancestral populations in
southern Siberia around Lake Baikal, or more recent, post-migration admixture
between populations after their northward expansion. Alternatively, it could be a

combination of both shared ancestry and recent admixture.

In this chapter, | report on the sequencing and analyses of complete mtDNA
genomes from 715 individuals from 18 populations belonging to 11 ethnolinguistic
groups using the Illumina Genome Analyzer lIx. These populations include (1) the
modern inhabitants of the region between Lake Baikal and the Altai Mountains, (2)
those, like the Yakuts, Kyrgyz, Evenks, and Evens, whose ancestors are thought to
have lived there in the past and (3) additional comparative populations including
geographic and linguistic neighbors. | examine the genetic structure of these
populations to uncover their potential shared ancestry and admixture, and the

putative migrations of populations away from the Lake Baikal region.

Materials

DNA samples

715 samples that were collected with informed consent and ethical approval by the
relevant institutional review boards were used in research leading up to this study.

Table 4.1 includes the sample sizes, approximate locations and linguistic affiliations
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of the populations. Of these samples, the complete mtDNA genomes for most of the
Yakuts (excluding the CEPH Yakuts), Even, Evenk, and Yukaghir were published in
Duggan et al. (2013). There are minor differences in numbers of individuals in the
following populations: Yukaghir includes 2 new sequences here; Central Yakut
includes 1 new sequence here, Northeast Yakut includes 1 new sample here, Vilyuy
Yakut includes 1 new sample here and the CEPH panel Yakuts are new here along
with all collected samples from the Southern populations described below. Because
the CEPH Yakuts are of Central Yakutian origin and clustered with the Central
Yakuts in preliminary analyses, they were grouped with the Central Yakuts for
analyses presented here. The Mongolian samples were collected in various locations
in Mongolia, the Eastern Buryats were collected in the village of Elesun in the Buryat
Republic, the Western Buryat samples were collected in the village of Gakhany in
the Ust Orda Okrug of the Irkutsk Oblast, and the Tofa samples were collected in
Alygdjer village of the Nizhne Udinsk district of the Irkutsk Oblast. Details on the
Even, Evenk, Altai, Kyrgyz, Tuvan, Yakut, YSE and Yukaghir samples can be found
in previous publications (Kaessmann et al., 2002; Martinez-Cruz et al., 2010;
McComb et al., 1996; Pakendorf et al., 2006; Pakendorf et al., 2007; Phillips-
Krawczak et al., 2006; Ségurel et al., 2008). Even and Evenk samples are grouped
differently than in Duggan et al. (2013) due to the focus being more on the Central
and Southern populations and those labels are given in Table 4.1. Additionally some
of the more eastern populations were excluded (some Evens, Koryak, Nivkh). The
full breakdown of the populations described here is given in Table 4.1. Most of the
population subgroups are based on geographical designations with the exception of
the Kyrgyz which are given the acronyms Kyrgyz B and Kyrgyz L denoted in

Martinez-Cruz et al. (2010) and come from Eastern Kyrgyzstan. Because of the
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reasons given in Chapter 3 on ascertainment bias in existing published complete
mtDNA genomes, additional samples from published data were not incorporated in
these analyses with the exception of those highlighted herein from our previous
study on Tungusic peoples (Duggan et al., 2013) that we generated in-house without

any sub-selection of samples.
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Table 4.1. Affiliations and sample sizes of the populations included in this study.

Ethnolinguistic Linguistic

Population Affiliation Acronym | n | Affiliation
Mongolian Mongolian Mongol 56 | Mongolic
Eastern Buryat Buryat E_Bur 27 | Mongolic
Western Buryat Buryat W_Bur 48 | Mongolic
Kyrgyz B Kyrgyz Kyr_B 30 | Turkic
Kyrgyz L Kyrgyz Kyr_L 27 | Turkic
Altai Altai Altai 33 | Turkic
Tofalar Tofalar Tofa 23 | Turkic
Tuvan Tuvan Tuvan 59 | Turkic
Central Yakut Yakut C_Yak 89 | Turkic
CEPH Yakut Yakut C_Yak 24 | Turkic
Vilyuy Yakut Yakut V_Yak 55 | Turkic
Northeastern Yakut Yakut NE_Yak 33 | Turkic
Yakut-speaking Evenk | Yakut-speaking Evenk | YSE 32 | Turkic
Stony Tunguska Evenk | Evenk ST_Evk 39 | Tungusic
Nyukzha Evenk Evenk Ny_Evk 45 | Tungusic
lengra Evenk Evenk le_Evk 23 | Tungusic
Central Even Even C_Evn 26 | Tungusic
Western Even Even W_Evn 24 | Tungusic
Yukaghir Yukaghir Yukag 22 | Isolate
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Results

Haplogroup composition

Many of the Siberian populations included in this study are similar with respect to
their haplogroup composition (Figure 4.1, Table 4.2), despite the vast geographic
distances that separate them and regardless of their linguistic differences.
Haplogroups C and D constitute the most frequent haplogroups in most of the
populations included in this study, with frequencies ranging from 7.4% in the Kyrgyz
L to 76.9% in the Stony Tungusic Evenks for haplogroup C, and frequencies of 0% in
the Tofa to 56.5% in the lengra Evenks for haplogroup D (Table 4.2). Haplogroup C
is particularly common in populations of northeastern Siberia (Evens, Evenks,
Yukaghirs, and NE Yakuts), while it is less common in southern Siberia; a notable
exception are the South Siberian Turkic-speaking Tuvans and Tofa, who have 55.9%
and 60.9% haplogroup C, respectively. Haplogroup D is found at lower frequencies
overall, relative to haplogroup C. Sub-haplogroup D5 (excl. D5b) has a more limited
distribution: it is present at frequencies of more than 10% in some Yakut populations,

YSE and lengra Evenks, but is otherwise rare or absent.
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Fig. 4.1. Map of Siberia showing the approximate position of sampling locations and
frequencies of major mtDNA haplogroups. The size of each pie chart represents the relative
sample sizes of the populations included in this study. The colors of the population labels
vary according to linguistic affiliation (Turkic, blue; Tungusic, green; Yukaghir, aqua;
Mongolic, red). Haplogroup D shown in dark blue excludes D5a.

The non-Siberian populations (Mongolians and Kyrgyz) stand out by exhibiting
higher frequencies of haplogroups that are either absent or at very low frequencies in
the Siberian populations. For example, haplogroup U, typically found in Western
Eurasia is present at a frequency of 10.5% in the Kyrgyz and 7.1% in the
Mongolians. Other haplogroups of interest that are found Siberia and in parts of East

Asia and are present in multiple populations in this study include G, B and A.
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Haplogroups B and A are also found in indigenous peoples of the Americas.
Haplogroup G is absent in the Evens and Evenks but is present in frequencies
ranging from 5.0% and 5.1% in the Yakuts and Tuvans to 12.1% in the Altai. This
haplogroup is also found at frequencies close to 10% in the Mongolians, Buryats and
Yukaghirs. Haplogroup B is absent in the Evens, Evenks, and Yukaghirs, but present
at between 5% and 10% in the Altai, Buryats, Mongolians, Tuvans and Yakut.
Haplogroup A is of note because it exhibits a frequency of 9.3% in both the Buryats
and Evenks, but is missing in the Evens and Yukaghirs. Of these, the vast majority

(83%) are in A4.
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Table 4.2. Major haplogroup frequencies
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Patterns of mtDNA diversity

Table 4.3 shows the mtDNA diversity values in the populations analyzed in this
study. The highest diversity values are present in the Mongolians and the Kyrgyz
populations in the south, with gene diversity values (GD, the probability of randomly
choosing two different haplotypes in the sample) from 0.989 to 0.999 and mean
number of pairwise differences (MPD, across the whole mtDNA genome excluding
the poly-C region) over 30. Conversely, the Tofa have the lowest GD value of 0.834,
which could be explained by genetic drift, while exhibiting an intermediate value of
25.91 for MPD. The Evens, Evenks and Yukaghirs, while exhibiting relatively high
GD values (0.939-0.972), mostly show lower MPD values (18.40-26.03), with the
Central Evens, lengra Evenks, Stony Tungusic Evenks, and Yukaghirs exhibiting

particularly low MPD values (18.40-21.76) .
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Table 4.3. mtDNA diversity values

