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Errata

Page 21 Missing word: fourth line from bottom, missing “were” after “values of 2%”

Page 41 Correction: In Figure 6, the Viking Age appears to begin at the beginning of the Iron
Age. — correct to towards the end of the Iron Age.

Page 50 Correction: “and 14-10 cal kya” — corrected to “in 14-10 cal kya“
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ADP or ATP: Adenosine Diphosphate (or Triphosphate for ATP)
AMOVA: Analysis of Molecular Variance

BIC: Bayesian Information Criterion

BCE: Before Common Era

bp: Base pair

BP: Before Present

BSP: Bayesian Skyline Plot

CE: Common Era

CeFH: Centre for Fertility and Health

DNA: Deoxyribonucleic acid

FADHa: Flavin Adenine Dinucleotide (hydroquinone form)
hierBAPS: Hierarchical Bayesian Analytical Population Structure
HVR1/HVR2: Hypervariable region 1 or 2 of the mtDNA genome
mtDNA: Mitochondrial DNA

kya: Kilo years ago (kiloyears)

LGM: Last glacial maximum

MRCA: Most recent common ancestor

MDS: Multidimensional scaling

MCMC: Markov chain Monte Carlo
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Abstract in English

Mitochondrial DNA (mtDNA) has been an invaluable source of genetic
information for understanding the long-term migration history, genetic diversity, and
demographic structure of human populations. While well known for its Viking past,
Norway's prehistoric and post-Viking population history and the influences that have
shaped its mtDNA diversity are not fully understood. An understanding of the
mitochondrial DNA lineages in Norway can further provide insight into medical
conditions associated with the mtDNA variants present in those lineages. Thus, the
overarching goal of this project was to analyze the mtDNA diversity of Norwegian
populations, using phylogenetic (bioinformatic) methods, and examine the matrilineal

ancestry of some lineages in relation to other Eurasian populations.

In this thesis, I explore the influences that may have led to the expansion of the
most prevalent mtDNA lineages in Norwegians and estimate their arrival in the
Scandinavian Peninsula in the context of known archaeological evidence and
historical events. First, I describe mtDNA diversity in Norway in detail in terms of
maternal lineages present in the country and their distribution in various counties and
larger regions. Subsequently, I combine bioinformatic, phylogenetic approaches with
time estimates for haplogroups J and U5 in Norway to elucidate their origins and later
dispersal into Scandinavia. These are the second and third most frequent haplogroups
in Scandinavia. Haplogroup H had already been extensively analysed and has a

similar place of origin to haplogroup J, which has been less studied in Scandinavia.

Norwegian mtDNAs belonging to predominantly eight West Eurasian
haplogroups were modestly differentiated by dialectal regions. Haplogroup U5 was
found to be the earliest major haplogroup in Norway, with the earliest known carrier
dating back to at least 9 kya. Haplogroup U5 is currently the second most frequent
haplogroup in the country, with a higher frequency of this lineage occurring in the
northern dialectal region of the country. My analysis revealed that the spread of
subhaplogroup U5b was skewed from west-to-east while U5a was dispersed in both

west-to-east and east-to-west directions. By contrast, haplogroup J entered
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Scandinavia approximately six kya, with the youngest major subbranch, Jlc,

becoming the predominant J subhaplogroup in the region.

The detailed analysis of mtDNA variation conducted in this thesis will serve as
the basis for further cross-disciplinary work linking public health, anthropology, and

mitochondrial genetics.
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Abstract in Norwegian

Mitokondrielt DNA (mtDNA) har vert en viktig kilde til genetisk informasjon
for & forsta migrasjonshistorie, genetisk mangfold og demografisk struktur pé lang
sikt. Til tross for at Norge er kjent for sin Viking-fortid finnes det langt mindre
kunnskap om befolkningen og mtDNA mangfold under andre tidsperioder. En gkt
forstéelse for mitokondrielt DNA varianter i Norge kan bidra med mer innsikt om
relevante mitokondrie relaterte sykdommer. Det overordnede formalet med dette
prosjektet var derfor & analysere mtDNA diversiteten i den norske befolkning ved
bruk av fylogenetiske (bioinfomatiske) metoder samt underseke varianter av

matrilineaere aner og deres relasjon til andre Eurasiske befolkninger.

I denne avhandlingen undersgker jeg hvilke faktorer som kan ha forérsaket
spredningen av nordmenns mest utbredte mtDNA varianter. Jeg estimerer ogsa nar de
forst kan ha dukket opp pé den skandinaviske halvey i samsvar med arkeologiske
funn og historiske begivenheter. Jeg starter med & forst beskrive maternelle mtDNA
varianter som finnes i den norske befolkningen og deres fordeling i fylker og
landsdeler. Videre belyser jeg deres opphav og senere spredning i Skandinavia ved &
kombinere fylogenetiske og bioinformatiske metoder med tidsestimater for
haplogruppene U5 og J. Disse er de henholdsvis nest- og tredje mest hyppige
haplogruppene i Skandinavia. Omfattende analyser av den vanligste haplogruppen H
finnes 1 rikt omfang samtidig som den har liknende opphav som halogruppe J som er

lite studert i Skandinavia.

Norske mtDNA varianter tilherende atte vest-Eurasiske haplogrupper kunne
delvis grupperes etter dialekter. Jeg fant at den nest mest hyppige haplogruppen U5
var den forste store haplogruppen i Norge (ca. 9000 ér siden) og at den er mest vanlig
i Nord-Norge. Videre sé jeg en viss grad av forskyvning av subhaplogruppe U5Db fra
vest til @st mens subhaplogruppe USa var jevnt fordelt fra bade ost til vest og vice
versa. Haplogruppe J derimot ser ut til & ha forst kommet til Skandinavia for omtrent

6000 ar siden der den yngste subhaplogruppen J1c har blitt den mest vanlige.
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Denne avhandlingens analyse av mtDNA variasjon i Norges befolkning vil
forhapentligvis kunne vaere et fundament for videre tverrfaglig samarbeid mellom

folkehelse, antropologi og mitokondriell genetikk.
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1. Introduction

1.1 The mtDNA sequence

Mitochondria are cytoplasmic organelles in eukaryotic cells that generate
adenosine triphosphate (ATP) for use in several cellular metabolic pathways (Figure
1). The origin of cellular mitochondria is thought to be linked to serial endosymbiotic
events in which a free-living proto-mitochondrion was engulfed by a proto-eukaryote
(1). It is hypothesized that this endosymbiosis was supported due to the exchange of
metabolizable substrates and protection from the extracellular environment for the
mitochondrion, and respiration-derived ATP from the mitochondrion for the cell.
Molecular phylogenies based on mitochondrial genes have confirmed that
mitochondria have a bacterial origin (2) and are distantly related to Rickettsia

prowazekii (3,4).

Endoplasmic

reticulum
Nucleus

Mitochondria

Inner Outer ’
membrane membrane

space /

Figure 1. A simplified representation of a mitochondrion within the cell.

Located in the mitochondria, mitochondrial DNA (mtDNA) has also been
found to be maternally inherited by both male and female offspring (5). The sequence
and organization of human mtDNA was first described in 1981 by Anderson and
colleagues (6,7). The mtDNA is a haploid and circular molecule consisting of 16,569
bp (Figure 2) (6). Human mtDNAs consist of one outer guanine-rich heavy (H)
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strand and an inner cytosine-rich light strand (6). The heavy (H) strand encodes 12

proteins of the oxidative phosphorylation (OXPHOS) system, two ribosomal RNAs
(12S and 16S5), and 14 tRNAs (6,7). The light (L) strand encodes one subunit and 8
tRNAs (6,7).

Control region
(Hypervariable region 11, 1ll, and Il, respectively)

H-strand promater

L-strand promoter:

ND5

ND1

ND2

ND4
Encoding proteins
Control Region
Transfer RNA
Ribosomal RNA
Complex |
Complex I
Complex IV
ATP Synthase

EECOEEOCE

ATPG ATPg  COX2

Figure 2. The organization of the human mitochondrial genome. The multicoloured, thicker circle
represents the heavy (H) strand and the thin black line represents the light (L) strand. Shown here are
the gene names in the circular mtDNA. The labels and gene names are based on the annotated human
mtDNA sequences from van Oven et al. (2009) at Phylotree.org (8).

About 93% of the mitogenome consists of coding regions. They includes 22
transfer RNAs, 13 messenger RNAs, two ribosomal RNAs, cytochrome ¢ oxidase
subunits I, I and I1I, ATPase subunit 6, cytochrome b, and eight other genes that
encode proteins involved in the OXPHOS process (6). The remaining proteins needed
for mitochondrial functions are transcribed from genes located in the nucleus. They

were transferred from the mitochondrial genome over evolutionary time, and are
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translated in the cytosol before being transported across the mitochondrial membrane

).

Approximately 7% of the mitogenome consists of the control region (labeled in
dark- and light-blue in Figure 2), which initiates mtDNA replication and contains
promotors for gene regulation (6). Three hypervariable regions (HVRs) are located
within the control region, including HVR1 (np 16024-16383 bp; n =400 bp), HVR2
(np 57-372 bp; n =316 bp), and HVR3 (np 438-574; n =137 bp) (7). The HVR sites
are the most variable sites of those present in the mitogenome and are particularly

useful for determining the haplogroup status of a particular mtDNA.

The majority of variants in mtDNA occur in the non-coding region (10). This is
expected because the control region has a higher mutation rate than the coding region.
In addition, the coding region is under greater functional constraint. An accumulation
of mutations in the two first nucleotides of the codons in coding sequences would
result in non-synonymous amino acid changes, thereby potentially threatening the
survival and reproduction of a mtDNA lineage. However, mutations in the third
codon nucleotide might accumulate as synonymous mutations without a change in the
amino acid which it encodes (aka codon redundancy or degeneracy). Another reason
that the control region has many variants is because it has a higher mutation rate than

the coding region.

1.2 Mitochondrial function

Mitochondria generate approximately 90% of cellular ATP (11), an energy-
carrying molecule that drives most cellular processes. The mitochondrion utilizes
OXPHOS to combine the breakdown products of glucose with oxygen in the inner
mitochondrial membrane through five protein Complexes (I through V) (12). NADH
and FADH: produced from the Krebs cycle donate electrons to Complexes I and 11,
respectively (Figure 3). As the electrons pass through the electron transport chain

(Complexes I through IV), they pump protons (H+) out of the mitochondrial inner
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membrane into the intermembrane space (13). Complex IV receives an electron from
cytochrome ¢, which donates an electron to molecular oxygen to form water (13). By
the end of the electron transport chain, the accumulation of hydrogen ions in the inner
membrane generates a mitochondrial membrane potential through the enzyme ATP
synthase (13). This proton gradient enables a phosphate group to bind to adenosine
diphosphate (ADP) to synthesize ATP (13).

Hi He H+ H+ H+ H+ H+ H+ Intermembrane
H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ Space
H+ H+ H+ H+

Inner
Mitochondrial

Membrane
FADHZ  FAD+ Mitochondrial
NADH NAD+ Mo H20 A Matrix
ADP+Pi
[ Electron Transport Chain V“V
[ ATP Synthase N

Figure 3. Representation of oxidative phosphorylation in the mitochondrion. CoQ: coenzyme Q;
CytC: cytochrome c.

In addition to energy production, mitochondria also store calcium ions until
they are needed for calcium signaling between the cytosol and the mitochondrial
matrix. Cellular calcium ion signaling is an essential cellular process that regulates
the activity of transporters, enzymes and proteins involved in muscle contraction,
motility, synaptic transmission, membrane excitability, apoptosis, and gene

transcription (14—17).

Mitochondria are further involved in several different cellular processes that
may also influence overall cellular health. While many mtDNA mutations demarcate
the evolutionary history of human matrilines, some may cause disease through the
impairment of the OXPHOS system. Certain of these mitochondrial diseases are
systemic, affecting vital tissues and organs that require a high amount of energy, such

as the brain, muscles, and heart (18). Other mtDNA mutations may also be involved



Introduction 19

in chronic diseases such as cancer, with several studies showing both germline and
somatic mtDNA mutations in solid tumors and leukemias (19-25). However, the

direct association of mtDNA with cancer is still under investigation.

At least one-third of the oxidation energy generated through OXPHOS is
released as heat through a process called ‘proton leak’ instead of ATP synthesis (26).
The large amount of heat for thermoregulation is mediated by mitochondrial
uncoupling proteins which also control the production of reactive oxygen species
(ROS) and fuel metabolism in adipose cells (27). In about 0.1-2% of electrons
passing through the chain', oxygen is prematurely and incompletely reduced to the
superoxide radical (-O2) that is the precursor of most ROS (28). These ROS can lead
to progressive damage to mtDNA and the protein membrane structure of the

mitochondrion (29-31).

1.3 Features of the mtDNA

The mtDNA has been an invaluable source of genetic information for
understanding the long-term migration history of human populations. Key features of
mtDNA that make it especially suitable for tracking lineages at the population level
and over many generations are its clonal inheritance pattern, high reliable mutation

rate, and low heteroplasmy.

1.3.1 Clonal (maternal) inheritance

With the exception of a few noted cases (32,33), mtDNA are inherited through
the female germline (34). While the number of mtDNAs in a mature oocyte may
exceed 100,000 (35), a sperm cell contains only about 700 to 1200 copies of mtDNA
in the sperm flagellum (36). The paternal mitochondria, which normally do not
penetrate the zona pellucida during fertilization, can still be eliminated by selective

destruction, inactivation, or dilution by the vast surplus of oocyte mitochondria

! This number derives from studies in isolated mitochondria, though the exact rate in live organisms is yet to be fully agreed
upon (28)
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(37,38). Even if leakage of paternal mtDNA is rare, random replication probably
reduces this contribution to zero in most individuals (38).

Since mtDNA are clonally inherited, the whole genome behaves as a single,
non-recombining locus with all sites sharing a common genealogy (39). Whether or
not mtDNA undergoes recombination has been disputed for several years (40—43).
Although there has been some tentative evidence of exceptions for mtDNA
recombination (44-46), later analyses have either found no evidence of
recombination or that recombination is not sufficiently frequent to assume
recombination in the vast majority of sequences (43,47—49). Moreover, after a
reanalysis of evidence for recombination in two previously published studies (45,46)
two separate articles cited possible errors in the data interpretation or errors in the
sequences upon which the original interpretations were made (50,51).

The fact that mtDNA is clonally inherited from mother to all offspring
considerably simplifies its representation within a population. This allows researchers
to trace the maternal genetic connections of individuals and track population
movements through time by following the dissemination or accumulation of specific
maternal lineages, in addition to exploring the relatedness of populations from far-
flung regions. Importantly, the more limited number of possible mtDNA lineages
compared to longer, recombined nuclear DNA also simplifies the analysis of

variation within populations.

1.3.2 Reliable mutation rate

Due to an absence of histones, the increased exposure to ROS by-products of
OXPHOS and a lack of repair system, the overall mutation rate of mtDNA is greater
than that of nuclear DNA (52—54). Humans have a genome-wide mutation rate
ranging from 0.5 x 10? bp™! year™! compared to a value of 2.0 x 10”7 bp™! year!in
HVRI and HVRII of the mtDNA (55). However, the incidence of mitochondrial
disease is low and estimated to be approximately 1 out of 5000 live births (56,57).
This high mutation rate is also inconsistent with the observations of purifying
selection (58), adaptive changes (59), codon bias in mitochondrial genes (60), and the
low rate of mitochondrial mutations between generations that have been studied

(61,62). Possible explanations for the low rate of mutations transmitted between
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generations are that the female germline facilitates selection against pathogenic
mitochondrial mutations through a number of possible mechanisms, although these
mechanisms are unclear and continue to be debated (63).

The types of evolutionary change that animal mtDNA undergoes are relatively
simple, being mainly base substitutions and length mutations (34). The mtDNA
mutation rate across the mitochondrial genome varies. Synonymous sites and the
mtDNA HVRs evolve faster than nonsynonymous sites, the central domain between
HVRI and HVRII, tRNA, and rRNA genes (64). In 2009, Soares et al. (10) estimated
the substitution rate for the mitogenome to be approximately 1.67 x 10 bp™! year'.
The lowest substitution rate was 6.91 x 10 for tRNA and the highest was 2.29 x 10”7
for HVR-II (10). These rates can be utilized to define mutation models in
phylogenetic analyses and/or coalescent age estimates of maternal lineages (see

Methods).

1.3.3 Low heteroplasmy

A cell may have several to many thousands of copies of an mtDNA. The
number of mtDNA depends on the cell type and the energy demands of the specific
tissue type (65). For example, a mature oocyte contains 100,000 mtDNA (35), cardiac
muscle cells contain approximately 6,970 mtDNA (66), and erythrocytes contain no
detectable mtDNAs (67). Erythrocytes do not require mitochondria-generated energy
in order to shuttle oxygen to the tissues. In the reticulocyte stage, the precursor to the
erythrocyte, the mitochondria undergoes autophagy in order to make room for
oxygen-carrying hemoglobin (68).