Population N n GD SE S MPD SE
Mongol 56 54 0.999 | 0.0037 | 404 32.6 14.43
E_Bur 27 20 0.969 | 0.0206 | 135 26.76 | 12.1
W_Bur 48 33 0.986 | 0.0065 | 254 29.37 | 13.06
Kyr_B 30 29 0.998 | 0.0094 | 269 31.76 | 14.26
Kyr_L 27 23 0.989 0.0131 | 223 30.08 13.56
Altai 33 19 0.964 0.0146 | 196 29.67 13.31
Tofa 23 10 0.834 0.0675 | 101 25.91 11.8
Tuvan 59 40 0.981 0.0079 | 273 25.71 11.44
C_Yak 113 79 0.986 0.0047 | 391 27.64 12.19
V_Yak 55 40 0.979 0.0107 | 240 27.67 12.3
NE_Yak 33 24 0.979 0.0124 | 169 28.89 12.96
YSE 32 19 0.958 0.0176 | 160 27.46 12.35
ST_Evk 39 18 0.941 0.0176 | 112 184 8.34
Ny_Evk 45 24 0.967 0.011 154 26.03 11.63
le_Evk 23 13 0.945 0.0259 | 87 20.17 9.25
C_Evn 26 19 0.972 0.0183 | 120 21.76 9.91
W_Evn 24 17 0.964 0.0239 | 125 25.33 11.52
Yukag 22 14 0.939 | 0.0325 |92 20.37 | 9.36

N, number of samples; n, number of haplotypes; GD, gene diversity; S, number of segregating sites;
MPD, mean number of pairwise differences; SE, standard error

An initial correspondence analysis (CA), a statistical technique used to summarize
categorical data into a 2D graph, based on mtDNA haplogroups including all

populations, showed the Kyrgyz populations to be quite distant from each other
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(Figure 4.2). These two populations, along with the E. Buryats were considered to be

outliers and removed from further CA analyses.
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Fig. 4.2. Correspondence analysis (CA) based on haplogroups for all populations included in
this study, highlighting the outliers.

The CA based on haplogroup frequencies shows little genetic structure in Siberia,
though the W. Buryats cluster with the Mongolians (Figure 4.3). The separation of
Evenki populations is apparent and shows that even populations speaking dialects of

the same language do not always cluster together.
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Fig. 4.3. Correspondence analysis (CA) based on sub-haplogroups. The Kyrgyz populations
and E_Bur were removed for better visualization.

The main populations that are separated along the x-axis in Figure 4.3 are the
Western Buryats, Mongolians and the Altai, all populations presently residing in the
south. However, the Tuvans and Tofa, two Turkic-speaking populations also settled
in southern Siberia, show affinities with northeastern Siberian populations rather than

with the other southern groups, though in the y-axis the Tuvans are closer to the
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Altai. The Stony Tunguska Evenks and lengra Evenks are also pulled away from the

main group showing distinct separation between the Evenk populations.

This limited genetic structure among the populations of Siberia is further confirmed
by a Multidimensional Scaling plot (MDS) based on pairwise ®st values (Figure 4.4).
This lack of structure is strikingly exemplified by the Tuvans. Geographically, the
Tuvans are located near their close linguistic relatives, the Altai and Tofa, as well as
in the vicinity of the Mongolic-speaking populations. However, in the MDS plot they
are located closer to the Tungusic-speaking populations (and are especially close to
the Central Evens and Yukaghirs in the third dimension, cf. Figure 4.5). The Tofa
appear to be an outlier in Figure 4.4, which could be explained by genetic drift in
accordance with their low diversity values. This differentiation is largely from
dimension 2, as the Tofa align with the Tuvans in dimension 1 and Northeastern

Yakuts and Kyrgyz L in dimension 3.
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Fig. 4.4. Multidimensional Scaling plot (MDS) based on pairwise ®st values for
dimensions 1 versus 2.
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The Eastern Buryats form a tight group with the Vilyuy Yakuts and YSE despite
being linguistically (Mongolic vs. Turkic) and geographically distant — though the third
dimension separates the Buryats from the Yakut-speaking groups (Figures 4.5 and
4.6). In contrast, the Western Buryats cluster with the Mongolians (and in dimensions
1 and 3 with the Kyrgyz B). The most widely dispersed set of populations within a

single ethnolinguistic group in this analysis, just as was seen in the CAs, are the

Evenks.
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Fig. 4.5. MDS plot based on pairwise @st values for dimensions 1 versus 3.
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Fig. 4.6. MDS plot based on pairwise @st values for dimensions 2 versus 3.

Figure 4.7 shows the values of pairwise ®sr distances in a matrix, highlighting the
significantly dissimilar pairs of populations after Bonferroni correction (red
diamonds), and additionally those population pairs that are not significantly
differentiated even without Bonferroni correction (green circles). The Kyrgyz
populations stand out as being very different from the other populations. However,
the Kyrgyz B population shows more affinity to the Altai, Mongolians, and Western

Buryats than does Kyrgyz L, just as in the MDS plots.

As was seen in the MDS plot, the ST Evenks and lengra Evenks are highly
differentiated. The Mongolians are not significantly differentiated from the Buryats,
Kyrgyz, Altai, and the YSE. The Yakut populations are all very close genetically to
one another and to some of the Tungusic speaking populations, with the exception of

the ST Evenks.
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Fig. 4.7 Matrix of ®st pairwise distances. Darker shading denotes higher ®st values. Green
circles mark those pairs of populations that are non-significant before Bonferroni correction
(most similar). Red diamonds show the pairs of populations that are significant after
Bonferroni correction (most dissimilar).

The low level of structure based on linguistic or geographic segmentation among

these populations is also shown by AMOVA analyses of ®st values (Table 4.4). The
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differences between the 18 populations included in this study account for 4.91% of
the variance (P<0.001); grouping them according to their linguistic affiliation results
in 3.73% of the variance being accounted for by differences between the populations
belonging to each language family, and only 1.79% of the variation being due to
differences between the linguistic groups. Similarly, the proportion of variance due to
differences between geographic groups (southwest vs. northeast) is far smaller
(1.4%) than that due to differences between populations within each geographic

grouping (4.14%).

Table 4.4. Analysis of molecular variance (AMOVA)

Among pops
Grouping Among groups within groups Within pops
Linguistic 1.79* 3.73** 94.48
Geographic 1.4* 4.14* 94.46
No grouping 4.91** 95.09

*P < 0.05; *P < 0.001

The linguistic grouping followed the affiliation given in Table 4.1. The geographic grouping was done
by including all populations south of, and including, the Tofa and Buryats as a southwestern group
and all other populations as northeastern.

Analyses of shared haplotypes

An analysis of sequence type (identical complete mtDNA genomes excluding poly-C
region) sharing shows a distinction between Southern populations including the
Kyrgyz, the Mongolians, and the southern Siberian groups, who share few
haplotypes with others, and populations from northeastern Siberia, where the
amount of sequence type sharing is very high (Figure 4.8). This is especially

apparent amongst the Yakut populations, but also between the Northeastern Yakuts
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and Western Evens and between the Nyukzha Evenks and lengra Evenks. It is
notable that the Tuvans and Altai do share an appreciable amount of sequence
types with the northeastern Siberian populations and the W. Buryat share sequence
types with the Yakuts. The Tofa and Kyrgyz stand out in that they share hardly any
sequence types with the other populations included in the study (Figure 4.8), with the
exception of the Tuvans, and the two Kyrgyz populations do not even share any

sequence types with each other.
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Fig. 4.8. Haplotype sharing heat plot.