Although various cell types of the same individual may share only one type of
mtDNA, a condition known as homoplasmy, a mutation may arise in an individual
which can lead to more than one mtDNA type being in a single cell or individual, a
condition known as heteroplasmy. It is now generally believed that all individuals
present some level of heteroplasmy, even though this level might be below the limits
of detection by DNA sequence analysis (69,70). Heteroplasmy can be observed at
different levels, and multiple mtDNA types may occur within a single mitochondrion,

a single cell or between different cell types (71-73).
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The level of heteroplasmy appears to be correlated with the extent of organ
involvement, with post-mitotic tissues that no longer rapidly divide, such as skeletal
muscle, favouring the accumulation of mtDNA mutations (73,74). By contrast, the
regenerative ability of tissues like hemocytes or bone marrow may eliminate mutated

mtDNA molecules (73). Very low-level variance in heteroplasmy (0.2-2%

heteroplasmy) was found in peripheral blood cells and skeletal tissue of healthy
individuals, but values of 2% only found in skeletal tissue (75). This is an important
number because peripheral blood and bone marrow are the tissues from which

mtDNAs most typically used in phylogenetic and population analyses are derived.

1.4 Applications of mtDNA analysis

Due to its unique pattern of inheritance, mtDNA is used for a wide range of
scientific studies where tracing the deep ancestral roots of maternal lineages plays a
key role in understanding population movement, health, and evolution. These ficlds
include evolutionary biology (76), molecular anthropology (77), forensics (78), and
medical studies that query mtDNA sequences for specific diseases or clinical
outcomes (79). In several of these fields of study, mtDNA variants are typically
discussed in terms of a specific group of alleles (haplotype) that are inherited together

in a direct maternal lineage (80).

Individual haplotypes can be grouped into haplogroups based on their
mutational characteristics (Figure 4). A haplogroup represents a group of similar
haplotypes that share a combination of ancestral polymorphisms inherited together,
such as U5. Haplogroups were originally defined in the late 1980s and 1990s by
grouping mtDNAs exhibiting similar patterns of restriction fragment length
polymorphisms (RFLPs) in studies of mtDNA types from diverse populations
(81,82). The first haplogroups were defined in aboriginal Siberian and Native
American populations, and were labelled as A, B, C, and D (82,83). The list of
haplogroups has since expanded to include all letters of the alphabet based on the
time of their discovery and the populations in which they were defined, and without

regard to the order of their actual evolutionary relationships.
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The mtDNA haplogroups defined by restriction fragment length
polymorphisms were then first primarily correlated with HVR polymorphisms (84—
86). This led to the establishment of bioinformatic databases that assigned
haplogroups solely based on control region sequences (87—89). Later, haplogroups
and their specific variants from their entire mitogenome sequence were organized in a

comprehensive phylogenetic tree called Phylotree (8).

Haplogroups
Lineage (bold line)
D G M9
Subhaplogroup
L3a
M
Branch
L3*

*Most Recent Common Ancestor

Figure 4. An example of a phylogenetic tree based on mtDNA sequences. The haplogroup
nomenclature is based on the annotated human mtDNA sequences appearing in Phylotree (8).

This thesis utilizes specific definitions when discussing the details of mtDNA
phylogenies. A haplogroup defines a major mtDNA lineage that has deep origins in
human populations and may encompass a range of subbranches (subhaplogroups). A
subhaplogroup is a branch of a haplogroup containing a subset of the sequences
defined by the parent haplogroup but defined by its own set of mutation. For
example, haplogroup U gives rise to multiple subbranches such as U5, which then
split into U5a and U5b, with the latter subhaplogroup subsequently evolving to
produce much smaller sublineages such as U5b1b1b. On a more general level, a
lineage is a maternal line of descent often referred to in population studies, and a

branch is a part of the phylogenetic tree that extends from a root or major trunk.
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1.5 Human phylogeny

Phylogenetics is defined as the study of evolutionary relationships between or
among species evolving from a common ancestral root, in which the splitting of
different lineages and estimations of their rates of evolution can be determined (90).
From a mitochondrial genetics perspective, the matrilineal most recent common
ancestor (MRCA) of humans, the so-called “Mitochondrial Eve,” is postulated to
have lived in Africa about 100,000-300,000 years ago (91-93). Since the human
dispersal within and outside of eastern Africa, numerous new mtDNA lineages have
arisen and expanded over time in human populations. Because of the uniparental
inheritance, lack of recombination, and reliable mutation rate, mutations arise in
mtDNASs in a cumulative manner, making it is possible to track the evolution and

dispersal of these maternal lineages over long periods of time.

Human mtDNA haplogroups can be broadly divided into African, West
Eurasian, and East Eurasian types. This division is based on the origin of modern
humans in Africa, and the conclusion that the initial split between western and eastern
Eurasian haplogroups occurred somewhere between the modern-day Iran and the
Indus Valley (94). Most major haplogroups (Table 1) arose approximately 136.3 to
20.9 kya and have defined different human populations (95). Haplogroup L mtDNAs
arose in sub-Saharan Africa (~136.3—67.3 kya). Two haplogroups, M and N, arose
from African haplogroup L3 approximately 58.9 to 49.6 kya as humans migrated out
of eastern Africa (95). Haplogroup M lineages expanded into East Eurasia, eventually
giving rise to haplogroups C, D, E, G, Q, and Z. Haplogroup N gave rise A, S, N, O,
and Y, which stayed in East Eurasia (~53.5-24.2 kya), while later haplogroup N
branches W, X, and I emerged in West Eurasia (~31.7-21.9 kya) (8,95). Haplogroup
N also gave rise to haplogroup R, which is the root of the numerous West European
haplogroups including HV, JT, U, and K (96). In East Asia, haplogroup R gave rise to
haplogroups B, F, P, and various R sublineages in populations within this region

(97,98).
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Table 1. Major haplogroups and their approximate ages by regional origin.

Approximate age’
(kya)
Africa L (LO, L1, L2, L4, L5, L6) 136.3+11.8

67.3+4.4
242+49

49.5+£6.6
239+438

384+4.7
23.7+6.9
429+5.6
31.6+5.2
496+ 1.8
589+24
52.1+6.4

54.8+2.5
37.5+5.6
535455
246+ 7.1

21.9+£2.8
12.8+0.8
9.7+14
20.9+3.6
46.9 £6.5
56.5+2.1
46.5+3.3
26.7+4.3
17.6 +3.4
31.7+£11.7
21.7+ 84
a. Approximate ages of major haplogroups can be found in Behar et al. (95).

Regional origin Haplogroups

East Eurasia

West Eurasia

NXERam®mg—<zZ<w0ov0ZZOomOO A

Since the early 2000s, numerous studies have characterized mtDNA diversity in
global populations, leading to the identification of new subhaplogroups in the human
mtDNA phylogeny. Haplogroup H, which comprises a large majority of the mtDNAs
in Europe, includes numerous subhaplogroups that are found at a higher frequency in
some populations (99). For example, subhaplogroup H2 is found with highest
frequency in Eastern Europe (99), whereas H1 is found more frequently in Western
Europe and Northern Africa (100). Thus, the use of phylogenetic methods can aid in

tracking human migrations and characterizing mtDNA diversity in populations.
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1.5.1 Methodological considerations for phylogeography

Identifying haplogroups and their subhaplogroups has become a cornerstone of
phylogenetic studies of human mtDNA diversity and an important building block of
biogeographic studies. Phylogenetic trees can aid in the visualization of existing
genetic variation in human populations. In particular, phylogenetic analysis can help
to elucidate the relationship between two or more populations by investigating their
shared mtDNA lineages and exploring the differential effects of mutation, genetic
drift, and gene flow on their genetic diversity over time. The ability to construct an
accurate human phylogenetic tree is therefore important for elucidating migration
patterns that can be evaluated in the context of archaeological, sociocultural, and
linguistic evidence.

The use of median-joining networks was proposed as a method for the
phylogenetic visualization of human mtDNA sequences based on point mutation
changes (101). Median-joining networks have the advantage of computational speed
and simplicity in the interpretation of genetic distances between sequences, although
they, too, are not without limitations. The major shortcomings of median-joining
networks include their reliance on distance-based phenetics  and their lack of a root
from which to make historical inferences (102). This challenge is compounded when

handling several sequences with small genetic distances between individuals (102).

By contrast, a maximum likelihood (ML)-based phylogeny can be rooted at a
predetermined ancestral sequence. It can also take into account character
transformations using different evolutionary models that can be validated using
bootstrapping methods or bootstrap approximations (102—104). While ML is often
employed to investigate the evolutionary relationship of non-human species, its use in
human mtDNA analyses has been limited due to the tediousness of assigning and
labelling each mitogenome sequence to a haplogroup defined in Phylotree. In
addition, the similarity of the sequences in large human populations typically studied
in these analyses can often result in unintelligible, dense, and complex trees.

Consequently, the genetic relationships between groups of similar mitochondrial

2 Overall similarity, without consideration of character transformation.
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sequences become difficult to disentangle and use for making broader evolutionary

inferences.

Two of the scientific articles in this thesis (Paper II and Paper III) attempted
to create a ML phylogenetic tree with an inferred root. ML was used to cluster
individual mtDNA sequences into haplogroups, some of which are potentially
geographically specific. The approach of identifying large groups of similar
haplotypes and tagging the geographic location of each sequence enables an
investigation of the historical connection between these geographic regions and how
their interactions may have contributed to the eventual distribution of maternal

lineages within Norway.

1.6 A brief history of Norway

Since this thesis focuses on understanding the deep ancestry of mtDNA
lineages in Norway, I will provide a backdrop for understanding some of the notable
events in Norwegian topography and history that pertain to the population history of

Norwegians.

Situated in the northwest of Europe, Norway is unique in its vast length and
distance from the geographic starting point of human migrations from eastern Africa.
Norway is also the longest country in Scandinavia, stretching 1,752 km in length, a
distance equivalent to the length of the Netherlands to the center of Italy (105).
Compared to southern Europe, Norway’s climate had been relatively uninhabitable
until the large Fennoscandian ice sheet shrouding the land began to melt during the
last glacial maximum (LGM) approximately 23 kya (106,107). Topographically,
Norway’s fjords divide large portions of the coastline areas and mountainous terrain,
and potentially limited gene flow between subpopulations living there. The highest
mountain ranges begin at the latitude of Stavanger in the southwest and extend up to
Trondheim in central Norway. This range includes the Jotunheimen Mountains, home

to Norway's highest mountain called Galdhegpiggen at 2,469 m (108), which divides
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the southern and most populated portion of the country into eastern and western

halves.

Human migrations into Norway have influenced the genetic make-up of the
Norwegian population over thousands of years. The earliest evidence of human
settlement, which dates to 10,000 years ago, stems from the hunting tools and burial
sites of hunter-gatherers found from the southeastern Oslo Fjord up to Finnmark in
the far north (109,110). These early settlers exhibited a predominance of mtDNA
haplogroup U5 (109). Neolithic farmers arrived in Scandinavia approximately six kya
(111). For millennia, genetically distinct Neolithic farmers and local Scandinavian
hunter-gatherers existed largely separately (112), although evidence for genetic
admixture suggested that Scandinavian hunter-gatherers had already begun to be

assimilated into agricultural communities approximately five kya (113).

After agriculture became the predominant subsistence strategy in Scandinavia
(114), competition for resources coupled with increased social demands for personal
wealth played a key role in motivating expansions during the Viking Age (793—1066
CE) (115,116). In addition to population expansion from Viking travels, the
population in Norway was subjected to demographic and potentially adaptive
pressures such as the estimated loss of 40-50% of the population during the Black
Death (after 1349 CE in Scandinavia) (117,118). In addition to these historical
events, contacts with the local Saami populations as well as traveling and trading

populations likely contributed to present-day Norwegian mtDNA diversity (5).

Early modern inhabitants were influenced by few internal migrations before
the 1750s (119,120). The regional distribution of Norwegians is reflected in the
distinct spoken dialects in particular locations, which may also be correlated to
differences in the distribution of maternal genetic lineages there. These dialects vary
widely in grammar, syntax, tone, and pronunciation (121), and reflect the partitioning
of genetic variation across vast regions within Norway over time. The major dialects
include Eastern Norwegian (astnorsk), Western Norwegian (vestnorsk), Trendelag in

central Norway (trondersk), and Northern Norwegian (nordnorsk) (121,122).
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The work included in this thesis is the result of a multifaceted investigation
into maternal genetic lineages that are present in Norway. Paper I presents a large-
scale analysis of the maternal genetic structure of the Norwegian population within
specific regions of the country. Paper II and Paper III present the results of in-depth
explorations of two major haplogroups found within Norway, the timeline of their
origins, and the manner in which they have arrived in Scandinavia within a global
context. Since other populations also share these same mtDNA haplogroups, studying
their phylogenies will also contribute to a better understanding of genetic diversity in

populations outside Norway.
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2. Aims of the thesis

The overall aim of this thesis is to use bioinformatic tools to explore the
diversity of mtDNA haplogroups in Norwegian populations, particularly with respect
to other Eurasian populations, and to better understand the forces that shape mtDNA
diversity in Norway. First, I describe mtDNA diversity in Norway in detail and assess
its distribution in various counties and larger regions within the country. I then
combine bioinformatic approaches with phylogenetic tools and geographical data to
study two of the most common haplogroups found in Norway, including their
estimated ages and the events that led to their dispersal in Scandinavia. Since
haplogroup H had already been studied extensively by others (99,123—126), this
thesis focuses on the second and third most frequent haplogroups in Scandinavia,
namely, U5 and J. Haplogroup US5 is likely to have been the earliest maternal lineage
to have arrived in Norway, while haplogroup J arrived later with agricultural
populations. The thesis combines the same techniques used in the field of molecular
anthropology (i.e., mtDNA estimates of ancestry) with methods employed in public
health training at NIPH for the analysis of these sequences at a population level.

These studies have the following objectives:

Paper I: To describe regional mtDNA diversity in Norway and to understand
the influence of dialectal regions and internal historical migrations on the mtDNA
haplogroup distribution found in the data.

Paper II: To combine hierBAPS analysis of haplogroup U5 mitogenome
sequences with maximum likelihood (ML) phylogenetics to make inferences about
the evolution and dispersal of this major maternal lineage in Scandinavia.

Paper I11: To investigate haplogroup J variation, considering the genetic and
archeological evidence, and provide further insight into the demographic and

evolutionary history of haplogroup J frequency within Scandinavia.
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3. Methods

3.1 mtDNA data

The human mtDNA sequence data used in this study were collected from
various public sources, including previously published literature, GenBank, the
European Nucleotide Archive, and various projects that are part of FamilyTreeDNA.3
Table 2 lists each of the studies from which the data were acquired, the region of the
mtDNA genome sequenced, the sample sizes for each study population, and the

characteristics of the populations being studied.

Table 2. Published mtDNA sequences from Modern Norwegians used in this study

mtDNA Region Population
Sample Sources Analyze(gi N Charl;cteristics
o Krzewinska M et al.,
2014
e Helgason A et al.,
2001 16024—-16383 1,174 Norwegians
e Opdal et al.,, 1998 ’
Paper | e Passarino et al., 2002
e FamilyTreeDNA via
GenBank

e The Norway DNA Norwegians with

16024-16383  |1,597

Project Norwegian ancestors
e GenBank
Hapl
Paper || e European Nucleotide 1-16569 873 aplogroup U5 .
; sequences worldwide
Archive
e GenBank 1-16569 2,345 Haplogroup J

sequences worldwide

Paper Il

o European Nucleotide

Archive 1-16569 55 Viking Age graves

3 https://www.familytreedna.com/
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For Paper L, I analysed a total of 1,174 partial mtDNA sequences (HVRI)
from modern-day Norwegians obtained from various published sources on
Norwegians genetic diversity (127-130). This study also included mtDNA sequences
from the GenBank database (131) belonging to persons of Norwegian ethnicity and
origin as of June 1, 2020. Data for the location or residence within Norway were

available for 64% (n = 755) of these individuals.

In addition, HVRI sequences from 1,597 non-related individuals with
matrilineal Norwegian ancestors were incorporated into this analysis to contextualize
the human migration changes within Norway since the early modern ancestors of the
17th to 20th centuries. The mtDNA sequences were retrieved on June 1, 2020, from
The Norway DNA Project, a subproject of FamilyTreeDNA containing mtDNA
sequences submitted by consenting members for public display (132). This project is
open to individuals with a Norwegian background, Norwegian ancestry, or residency
in Norway. Only data from individuals with traced Norwegian maternal ancestry, but

not necessarily residing in Norway, were used for this project.

Location information was confirmed using The National Archives of Norway
from individuals who had submitted their mtDNA data and who had also indicated
the local region of their earliest known matrilineal ancestor (87%; n = 1,396) (133).
These archives contain annotated information derived from parish records, census
records, and village books on Norwegians living from the 17th to the early 20th
century. For these reasons, the Norway DNA Project data were used as a proxy for

ancestral Norwegian populations which are henceforth called ‘Ancestors’.

For Paper II, haplogroup U5 mitogenome sequences were retrieved from the
European Nucleotide Archive and GenBank (n = 873) (accessed on 31 May 2021)
using a search for “whole mtDNA” and “haplogroup U5.” For Papers II and I1I,
Nordic populations were separated into Saami, Scandinavia (Norway, Denmark, and
Sweden), and Finland. Finland was kept separate from Scandinavia due to its
geographic isolation from the Scandinavian Peninsula and its linguistic

distinctiveness from the other Nordic languages. Specific information about the
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ethnicity or original location of the individuals represented by these sequences was

available for 855 (97.8%) of the total dataset.

Haplogroup J mitogenome sequences (Paper I1I) were retrieved from
GenBank (n = 2,245) (accessed on 15 December 2021) using accession numbers
found in MTree (134). Since the geographic focus of this study was Scandinavia, we
also included haplogroup J data from Viking Age graves (hereafter called the ‘Viking
Burial Sites’) available in the European Nucleotide Archive (n = 55). Specific
information about the ethnicity or original location of the individuals was available
for 2094 (91.0%) sequences in the total dataset. A total of 2,153 of the sequences
(93.7%) derived from modern-day populations, while 147 sequences (6.4%) came

from past populations.

3.2 Haplogroup identification

We used the Haplogrep software, version 2.1.21 (135), for Papers I-III to
assign a haplogroup to each mitogenome sequence based on its mutational signature.
Haplogrep estimates haplogroup classifications based on pre-calculated phylogenetic
weights that correspond to the occurrence of a polymorphism per position in
Phylotree Build 17 (8). These weights reflect the mutational stability of a variant.
Mutations were identified relative to the Reconstructed Sapiens Reference Sequence
(RSRS) (95), which allows for the naming and mapping of human mtDNA

haplogroups from a hypothetical ancestral root.

3.3 Phylogenetic analysis

3.3.1 Maximume-likelihood phylogenic tree

Mitogenome sequences were aligned using the MAFFT software, v.7 (136).
ML phylogenies for mitogenome sequences for Papers I-II were conducted using
the software 1Q-tree, v.1.6.12 (103). The phylogeny was reconstructed using the best
fitting nucleotide substitution model inferred by jModelTest (137,138) based on the
Bayesian Information Criterion (BIC). The approximate likelihood ratio test (aLRT)
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was used to achieve branch support (139) based on resampling the estimated log-
likelihood method with an effective collection scheme of candidate trees (137). I also
conducted 10,000 ultrafast bootstrap replicates using the UFBoot algorithm (104).
UFBoot overcomes the computational burden required by the standard nonparametric
bootstrap, and can be interpreted as providing an unbiased bootstrap support with
95% support, which corresponds to a 95% probability that a clade is correctly
assigned (140).

3.3.2 Partitioning mtDNA sequences using hierBAPS

A number of the U5 sequences for Paper II belonged to the same
subhaplogroups as a result of sharing a common ancestral lineage, although their
specific haplotypes may have differed. The hierBAPS algorithm was used to identify
clusters of closely linked sequences (141). This algorithm groups DNA sequences
into clusters in a hierarchical manner (142). The hierBAPS algorithm assumes that
each individual sequence is drawn from one of several distinct genetic
subpopulations, with each cluster having its own set of allele frequencies. For Paper
11, the hierBAPS clusters were projected onto an independently derived ML-based
phylogenetic tree to compare how accurately the hierBAPS algorithm clustered the

individual mtDNA sequences.

To apply hierBAPS to mtDNA sequences, we utilized an R software
implementation of the algorithm, RhierBAPS, that is available on the Comprehensive
R Archive Network (142). Briefly, the hierBAPS algorithm attempts to maximize the
posterior probability of an allocation of a sequence over other possible allocations,
assigning each individual sequence to specific clusters. After the number of clusters
(K) is specified, the algorithm partitions the sequences of the dataset into as many
groupings as possible (up to Kmax clusters). The initial number of K clusters can be
chosen based on the number of subpopulations expected and can be increased on each
re-run of the algorithm. The algorithm is typically re-run until the number of clusters

ceases to increase.

The clusters were refined into levels of low to high resolution of cluster
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specificity. We conducted three different cluster-level combinations: Level I: 4
groups, Level 2: 11 groups, and Level 3: 24 groups. To distinguish Phylotree labels
from hierBAPS groups for the demonstrative purposes of this study, alphabetical
letters or Roman numerals were used to represent hierBAPS labels. It is important to
note that the hierBAPS group labels are generated in an arbitrary order. In this thesis,
the term subclade will be used to refer to a cluster of related haplotypes associated

with a hierBAPS grouping in Paper II.

3.3.3 Definitions of geographic regions

Geographic regions were defined for each region based on the defining features
of the study dataset (Table 3). Paper I compared the distribution of mtDNA
sequences within Norway. Norway was divided into four main regions based on
dialectal differences between them (121,122): North, West, Central, and Southeast.
The mtDNA sequences among modern-day Norwegians were localized largely to
cities, reflecting the current locations of most Norwegians, while mtDNA sequences
for the Ancestors* were spread throughout towns, villages, and cities within different

counties.

Papers II and III each focused on a single haplogroup, and areas were divided
based on geographical areas with a detailed focus on Northern Europe. Nordic
populations were separated into Saami, Scandinavia (Norway, Denmark, and
Sweden), and Finland categories. As mentioned before, Finland was kept separate
from Scandinavia in this analysis due to its geographic isolation from the
Scandinavian Peninsula and its linguistic distinctiveness from the other Nordic

languages.

4 Refers to data from Norway DNA Project linked to ancestral data, where haplogroups were used as a proxy for ancestral
Norwegian populations (defined in section 3.1).
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Table 3. Definitions of geographic regions utilized for Papers I through ITI

J sequences

Western Balkans

Defining .
features Category name Geographic areas or peoples represented
Southeast (Eastern Norwegain dialect) | Hedmark, Oppland, Buskerud, Akershus and Oslo,
Telemark, Vestfold, @stfold counties
. ) ) Agder, Rogaland, Hordaland (including Bergen), Sogn
Norwegian | West (Western Norwegian dialect) | and Fjordane (including Forde), Mere and Romsdal
PaperI | dialectal counties
regions ; ;
Central (Trendelag Norwegian dialect) South—Tr_ﬂndelag, North—Tmndelag (including
Trondheim) counties
North (Northern Norwegian dialect) Nordland, Troms, Finnmark counties
Africa Burkina Faso, Berber, Fulbe, and Fulani peoples
Western Europe Ireland, Germany, United Kingdom
Southern Europe France, Italy, Spain, Sardinia
Global Scandinavia Denmark, Norway, Sweden
Paper 11 hapl%gsroup Finland Finland
sequences Saami Saami from Scandinavia and Finland
Central Europe Czech Republic, Hungary (Roma), Poland, Serbia,
P Slovenia, Slovakia
Eastern Europe Baltic, Belarus, Caucasus, Russia
Asia India, Iran
Sub-Saharan Africa Uganda, Tanzania
Northern Africa Morocco, Tunisia, Algeria, and Egypt
Arabian Peninsula Yemen, Saudi Arabia, Kuwait, United Arab Emirates
Near East Lebanon, Syria, Iraq, Iran, Israel, Palestinian territories
Southern Caucasus Armenia, Azerbaijan, Georgia
Central Asia Tajikistan, Kyrgyzstan, Kazakhstan
Southern Asia Afghanistan, Pakistan, India
Eastern Asia Uyghurs, Mongolia, Orogen
Siberia Evenks, Buryat, Yakut, Khanty, Mansi
Paver Global Eastern Europe gulssm W;:Zt lodf Ural Mountains, Bulgaria, Ukraine,
1{)[ haplogroup elarus, Moldova

Croatia, Bosnia and Herzegovina, Albania, Serbia

Central Europe

Czechia, Hungary, Romania, Slovakia, Poland

Baltic Estonia, Latvia, Lithuania
Finland Finland
Scandinavia

Norway, Sweden, Denmark

Mediterranean

Italy including Sardinia, France, Greece, Cyprus,
Turkey

Iberian Peninsula

Spain, Portugal

Western Europe

Netherlands, Germany, Switzerland, Hutterite
populations, Austria

British Isles

United Kingdom, Ireland
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3.3.4 Haplogroup age estimates

The TempEst software, v.1.5.1 (143), was used to perform a regression of root-
to-tip genetic distances against year of sampling. This step was taken to confirm that
there was sufficient temporal structure to estimate divergence times. Divergence
times with 95% confidence intervals were estimated using the Least Squares Dating
1Q-tree plugin (144). To calibrate the ages, we used a root age based on the reported
177 + 11 kya age estimation for the RSRS sequence reported by Behar and colleagues
(95), as well as radiocarbon dating for ancient samples for Papers II and III. In
Paper II1, long branches that could cause biased date estimates, such as those in the
Viking Burial Site sequences, which collectively contain a high proportion of modern
DNA contamination in specific regions (145), were excluded from the dating

analysis.

3.4 Comparative data

Since the GenBank data for haplogroup U5 were not representative of the
frequency of this maternal lineage in each region, with notably few sequences among
the Saami population (n = 10), a literature search was conducted. The search was
based on population-based descriptive studies reporting the frequency of US mtDNAs
within various global populations that provided the geographical prevalence of this
lineage, regardless of being based on mitogenome data or only control region
sequence data. The U5 frequency from each specific region was tabulated. For more
specific information about the major U5 subhaplogroups, we obtained data from
6,488 individuals in the public database on the U5 mtDNA Project available from
FamilyTreeDNA (146). The overall frequencies of US mtDNAs were plotted on a
geographic heat map using the graphical package ggplot2.3 implemented in the
statistical programming language R, version 3.6.3 (The R Foundation) (147).
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3.5 Statistical analyses

3.5.1 Analysis of mtDNA sequence variation

In order to evaluate the genetic differentiation of the sequences in the study
populations for Papers I and III, an analysis of descriptive statistics of the mtDNA
sequence data, including an analysis of molecular variance (AMOVA), was carried
out using the Arlequin software, v.3.5.2.2 (148), and R v.3.6.3 (149). The statistical
significance of fixation indices (Fsf) and their respective p-values were estimated by
permutation analysis (10,000 permutations) assuming a Tamura-Nei (1993) model
with a gamma distribution of 0.26. Fs¢ values were plotted on multidimensional
scaling plots (MDS). Comparisons of haplogroup frequencies between geographic or
dialectic regions were conducted using a Chi-square or Fisher’s exact test, where
appropriate. The DnaSP software, version 5.10.01 (150), was used to calculate the
basic parameters of genetic diversity, including the number of haplotypes and
Tajima’s D. Tajima’s D was calculated to evaluate neutrality under the null
hypothesis that all mutations are selectively neutral if the studied populations evolve

with a constant effective population size (151).

3.5.2 Bayesian Skyline Plot

To estimate population growth over time in the Norwegian population (Paper
I), we generated a Bayesian skyline plot (BSP) using the BEAST software, version
1.10.4 (152). This is a cross-platform program for Bayesian analysis of molecular
sequences, with gamma distributed rates (152—154). Each Markov chain Monte Carlo
(MCMC) sample was based on a run of 10 million generations sampled every 1000
steps, allowing for a burn-in of 1%. The convergence of MCMC was assessed and
visualized using Tracer v.1.7.1 (155). The mutation rate of 1.64 x 10”7 (10) was used
to convert substitution rates into years and coalescent intensities into effective

population sizes (154).
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3.6 Ethical considerations

The work described in this thesis is based on open-access and publicly available
datasets. The respective studies from which these data derive have undergone
standard protocols to obtain informed consent from participants, clearance, and
approval from the respective ethics committees for sample collection and analysis, as

outlined in the associated publications.
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4. Results of the studies

4.1 Study I: Matrilineal diversity of Norwegians

Among 1,174 modern-day Norwegians, the HVRI sequences comprised 268
distinct haplotypes. Overall haplotype diversity was high at 0.938 on a scale of 0 to 1,
and similar to populations of Spain and Germany (both 0.938) (156,157), but slightly
lower than in populations of the Middle East (mostly Saudi Arabia) (0.996) and
Buryats (0.991) (156,158,159). The overall mean number of nucleotide differences
was 3.18, with the Central and West dialectal regions having the highest values (3.52
and 3.16, respectively). Each region also had Tajima’s D values that were consistent
with population expansions, with a range of -2.41 (Southeast; p < 0.01) to -1.18
(North, not significant). The negative Tajima’s D implies a bottleneck followed by a
population expansion (151). The values estimated for Norwegians were of a similar
value (in the order of -1 to -2) as several other populations, such as subpopulations of

the South Caucasus and Italy (160,161).

The mtDNA haplogroups found in Norway could be broadly categorized into
eight West Eurasian (N, HV, JT, I, U, K, N1, X, W), five East Eurasian (A, F, G,
N11, Z), and one African (L2) haplogroups (Table 4). A detailed distribution of
haplogroups and their proportions can also be found in Table 1 of Paper 1.

Comparing these results from Norway to previous results from Denmark (162)
and Sweden (163-165), haplogroup H is found at 47-50% in all three Scandinavian
countries. This is followed by haplogroup U (13—17.5%) and haplogroup J (10-12%).
Finland had higher proportions of haplogroup U (24-27.5%) and lower frequencies of
haplogroup J (4.5-5.6%) (86,166—172). Haplogroup U in Norwegians overall
(17.4%) was found to be lower than the countries of Eastern Europe (17.9-20.1%)
but higher than the British Isles, Spain, Portugal, France, and Germany (9.5-14.8%)
(173). Haplogroup J was found throughout most of Europe at about 7—15%, with the
higher frequencies of this range found in the British Isles (173,174).
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Table 4. Distribution of major mtDNA haplogroups in Norway

Regional origin Haplogroup n %
HV 512 43.6

H 40 34

v 24 2.1

I 30 2.6

JT 2 0.2
) J 149 13.0

West Eurasia T 99 Q.4
K 62 53

N, N1 6 0.5
U 204 17.4

w 19 1.6

X 9 0.8

A 1 0.1

F 1 0.1

East Eurasia G 1 0.1
N11 6 0.5

zZ 8 0.7

Africa L2 1 0.1

Note: These frequencies are based on data for 1,174 individuals.

Interestingly, the mutational signature of a U5al haplotype (16129G, 16187C,
16189T, 16192T, 16223C, 16230A, 16256T, 16270T, 16278C, and 16311T relative
to RSRS) appearing among modern-day Norwegians was also found in the mtDNA of
a Mesolithic individual analysed by Gunther and colleagues (109). Three J1b mtDNA
partial sequences found in Viking Age burials in Hedmark, Oppland, (southwest
Norway) and Nordland (northern Norway) (127) were found among modern-day
Norwegians in this study. This suggests that these lineages had been prevalent in
Norway since at least these time periods. The high prevalence of haplogroups U5 and
J1b in the modern population in Norway also suggests some level of lineage

continuity in the region for many years.
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Figure 5. The mtDNA diversity by region in Norway. (a) The historical county map of Norway is
colour-coded. Locations in black italics represent areas from which mtDNA data have been obtained
among contemporary individuals. The distribution of haplogroups by larger dialectic region are coded
as follows: violet: North; grey: Central; red: West; blue: Southeast. (b) A MDS plot of inter-population
pairwise Fst values calculated from mtDNA HVRI.

The haplogroup distribution by dialectal region within Norway is displayed in
Figure 5a. Among the modern-day population, haplogroup H was most frequent in
the Southeast dialectal region (50%) and least frequent in the Central dialectal region
(35%) (> = 14.06; p < 0.001). Haplogroup J appeared at the highest frequency in the
Central dialectal region (20%) and the lowest in the Southeast dialectal region (8%)
(> =15.74; p < 0.001).

Since there are few data for modern-day population living in the North, the
distribution differences between the Ancestor populations in different regions can be
compared. The frequency of haplogroup H in the Ancestor population was higher
than in the Southeast dialectal region and lower in the North region (y~=11.31, p <
0.001). Although the difference in the frequency of haplogroup U between the North
and Southeast region was not statistically significant (x> = 2.6, p = 0.11), haplogroup
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US appeared at high frequency in the North (for which 92% of the U mtDNAs belong
to U5) compared to the Southeast region (y* = 7.35, p = 0.007).