Figure 4.9 shows the same analysis broken down by haplotypes and their associated
haplogroup. Using this Figure and the frequencies of the haplotypes in the

populations shown in Table 4.5, it is possible to infer the potential directionality of
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gene flow when haplotypes are present in only two populations. A two-fold
difference in haplotype frequencies between pairs of populations was assumed to
indicate geneflow from the population with higher frequency to the population with

lower frequency.
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Fig. 4.9. Haplotype sharing heat plot showing all haplotypes shared by at least two
populations, decreasing in sharing frequency from the bottom to the top of the plot, along
with their associated haplogroups shown on the right.
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Sixteen haplotypes are shared only between Yakut and Tungusic-speaking
populations (Evens and Evenks), with eight of these being suggestive of geneflow
from Tungusic groups to Yakuts (Table 4.5 haplotypes: 3, 8, 19, 37, 39, 49, 81, 88)
and four suggestive of geneflow from Yakuts to Tungusic populations (Table 4.5
haplotypes: 4, 10, 17, 23). The other four do not meet the criteria of a twofold

difference in frequencies (Table 4.5 haplotypes: 13, 29, 106, 115).

Of the haplotypes shared only between the Yakut and Tungusic populations, all but
two are shared either between the Yakuts and Evens or Yakuts and Evenks which
could be an indicator of relatively recent population contact rather than shared
ancestral sequences. The only two haplotypes shared by all three populations have
frequencies of 0.88%, 21.27%, and 7.69% (haplogroup C4b, haplotype 3), and
0.88%, 6.67%, and 7.69% (haplogroup Z, haplotype 19) for the Yakuts, Evenks, and
Evens, respectively, thus suggesting a directionality of gene flow from Northern
Tungusic groups to Yakuts. There are four haplotypes shared only between Yakuts
and Buryats (Table 4.5 haplotypes: 18, 20, 22, 32), with three suggestive of geneflow
from Buryats to Yakuts (haplogroups B4b, C5a, and G2). Additionally, there are two
haplotypes shared only between Altai/Tuvan and Yakuts (haplogroups B4b and C5d,
haplotypes from Table 4.5: 12, 82) suggesting directionality from Altai/Tuvan to the
Yakuts. Given the putative migration of the Yakuts away from the southern region,
this directionality could suggest at least a minor amount of continued contact and
maternal geneflow in a northerly direction between the populations rather than a

single migratory event.
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Table 4.5. Percentages of haplotypes in the populations
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Phylogenetic networks were created for haplogroups G, A/B combined, C, and D
(Figures 4.10-4.13) due to the combinations of populations with these haplogroups.
The network for Haplogroup G in Figure 4.10 shows sharing only in two nodes, both
in sub-haplogroup G2. There is sharing between a Yakut and a YSE on the lower
part of the network and between the Yakut and Buryat with some nodes of

Mongolians very close in the upper left area.
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Fig. 4.10. Phylogenetic network of haplogroup G. Nodes mentioned in the text are marked
with an arrow. The shortest distance between nodes corresponds to 1 mutation.
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Figure 4.11 shows the haplogroup A/B network that also exhibits sharing in only two
nodes. These are part of sub-haplogroup B4b and include a node with a Yakut and
Altai and another node with a Yakut and three Buryats, again only one mutational

step away from a Mongolian and two steps from an Altai.
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Fig. 4.11. Phylogenetic network of haplogroups A and B. Nodes mentioned in the text are
marked with an arrow. The shortest distance between nodes corresponds to 1 mutation.
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The network for haplogroup C in Figure 4.12 shows the largest amount of sharing
throughout the entire network between all populations, though most predominately
between Turkic and Tungusic speakers. While most clusters show a broad amount
of sharing, there are some in the bottom right half that are predominately Yakut and

the southern Siberian populations (Altai and Buryat).
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Fig. 4.12. Phylogenetic network of haplogroup C. The shortest distance between nodes
corresponds to 1 mutation.
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The Network for haplogroup D has many nodes shared between populations. Sub-
haplogroup D5a stands out as being the largest node with a number of nodes
branching off and is dominated by Yakut sequences with many other populations
represented at smaller frequencies. D4l is notable for the sharing occurring only
between Turkic and Tungusic speakers, with one node of Yukaghir two mutational
steps away from an Even node. In the D4i sub-haplogroup, the Yakuts and Tungusic
speakers only share haplotypes with the Buryats. The position of these samples
close to the root of the network suggests that this could be indicative of ancestral

sharing rather than recent contact as is likely to be the case in haplogroup D5a.
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Fig. 4.13. Phylogenetic network of haplogroup D. Sub-haplogroups discussed in the text are
circled. The shortest distance between nodes corresponds to 1 mutation.
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Demographic changes over time

Bayesian skyline plots (BSPs) were performed for all ethnolinguistic groups and
populations and based on mutation rates as described in Chapter 2. Many of the
Siberian populations show an expansion in female effective population size (Ne¢f) up
until around 30,000 years ago and a subsequent levelling off. This pattern is most
prominent in the Turkic-speaking and Western Buryat populations shown in Figures

4.14, 4.15, and 4.16.

There are three primary trends in the past ~10,000 years that stand out in these
plots. First, the Mongolian and Kyrgyz populations show an increase and levelling
out in Ner and there is no observable drop in Nes which is observed in most other
populations (Figure 4.14A and Figure 4.15). Second, the Yakuts show a sizeable
drop in Ngt beginning at around 5,000 to 6,000 years ago, followed by a more
sizeable increase beginning around 1,000 years ago (due to multiple branching
events in a short time), although this increase is largely driven by the Central Yakuts
(Figure 4.14B, Figure 4.16). Third, all other Siberian populations including the
Northeastern and, to a lesser extent, the Vilyuy Yakuts, display a pattern similar to
that seen in the Evenks in Figure 4.14C, showing a drop in Nes beginning somewhere
around 5,000 to 6.000 years ago, as was seen in the overall and Central Yakuts, but
without the subsequent increase in size discernible in the Yakut plot (Figure 4.15).
The Evens and Evenks differed in that the latter showed a more rapid drop in the last
few thousand years while the Evens exhibited a more gradual decline beginning

earlier.

This relatively recent difference in changes in Nes between Siberian populations and

the Mongolians and Kyrgyz is very pronounced. Because of the recent, sharp
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increase in Ngs in the Yakuts, an additional BSP was performed using only individuals
from haplogroups C and D to see if this pattern holds or if the recent uptick in N
could be an artefact from recent admixture with immigrants (e.g. from recent Russian
expansion introducing haplogroups of European descent) which could artificially
inflate Ne¢r. These haplogroups were chosen because they are commonly found in
northeast Asia. As can be seen in Figure 4.14D, a similar pattern of a recent decline
followed by a substantial increase in Ne¢s was observed in this case. Additionally, the
Net Of these populations is in line with what one would expect with Mongolians being
at the high end followed by the Kyrgyz and Yakuts, then the Tungusic populations in

the middle with Altai and Tuvans, and Yukaghirs and Tofa at the lowest end.
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Fig. 4.14. Bayesian skyline plots showing the three main types of patterns seen amongst the
populations included in this study in A, B, and C with D focusing on the primary haplogroups

found in the Yakuts.
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Fig. 4.15. BSPs of all ethnolinguistic groups included in this study.

76

—
| S—



LES 1E8
v /\ = ' EL\
1 B4 LiEa 1E4
E Bur W Bur CBm
' uu 10000 0000 3000 40000 e o 13300 JOO0E  MGOE DD e = T00E  FOODD 30000 40000
B LiEw 1E
LiES
wES - LES
L _H
T 1
1 g3
WEwn le Evk Ny Evk
! Hﬂ. 10000 J0080 104900 ES0EG I uﬁ S50 10000 RGN INOOD FRGE oo ! I‘n LLT LT 20000 EL LEL
] 107 1P
15 Ll -] 1 .
1 B T \ L _\
1£3 B4 L84
ST Evk Kyr B KyrL
' Eﬂi 10088 20068 0000  so00d ! Eu rogdd 000 M00dd abdod ! ﬂﬂ 180 0000  300BE 4004
1ET 1B iEs
1EE ﬁ\ d
LES LEs
1ES,
1E4 1E4
1E4
CYak ME Yak VYak
13 LES 1

o 10000 20000 gaoa «00D0 30000

] 1o o004 3300 40000 L0000

Fig. 4.16. BSPs of sub-populations.