The MDS plot of population differentiation of the Ancestral and Modern
Norwegian mtDNA are displayed in Figure Sb. The overall level of population
differentiation (Fsf) between different subpopulations was 1.68%, p < 0.001. The
genetic differentiation by large dialectal regions independently was 0.41%, p < 0.001;
by subpopulation, the differentiation was 0.81%, p < 0.001. The subpopulations with
the largest genetic differentiation were in Ancestral Finnmark, Ancestral Agder, and

Modern Forde.
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Figure 6. A Bayesian Skyline Plot (BSP) of Norwegian mtDNA sequences. A mutation rate of 1.64
x107 was used to convert substitution rates into years (x-axis) and coalescent intensities into effective
population sizes (y-axis). The Scandinavian timeline was added for ease of visualization of key
Scandinavian epochs based on work by Josefsson et al. (175).

The BSP analysis of the mtDNA sequences in Norway juxtaposed with the
archaeological timeline of Scandinavia as defined by Josefsson et al. (175) is
displayed in Figure 6. According to the BSP, the effective population size (N.) of the

mtDNA lineages increased from approximately 35 kya and then stabilized around 12
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kya as the inland ice sheets began melting at the end of the LGM (106). This early
period of population growth likely corresponds to the initial settlement of Europe.
The population size increased again around six kya and when a Neolithic agricultural
lifestyle was dispersed into Norway (176). The population further increased from 2.5
to 1.6 kya (or around 300 to 400 CE) during the Late Bronze Age.

4.2 Study Il: Evolution and diversification of haplogroup U5

Given that it is one of the most frequent haplogroups and likely the earliest to
arrive in Norway, we explored the genetic structure of haplogroup U5 by employing
an unsupervised learning approach for phylogenetic clustering. The most detailed
analysis using the hierBAPS algorithm clustered 874 mitogenome sequences into 24
separate groups. RSRS was designated as a separate group (group VIII, not shown),
while the other 23 groups corresponded to the specific haplogroup U5 subclades as
shown in Table 5. After excluding the RSRS sequence, each of the 23 hierBAPS
groups were found to share a set of polymorphisms that enabled the hierBAPS
algorithm to generate specific clusters for them that also corresponded to several

representative subclades.

All hierBAPS groups and the specific set of polymorphisms shared among
them were mutually exclusive, i.e., no haplogroups were defined by a set of
polymorphisms that was common to two different hierBAPS clusters. Additionally,
the hierBAPS algorithm was able to accurately cluster all of the sequences belonging

to a specific subclade when compared to Haplogrep2 subhaplogroup assignment.
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Table 5. hierBAPS groups found for U5 and their representative subclade(s).

hierBAPS Subclade(s) N %
Groups
I USa2, U5a2b, USa2c, USa2d 90 10.3
/4 USa2e 11 1.3
a1 USa, Usal 128 14.6
w U5b1, Usbla, USbld, USb1f, USbli, USb3 44 5
vV USbl + 16189C! + 16192C!, U5blb, Usblc 72 8.2
VI USala2 26 3
viI USalh 7 0.8
IX USald 18 2.1
X USalc 28 32
X1 US5alal 89 10.2
X U5b2a 25 29
X U5b2, USb2c 11 1.3
X U5b2a2 29 33
XV U5b2b 19 22
XvI US5b2bl 10 1.1
xvi U5b1b1+16192C! 81 9.3
xviir U5blb, U5blbl 39 4.5
XIX USb2ala +16311T! 32 3.7
XX US5b2ala2 5 0.6
XXT US5a2a 70 8
xxir USa2a2a 8 0.9
XX111 USble 25 2.9
XX USblel (+T8337C) 6 0.7

The subclades represented by each of the 23 hierBAPS groups were mapped
onto a ML phylogeny to determine how well they cohered with phylogenetic
branches using the maximum-likelihood model (Figure 7). Although not every
human U5 haplogroup sequence can be shown, the broad view of the phylogenetic
tree, its subclades, and the geographic location of the samples provided insight into

the way that U5 subhaplogroups were regionally related.
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Figure 7. The hierBAPS groups (roman numerals) added to the ML-derived phylogenetic
tree of haplogroup U5 sequences. The hierBAPS grouped sequences are separated by
alternating light blue and white watermarks.

Several sequences in subclade XVII (subhaplogroup USb1bla) are found in
Finns, Saami, Poles, Belarussians, and Yakuts of eastern Russia, although the vast
majority of these mtDNAs appeared in the Saami and Finns. While a few U5b1ba and
USblblal haplotypes in the Saami and Finns were similar, a closer look at the
haplotypes revealed that the Saami had USb1bla3 mtDNA sequences with a
A16335G mutation that Finnish populations lacked. This finding suggested that a

unique haplotype may have originated among the Saami.

To obtain further information about the dispersal of U5 mtDNAs, we
aggregated sequence data for this haplogroup from published sources (Paper I1 Table

S7 and Supplemental Material 1) and projected them onto a map of Africa, Asia, and
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Europe (Figure 8). Haplogroup U5 was found most frequently (between 40-64.8%)
among the Saami populations of Norway, Sweden, Finland, and the Kola Peninsula.
Areas with the second highest frequencies included areas with Uralic speakers,
mostly Finns (23.1% in higher latitudes of Finland to 15.6% in the southernmost part
of the country) (86,168,170,172), and then Estonians, Karelians (16.0%) (168),
Mordovians (15.9%) (168), and Russians from the Pskov Oblast (19.2%) (177), the
latter region having long barrow burials pointing to early Finnic tribe settlements in
the 9"-10% century (178). North-dwelling Norwegians (19.0%) (128-130,132) and
Swedes (16.6%) (168,170) also had high frequencies of U5 mtDNAs. Overall, a
higher proportion of haplogroup U5 mtDNAs was found among the Finns compared

to Scandinavians (167).

Figure 8. The frequency of haplogroup U5 mtDNAs by world area based on the literature (for
percentage data and sources, see Table S7 in Paper II).
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We found subhaplogroup U5b1 in nine out of 10 Saami sequences, which is
not surprising, considering that other studies have found that the 40-65% of Saami
US sequences belonged to this subhaplogroup (165,179,180). Even so, we observed a
single Saami sequence in subclade XXI (USa2a) which appears to have a separate
evolutionary origin from those from the younger subclade XVII (U5blbla). It is
therefore possible that U5 mtDNAs in the Saami have two distinct sources, the first
being Southern Europe via the Franco-Cantabrian refuge (U5b1), and the other from
Finland and/or Central Europe (subhaplogroup U5a2).

4.3 Study lll: Phylogeographic history of haplogroup J in
Scandinavia

Modern populations comprised 93.6% (n = 2,153) of the 2300 haplogroup J
sequences, while the rest (6.4%; n = 147) came from past populations dating from the
Neolithic to the Early Modern period. Each of the 3-digit J subhaplogroups (J1b, J1c,
J1d, J2a, J2b) were found within both Europe and Asia, although there were notable
regional differences (Figure 9a). J1c comprised over half of the ] mtDNAs found
within Europe, while it comprised less than 20% of these mtDNAs in the Near East
and Arabian Peninsula (3*= 38.0; p < 0.001). Conversely, subhaplogroup J1b
comprised at least 30% of the J mtDNAs in continental Asia but occurred at a very
low frequency in Europe (x>=278.3; p < 0.001). J1d was also more common in Asia

compared to Europe (x*= 195.5; p < 0.001).

The Viking Burial Sites contained significantly higher frequency of J1b
[21.8% to 11.4%, respectively; (x*>=4.3; p = 0.04)] and J2b [12.7% to 3.6%,
respectively; (3>= 7.0; p = 0.008)] mtDNAs compared to modern Scandinavians.
Over 70% of the modern Scandinavian population had subhaplogroup J1c. The larger
proportions of J1d, J1b, and J2b among the Viking Burial Sites suggested a greater
diversity of J subhaplogroups among these past populations compared to modern
Scandinavians. However, when the Viking Burial Site sequences were compared with
sequences in the MDS plot (Figure 9b), the Viking sequences were most similar to

those from other European populations. When these Viking Burial Site haplogroups
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were compared to data from a study of haplogroup determination of mtDNA control
region sequences in a Viking Age population in Norway conducted by Krzewinska

and colleagues (181), two J1d sequences and three J1b sequences were found.
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The earliest haplogroup J mtDNAs found in Scandinavia were likely
introduced several thousand years after their origin in Western Asia, as a
consequence of the northern migrations of Neolithic farmers. Subhaplogroup J2al
[9.3 (95% CI: 6.3-16.9)] mtDNAs have been identified in several populations of the
Near East, Mediterranean, and the Iberian Peninsula, with later derived branches
appearing in the British Isles, Denmark, and Sweden. Some subhaplogroups may
have also been the result of Viking Age trade and expansions. Subhaplogroup J2bla,
which has been dated to 9.1 kya (95% CI: 7.3-13.6), was found in a Viking Age
burial in Sweden and is distantly related to J2bla sequences identified in the UK and
Spain. Likewise, Viking burials in Norway and the Orkney and Faroe Islands have
J1blala [3.8 kya (95% CI: 1.8-7.2)] mtDNAs, with these derived types arising from

earlier branches that appear in England and Ireland.

The earliest haplogroup J (subhaplogroup J1c5) [8.1 kya (95% CI: 5.3-12.7)]

mtDNA reported in Scandinavia was found in human remains from mainland Sweden
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that were dated to 5.0—4.9 kya (Scandinavian Neolithic Age). Archaeologically, this
individual also belonged to the Funnel Beaker Culture (182), of which settlements
were likely to have occurred approximately 6.0-5.5 kya (183). Subhaplogroup J1c5
derives from J1c mtDNAs found in Slovenia, Hungary, and Italy [16.4 kya (95% CI:
11.9-23.4)]. Another early Scandinavian sequence belonging to haplogroup J1c2cl
was found in a 4" century CE burial in Nordland, Norway [4.1 kya (95% CI: 2.5~
6.4)] (145). Both the J1c5 and J1c2cl sequences can be linked to a sister branch in
Scotland (subhaplogroup J1¢3) [7.1 kya (95% CI: 4.7-11.4)] (Figure 10).

Most Scandinavian branches are younger than branches in the Mediterranean
countries and the British Isles, suggesting that subhaplogroup expansion occurred
relatively later in Scandinavia than in these other regions. The youngest branches of
the subhaplogroup J1 — J1c3g [6.4 kya (95% CI: 4.4-9.5)] and J1c3c [4.6 kya (95%
CI: 2.7-7.3)] — are shared by populations from Denmark and Germany.
Subhaplogroups J1c4 [5.1 kya (95% CI: 3.5-8.3)] and J1c5 [8.1 kya (95% CI: 5.3—
12.7)] are also shared between Italians and Danes. Collectively, these findings point
to the Mediterranean, Germany, and British Isles as additional sources for the
haplogroup J mtDNAs that were brought into Scandinavia.
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Figure 10. Phylogeographical tree of haplogroup J1.
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5. Discussion

5.1 Summary of main findings

The overall aim of this thesis was to apply bioinformatic tools to analyze and
explore the mtDNA haplogroups of Norwegian populations, particularly with respect
to other Eurasian populations, and to understand the forces shaping mtDNA diversity.
Paper I laid the groundwork for describing the diversity of mtDNA haplogroups
among Norwegians and within specific regions of the country. Haplogroup U5 was
the earliest major haplogroup identified in Norway and is currently the second most
frequent haplogroup found in the country, occurring at its highest frequency in the
northern dialectal region. Paper II draws inferences about the evolution of
haplogroup U5 and its dispersal into Northern Europe by utilizing a combined
phylogenetic approach, ML and hierBAPS, that dated and traced the geographic
origin of each subhaplogroup. The phylogeographic analysis produced a visualization
of the dispersal of U5 towards Scandinavia from both eastern and southwestern
directions. Paper III explored the third most frequent mtDNA lineage in
Scandinavia, haplogroup J, which appeared at the highest frequency within the
Central and West dialectal regions of Norway. Haplogroup J entered Scandinavia
approximately six kya, and its youngest branch, subhaplogroup J1c, subsequently

became the predominant sublineage within the region.

5.2 Interpretation of the main findings

Norwegian maternal lineages belong to predominantly eight West Eurasian
haplogroups. The varied proportions of mtDNA haplogroups within various regions
of Norway are modestly influenced by dialectal region, with haplogroups J found at
the highest frequency in the Central dialectal region and haplogroup U (mostly U5)
found at the highest frequency in the North dialectal region (184). The high frequency
of U5 haplogroups mtDNA among Norwegians suggested some level of genetic
continuity over several millennia that was not observed in most other western

European countries (185,186) (Paper I).
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As the earliest identified haplogroup in Norway (dated ~9.4 kya) (109), a
phylogeny of worldwide U5 mitogenomes was used to track the dispersal of this
maternal lineage from an evolutionary perspective. Utilizing an unsupervised learning
method, I generated an immediate and accurate identification of numerous closely
related mtDNA sequences. When combined with a ML phylogenetic tree

reconstruction, broad evolutionary conclusions could be made on the U5 subclades.

The spread of the US mtDNAs in Northern Europe was skewed from west-to-
east as indicated by the distribution of U5b, although some USa sublineages in
Northern Europe appear to have been dispersed in both west-to-east and east-to-west
directions. The deglaciation of the Norwegian shelf between the local LGM and 14-

10 cal kya (187) allowed the west-to-east expansion of human groups.

Haplogroup U5 appears to have spread from a co-existing refuge in the so-
called “periglacial zone” located in Ukraine and the West Siberian Plain (188). As ice
retreated from the eastern portion of the Fennoscandian Ice Sheet, large ice-dammed
lakes formed and separated the Baltic countries and northern Russia from
Scandinavia (107), thereby preventing early human migrations there. The Baltic Ice
Lake persisted until approximately 11,620 = 100 cal BP when it began dissipating,
with this happening before U5 lineages were brought to Scandinavia (189).

In addition to haplogroup U5, haplogroup J represents one of the lineages
brought to Norway during a period of further population expansion in Scandinavia, as
shown in Paper 1. Haplogroup J likely arrived in Scandinavia with the Funnel Beaker
Culture around six kya when Scandinavia began its transition from a hunter-gatherer
to agricultural cultures. While the majority of the haplogroup J sequences found in
Scandinavia belong to subhaplogroup J1c, some older subhaplogroups, such as J2a,
J2b, and J1b, and J1d, also appear among modern-day Scandinavian and Viking Age
individuals (Paper III). Differences in the distribution of haplogroup J lineages may
reflect the incorporation of non-Norse individuals during Viking Age expansions as
well as post-Viking historical migrations bringing individuals who were gradually

assimilated into Scandinavian populations.
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5.2.1 Periods of early lineage expansions supported by
archeological and historical evidence

Although it was the earliest haplogroup found in Norway, haplogroup U5, in
addition to haplogroups R, U, and U2 were also found throughout continental Europe
prior to the LGM (45-25 kya) (190). Haplogroup U5 entered western Europe around
55 to 30 kya (10,95), and expanded into that region before the end of the LGM over
20 kya (10,84,86,191). At around this time, approximately 23 kya, the northwestern
inflow of the Gulf Stream began to melt the Fennoscandian ice sheet covering
Scandinavia and the coastline of Norway, resulting in that region becoming slowly
inhabited by a new wealth of marine life, tree species, and other wildlife
(106,107,192,193). The earliest evidence of human settlement, which dates to
approximately 10 kya, comes from archaeological sites found in the Oslo Fjord
through the northernmost region of Finnmark (109,110,194,195). By this time during
the Holocene, haplogroup U5 became the predominant lineage found in European
hunter-gatherers (190), with several early branches found within Scandinavia (Paper

).

A second influx of haplogroups from the Near East expanded at the end of the
LGM concomitant with the introduction of agriculture and animal husbandry into
Scandinavia (196). It is not until this influx accompanying later dispersals during the
Neolithic period (approximately 11-6.5 kya) (197) that there is genetic evidence
showing that the predominant U5 subhaplogroups had been diluted in Europe (198).
The Neolithic agriculturalists of central Europe carried mainly haplogroup N1la, but
also H, HV, J, K, T, V, and U3 mtDNAs (199). Archeological evidence further
supports the idea that agricultural subsistence was brought to Scandinavia with
northward migrating European farmers, and that indigenous hunter-gatherers were
gradually assimilated into the farming cultures (200). Farming arrived in Scandinavia
with the Funnel Beaker culture by 4000 BCE (201). Corded Ware/Single Grave
communities later appeared on the Jutland Peninsula at approximately 2850 BCE,
while the late Funnel Beaker culture continued for several hundred years in the
eastern parts of southern Scandinavia together with the Pitted Ware Culture (201).

Thus, several prehistoric western and central European cultures led to the emergence
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of farming in Scandinavia, bringing with them considerable maternal lineage
diversity. Ancient DNA evidence further suggests that the transition from hunting-
foraging to farming started in southern Scandinavia, with diverse mtDNA

haplogroups gradually replacing the predominant haplogroup U mtDNAs (175).

Early Neolithic sites in southern Scandinavia show the synchronous
introduction of bread wheat and naked barley cultivars within a 300 year period
(4000-3700 cal BCE) across the entire region of southern Scandinavia (202,203).
Bones of domesticated cattle were found throughout southern Scandinavia during this
same time period (202), consistent with evidence of cereal cultivation and fodder for
cattle. Evidence of flint tool mining characteristic of the Michelsberg Culture (4400—
3500 cal BCE) found in the modern-day Belgium and western Germany also

appeared in Scandinavia around the same time (202).

The expansion of the Norwegian haplogroups (Paper I) likely occurred shortly
before the Viking Age. However, later historical processes over the past millennium
likely reshaped the distribution of haplogroup J mtDNAs in Scandinavia. Our
analysis suggested that J1b mtDNAs are less common among Scandinavians today
but may once have been frequent among inhabitants of the Late Iron Age to the
Viking Age (145,181) (Paper III). Population changes following the Viking Age
travels in the 10" and 11% centuries CE may have further shaped the distribution of J
subhaplogroups. As carriers of maternal lineages, women have been cited as
important agents in the Viking expansions as settlers both within and out of
Scandinavia’s borders (181,204). Based on archeological evidence found in burial
site artefacts, the Vikings often incorporated non-Scandinavian individuals into their
populations (127), and established several satellite communities outside of
Scandinavia that persisted until the end of the Viking Age in the 11" century CE
(205). Graves found in England, continental Europe, and eastern areas of Viking
expansions (206—208) contained traditional Viking burial gifts (209-211), and
genetic analysis suggests that several of these foreign graves contained individuals
with Norse ancestry (145). Within Scandinavia, genetic evidence suggested that

individuals who assimilated into Viking culture were also given Viking burials, as the
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mtDNA haplogroups present in these individuals were uncommon among individuals
with Norse ancestry (181). Over time, haplogroup J1c became the predominant J

subhaplogroup in Scandinavia.

A comparison of the data from Ancestor and Modern populations showed that
the frequencies of these haplogroups in the current Norwegian population within
different dialectal regions have changed modestly over time, with slightly higher
frequencies of U and K but slightly lower frequencies of H and J occurring today
(Paper I). The diversity of haplogroups among Modern Norwegians underwent
expansion. All the haplogroups present in the Modern Norwegian population were
also present in the Ancestor Norwegian population as expected, except for
haplogroups N11 and F2a, which are present at low frequency in the Modern

population.

A small number of mtDNAs in Norwegian populations belonged to lincages
that did not originate in West Eurasia. Among these were mtDNAs belonging to East
Eurasian haplogroups, which were likely contributed by people recently immigrating
to Norway from regions in which these maternal lineages are common, e.g.,
Southeast Asia. By contrast, G2al and Z1a, which are both haplogroups of East
Eurasian origin, have been present among Norwegian Ancestors since at least the
1600s and likely entered the population during recent prehistory. They are also
present in Uralic-speaking aboriginal Siberians who genetically influenced ancestors
of the Saami population (212,213). Haplogroup G2a is also present at low frequencies
among populations of Central and Eastern Europe, while haplogroup Z is present at
about 4 to 7% among Saami populations (165,212,214).

In addition, haplogroup L2, the only maternal lineage of African origin, found
both in our study and that of Passarino et al. (129), appeared in one participant in The
Norwegian DNA Project (not included in this analysis) and is associated with an
individual from the Dominican Republic who arrived in Norway in 1860. A
haplogroup L2 mtDNA also appears in the Hordaland Ancestor population in an

individual with a Norwegian first name and surname. It is therefore probable that the
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L2 mtDNA was introduced into Norway by an early modern immigrant and is now

included among the maternal lineages found among Norwegians.

5.2.2 Migration routes and the importance of maritime travels

Despite its long length (1,752 km) (105), the entire Norwegian coastline was
quickly settled by pioneering groups (215) who employed watercraft to swiftly move
along the long coastline for hunting and fishing (216). The coastal-based location of
the settlements, with each settling area opening up into a body of water, was
confirmed based on two archaeological proxies: summed radiocarbon probability
distributions and site count data of shoreline dated sites (195). These data also
showed that coastal areas of Norway were of central importance for early human
settlement. The abundance of resources inferred by the archaeological data suggests
that marine resources may have been enough to sustain a stable population size
during the Middle and Late Scandinavian Mesolithic periods, as well as the first part
of the Neolithic period (195).

Our phylogeographic analysis showed that haplogroup U5 was an ancient
maternal lineage and diversified quite extensively since its origin (Paper II).
Interestingly, Neolithic maternal lineages such as haplogroup J did not extend as
successfully far north, where U5 comprises over 50% of maternal lineages among the
modern-day Saami. Among Finns and Scandinavians, U5 continues to be the second-
most frequent haplogroup after H (168,179,184). Although the warmer temperatures
during the period from eight to 4.8 kya allowed for human settlement (217-219), it is
likely that the lack of arable land in Scandinavia above the Arctic circle limited
agricultural opportunities, and hence the northward dispersal of haplogroup J-
carrying Scandinavian farmers. In support of this interpretation, there is no evidence
of Neolithic pottery above the Arctic circle in Norway and the few reported finds of
cereal crops have been discounted (220,221).

The topography of Norway is different compared to the relatively uniform
landscapes of Denmark and Sweden and has likely influenced human movement
there. Mountainous terrain runs through in the innermost parts of the country, and the

valleys and fjords running through the coastal areas separate large portions of the
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population from each other. The Jotunheimen Mountain range, which includes the
highest mountain in Norway called Galdhgpiggen at 2,469 m (108), divides the most
populated portion of Norway into eastern and western halves in the southern and
widest part of the elongated country. The matrilineal differences between otherwise
closely located regions (e.g., the Ancestor West Norway versus Ancestor Southeast
Norway showed significantly differences, p < 0.001) were likely shaped by the
geographic barrier of tall mountain ranges that prevented frequent close contact
between the two regions (Paper I).

Despite these geographical barriers, Norwegians maintained remarkable contact
across long distances through maritime travel. The importance of marine vessels is
reflected in their appearance in petroglyphs found all over Norway (222-224). While
recent archaeological evidence indicates that, by 6180-6680 cal BP, early settlers
sometimes traveled across the Jotunheimen Mountains to connect to the Southeast or
West (225), this travel was likely restricted to the winter months when bogs and
streams were frozen over. During the Neolithic, the noted rapid expansion of farming
culture throughout the large geographic area of the Scandinavian peninsula (226)
suggests that marine vessels were employed by these early Scandinavian farmers.
Within Norway, haplogroup J mtDNAs are more frequent in Central and Western
Norway, specifically Trondheim and the former Norwegian capital of Bergen (184),
which have historically been major regions of trade and maritime commerce. Ships
were also clearly crucial for the Norse expansion during the Viking Age (227).
Moreover, the mid-19" century “golden age” of sailing vessels has been recorded as
being a catalyst for major timber and fishing-based economic activities within

Norway that led to eventual economic prosperity (228,229).

Maritime mastery during the Viking Age (750-1050 CE) had a major
influence on Norway’s gene pool and has been described in terms of both genomic
admixture and changes in mtDNA haplogroup frequencies (145,181). This shift likely
resulted from greater gene flow from the British Isles into modern Norway compared
with Denmark and Sweden, which, in turn, was due to more frequent maritime routes
of the western-dwelling Norse to the British Isles (145). For haplogroup J, the

phylogenetic tree from this study showed that most Scandinavian branches are
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younger than those in the Mediterranean countries, Western Europe, and British Isles,
suggesting that these subhaplogroups arose relatively later in Scandinavia than in

these other regions (Paper III).

Maritime travel influenced Norwegian society and culture long after the
Viking expansions. The petty kingdoms of Norway were politically unified as a
single entity by the 11" century (230,231), relatively earlier than other countries of
similar size in Europe. Due to its climate, the economic dependence on natural goods
in Norway varied by region and required timely ship-based mechanisms to distribute
fresh cargo throughout the rest of the country. The processing and packaging of fish
for export also took place in or near coastal towns along routes of great distance.
Extending the length of the western coastline, the Norwegian fisheries industry was
dispersed in scattered longitudinal rural settlements rather than more nucleated
fishing communities as seen in other European countries such as Great Britain,
Germany, France, and Denmark (228,232,233). By 1850, nearly all Norwegian towns
west of Lindesnes in Adger County, Norway’s southernmost point, were engaged in
the processing and exportation of fish and/or shipping and shipbuilding (228). The
majority of the country’s 3% arable land in the Hedmark and @stfold Counties in the
southeast region of Norway was dedicated to growing crops on large farms (234).
With sparser forests, the central and northern parts of Norway have traditionally

relied more on fishing (234).

Mass migrations started within Norway in the 1750-1780s (119,120) and
boomed in the mid-1800s when Norwegians no longer needed official permissions to
relocate (120,235). A large proportion of migrants were young couples looking for
better economic prospects and opportunities to expand their families. The most
comprehensive and most widely mentioned wave of internal migrants was that from
southeastern Norway and southern Trendelag to the Mélselv and Bardu Valleys
southeast of Tromse (119). Between 1750-1801, as rural inland farming areas in the
southeast became more overpopulated, people emigrated from the inland districts to
the Oslo Fjord for better opportunities in agriculture and timber trade (236,237).

Similarly, people moved from the inland southeastern, western, and central parts of
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Norway to the northernmost coastlines for cod and herring fishing opportunities

(238).

Some Norwegians also emigrated after famine and poverty spread in the 19"
century. However, the majority of those who could not afford the ship fare and who
did not want to enter into indentured servitude relocated within the country itself
(237). Maritime routes remained the primary mode of trade and transportation until
the use of motorized vehicles became popular in Norway in the early 20" century
(239) and railway networks expanded, with the Bergen line (Bergensbanen) in the

West reaching the inland Southeast in 1909 (228).

5.2.3 Regional differences within Norway

The detailed geographical analysis (Paper I) indicated that Norwegians from
Finnmark, and to a lesser extent, Agder and Forde, appear to have become
moderately differentiated from the general Norwegian population. The observed level
of dissimilarity between these regions is similar to what had been reported for Y-
chromosome (paternal) lineages in Norwegians (240). Evidence of genetic
substructuring based on an AMOVA differentiation for the Y chromosome was
reported for regions of Finnmark, Sogn and Fjordane (where Forde is situated) and
Agder (240).

Northern Norwegians were found to have a large proportion of haplogroup U5,
which is also found at high frequencies among the Saami. Norwegians have been
living in the northernmost parts of the country since at least the 14" century (241).
The Norwegian population was scattered along the coastal areas, and the region was
also occupied by the Saami, an indigenous people in Norway that had been seasonally
nomadic until the late 19" century (242). Interestingly, Krzewinska ez al. (181)
detected USb1b mtDNAs in two individuals from the Late Iron Age who had
received a Norse burial, suggesting that some Saami individuals may have been
assimilated or accepted into Norse society as early as the 10" century CE. A separate
analysis of the overall genetic structure of Norwegians, which was published within

30 days to Paper I, found that Saami ancestry was enriched in northern Norway
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(243). Further northern settlements were encouraged in the 1780s by the appointed
bailiff in order to take advantage of fishing opportunities there (119). These
northward migrations continued until the 1830s, when the introduction of potato
farming and smallpox vaccination made southeastern and western Norway more

hospitable and prosperous (244,245).

The hierBAPS-ML phylogeny of haplogroup U5 showed that populations from
Finland, Scandinavia, North Africa, and Central and Eastern Europe shared U5
subclades (Paper II). The diversification of haplogroup U5 in Southern and Western
Europe indicated a west-to-east migration into Scandinavia. However, U5b1b may
have spread with Uralic-speaking groups eastwards (165), as Saami-specific lineages
found in Norway were also present in Uralic-speaking populations of Eastern Europe
and Siberia (165). The results of our analysis supports the view that the divergence of
U5Db1b likely occurred via a scenario in which one subhaplogroup (U5b1b1) became
prominent among African populations after ancient hunter-gatherers crossed the
Strait of Gibraltar (246). Over a few thousand years, U5b1bla, which dated back to
4.1 kya in our study, became more frequent farther north in Scandinavia with the
spread of USb1b1 (165,167). Our phylogenetic tree further showed that both lineages
were distantly related to the younger subhaplogroups U5blc and U5Sblel in Central
and Eastern Europe. This finding confirms that the early migrations of individuals
with U5b1 mtDNAs likely occurred from west-to-east rather than the opposite
direction.

A different pattern was found for the western part of Norway. While the
haplogroup composition of Ancestor populations from Sogn and Fjordane was similar
to those of other counties in the West, modern Farde has become more heterogeneous
over time (Paper I). The frequency of haplogroup J mtDNA was higher in Central
and West Norway, which have historically been major regions of commerce. This is
supported by historical documentation of later immigration events during and
following the medieval period, particularly from Great Britain, the Netherlands, and
the influx of Hanseatic League settlers, all of which had a major influence on

Scandinavian culture, religion, and economic trade (247-250). Before the 17%
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century, Bergen was the international commercial city in Norway, and goods coming
to and from Trondheim were channeled through Bergen (251). At this time,
foreigners from the United Kingdom, Germany, and the Netherlands were legally
able to freely trade with Norwegian peasants, but after the mid-17" century, official
policy afforded privileges to Norwegian merchants (248,252,253). Foreign merchants
circumvented this policy by establishing permanent residency in Trondheim
(252,253). Our study found some evidence of J1c sequences from Germany, the
British Isles, and Mediterranean Europe, connected to Scandinavian sequences

collected from modern populations.

5.3 Methodological considerations

5.3.1 Sampling bias

This study utilized datasets that are open-access and publicly available, which
may be subject to sampling bias. The majority of the data (78%) from Paper I was
selected from published sources that specifically investigated the demography of
mtDNA haplogroups in Norway (127,129,130). The criteria for this selection
included sampling from several areas of Norway (127), ensuring national
representation through questions about regional maternal ancestry of participants
(129), and acquiring data from a non-biased source with respect to mtDNA
haplogroups, such as male Norwegian military enrolees (129). Data from Opdal et al.
(128) included Norwegians from the Oslo University Hospital catchment area whose
mtDNAs were being studied for the number of polymorphisms related to sudden
infant death syndrome. Since these were the only data available from the Oslo region,
and no correlation between mtDNA haplogroups and disease was shown, we included
these data in our analysis.

Paper I and Paper II utilized some data from FamilyTreeDNA, a commercial
testing company based in the United States but globally available and utilized. Since
members must pay a fee (currently 159 USD) to have their mtDNAs analyzed, these
data are likely to be skewed towards individuals from higher income countries.

However, Paper I focused only on ethnic Norwegians in Norway, a country with one
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of the lowest levels of economic inequalities in the world (254), and it is unlikely that
participation in FamilyTreeDNA would have biased the demographic profile of
participants towards a particular maternal ancestry or region within Norway.
However, we found in Paper II, which focused on continental European populations
in which haplogroup U5 mtDNAs are primarily found, that there were too few Saami
sequences (n = 10) in the dataset. To obtain more representative distributions of U5
subhaplogroups, we utilized control region mtDNA data from FamilyTreeDNA’s U5
Project, which featured only one lineage. These data allowed us to expand our sample
size and determine that U5b1 was indeed the predominant haplogroup in the
northernmost region of Scandinavia among the Saami.

The public database containing mtDNA sequences, GenBank, was also used to
obtain sequences for Papers I-1I1. The majority of the data (>99%) for Paper 11, and
Paper III from GenBank were selected with respect to the haplogroup being studied
(haplogroup U5 or J). A larger proportion of global sequences were obtained for
haplogroup J, where the regions with the largest proportion of haplogroup J, the
British Isles, and the Near East, were adequately represented for the purpose of
evolutionary inferences to Scandinavia (n = 109 sequences each) (Paper III). The
frequency of haplogroup J is uniformly distributed at around 7—15% (174) across the
European and Asian countries where it is predominantly found.

There were a few obstacles when gathering whole mitogenome US5 data. Firstly,
a paucity of whole mitogenomes was found for the Saami, likely not reflecting
previous studies that have found that U5 comprised 50% of Saami mtDNAs
(168,179). Secondly, there was a limited number of studies on the overall distribution
of haplogroup U5 in the world. Therefore, I sought to map out the representation of
the proportion of U5 sequences in each country (Paper II). Since the descriptive
studies included in the literature were conducted with demographic details in mind
and contained a larger amount of pooled data overall, they would be a closer
representation of the actual global frequencies of U5 mtDNAs than our limited
sample of 873 sequences. Accordingly, we aggregated data from mtDNA population-
based studies in the literature and calculated the frequency of haplogroup U5 out of a

total of 56,617 sequences. These estimates were then used to map the distribution of
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haplogroup U5 in Norwegian populations, including the Saami. The Saami have
roughly 50% haplogroup U5 mtDNAs, which is in close approximation to their

frequency in other Scandinavian populations.