Discussion

Genetic Structure

As has been observed in previous studies on the mtDNA of Siberian populations, the
populations are relatively homogenous on the maternal side (Fedorova et al., 2003;
Pakendorf et al., 2006; Pakendorf et al., 2007; Zlojutro et al., 2008). Investigations

into the haplogroup structure of the Siberian populations included in this study show

o 1iboa 20000 soaoa 40000 30000

a high frequency of haplogroups C and D, which is most pronounced among the

northeastern populations. The correspondence analysis (Figure 4.2) shows that
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these Siberian populations, with the exception of the Altai and Buryats, group on one
side of the plot with little discernible structure. However, the benefits of switching to
complete mtDNA genome sequencing will not be found in analyses based on

haplogroups.

The Mongolians and Kyrgyz are shown to have the highest diversity values, which is
in line with their relative population expansions and contact, while the Tofa have the
lowest, pointing to a more isolated history and potential genetic drift. The Tungusic-
speaking populations have lower diversity values than the Yakut. Again, this is
understandable in light of the Yakut having undergone an expansion as they moved
into new territories and admixed (largely on the maternal side) with the populations

they came in contact with.

When one examines the MDS plots (Figures 4.3-4.5), few clusters stand out as
representing a differentiation between populations based on either language or
geography. Still, it is possible to see that the geographically different Yakut
populations are genetically closer to one another in the MDS plots than are the
Evenks or, as is seen in more resolution in Duggan et al. (2013), the Evens. What
also stands out is the affinity between the Central and Vilyuy Yakuts and the YSE
with the Eastern Buryats suggesting a southern origin to these populations and a
closer relationship of the YSE to Yakut populations than to Tungusic-speaking

populations.

The AMOVA shows that the variance between groups based on language or
geography is very small, suggesting no clear structure, while the overall variance for
the full set of 18 populations which, while quite low, is still significant at just under

5%. This is in stark contrast to what is seen on the paternal side. Studies of Y
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chromosomal structure among Siberians have repeatedly shown marked differences
between populations, especially in the case of the Yakuts (Fedorova and
Khusnutdinova 2010; Pakendorf et al., 2006; Pakendorf et al., 2007). This lack of
mtDNA differentiation could be due to the effects of patrilocality, in that there is a
higher degree of intermarriage on the maternal side. However, it is thought that
patrilocality, while playing an important role at small scales, is not as important in
explaining observed population structure at larger geographic scales and other
factors, such as differences in Ne between males and females, could play a role
(Heyer et al., 2012; Wilder et al., 2004). Nevertheless, the high mobility of some
populations, in particular the Tungusic-speaking reindeer-herders, could allow for
higher levels of gene flow between geographically distant populations and this is

evident when exploring the sharing of haplotypes.

Population contact and shared ancestry

Approximate Bayesian Computation (ABC) analyses and Isolation with Migration
(IM) analyses were attempted on the complete mtDNA genomes from these samples
to attempt to distinguish between different population histories in terms of split dates
and effective population sizes, but the posteriors were poor and no support could be
found for any specific demographic parameters so these analyses have not been
included. This is likely due to the prehistory of the region under study with the large
amount of sequence type sharing obscuring any signals supporting modelled
population histories. However, it is possible to use haplotype sharing and network
analyses to shed some light on admixture between these populations. When looking

at the networks, some sharing is apparent between the Yakuts and Tungusic
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speakers and the populations in the south. In haplogroups G, B and C, there are
nodes with sharing purely between the Yakuts and southern populations. The D
haplogroup contains a node in which the Buryats share with both the Yakuts and

Tungusic speakers.

The sharing of complete mtDNA genome sequence types between linguistically or
geographically separated populations could suggest recent admixture. Combining
haplotype sharing data with the analyses of the ®st values could allow for the
differentiation between shared ancestry and recent contact. When ®st values are
very low (non-significant before Bonferroni correction) and there is little to no
haplotype sharing, this could suggest a common ancestry without recent admixture.
Conversely, when ®gt values are very high (significant after Bonferonni correction)
and there is haplotype sharing, this could mean recent admixture without a shared

ancestry.

The recent increase in N¢sSeen in the Yakuts dates to somewhere around 1,000
years ago. This is in line with previous work done on the Yakuts which describe a
small founding population that migrated northward around 1,000 to 1,286ya and
expanded according to mtDNA analyses (Zlojutro et al., 2009) and around 880ya
using Y chromosomal data (Pakendorf et al., 2006). There is a very strong affinity
between the Yakut populations based on the ®sr values. Combined with the high
amount of haplotype sharing amongst these populations, this suggests a shared
ancestry. In comparing the Yakut populations to southern populations, there is still
an affinity based on ®st values, but the haplotype sharing is lower. This could
suggest a common ancestry in the south with limited admixture since their migration
northward. The sharing of haplotypes between the Yakuts and the Altai, Tuvans and

Buryats shows an affinity between the Yakuts and South Siberian populations.
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Analyses of directionality point towards the sharing of haplotypes from the South
Siberian populations into the Yakuts. This indicates a South Siberian origin for the
Yakuts likely placed around Lake Baikal which is in agreement with previous mtDNA
work discussed previously as well as genome wide autosomal SNP data (Pugach et

al., 2013).

There is a larger amount of sharing between the Yakuts and the Evens and Evenks,
in both directions, though skewed towards the direction from the Tungusic groups to
the Yakuts. This is likely due to the Yakut men marrying Even or Evenk women as
they expanded into their territories. However, as was also seen in Duggan et al.
(2013), the majority of the sharing is mostly either between the Yakuts and Evens or
Yakuts and Evenks rather than the same haplotypes being shared amongst all three
ethnolinguistic groups. This suggests that rather than shared ancestry, we are
seeing the effects of population contact when the Yakuts migrated northward and
expanded and made contact with the already separated Evens and Evenks. Given
that the Yakuts likely expanded in the 17" and18™ centuries (Dolgikh 1960) and the
data here show that the populations had likely split by then but also show Even and
Evenks present together in nodes shared with South Siberian populations in both
haplogroup C and D networks suggesting that any potential contact would have
occurred before splitting, it is possible that a late split occurred. Unfortunately we are
not able to date this split based on the mtDNA data presented here, but along with
the autosomal data and Y data previously discussed (Duggan et al., 2013; Pugach et
al., 2015), there is more support for the late split hypothesis proposed by Janhunen

(1996).

Although the Kyrgyz populations share no haplotypes with one another, their ®gr

values show them to be not genetically differentiated. Additionally, Kyrgyz B shows
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an affinity with the Mongolians, Western Buryats and Altai based on ®sr values, but
shares no haplotypes with them. This suggests that the Kyrgyz populations included
in this study share a common ancestry with some of the populations found around
the region between Lake Baikal and the Altai Mountains prior to their migration to the

southwest.

Decline in effective population size in Siberian populations

The most striking finding of the BSP analyses is the decline in N¢s beginning around
5,000 to 6,000 years ago across all Siberian populations in this study, which is
absent in the Mongolians and Kyrgyz. The different pattern observed in the Kyrgyz
could be explained by the presence of a much higher percentage of non-Siberian
haplogroups, as can be seen in Figure 4.1 and Table 4.2, presumably coming from
admixture with Central Asians after they migrated to where they currently live. Due to
their lack of a putative decline in Ngf, the ancestors of the Mongolians could have

been further south around the time of the apparent decline.

Around 7000 to 6000 years ago, the region around Lake Baikal and the Altai
Mountains underwent a shift in climatic and environmental conditions from cooler
and wetter to warmer and drier (White and Bush 2010). This change is posited to
have affected resource availability, causing existing sedentary peoples to become
more mobile, possibly adopting a nomadic hunter-gatherer lifestyle in which larger
population sizes are less likely to be sustained. The drop in Ngs that is observed in
the BSPs could be a signal of a series of bottlenecks as previously sedentary
populations split off and became nomadic. Research into the archaeology of the

Baikal region has shown that at just under 7000 years ago, a period in which no
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burial sites are found began and continued for around 1000 years (Weber et al.,
2010). After this break in burial sites, burials became common again, though with
dissimilar mortuary traditions and a genetic discontinuity. The correlation of the
timing of this hiatus in burial sites with the drop in N seen in the BSPs of the
Siberian populations could suggest that these populations all experienced similar
demographic forces. It is unknown as to whether the potential climatic changes
affected the entirety of Siberia or only the region around Lake Baikal. If it was the
latter, then it is possible that the ancestors of the Siberian populations included in
this study were around the same region during this time and only later repopulated
Siberia. In regard to the Tungusic populations included here, this proposed origin
around Lake Baikal is at odds with the autosomal data as seen in Pugach et al.

(2015) so perhaps this phenomenon was more widespread.

Conclusions

The observed maternal homogeneity in these data, combined with the consistent
drop in Ngs seen in all Siberian populations in the last 6,000 years, the archaeological
evidence of a lack of burial sites around Lake Baikal, and the evidence for the origin
of the Yakuts around Lake Baikal prior to migrating north (Alekseev 1996; Janhunen
1996; Vasilevich 1969), suggests a common history and a connection with this
region. Along with the suggestion of a common origin for some of these Siberian
populations, the haplotype sharing analysis, performed on the complete mtDNA
genomes, suggests relatively recent admixture for some of these populations,
especially in the northeast. This is supported by the differential sharing seen

between the Yakuts and Evens and Yakuts and Evenks. Such a pattern of sharing
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would not be expected to have occurred farther in the past, prior to these populations

migrating north.
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Chapter 5

Origins of the Dolgans
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Origins of the Dolgan

Introduction

The Dolgans are a recently formed ethnolinguistic group, who potentially developed
out of the admixture of the Yakuts, Evenks, Samoyedic-speakers and, to a lesser
extent, Russians (Dolgikh, 1963 as cited in Ziker, 1998, and Stapert 2013). When the
Russians arrived in the 17th century, there were no Turkic-speaking groups in this
area, and no people calling themselves Dolgan (Stapert, 2013).1t has not clear,
however, to what degree these different groups contributed genetically to the
formation of the Dolgan peoples and when this formation occurred from analyses on

uniparental markers.

The Dolgans speak the most northerly Turkic language, which is a dialect of the
Yakut language, and currently live both on the Taimyr Peninsula in the Taimyr
Municipal District and just below and to the east in the Anabar district of the Republic
of Yakutia. They are relative newcomers to these areas. Original occupation of the
Taimyr dates back to 7000 years and it is thought that the original inhabitants of this
region were relatives of Yukaghirs, and other hunter-gatherer paleo Siberians
currently found in the northwest (Ziker, 1998). It has been proposed that later
migrations into this region include that of Samoyedic-speaking populations (in the 2"
to 4™ centuries) followed by Tungusic speakers (Ziker, 1998). Finally, Russians
arrived in the 17™ century. These waves of migrations of peoples speaking different
languages is reflected in the populations currently inhabiting this region including the
Samoyedic-speakers (Nenets, Enets, and Nganasan), Turkic-speaking Dolgans, and

Tungusic-speaking Evenks.
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Although the language of the Dolgans is Turkic and considered a dialect of Yakut,
they utilize reindeer herding, a mode of subsistence more similar to the Evenks than
to the horse and cattle pastoralism of the Yakuts. Additionally, the name ‘Dolgan’ is a
Tungusic clan name, rather than Turkic (Stapert, 2013). Their current identity is
thought to have formed from admixture largely between Tungusic reindeer-herding
clans and Yakut traders with additional input from Samoyedic groups and Russians

(Dolgikh, 1963 as cited in in Ziker, 1998).

Although uniparental markers from Dolgan populations have been analyzed in
molecular anthropology research, most recently in Federova et al. (2013),
investigating their origins was not a primary focus and in terms of exploring maternal
population histories only HV1 has been used. However, it was enough to show
expansions to the north from southern Siberia of the Turkic-speaking and Tungusic
speaking populations. Additionally, previous studies have relied heavily on
haplogroup lineage analyses without a lack of population-wide comparisons similar

to those shown in Chapter 4.

Federova et al. (2013) also contains genome wide autosomal SNP data (>500,000
SNPs), but again it does not explore the issue of Dolgan formation or contact with
neighboring populations. A subsequent publication on genome-wide autosomal SNP
data (Pugach et al., 2015) utilized published data in combination with newly
generated data to look at the origins and admixture of Siberian populations, including
that of the Dolgans. These analyses show an affinity to south Siberian populations
suggesting that at least a portion of the Dolgan ancestors come from the Yakuts who
themselves can be traced back to a region around Lake Baikal (Pugach et al. 2015)

and confirm that the closest relationships of the Dolgans are to the Yakuts and
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Evenks with some limited “European-like” recent input and potential, but

undetermined Samoyedic addition.

Given the historic, linguistic and genetic data, there three likely scenarios. First, that
the ancestors of the Dolgans were Yakuts that migrated northward and changed
their lifestyle. Second, their ancestors were Evenks who underwent a language shift
to that of the Yakuts. Some of their linguistic features point towards just such a shift
(Stapert, 2013). However, it is more likely that there was a combination of these two
situations with majority input from the Yakut and Evenk and minor input from

Samoyedic speakers.

In order to better understand the origins of the Dolgan it is necessary to look more
closely into the uniparental markers so complete mtDNA genomes were sequenced
and are analyzed below from two geographically separated Dolgan populations.
Comparative populations of neighboring Taimyr Evenks from Duggan et al. (2013)
and Samoyedic-speaking Nenets from both the Taimyr and Yamal (further west)
Peninsulas were also included in combination with the data from populations in
Chapter 4. The focus of this chapter is on those analyses shown in Chapters 3 and 4
to be beneficial for exploring maternal contact and histories using complete mtDNA

genomes

Materials

In addition to the samples from Chapter 4, 149 samples were analyzed in this study.
The Dolgan samples were collected from villages in both the Taimyr Peninsula and
the Anabar district in the Republic of Yakutia. The Nenets samples were collected

from the Taimyr and Yamal Peninsulas.
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The additional Evenk population was collected from the Taimyr Peninsula and was
first published in Duggan et al. (2013). The remaining populations of Turkic,
Tungusic, and Mongolic speakers and the linguistic isolate, Yukaghir, used for
comparison in the following analyses were described in Chapter 4 with sample sizes
and affiliations given in Table 5.1. Approximate sampling locations of the new

populations are shown in Figure 5.1.
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Table 5.1. Linguistic affiliation and sample sizes of the populations included in this study.
The samples from five populations not included in Chapter 4 are in italics.

Population Eth_n_ol@nguistic Acronym | n Lin.g_ui_stic
Affiliation Affiliation
Mongolian Mongolian Mongol 56 | Mongolic
Eastern Buryat Buryat E_Bur 27 | Mongolic
Western Buryat Buryat W_Bur 48 | Mongolic
Kyrgyz B Kyrgyz Kyr_B 30 | Turkic
Kyrgyz L Kyrgyz Kyr_L 27 | Turkic
Altai Altai Altai 33 | Turkic
Tofalar Tofalar Tofa 23 | Turkic
Tuvan Tuvan Tuvan 59 | Turkic
Central Yakut Yakut C_Yak 89 | Turkic
CEPH Yakut Yakut C_Yak 24 | Turkic
Vilyuy Yakut Yakut V_Yak 55 | Turkic
Northeastern Yakut Yakut NE_Yak 33 | Turkic
Yakut-speaking Evenk | Yakut-speaking Evenk YSE 32 | Turkic
Anabar Dolgan Dolgan Ana_Dol 27 | Turkic
Taimyr Dolgan Dolgan Ta_Dol 51 | Turkic
Taimyr Nenets Nenets Ta_Nen 13 | Samoyedic
Yamal Nenets Nenets Ya_Nen 34 | Samoyedic
Taimyr Evenk Evenk Ta_Evk 24 | Tungusic
Stony Tunguska Evenk | Evenk ST_Evk 39 | Tungusic
Nyukzha Evenk Evenk Ny_Evk 45 | Tungusic
lengra Evenk Evenk le_Evk 23 | Tungusic
Central Even Even C_Evn 26 | Tungusic
Western Even Even W_Evn 24 | Tungusic
Yukaghir Yukaghir Yukag 22 | Isolate
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Fig. 5.1. Map showing approximate sampling locations for those populations not included in
Chapter 4.