5.3.2 Limitations of partial (control region) sequences

Although whole mitogenome sequences would have been ideal for the analysis
of matrilineal diversity in Norway (Paper I), we were limited in our analysis by
using published control region sequences. While control regions enable an accurate
estimation of haplogroups, this limited our confidence in predicting the detailed
subhaplogroup for all sequences as well as in automating of the process of
phylogenetic tree reconstruction. For these reasons, we focused our analyses on major
haplogroups.

The non-coding region carries a large number of haplogroup-defining
mutations. The substitution rate of the non-coding region was estimated to be nearly
eight times higher than the coding region. Using 2,196 mitogenomes, Soares and
colleagues (10) calculated the average number of substitutions per nucleotide position
to 0.47 for the coding region and 3.74 for the control (non-coding) region. The
algorithmic program, Haplogrep2, was used to predict the haplogroups based on these
control region sequences. Haplogrep2 computes the haplogroup classifications on
pre-calculated phylogenetic weights that correspond to the occurrence per position in
Phylotree, Build 17 (8), which, in turn, reflects the mutational stability of a variant.
The use of Haplogrep2 thus automated predictions of major haplogroups for these
partial (control region) sequences.

In the case of partial (control region) sequences, creating a phylogenetic tree
using a single, algorithmic program is not straight-forward. There is no single
algorithm that considers back mutations, non-continuous mutations’, and hotspots
that are common in the mtDNA control region. This is also true when using
mitogenome sequences as well. However, having more nucleotide positions in the
input sequences can improve the identification the relationships between more

detailed subhaplogroups that share the same or similar mutations. In other words,

> mutations diagnostic for one haplogroup, but not all daughter haplogroups
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more detail can be gleaned from the relationships between mitogenomes with more
sequence information. Additional resources and bioinformatic tools apart from
phylogenetic programs (particularly Phylotree and Haplogrep2) are needed in order to
examine particular mutations of interest, cross-check the phylogenetic tree
arrangement, and add haplogroup labels.

Although a considerably smaller sample size was used for Paper II than
Paper I (n =873 vs. 1,174 for Paper I), Paper II utilizes mitogenome sequences to
create a phylogenetic tree using a combination of ML phylogenetics and hierBAPS.
Supplementation with hierBAPS in Paper II allowed us to assign haplogroup
statuses to groups of individual sequences that varied slightly from each other in an

ML tree that was also less cumbersome and error prone.

5.3.3 Generalizability

This project demonstrated that a ML phylogenetic visualization (Paper II and
Paper III) can be utilized as a starting point for investigating the divergence of
mtDNA haplogroups in evolutionary and geographical terms. The hierBAPS
algorithm, which grouped large clusters of ancestrally derived sequences in Paper 11,
facilitated making broad inferences about their evolution and presented a more
refined visual organization that may not have been evident based on detailed
haplogroup labeling alone.

The phylogenetic trees discussed in this project were generated through ML
estimation and included numerous branches of haplogroup U5 and J, each constituted
by over 800 mitogenome sequences. Although these trees are not considered to be an
exhaustive representation of every known branch of haplogroup US5 or J, many of the
key subhaplogroups were represented. A major reason why haplogroups U5 and J
were the focus of our study was because these haplogroups occurred at high
frequency in Scandinavia. Thus, they had a higher likelihood of being represented in
public databases. Their high frequencies also suggested that these haplogroups likely
had a phylogenetic diversity worth exploring. It is also worth noting that adding more
mitogenome sequences would result in a fundamentally similar phylogenetic
structure and dating of the constituent subbranches via estimations conferred by the

ML models utilized by IQ-tree.
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A major challenge of this project was achieving an adequate representation of
the subbranches within a haplogroup and producing a legible phylogenetic tree,
particularly with regards to the geographic origin of the samples. Despite not having
access to every known US5 or J haplogroup sequence, this study presents findings that
bear on the phylogenetic history of haplogroup U5 and J, the phylogeographic history
of these maternal lineages in Europe, and the cultural, historical, and geological

factors that shaped their distributions in contemporary Scandinavian populations.

5.4 Public health implications

While the characterization of mtDNA diversity in human populations has
become an essential component of molecular anthropological research, the clinical
significance of sequence variation in mtDNA haplogroups has been less studied.
Furthermore, the extent to which the predominance of certain haplogroups,
particularly in the region of Scandinavia, is related to survival or adaptation to
external conditions remains to be fully elucidated.

Although it is well known that particular mtDNA variants can lead to
mitochondrial disease, substantially less is known about the association of specific
types of mtDNA with phenotypes of complex origins, such as Parkinson’s disease or
longevity (255). A recent study using data from the UK Biobank found that particular
mtDNA variants were associated with diseases that were also reported by previous
studies (79). One study found that Russians with haplogroup J, and specifically those
carrying the A10398G mutation, were more likely to have multiple sclerosis (256). A
different study showed that the T8655C mutation in the A7P6 gene in a haplogroup L
subclade among Africans was associated with type II diabetes (257). In addition,
subhaplogroup J2b, which occurs predominantly among individuals in Mediterranean
Europe and South Asia (as identified in Paper III), was associated with iron
deficiency anaemia caused by iron deficiency (79). Subhaplogroup U5a was further
associated with polyuria, joint disorders, and lesions of the plantar nerve (79).

Several other studies have linked specific mtDNA haplogroups to clinical

diseases. A case-control study of 406 patients and 183 healthy controls found a
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favourable statistical association between haplogroup U5 and the risk of
cardiovascular infarction, but a higher risk of low ventricular ejection fraction
(<40%) (258). Other studies have found biological mechanisms that supported higher
sperm motility among patients with U5 mtDNAs (259). Yet, another study confirmed
an association between sperm motility and both the OXPHOS system and mtDNA
haplogroup (260), although this finding was not supported by later research (261).
Finally, a study has suggested that haplogroup U mtDNAs occurred at high frequency
among patients with elevated risk for occipital brain infarct (262), with a related
study suggested that the association was due to a high frequency of haplogroup U5
(263).

These findings represent correlations and may not take into account
confounders or interactions with alleles in the nuclear DNA (264). A more
comprehensive understanding of mtDNA mutations with regards to their role in
disease and interactions with other genes, as well as the mechanisms by which
mutations influence phenotypes, will promote the understanding of the contribution
of particular mtDNA haplogroups to human health.

It is uncertain whether adaptation is an essential factor at play in the regional
prevalence of certain haplogroups found in Scandinavia. While there are differences
in the frequency of haplogroup U5 in Europe, this pattern may reflect genetic drift.
This view is supported by studies of nuclear DNA SNPs and microsatellite markers,
which show a high degree of linkage disequilibrium, and thereby less genetic
diversity, in the Saami population compared to Scandinavians (265-268). Coupled
with geographic isolation and historical segregation policies (269), genetic drift likely
contributed to the relatively high proportion of haplogroup U5 mtDNAs in far
northern Saami populations.

By contrast, the relatively uniform distribution of haplogroup J in Scandinavia
might be due to an adaptive advantage conferred by the mutational features of this
maternal lineage. Haplogroup J mtDNAs share polymorphisms that have been
predicted to increase an individual’s basal metabolic rate, possibly as a result of a
survival advantage in colder climates (270). Certain amino acid substitutions were

also found to be highly conserved in certain subbranches of haplogroup J, where they
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also represent lineages from colder Europe compared to the warmer climate origins of
haplogroup J (260). Other studies suggest that several of the highly conserved
haplogroup J polymorphisms are correlated with an increase of energy deficiency and
longevity. More specifically, the T14798C substitution associated with

subhaplogroup J1 may affect an inner CoQ-binding site that could reduce proton
pumping and coupling efficiency (271,272), providing more heat release in colder
environments (260).

In Paper III, we found that subhaplogroup J1b was prevalent among the
Viking Age burials compared to modern-day Scandinavians. Krzewinska and
colleagues (181) noted the same trend in three Viking Age individuals. By contrast,
J1b was associated with a case of plantar nerve lesions (79). We found no evidence
for an association between J1b mtDNAs and decreased survival in Scandinavia.
However, certain J1b mutations were found to be associated with a decreased
likelihood of Parkinson’s disease (273).

Numerous studies have explored the possible influence of haplogroup J on
longevity (260,274-277). If longevity is indeed affected by haplogroup J, then its
high frequency could be a contributing factor to the overall longer life spans observed
in Scandinavian countries (278). However, studies examining the relationship
between haplogroup J and longevity have yielded mixed results. Studies of
populations from Finland (274), Italy (275,277), and Spain (276) found a
significantly higher frequency of haplogroup J among healthy individuals over 90
years of age than in younger controls. These proportional differences were not found
for haplogroup J among individuals in Southern Italy (279), Ashkenazi Jews (280) or
Uyghurs (281). A similar study of Irish individuals also did not find an overall
correlation, although, when specific haplogroup J branches were considered,
subhaplogroup J2 occurred more frequently among individuals over 80 years of age
(282). Similarly, J2 was also found to be overrepresented among older individuals in
Northern Spain (276), while another study found no evidence of such associations
between haplogroup J and Spanish centenarians (283).

Studies of haplogroup J mtDNAs and life expectancy are limited by features

that are typical of correlative studies in which a causal relationship cannot be
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established. Additionally, some countries have a limited population of older adults for
comparison, such as Tunisia in which the average lifespan is 70 years, thus limiting
the conclusions that can be reached about mtDNA variation and longevity (284).
Most importantly, variation in lifespan depends on interactions between multiple
genetic loci, epigenetics, and manifold environmental exposures throughout the life-
course that modulate susceptibility to age-related diseases (285,286).

A combination of particular mtDNA alleles, rather than single alleles, showed a
stronger association with the ageing process (287). As an example, it was shown that
the combination of three mtDNA polymorphisms — C150T, T489C, A10398G — is
associated with longer life expectancy in both Finland and Japan (287). While these
alleles were associated with a specific haplogroup, namely haplogroup J2, none of the
individual mutations occur exclusively in haplogroup J2. Furthermore, not all
haplogroup J2 mtDNAs contain this same combination of variants. In this regard, it
should be noted that none of the J subhaplogroups in this project contained this

combination of variants.

5.5 Future perspectives

It is well-established that haplogroups and subhaplogroups arose in specific
geographic regions and their lineages can be tracked across multiple generations.
Within specific regions, it becomes possible to explore the relationship between
mutational changes within mtDNA haplogroups and the complex traits or phenotypes
that are also associated with these regions. The connections between haplogroup and
disease prevalence establishes the groundwork for researchers to develop projects at
the crossroads of public health, anthropology, and mitochondrial genetics.

Whether the presence of mtDNA lineages in certain regions of the world are
merely markers of human migrations or also reflections of biological advantage(s)
conferred to human hosts remains unclear. Several studies have speculated that the
continuity of particular mtDNA lineages in northern latitudes may due a protective

advantage from cold weather, but supportive evidence for this claim has been
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inconsistent (260,270-272). Additional studies in larger populations are necessary to
demonstrate the reproducibility of results and determine the directionality of the
effects or associations. These studies can be further strengthened by investigating the
function of haplogroup-specific polymorphisms on cellular metabolism in
experimental studies that use in vitro models.

Whether or not mtDNA haplogroups affect human health remains an open
question. The associations found in retrospective studies draw correlative conclusions
which beg further investigation. Prospective study designs are needed to test the
strength of the causal relationship between a specific haplogroup and a complex trait.
Selection of complex, clinically relevant traits found in a particular population along
with haplogroups predominant in that region can be a starting point for further
investigation in epidemiological studies.

For haplogroup-specific public health studies, the investigation should include
haplogroup determination for mitogenomes found within the population, including
subpopulations, and a detailed outline of unique variants found within highly
prevalent haplogroups. For larger, population-based studies, the study design should
account for the prevalence of the specific haplogroups to be studied in order to have
enough sequences available to represent haplotype variation. Since statistical power
may be limited for haplogroups occurring less frequently in a population, cohort
studies monitoring incident cases of a common disease may be necessary to
investigate the relationship between a less frequent haplogroup and a disease.
Furthermore, future studies investigating complex chronic diseases must take into
account life-course risk factors associated with the conditions studied (for example,
tobacco smoking and alcohol drinking in association with cancer). As with genome-
wide association studies, mitochondrial genome-wide association studies may also be
conducted to reveal the associations between specific, heritable variants and clinical
disease, as some have been already completed (288,289).

Through many millennia, the population of Norway has changed in its
diversity and substructure. These environmentally and historically driven changes
may have resulted in the loss of mtDNA lineages that have yet to be defined, but

would be of great interest to population geneticists, anthropologists, and
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demographers alike. While there have been some attempts to compare the distribution
of mtDNA lineages within populations across time, e.g., pre- and post- Black Death
in London and Denmark (290), these comparisons have largely focused on single-
digit major haplogroups (e.g., haplogroup J). With the availability of high-throughput
sequencing and advancements in bioinformatic tools, researchers can now rapidly
identify subhaplogroups within these major haplogroups. These tools further enable
researchers to conduct a more detailed examination of subhaplogroup lineage
continuity and identify temporal shifts in subhaplogroup frequency within a

haplogroup before and after an event.
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6. Conclusions

Combined with archeological, linguistic, and sociocultural evidence, our
genetic analyses reveal that Norwegian maternal ancestry has been shaped by major
evolutionary, cultural and demographic events over many generations. This project
has been, in part, an attempt to chronicle the expansion of some of the less studied
haplogroups within Norway and other Scandinavian countries. It has also
demonstrated the efficacy of a new bioinformatic approach for investigating patterns
of matrilineal diversity and the phylogenetic structure of specific haplogroups.

During the Mesolithic period, haplogroup U5 was the predominant maternal
lineage in Scandinavia. The combined hierBAPS-ML based phylogeny analysis
demonstrated that haplogroup U5 was brought into Norway from both eastern and
western directions, providing insights into the phylogeographic partitioning of
haplotypes within this lineage. Haplogroup J was brought to Scandinavia with the
dispersal of Neolithic farmers from West Asia and Europe around six kya, with J1c
eventually becoming the most common sublineage there.

During the Viking Age marked by extensive historical interactions with
foreign regions, maternal lineage diversity in Norway increased, with additional
sublineages of haplogroup J entering at this time. Following the Viking Age,
continued external migrations as well as internal migration policies influenced the
pattern of mtDNA diversity in Norway. Our analysis further revealed the importance
of geographic regions as boundaries to gene flow among a people deeply influenced

by Norway’s topography and maritime travel around the country.
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1 | INTRODUCTION

Norway lies on the western edge of the Scandinavian Peninsula, with
the majority of the country surrounded by water. Norway is also the
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Abstract

Background: While well known for its Viking past, Norway's population history and
the influences that have shaped its genetic diversity are less well understood. This is
particularly true with respect to its demography, migration patterns, and dialectal
regions, despite there being curated historical records for the past several centuries.
In this study, we undertook an analysis of mitochondrial DNA (mtDNA) diversity
within the country to elaborate this history from a matrilineal genetic perspective.
Methods: We aggregated 1174 partial modern Norwegian mtDNA sequences from
the published literature and subjected them to detailed statistical and phylogenetic
analysis by dialectal regions and localities. We further contextualized the matrilineal
ancestry of modern Norwegians with data from Mesolithic, Iron Age, and historic
period populations.

Results: Modern Norwegian mtDNAs fell into eight West Eurasian (N, HV, JT, I, U, K,
X, W), five East Eurasian (A, F, G, N11, Z), and one African (L2) haplogroups. Pairwise
analysis of molecular variance (AMOVA) estimates for all Norwegians indicated they
were differentiated from each other at 1.68% (p < 0.001). Norwegians within the
same dialectal region also showed genetic similarities to each other, although differ-
ences between subpopulations within dialectal regions were also observed. In addi-
tion, certain mtDNA lineages in modern Norwegians were also found among
prehistoric and historic period populations, suggesting some level of genetic continu-
ity over hundreds to many thousands of years.

Conclusions: This analysis of mtDNA diversity provides a detailed picture of the
genetic variation within Norway in light of its topography, settlement history, and

historical migrations over the past several centuries.

KEYWORDS
haplogroup, haplotype, language, mtDNA, Norway

longest country in Scandinavia, stretching 1752 km in length, a dis-
tance equivalent to the length of the Netherlands to the center of
Italy (Hervik et al., 1993). Taking into consideration fjords and islands,
the coastline is ~83,000 km in total length (Grabbe et al., 2009).
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Topographically, Norway consists of largely mountainous terrain
in the innermost parts of most of the country that is broken up into
valleys and fjords running through the coastal areas. The highest
mountain ranges begin at the horizontal level of Stavanger in the
southwest and extend up to Trondheim in central Norway. This
stretch includes the Jotunheimen mountain range, home to Norway's
highest mountain called Galdhgpiggen at 2469 m (Vistad et al., 2016),
which divides the southern and most populated portion of the country
into eastern and western halves.

After the Fennoscandian ice sheet covering Norway began to
melt during the Last Glacial Maximum ~23,000 years ago, Norway's
coastline slowly became inhabited by rich forests and wildlife
(Glgrstad et al., 2020; Stroeven et al., 2016). Much of the earliest evi-
dence of human settlement, which dates to 10,000 years ago, comes
from hunting tools and burial sites found from the southeastern Oslo
Fjord all of the way up to Finnmark in the far north
(Bang-Andersen, 2003; Glnther et al., 2018). These findings suggest
that the entire coastline was quickly settled by pioneering groups
(Bang-Andersen, 2012), who employed watercraft to move along the
long coastline for hunting and fishing (Helskog, 1985).

Based on recent ancient DNA work, Norway was initially settled
by hunter-gatherers groups migrating into the country from the both
southwest and northeast (Glnther et al., 2018). These groups were
later partially incorporated into expanding farming cultures
(Malmstrém et al., 2015; Skoglund et al., 2012). A major genetic shift
in Norway's population structure occurred after the Viking Age
(750-1050 ACE), and has been described in terms of both genomic
admixture (Margaryan et al., 2020) and changes in mtDNA haplogroup
frequencies (Krzewinska et al., 2015). This shift likely resulted from
greater gene flow from the British Isles into modern-day Norway
compared with Denmark and Sweden, which, in turn, was due to more
frequent maritime routes of the western-dwelling Norse to the British
Isles (Margaryan et al., 2020).

These maritime routes continued to shape and influence Norwe-
gian society and culture long after the Viking expansions. Due to its
climate, the economic dependence on natural goods varies by region
in Norway and requires timely ship-based mechanisms to distribute
fresh cargo throughout the rest of the country. The processing and
packaging of fish for export also took place either in or near coastal
towns along routes of great distance. Extending the length of the
western coastline, the Norwegian fisheries industry was dispersed in
scattered longitudinal rural settlements rather than more nucleated
fishing communities as seen in European countries such as Great Brit-
ain, Germany, France, and Denmark (Haaland & Svihus, 2011;
Kleppe, 2014; Wickler & Narmo, 2014). By 1850, nearly all Norwegian
towns west of Lindesnes in Adger County, Norway's southernmost
point, were engaged in the processing and exportation of fish and/or
shipping and shipbuilding (Haaland & Svihus, 2011). The majority of
the country's 3% arable land in Hedmark and @stfold Counties in the
southeast region of Norway was dedicated to growing crops on large
farms (Knutsen, 2019). With sparser forests, the central and northern
parts of Norway have traditionally relied more on fishing
(Knutsen, 2019).

WILEY_| 2

Mass migrations started within Norway around the 1750-1780s
(Svalestuen, 1978; Thorvaldsen, 2019) and boomed in the mid-1800s
when Norwegians no longer needed official permissions to relocate

(Pryser, 1981; Svalestuen, 1978). A large proportion of migrants were
young couples looking for better economic opportunities and to
expand their families. The most comprehensive and most widely men-
tioned wave of internal migrants was that from southeastern Norway
and southern Trgndelag to the Malselv and Bardu valleys southeast of
Tromsg (Thorvaldsen, 2019). Later, between 1750 and 1801, as rural
inland farming populations in the southeast became more over-
populated, people moved from the inland districts to the Oslo Fjord
for better opportunities in agriculture and timber trade (Dyrvik, 1972;
Sglvi, 1979). Similarly, people moved from the inland southeast, west,
and central Norway to the northernmost coastlines for cod and her-
ring fishing opportunities (Niemi et al., 2003). Some Norwegians also
emigrated after famine and poverty spread in the 19th century. How-
ever, the majority could not afford the ship fare and did not want to
enter into indentured servitude relocated within the country itself
(Sglvi, 1979).

The regional distribution of Norwegians is further reflected in
the distinct spoken dialects in those locations, which may have
been influenced by maritime routes and internal migration patterns.
These dialects vary substantially from each other in terms of gram-
mar, syntax, tone, and pronunciation (Skjekkeland, 2005). The
major dialects include Eastern Norwegian (sstnorsk), Western
Norwegain (vestnorsk) and Trgndelag in central Norway (trendersk),
and Northern Norwegian (nordnorsk) (Skjekkeland, 2005; Venas &
Skjekkeland, 2020). During Danish rule (1357-1814), a colloquial
Norwegian-like Danish was spoken widely by Norwegians who
lived in cities and towns. By the first half of thelé6th century, the
Old Norwegian written language had fallen out of favor and, by the
18th century, Danish grammar, pronunciation, and vocabulary were
preferred or insisted upon over Norwegian in education and the-
ater (Haugen, 1959). During the less restrictive union between
Sweden and Norway (1814-1905), the rise of a unique Norwegian
identity led to the return of Norwegian dialects and lexicon back
into acceptance (Derry, 2012; Haugen, 1959). As a result of this
language history, several elements of the four regional Norwegian
dialects have persisted, with several of their distinctive features
being preserved (Skjekkeland, 2005).

Mitochondrial DNA (mtDNA) has been a frequently studied
source of genetic information for understanding long-term popula-
tion shifts, diversity, and demographic structure. It is a maternally
inherited, nonrecombining DNA molecule at the HVS | region that
evolves at a clock-like rate (Soares et al., 2009), making its invalu-
able for reconstructing populations dynamics based on matrilineal
genetic diversity in human populations. Thus, we investigated
matrilineal variation in Norway by dialect regions, we attempted to
characterize regional mitochondrial DNA (mtDNA) diversity in Nor-
way to determine the influence of dialectal region, subpopulation,
and topography on its distribution in the country. We further
explored the impact of internal historical migrations on the
present-day gene pool.
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MATERIALS AND METHODS

2.1 | Mitochondrial DNA data

Data for a total of 1174 partial mtDNA sequences from modern Nor-
wegians were gathered from various published sources, including
Krzewinska, 2014; Opdal et al., 1998; Passarino et al., 2002; Helgason
et al, 2001. This study also included mtDNA sequences from the
GenBank database as of June 1, 2020, that belonged to persons of
Norwegian ethnicity and origin. Specific information about the collec-
tion location or residence within Norway was available for 64% of the
total data set (n = 755). Information about these samples, including
their GenBank accession numbers and the specific tables within the
published sources from which the sequences were obtained, are pro-
vided in Table S1.

In addition, partial mtDNA sequences from 1597 non-related indi-
viduals with matrilineal Norwegian ancestors were incorporated into
this analysis to contextualize the human migration changes within
Norway since the early modern ancestors of the 17th to 20th centu-
ries. The mtDNA sequences were obtained on June 1, 2020, from The
Norway DNA Project (http://www.norwaydna.no), which is a subpro-
ject of the Family Tree DNA database (http://www.familytreedna.
com) containing mtDNA sequences submitted by consenting members
(The Norway DNA Project Group, 2014). Membership is open to indi-
viduals who have a Norwegian background, Norwegian ancestry, or
who live in Norway. Location information was derived from individ-
uals submitting their mtDNA data who had also indicated the local
region of their earliest known matrilineal ancestor (87%; n = 1396),
using The Norwegian National Archives (https://www.arkivverket.no/
). These archives contain annotated information on Norwegians living
from the 17th to the early 20th century that derives from parish
records, census records, and village books. For these reasons, this
Family Tree DNA data set was used as a proxy for ancestral Norwe-
gian populations, and for this reason its constituent members will be
called the “Ancestors.”

2.2 | Geographic and dialectic regions of Norway

MtDNA sequences among Modern Norwegians were localized largely
to cities, which reflects the current locations of most Norwegians,
while mtDNA sequence data among Ancestors were spread through-
out towns, villages, and cities within different counties. For compara-
tive purposes, the specific locations were separated into the following
geographical regions based on the major dialects of Norway: (1) The
Southeast (Eastern Norwegian dialect) region included Ancestors born or
from the settlements of Hedmark, Oppland, Buskerud, Akershus and
Oslo, Telemark, Vestfold, and @stfold Counties. For Modern Norwe-
gians, it compassed the Southeast area of Norway, which largely com-
passes the capital of Oslo, as well as the above-mentioned
neighboring southeastern counties. (2) The West (Western Norwegian
dialect) region included Ancestors born in or from the settlements of
Agder, Rogaland, Hordaland, Sogn and Fjordane (including Ferde), and

Mgre and Romsdal Counties. For Modern Norwegians, it compassed
Haugesund (within Rogaland county), Bergen (within Hordaland
county), and Fgrde (within Sogn and Fjordane county). (3) The Central
(Trendelag Norwegian dialect) region included Ancestors born in or from
the settlements of South-Trgndelag and North-Trgndelag Counties.
For Modern Norwegians, this region compassed Trondheim, where
samples were taken at St. Olav's Hospital and the population consists
of individuals residing in North-Trgndelag County. (4) The North
(Northern Norwegian dialect) region included Ancestors born in or from
the settlements of Nordland, Troms, and Finnmark Counties. For Mod-
ern Norwegians, it compassed the same counties.

2.3 | Ethics statement

This study is based on open-access and publicly available data sets.
The respective studies from which these data derive have gone
through standard protocols to obtain informed consent from partici-
pants, clearance, and approval from the respective ethics committees
for sample collection and analysis, as outlined in the associated
publications.

24 | Phylogenetic and statistical analysis

All mtDNA sequences were delimited to reads between nucleotide
positions (np) 16,024 to 16,383, that is, the first hypervariable region
segment (HVS1) of the mtDNA control region (CR). The HVSI mtDNA
sequences were then aligned against the Reconstructed Sapiens Ref-
erence Sequence (RSRS), which allows for naming and mapping of the
mtDNA haplogroups from an ancestral base (Behar et al., 2012) using
MAFFT version 7 (Katoh & Standley, 2013).

Haplogroup classifications of the HSVI sequences were made
with HaploGrep2 (Weissensteiner et al., 2016), which uses PhyloTree
Build 17 as its reference (van Oven & Kayser, 2009). Haplogrep2 com-
putes the haplogroup classifications on pre-calculated phylogenetic
weights that correspond to the occurrence per position in Phylotree
Build 17 (http://www.phylotree.org), which, in turn, reflects the muta-
tional stability of a variant.

Haplogrep2 classifications were verified using a maximum likeli-
hood (ML) phylogeny for the unique haplogroups using IQ-TREE
1.6.12 software (http://www.igtree.org) (Nguyen et al., 2015). The
phylogeny was constructed under the general time-reversible nucleo-
tide substitution model with a proportion of invariant sites (TPM3u
+ F + | + G4) which was inferred in jModelTest (https://github.com/
ddarriba/jmodeltest2) as the best fitting model. This tree was then
updated to take into account back mutations, (point mutations that
revert to the ancestral state) and noncontinuous mutations in accor-
dance with PhyloTree, Build 17 (van Oven & Kayser, 2009). Accord-
ingly, we ignored hot-spot mutations such as cytosine (C) insertions/
deletions at position 16,193, and expansions of cytosomes that affect
the number of adenosines at positions 16,182 and 16,183, because
these common polymorphisms are also excluded from Phylotree, are
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not diagnostic for a particular haplogroup assignment, and may lead to
inaccuracies in algorithmic predictions of phylogenetic organization.
DnaSP 5.10.01 (Librado & Rozas, 2009) was used to calculate the
basic parameters of genetic diversity. The analysis of molecular vari-
ance (AMOVA) was carried out using Arlequin 3.5.2.2 (Excoffier &
Lischer, 2010) and R (R Core Team, 2018). The statistical significance
of fixation indices (Fst) and their respective p-values was estimated by
permutation analysis (10,000 permutations) assuming a Tamura-Nei
(1993) model with a gamma distribution of 0.26. Comparisons of hap-
logroup frequencies between geographic or dialectic regions were

RSRS
16129G 16187C 16189T 16230A
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Fisher's exact test, where
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conducted using a Chi-square or
appropriate.

The structuring of mtDNA sequence diversity by geography was
assessed through the analysis of Fst values with multidimensional
(MDS), using the PAST v.2.17b

et al., 2001). All analyses were conducted by location listed in the

scaling software (Hammer
public data sets. Locations were combined into the four main dialect
regions of Norway—North, Central, West, and Southeast (Venads &
Skjekkeland, 2020)—for both the Ancestor and Modern Norwegian

data sets, as outlined above.
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FIGURE 1 Phylogenetic network of maternal lineages represented by mitochondrial DNA. (mtDNA) haplogroups among present-day

Norwegians. The white circles indicate haplogroups not found among the Norwegian data. The thick black borders around haplogroups indicate
the representation among late Iron Age inhabitants of Norway (Krzewinska et al., 2015). The yellow circle indicates haplogroup representation
from Mesolithic inhabitants of Norway, as sequenced by (Gtinther et al., 2018). Back mutations are indicated with an exclamation mark (!) and
two exclamation marks (!!) indicate a double back mutation. Noncontinuous mutations that do not follow through all subsequent haplogroups are

indicated in parentheses. Mutations outside of the np16,024-16,383 region

that support some regions of the tree are indicated in italics
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To estimate population growth over time, we generated a Bayesian

skyline plot (BSP) using BEAST 1.10.4, cross-platform program for Bayes-
ian analysis of molecular sequences, (Suchard et al., 2018) with gamma
distributed rates (Drummond et al., 2005; Soares et al., 2012; Suchard
et al., 2018). Briefly, each Markov chain Monte Carlo (MCMC) sample
was based on a run of 10 million generations sampled every 1000 steps,
of which the first 1% was discarded to allow for burn-in. The mutation
rate of 1.64 x 1077 (Soares et al., 2009) was used to convert substitu-
tion rates into years (x-axis) and coalescent intensities into effective pop-
ulation sizes (y-axis) (Drummond et al., 2005). BEAST outputs were
visualized with the Tracer v.1.7.1 program (Rambaut et al., 2018). The
BSP analysis was restricted to the database for contemporary Norwe-
gians because the information for the Ancestors' sequences from Family
Tree DNA did not specify the individuals' modern familial residence
(whether inside or outside Norway).

3 | RESULTS

3.1 | Distribution of Norwegian maternal lineages.
In this study, a total of 1174 Modern Norwegian HVS1 sequences
were analyzed. Among them, 151 unique haplogroups were identified
based on the Phylotree Build 17 nomenclature (Figure 1). These
haplogroups fell into eight West Eurasian (N, HV, JT, I, U, K, X, W),
five East Eurasian (A, F, G, N11, Z), and one African (L2) major
haplogroups. Overall, 98.4% (n = 1155) of Norwegians had a mtDNA
that belonged to a West Eurasian maternal lineage.

As can be seen in the haplogroup network displayed in Figure 1, a
large number of Modern
haplogroups H, J, and U, similar to what has been seen for other

Norwegian mtDNAs belonged to
northern and western European populations, including the studies on
Norwegian mtDNA diversity used in this paper (Helgason et al., 2001;
Krzewifiska, 2014; Lembring et al., 2013; Li et al., 2014; Passarino
et al,, 2002). We also noted that the mutational signature of the U5al
haplotype (16129G, 16187C, 16189T, 16192T, 16223C, 16230A,
16256T, 16270T, 16278C, and 16311T) appearing in this network
was also found in the mtDNA of a Mesolithic individual analyzed by
(Gunther et al., 2018), while sequence motifs for haplogroups HVO,
H5, H6, H20, H, Hla, H1lal, H2a1, 123, J, J1blal, J1blala, T2b,
U5b1b1a3, and U5blbla in contemporary Norwegians were also
detected in Iron Age individuals analyzed by Krzewinska and co-
workers (Krzewinska et al., 2015).

These results were not unexpected. Recent analysis of the geno-
mic makeup of Viking Age Scandinavians (793-1066 CE) reflected
gene flow from other European populations, as well as primarily
genetic ancestry from populations preceding the Iron Age (500 BCE-
800 CE) (Margaryan et al., 2020). While further analysis is needed to
determine whether the observed similarity of the polymorphisms
extends further to include whole mitogenomes, these findings
suggested that certain haplogroups have been present in the region
for many thousands of years.