Results

Figure 5.2 shows a map of the populations included in this study and their respective
haplogroup frequencies. The Dolgans are predominately haplogroup C and D
(63.0% in Anabar Dolgans and 72.5% in Taimyr Dolgans) and have a much lower
amount of the D5a sub-haplogroup (only in the Taimyr Dolgans at 5.9%) typical of

most Yakut populations and lengra Evenks. The Taimyr Evenk have a similar pattern
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to the Dolgans, in terms of their shares of haplogroups C and D though, as is the
case in the other Evenk populations (except the lengra Evenks), there is a larger
share of Haplogroup C over D (45.8% to 33.3%). The Dolgans have a more even
split at 34.6% to 30.8% for haplogroups C and D overall and the sub-populations

show a similar pattern.

The Samoyedic-speaking Nenets combined from both the Taimyr and Yamal
Peninsulas have a much lower percentage of haplogroup D (8.8%) than is found in
Tungusic populations. Conversely, they have a relatively high percentage of other
haplogroups not typical of Central and Northeastern Siberian populations, but rather
indicative of Eurasian population influence. Haplogroups H, J and U are present at
14.9%, 6.4%, and 19.1%, respectively, in the Nenets and while U is relatively similar
in both Nenets sub-populations, haplogroups H and J are only found in the Yamal

Nenets (the population found further to the west).
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Fig. 5.2. Map showing locations of populations and major mtDNA haplogroup frequencies
along with relative sampling sizes corresponding to the size of the pie charts. Linguistic
affiliations are shown by population name labels (Turkic, blue; Tungusic, green; Yukaghir,
agua; Mongolic, red; Samoyedic, orange).

As there was no differentiation between the Nenets sub-populations of Taimyr and
Yamal based on ®stanalyses, these groups were combined to form one Samoyedic-
speaking Nenets population for this analysis. Additionally, based on ®st analyses,
the Kyrgyz sub-populations were grouped together. Because the focus here is on the
Taimyr, for the majority of the analyses the Even sub-populations and the Yakut sub-

populations were grouped respectively. In Figure 5.3, the Dolgan sub-populations
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are most closely positioned next to their nearest geographic neighbors. The Anabar
Dolgans are geographically very close to the YSE and the Taimyr Dolgans are
geographically most close to the Taimyr Evenks which is reflective of what is seen in
the MDS plot. The Dolgans, in particular those from the Taimyr are closer to the
Yakut in the first dimension. However, the predominant pattern is rather one of
geographical proximity. The Nenets are quite differentiated from their geographic
neighbors. And, as seen in Chapter 4, the Tofa, ST Evenks, and lengra Evenks fall
out of the main cluster.

MDS plot of PHIst values (mtDNA)
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Fig. 5.3. A 2D MDS plot based on pairwise ®st values for dimensions 1 versus 2.

An analysis of haplotype sharing shows some obvious grouping based on geography

(Figure 5.4). Because this type of analysis can be informative for questions on recent
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admixture, the Nenets sub-populations were treated separately here. The pairs of
populations with the highest amounts of haplotype sharing are the Taimyr Dolgans /
YSE, and the Taimyr Evenks / YSE. This is the highest level of complete mtDNA
haplotype sharing seen between any Siberian ethnolinguistic populations examined
to date. It is notable that haplotype sharing is greater between the Taimyr Evenk and
their geographic neighbors than between them and any other Evenk sub-population.
These highest levels of sharing are closely followed by the Anabar Dolgans / YSE
and the Taimyr Evenks / Taimyr Dolgans. These four populations (both Dolgan
populations, Taimyr Evenks, and YSE) group closely in the MDS plot and share the

most haplotypes with one another.

Both Dolgan groups share haplotypes with all Evenk populations, though at a lower
level than with their geographic neighbors. There is also a geographic pattern
apparent in the plot whereby the Taimyr Dolgans exhibit more sharing with the
Taimyr Evenks than with the other Evenks and even with the Anabar Dolgans.
Similarly, the Anabar Dolgans share the largest amount of haplotypes with the YSE,
The Taimyr Dolgans also share more with Yakuts than they do with the non-Taimyr
Evenks. The Anabar Dolgans, however, exhibit less sharing overall but do show
more sharing with the Evenks than they do with the Yakuts and, interestingly, they
share as much with the Nyukzha and lengra Evenks as they do with the Taimyr

Evenks.
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Fig. 5.4. Haplotype sharing heat plot.

The Yamal Nenets exhibit a very low amount of haplotype sharing with any
population, though there is some with Taimyr Dolgans and Tuvans. The Taimyr
Nenets, on the other hand, share a moderate amount with all Evenk populations
including the YSE and also with the Anabar Dolgans. The Taimyr Nenets also share
a small amount with the Altai while the Yamal share nothing with the southern

populations. Neither share any haplotypes with the Yakuts. This pattern of primary
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haplotype sharing based on geography between the Taimyr Nenets and Tungusic
populations suggests recent admixture from the Tungusic populations into the

Taimyr Nenets.

Haplotype Sharing (freq)
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Fig. 5.5. Heat plot of haplotype sharing between at least two populations, decreasing in
frequency of sharing from the bottom to the top of the plot. Haplogroups provided on the
right side of the figure.
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The haplotype sharing analysis shown in Figure 5.4 can be broken down into specific
haplotypes shared by multiple populations (Figure 5.5). One noticeable feature of
this graph is the high amount of sharing in the YSE as well as the Dolgans and
Taimyr Evenks. To explore potential differential sharing, the haplotype frequencies
underlying the heat plot shown in Figure 5.5 are provided in Table 5.2. In total the
Dolgans share 26 haplotypes with other populations. Of those, only 1 haplotype is
shared exclusively between the Anabar and Taimyr Dolgans (h115) and 6 others are
shared between these sub-populations and at least one other group (h3, h12, h13,
h16, h17, h30). The most commonly shared of these haplotypes is h3 which has the
highest frequencies in the Anabar Dolgans and YSE (15.38% and 12.5%,
respectively) with very low amounts in the Taimyr Dolgan and Evenk and the lowest
in the Yakut (only 0.5%). Given intermediate levels in the Nyukzha Evenks and
lengra Evenks (8.89% and 4.35%) this is likely originating from Tungusic populations
who then took the Yakut/Dolgan language and stayed in this region, though having
some contact with other Taimyr populations. There are three haplotypes that
Dolgans share with Evenks (excluding the Taimyr Evenks) and seven that are
shared between YSE and Dolgans but not the Taimyr. The remaining Dolgan
haplotypes shared by both sub-populations and at least one other show a mixture of
sharing with Yakuts and Evenks but in all cases, the Anabar Dolgans have a higher

frequency.

Of the sharing that occurs between south Siberian populations and the Dolgan, this

is largely biased towards the Taimyr population. Two haplotypes (h5, h6) are shared
between the Tuvans, the Taimyr Dolgans and Taimyr Evenks as well as the Yakuts

and YSE, with h6 also being shared with the ST Evenks and h5 being shared with

the Yamal Nenets. H5 is the haplotype with the highest frequency in the Taimyr
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Dolgans so this lineage could have spread as the Dolgan population expanded. The
Buryats also share some haplotypes with the Dolgans. Primarily this is with the
Taimyr Dolgans (3 haplotypes which are also shared with the Yakuts) but also 1

shared with both Dolgan populations and another with only the Anabar.

The Taimyr Evenks most frequent haplotype (h2, 14.29%) is shared with all other
Tungusic-speaking populations as well as the Taimyr Nenets and YSE as well as
one Yakut. Their next highest frequency haplotype (h22) is only shared with the

Tuvan and Kyrgyz.

The Nenets sub-populations only share one haplotype (h87) with each other and
with the other seven haplotypes that are shared by one Nenets population and
another group, there is not a distinct pattern but there is sharing with the south
Siberian Altai and/or Tuvan in three haplotypes. While there is very little signal of

admixture with the Yakuts, there is sharing with multiple Tungusic-speaking groups.
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Table 5.2. Percentages of haplotypes in the populations
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The BSPs for the new populations included in this chapter are shown in Figure 5.6.
Within the past 5,000 years, there began a steep decline in the effective population
sizes in all populations which was very steep in the past few thousand years. The

Nenets both share a similar ‘bump’ prior starting before 10,000 years ago prior to the
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potential decline not present in the other Siberian populations. Otherwise these
graphs are similar to the non-Yakut Siberian populations seen in Chapter 4 and the
discussion regarding this common decline potentially suggesting similar geographic

origins can be extended to the Samoyedic-speaking Nenets.

Ana Dol (n=27) ' Ta Dol (n=51)

Ya Nen (n=34) Ta Nen (n=13)

Jeema | dECEs i i L o

Fig. 5.6. Bayesian skyline plots showing the sub-populations of Dolgans and Nenets

Discussion

The resulting maternal picture is one of high amount of contact between the
Dolgans, the Taimyr Evenks and the YSE. These populations are geographically

close, being located in and southeast of the Taimyr Peninsula, but linguistically
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differentiated. The fact that both the mtDNA MDS plot based on ®st values and the
haplotype sharing plots showed such similarities suggests that, for the populations
who migrated to this region, there was a combination of both shared ancestry and
recent admixture in the Taimyr. Given the very high levels of full mtDNA haplotype
sharing between the Dolgans, Taimyr Evenks and the YSE as compared to within
group sharing observed between the Yakut sub-population or Evenk sub-
populations, this suggests a very high level of recent admixture between
geographically close populations. The limited haplotype sharing between Dolgan
sub-populations suggests more recent admixture with geographic neighbors than

linguistic relatives.

The fact that there are multiple haplotypes present in the Dolgans and one of the
non-Taimyr Evenks, especially those farther away such as the Nyukzha or lengra
(or, indeed, the Evens) suggests Tungusic input. This would likely not be due to

recent admixture, rather a shared ancestry is more probable rather than a simple

spreading of Taimyr Evenk haplotypes.

The sharing seen between Taimyr populations and the south Siberian populations is
most likely indicative of those lineages being brought up through waves of migrations
into the region rather than by recent admixture given the vast geographic distances
involved. This points to lineages being carried through the Yakuts as they moved
north. However, the Dolgans show more affinity to the Tungusic-speaking
populations than they do to the Yakuts. There is significant input from both the
Tungusic peoples and the Yakuts. Similarly in the paternal side there is this mixture
when looking at haplogroups, with a relatively even split between Yakuts and
Evenks, but when looking at MDS plots the Yakuts are outliers and the Dolgan fall

much closer to the Tungusic populations (based on data from populations included in
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this chapter combined with those from Karafet et al., 2002). This is in line with the
historical and linguistic evidence suggesting a complex formation process involving
the ‘Dolgan’ and other Evenk clans shifting from their Tungusic language to the

Turkic language, Yakut, while retaining their lifestyle and culture (Stapert, 2013).
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Chapter 6

Conclusions and Future Outlook
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Conclusions and Future Outlook

The overall goal of this work was to improve on methods for sequencing complete
mtDNA genomes and investigate the putative benefits of using these larger datasets
in the exploration of human population histories and contact. The impetus for
conducting this study was the need to more closely examine the complex maternal
population histories in Siberia given that the historical use of only mtDNA HV1
presented difficulties in addressing questions of maternal population contact and
prehistories of the region due to high levels of HV1 sequence type sharing (Bregel,
2003, Fedorova et al., 2003, Pakendorf et al., 2006, Pakendorf et al., 2007, Zlojutro
et al., 2008). At the time of this study’s inception, there was a lack of thoroughly
tested, and relatively inexpensive, methodologies that could exploit 2" generation
sequencing technologies for the generation of large numbers of complete mtDNA
genomes. A consequence of this that | identified from my research into the molecular
anthropology literature that included complete mtDNA genome sequences was the
introduction of potential ascertainment biases in the publically available data due to
researchers sub-selecting samples based on haplogroup of interest or HV1 identity,
which is still ongoing (Achilli et al., 2005; Derenko et al., 2014; Derenko et al., 2007,
Fedorova et al., 2013; Starikovskaya et al., 2005; Volodko et al., 2008). Therefore,
the first objective of this thesis was met by identifying and modifying existing
laboratory methods and help to create new protocols for sequencing large numbers
of complete mtDNA genomes of sufficient quality and coverage. These novel
methods were then compared against the reigning ‘gold standard’ of HV1 Sanger

sequencing.

The second objective of this thesis was to explore whether the reliance on traditional

methods was affecting our inference of maternal population histories and population
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contact. This was done by analyzing the effects of both the increase in sequence
data per individual (HV1 to complete mtDNA genomes) and the increase in number
of individuals sequenced per populations (shifting from using only a biased subset of

collected samples to using all samples in a collection).

Finally, the third objective was to put these new methods and learnings into practice
by sequencing the complete mtDNA genomes of full collections of samples from
multiple Siberian populations which allowed me to shed more light on their maternal

prehistories and potential contact.

Novel methodologies

Chapter 2 explains the methodologies modified and developed in collaboration with
colleagues from the Max Planck Institute for Evolutionary Anthropology for the
purpose of sequencing complete mtDNA genomes at sufficient coverage and quality.
Initial testing on the Roche 454 system was problematic so, after extensive testing,
the focus was switched to the lllumina Genome Analyzer IIx, The combination of a
modified version of the Meyer and Kircher (2010) method described in Chapter 2,
combined with our protocol on the multiplexed hybridization enrichment of mtDNAs
for the purposes of building libraries to sequence on the Illumina Genome Analyzer
lIx (Maricic et al., 2010), was determined to be the most effective in terms of cost

and quality.

After successfully generating initial sequences with sufficient coverage, testing was
done to compare the HV1 sequences produced using Sanger methods to this novel
method. A subset of the samples used in this thesis were sequenced using 2"

generation sequencing as described above and then compared to 379 published
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HV1 sequences from Siberian populations that had been generated by Sanger
sequencing (Pakendorf et al., 2006, Pakendorf et al., 2007). Nineteen percent of
these samples (N=72) exhibited sequence differences between the two methods.
However, in these 72 individuals, there were only between one and six differences
per sample and almost all of them were in the poly-C regions which are not included

in mtDNA population history analyses anyway.

After these protocols were finalized and verified against the established methods, |
used them to generate both the sequences analyzed in this thesis and those
described in our previous publication (Duggan et al., 2013). These are the first
studies to use these methods on Siberian populations and, therefore the first to
produced mtDNA genomes for Siberian populations that were not sub-selected for
sequencing based on HV1 identity or specific haplogroups and therefore not subject
to ascertainment bias. In addition to the work on Siberian populations, | also used
these methods to assist in sequencing the complete mtDNA genomes from samples
| collected in Burkina Faso (Barbieri et al., 2012) and those collected by others in
Zambia (Barbieri et al., 2013a) and a collection from South America yet to be
published. There was a high level of interest in these methods that | presented at
conferences (Whitten et al., 2009; Whitten et al., 2010) so | trained other researchers
from both inside and outside our facility thus resulting in a significant expansion in
complete mtDNA genome sequencing and analysis, not only in the field of molecular
anthropology in regions throughout the world (Barbieri et al., 2013b; Delfin et al.,
2014; Duggan et al., 2014; Duggan et al., 2013; Gunnarsdottir et al., 2011a;
Gunnarsdottir et al., 2011b; Vyas et al., 2016), but also in the field of forensic

genetics (Irwin et al., 2011).
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Sample selection biases and benefits of complete mtDNA genome sequencing

As discussed in Chapter 3, prior to the methods described herein, the complete
mtDNA genomes publically available were largely not representative of the
ethnolinguistic groups from which they were sampled. This was due to the cost and
difficulty of sequencing complete mtDNA genomes using traditional Sanger methods
which caused researchers to sub-select samples from collections based on either an
interest in specific haplogroups or sequence identity in the HV1. Either of these
reasons reduced diversity thus rendering the collections unsuitable for population

wide analyses and relegated them to discussions of haplogroup histories.

This issue of putative bias was initially presented at a conference on molecular
anthropology in the genomic era based on the Siberian sequences described in
Chapter 3 and later in Filipino populations (Whitten et al., 2009), Gunnarsdattir et al.,
2011a). It was shown that HV1 sequence identity does not predict identity in the rest
of the mtDNA genome. Rather, the majority (83%) of pairs of individuals examined
herein with identical HV1 sequences have differences elsewhere (between 1 and
22). Simulations of biased sampling based on randomly selecting one individual out
of each group of HV1 identical individuals showed significant differences from
unbiased datasets in most of the diversity tests shown in Chapter 3. Gunnarsdottir et
al. (2011a) also tested sub-selection based on selecting only one individual from the
haplogroups or lineages within those haplogroups and running a Bayesian Skyline
Plot. The results of this differed markedly from those created from the full data sets
in terms of population growth and effective population size estimates. Together,
these studies show that full collections of samples should undergo mtDNA genome

sequencing rather than sub-selecting in order to obtain a more accurate picture of
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population histories. Also, special care must be taken to avoid combining newly

generated data with existing data that has been created in this manner.

In addition to showing the benefits of sequencing all samples in a collection to avoid
bias, | also tested whether different inferences of population histories would be made
when switching from HV1 sequencing to complete mtDNA sequencing. This was
done on samples from the five ethnolinguistic populations described in Chapter 3 by
using either the HV1 or complete mtDNA genomes to create pairwise ®st values for
use in MDS plots. Indeed, there was a different pattern of distances between
populations. Another researcher looked at HV1 as compared to the control region in
Siberian populations and found differences as well (Johnson, 2013) but did not push
for the switch to sequencing larger regions due to issues such as cost. However,
with these new methods, even when a laboratory does not have the sequencing
machines, it should be possible to still set up the libraries as per the protocol in

Chapter 2 and send them to a facility for low cost 2" generation sequencing.

Exploring maternal population histories and contact in Siberia

The complete mtDNA sequencing of individuals from the ethnolinguistic groups
described in Chapter 4 allowed for better insights into the histories of these peoples
than using the HV1 alone. This is primarily evident in the ability to perform more in-
depth analyses including Bayesian Skyline Plots and an exploration of haplotype
sharing. Also, given the differences between inferring population histories based on
HV1 vs complete mtDNA genomes shown in Chapter 3, the remaining analyses

should better reflect the populations (with the exception of those based on
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haplogroups, for which it is acceptable to use HV1 along with some SNPs where

necessary).

In looking at the genetic structure of the populations based on standard analyses of
diversity, haplogroups, and AMOVAS, very little structure was seen. It is clear that,
due in part to the practices of patrilocality and high mobility in many Siberian
populations, there is a high level of maternal genetic sharing. Exploring haplogroup
frequencies and correspondence analyses did not add much to our understanding of
these population histories. The AMOVA results showed little variance between

groups for either linguistic or geographical splits.

Where the additional information from the complete mtDNA genomes contributed the
most was in the exploration of population contact by analyzing shared haplotypes to
identify potential directionality of sharing and viewing this in the light of ®st values.
One of the conclusions that can be drawn from this is a confirmation of the shared
ancestry of Yakut populations and their affinity to southern Siberian populations
which points towards an origin around Lake Baikal and subsequent migration
northward. Based on the differential sharing of haplotypes seen between the Yakuts
and the Evens and Yakuts and the Evenks, it is likely that these Tungusic-speaking
populations were already in this region and had split prior to the arrival and
expansion of the Yakuts. Along with the differential nature of this sharing there was
also the directionality from the Tungusic-speaking populations into the Yakuts which
can be explained by the Yakuts marrying the women from the Even and Evenk
groups that they encountered as they expanded. The YSE, while showing relatively
high levels of haplotype sharing with both the Tungusic-speaking populations and
the Yakuts also showed a common ancestry without recent admixture with the

Mongolians and, to a lesser extent, the Buryats. Conversely, the YSE shared the
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strongest signal of recent admixture without common ancestry with the ST Evenks.
Strong support for shared ancestry amongst the southern populations was seen
between the Altai, Mongolians and Buryat. It was also possible to tie the Kyrgyz to

this region by showing they shared a common ancestry without recent admixture.

Uncovering population demographic histories in terms of growth or decline and
estimating effective population sizes in the past is another task made possible by
utilizing complete mtDNA genomes. The Bayesian Skyline Plots presented here
expand on those presented in Duggan et al. (2013) by including additional
populations. Similar patterns of decline are seen across the Siberian populations
beginning around 5,000 years ago and, in the Yakuts, a later rapid increase in the
last millennium. This pattern is quite different from that of the Mongolians and Kyrgyz
suggesting that, taken together with the climatic and archaeological data presented
in Chapter 4, there could have been a regional climatic event that caused this signal

of a population decline.

Chapter 5 was a more fine scaled investigation into Siberian population histories and
contact on a less studied population. The Dolgans are one of the most recently
formed ethnolinguistic populations whose origins, at least genetically, have not been
fully explored. The data shown herein suggest a complex mixture of shared ancestry
with Yakuts and Evenks and strong signals of recent admixture between the
Dolgans, Taimyr Evenks, and YSE. The high levels of complete mtDNA haplotype
sharing is striking even when compared to other Siberian populations who, as seen
in Chapter 4, already exhibit a large amount of sharing. The amounts of sharing are
larger between these linguistically and culturally diverse populations than they are
between sub-populations of other Siberian ethnolinguistic groups such as the Yakut.

This suggests a very high level of intermarriage between these diverse groups.
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Just as autosomal work has shown a predominant mixture of Yakut and Evenk
ancestry (Pugach et al. 2015), the mtDNA genomes explored here also show these
populations to be the largest sources from which the Dolgans were formed.
However, from the mtDNA genomes included in this dissertation, it appears that,
maternally, the Dolgans are more closely related to Tungusic populations than the
Yakuts. Paternally, based on initial results from SNP typing of the populations
collected for this study as well as from data presented in Karafet et al., (2002) the
Dolgans fall much closer to the Tungusic-speaking populations than to the Yakuts
who have been consistently shown to have low diversity and differentiation from
other Siberian populations (Karafet et al., 2002, Pakendorf et al,. 2002, Pakendorf et
al., 2006). However, there are signs of paternal input from both the Yakuts and the
Evenks. Taken together, the autosomal, mtDNA and Y chromosome highlight a
complex mixture of populations and reveal a fluidity of marriage between populations
around the Taimyr Peninsula despite the different languages and modes of

subsistence.

Concluding remarks

As has been shown, it is necessary to utilize complete mtDNA genomes to gain an
understanding of maternal population contact and prehistories. These large datasets
of complete mtDNA genomes made possible by the methods described herein have
helped to elucidate not only the prehistories of Siberian populations, but of many
others around the globe. Future studies that include genome-wide data should
enable even more detailed insights into the prehistory of these populations. In order
to better disentangle the origins of maternal population histories, it would be

beneficial to include additional linguistic and geographic neighbors as well as to
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develop new tools for testing potential demographic scenarios that are able to

account for regions where there are high levels of putative admixture.
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