Of the Modern Norwegian samples, 64% were localized to spe-
cific dialectal regions of Norway, whereas 36% could not be localized
to any specific region. Nevertheless, the proportion of major
haplogroups among those with no locations was similar to the

Southeast West Central North No location® Total TABLE 1 Distribution O,f ma.jor
n— 225 n— 257 n— 268 n_s n— 419 n— 1174 mtI.DNA haplogroups by major dla.lectal
region in Norway among Norwegians

Hg n % n % n % n % n % n %
A 1 0.44 0 0 0 0 0 0 0 1 0.09

0 0 0 0 1 037 0 0 0 1 0.09

1 0.44 0 0 0 0 0 0 0 1 0.09
H 113 50.22 119 4592 94 3507 1 20 185 4415 512 436
HV 7 3.1 5 1.95 14 5.22 1 20 13 3.11 40 3.42
| 7 3.11 5 1.95 2 074 1 20 15 3.58 30 2.57
J 17 7.55 28 1089 54 2016 O 0 50 1193 149 1269
JT 2 0.89 0 0 0 0 0 0 0 0 2 0.17
K 10 443 10 3.9 20 746 O 0 22 5.25 62 53
L 0 0 0 0 0 0 0 0 1 0.24 1 0.09
N 2 0.88 3 117 4 15 0 0 3 0.72 12 1.03
T 19 8.44 16 623 23 857 0 0 41 9.78 99 843
U 39 17.33 53 20.63 44 16.78 1 20 67 16 204 1741
\% 2 0.88 2 0.78 8 2.99 1 20 11 2.63 24 2.06
w 3 1.33 9 35 1 037 © 6 1.43 19 1.63
X 1 0.44 8 1.17 2 074 0 3 0.72 9 0.79
z 1 0.44 4 1.56 1 037 O 2 0.48 8 0.68

Note: All mtDNA sequences were analyzed between np 16,024 and 16,383.
?Individuals for whom a geographic place of origin was not listed.
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FIGURE 2 Comparison of mtDNA haplogroup distribution among ancestral populations of Norway (17th-20th century) versus the modern
population by dialect region. The map of Norway is modified from a public domain map found at: https://en.wikipedia.org/wiki/Counties_of_

Norway#/media/File:Nye_fylker_-_regjeringen.no.svg

proportions for Norwegians, overall (Fisher's p = 0.20). As a result,
the individuals with no location were deemed to be representative of
Norway as a whole. Accordingly, the mtDNA gene pool of Norwe-
gians is defined, predominantly, by haplogroups H (44%), U (17%), J
(13%), T (8%), K (5%), | (3%), HV (3%), V (2%), and W (2%), while all
other haplogroups were present at 1% or less. These frequencies are
similar to what was reported in the studies from which these data
were obtained (Helgason et al., 2001; Krzewiriska, 2014; Passarino
et al., 2002).

Haplogroup distribution varied by dialectal region. Haplogroup H
was most frequent in the Southeast dialectal region (50%) and least
frequent in the Central dialectal region (35%) (x> = 14.06; p < 0.001)
(Table 1). Haplogroup J appeared at the highest frequency in the Cen-
tral dialectal region (20%) and the lowest in the Southeast dialectal

region (8%) (y? = 15.74; p < 0.001). In the Central dialectal region, the
haplogroup T occurred at the highest frequency (9%) and the lowest
in the West dialectal region (6%), although this difference was not sta-
tistically significant (xz = 0.33; p = 0.56). Since only five individuals
derived from the North dialectal region, the small sample size did not
allow for any effective estimate of haplogroup frequencies there.
Additional haplogroup detail for these mtDNA sequences are pro-
vided in Table S2.

A comparison of the distributional differences among the Modern
population compared with the Ancestral population is displayed in
Figure 2. Most noticeably, the frequency of haplogroup H in the
Ancestral population was higher than in the Southeast dialectal region
and lower in the North region (32 = 11.31, p < 0.001). Although the
difference in the frequency of haplogroup U between the North and
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Southeast region was not statistically significant (XZ = 2.6, p = 0.11),

haplogroup U5 appeared at high frequency in the North (for which
92% of the U mtDNAs belong to U5) compared to the Southeast
(x? = 7.35, p = 0.007) region. The North was distinct from the other
regions in the terms of the higher frequency of haplogroup V
(¥? = 11.31, p < 0.001), although haplogroups | and HV occurred at
similar frequencies in the Ancestral North compared to the other
regions (both p > 0.05).

3.2 | Genetic diversity and differentiation.

Overall, the level of genetic variation among Norwegian mtDNA
was similar to that seen in other European populations, with about

50% being belonging to haplogroup H and the majority of the rest
to other sequences consisting of other West Eurasian lineages
described (Corte-Real et al., 1996; Li et al, 2014; Richard
et al., 2007). Summary statistics with the parameters of genetic
diversity for Norwegians sorted by dialectal region are shown in
Table 2. The HVSI sequences in Norwegians comprised 268 distinct
haplotypes defined by 131 variable sites being identified among
1174 individuals. The mean number of nucleotide differences was
3.18, with the Central and West dialectal regions having the
highest values (3.52 and 3.16, respectively). Similar values of haplo-
type and nucleotide diversity among Norwegians were noted in all
dialect regions, except the North, for which only five individuals
were identified. Each region also had Tajima's D that was consis-
tent with a recent population expansions.

TABLE 2 Diversity indices for Norwegian subpopulations based on mtDNA HVS1 sequences
Samples Haplotypes Variable Haplotype Nucleotide Mean # of nucleotide Tajima p-value for
Population  (n) (h) sites (s) diversity (hd) diversity (Pi) differences (k) D's Tajima's D
Southeast 225 106 81 0.9271 0.00958 2971 -241 p <001
West 257 86 69 0.9192 0.01019 3.159 -2.09 p <0.05
Central 268 81 69 0.9334 0.01134 3.517 —2.05 p < 0.05
North 5 4 4 0.9 0.00519 1.6 -1.18 N.S.
No 419 142 94 0.9207 0.01004 3.082 -227 p <001
Location
Total 1174 270 131 0.938 0.01026 3.182 -235 p < 0.001
Note: “N.S.” indicated “not significant.”
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Coordinate 1

Multidimensional scaling plot of mtDNA diversity from specific locations in Norway (a) historical counties of Norway that represent the

location of the ancestors' maternal lineages obtained from family tree DNA are in colored dots. Locations in black italics represent areas from which
mtDNA data have been obtained among contemporary individuals. (b) A MDS plot of inter-population pairwise Fst values calculated from mtDNA HVSI
sequences, with a magnified view of the center coordinates. Coordinates 1 and 2 for the modern populations are as follows: Mgre and Romsdal (0.55,
—0.12), Nordland (—0.13, 0.21), and Finnmark (0.46, 0.55). These points have not been included as the small sample sizes are not representative of
mtDNA diversity in these regions and skews the overall plot to present these regions as false outliers
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Influence of linguistic subdivisions on mtDNA diversity in Norway. (a) Black line divisions indicate the four general dialectal

regions of Norway (north, central, southeast, and west). (b) MDS plot of inter-population pairwise Fst values calculated from mtDNA HVSI
sequence data based on the four dialectal regions of Norway. mtDNA of descendants of historical regions (the ancestors) (capitalized gray font)
and modern individuals and their current location in Norway (italicized black font)

3.3 | Inter-population relationships by locality and
dialectal region

Using mtDNA data from Norwegians who had submitted information
about the geographic location of their earliest matrilineal ancestor
from The Norway DNA Project, we plotted these locations and those
for modern Norwegians onto the county map of Norway (Figure 3a).
Estimation of pairwise Fst values from HVSI sequences by specific
Norwegian counties showed similarities between the locations for the
Ancestral and Modern individuals (Table S3). When comparing the Fst
values for Modern cities were compared to those of the Ancestral
counties, the extent of differentiation between them was low: Bergen
vs. Hordaland (Fst = 0.0137; p = 0.05); Fgrde versus Sogn and
Fjordane (Fst = 0.0177, p = 0.08); and Haugesund vs. Rogaland
(Fst = 0.0050; p = 0.95). The exception was Askerhus and Oslo com-
pared with the modern Southeast (Fst = 0.0092; p = 0.03).

The Ancestral and the Modern Norwegian mtDNA data sets were
subjected to AMOVA to determine the influence of geography and
language on mtDNA diversity. The results pointed to generally low
levels of population differentiation among Norwegians in different
subpopulations (Fst = 1.68%, p < 0.001) (Table S4). This analysis also
showed that there was modest genetic differentiation by large dialec-
tal regions (0.41%, p <0.001) as well as subpopulation (0.81%;
p < 0.001). Most of the differences came from Ancestral Finnmark,
which had moderate genetic differentiation, followed by Ancestral
Agder and Modern Fgrde (Table S3). In fact, the pattern of mtDNA
diversity in Ancestral Finnmark differed significantly from that of all

other Norwegian counties and Modern cities, with pairwise Fst values
ranging from 0.05 to 0.1 with p-values <0.001.

To visualize the genetic relationships between different Norwe-
gian populations, an MDS plot was constructed using the pairwise Fst
values estimated for each of the Norwegian subpopulations
(Figure 3b). The results showed that the majority of Norwegian
counties were genetically similar, and that Norwegians with ancestry
from the counties of the Southeast and Central regions had similar
mtDNA backgrounds.

The Ancestral and Modern Norwegian populations were also
partly differentiated to some degree based on the four major dialectal
regions of the country (Figure 4a,b; Table S5). In general, the Ancestral
populations tended to cluster closely toward the center of the plot,
while there were greater levels of separation between Modern
Notably,
populations had the lowest pairwise mtDNA distances relative to the
other regions of Norway to each other (Fst all 0.0050-0.0118)
(Table S5). The Modern West population was distinct from the Ances-
tral West (Fst = 0.0078; p < 0.000). The Modern West population
0.0119;
p < 0.001), but had a lower Fst value relative to the Modern Southeast

populations. the Southeast Modern and Ancestral

was differentiated from the Ancestral Southeast (Fst =

(Fst = 0.0052; p = 0.04). These findings suggest recent changes in the
distribution of maternal lineages over the past few centuries that have
made the Modern West less dissimilar to the Modern Southeast. By
contrast, the Central Modern and Ancestral populations were not sig-
nificantly different from each other (Fst = 0.0064; p = 0.13). The
North Ancestral population further differed from all other regional
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FIGURE 5 A Bayesian skyline plot (BSP) of Norwegian mtDNA sequences. A mutation rate of 1.64 x 10~7 was used to convert substitution

rates into years (x-axis) and coalescent intensities into effective population sizes (y-axis)

populations (p < 0.001), except for the Modern North, from which it
could not be differentiated due to its small sample size.

34 | Demography of Norwegian mtDNAs

To better understand the historical demography of the Norwegian
population in terms of changes in the effective population size related
to coalescent events, a demographic model with Bayesian analysis
was conducted using the 1174 Modern samples (Figure 5). The x-axis
shows the time from the present in units of thousands of years, and
the y-axis is equal to Ne-p, the product of the effective population size
and the HVSI mutation rate calculated by Soares and colleagues
(Soares et al., 2009). In this Bayesian skyline plot (BSP), the thick solid
line represents the median posterior effective population size through
time, while the thin lines show the 95% highest posterior density
limits.

As seen in this BSP the effective population size (Ne) slowly
grew from about 35 kya and then stabilized around 12 kya as the
inland ice sheets began melting at the end of the Late Glacial
Maximum (Glgrstad et al., 2020). The earlier period of population
growth likely corresponds to the initial settlement of the
European continent by anatomically modern humans. The popula-
tion size then increased again around 6 kya, which corresponds
to the late Neolithic period when agriculture expanded into Nor-
way (Hjelle et al., 2006). The population further increased from
2.5 to 1.6 to kya (or around 300 to 400 CE) during the Late Bro-
nze Age, when the proto-Norse runic alphabet was established
(Imer, 2011).

The BSP appears to slightly overestimate the effective population
size based on this data set. However, this result is well within the
uncertainty admitted by the 95% hypothetical posterior density limits
(and may well be due to the stochastic error associated with this par-
ticular simulation). The growth projection was also similar to the BSP
estimated from Danish mtDNA sequences using similar methodology
(Li et al., 2014).

4 | DISCUSSION

We analyzed mtDNA HVS1 sequences from different Norwegian sub-
populations delineated by dialectal region and geography to investi-
gate the source of their matrilineal descent and to identify genetic
differences that might be related to population movements. Overall,
the Norwegian matrilineal gene pool is represented by a diverse set of
mitochondrial lineages that belong primarily to eight West Eurasian
haplogroups, which are distributed differently in various regional
areas. Our findings indicate that Norwegian mtDNA diversity was
modestly influenced by geography, and to lesser extent by language
(dialect region).

While Norwegians share many maternal lineages in common,
their subpopulations differed slightly from each other in regions linked
to known maritime routes around the perimeter of the country rather
than latitudinal land-traversing routes. The differences between oth-
erwise closely located regions (e.g., the Ancestral West Norway versus
Ancestral Southeast Norway, which were significantly different,
p < 0.001) were likely shaped by the geographic barrier of tall moun-
tain ranges that prevented frequent close contact between the two
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regions. As a result, there are genetic similarities between several set-
tlements located along the country's longitudinal coastline that would
have been otherwise difficult to reach by land due to the numerous
fjords that separate them.

The mountainous regions and fjords that topographically separate
regions of Norway have led to maritime travel becoming an essential
component of human movements within the country. Maritime activi-
ties have molded the development of Norwegian culture and society
for many millennia. The importance of marine vessels is reflected in
their appearance in early rock art found all over Norway (Ballard
et al., 2004; Bjerck, 2012; Ljunge, 2015). While recent archaeological
evidence indicates that, by 6180-6680 cal yr BP, people sometimes
traveled through the Jotunheimen Mountains that separate the West
from the Southeast (Pilz et al., 2020), this travel was likely restricted
to the winter months when bogs and streams were frozen over. Ships
were also clearly crucial for the Norse expansion during the Viking
Age (@stmo, 2003). Moreover, the mid-19th century “golden age” of
sailing vessels has been recorded as being a catalyst for major timber
and fishing-based economic activities within in Norway that led to
eventual economic prosperity (Fischer & Nordvik, 1987; Haaland &
Svihus, 2011).

Given its geographical barriers, Norwegians maintained remark-
able contact across long distances through maritime travel. The terms
“Norway” and “Norwegian” had been in use since at least the 9th
century by the Viking Age seafarer Ottar from Halogaland (in the
North), and the petty kingdoms of Norway had been politically unified
as a single entity by the 11th century (Bagge, 1995; Larsen, 1950), rel-
atively earlier than other countries of similar size in Europe. Maritime
routes remained the primary mode of trade and transportation until
the use of motorized vehicles became popular in Norway in the early
20th century (Jentoft & Finstad, 2018) and railway networks
expanded, with the Bergen line (Bergenbanen) in the West reaching
the inland Southeast in 1909 (Haaland & Svihus, 2011). More recent
more routes of modern travel may have led to closer genetic similari-
ties between the western city of Bergen and the southeastern city of
Oslo in the modern data set.

The detailed locality analyses indicate that Norwegian subpopula-
tions are genetically similar, while Norwegians from Finnmark, and to
a lesser extent, Agder and modern Fgrde, appear to have become
moderately differentiated. The observed level of dissimilarity between
these regions is similar to what had been reported for Y-chromosome
(paternal) lineages in Norwegians (Dupuy et al, 2006). Dupuy
et al. (2006) reported regional variation in Y-chromosome variation
for Finnmark (north), Sogn and Fjordane (west), and Agder (south), and
indicated that these three areas had the highest degree of dissimilar-
ity. While men were more often the migrants who traveled long dis-
tances in Norway (Thorvaldsen, 2019), parish registers indicate that
many migrations also involved young couples who had given birth to
children only after moving to a new locality (Svalestuen, 1978;
Thorvaldsen, 2019). By 1920, it was as usual for women as men to be
migrants within Norway (Thorvaldsen, 2019).

Some of the observed regional differences may be explained by
specific internal migration patterns. First, the difference between

WILEY_ #

Finnmark and other Norwegian regions may be due to its geographical

isolation for many centuries. Norwegians have been living in the
northernmost parts of the country since at least the 14th century
(Opsahl, 2020). However, the population was scattered along coastal
areas, and the region was also occupied by the Saami, an indigenous
people in Norway that had been seasonally nomadic until the late
19th century (Ahren, 2004).
populations contain a higher proportion of U5b1b mtDNAs than Nor-

Interestingly, Norwegian Saami
wegians (Dupuy & Olaisen, 1996; Tambets et al., 2004). However,
Krzewinska et al. detected this haplogroup in two individuals from the
Late Iron Age who had received a Norse burial, suggesting that some
Saami individuals may have been assimilated or accepted into Norse
society as early as the 10th century CE (Krzewinska et al., 2015).

It is worth noting that the Fst value of dissimilarity among Norwe-
gians of Ancestral Finnmark are lower than those of Norwegian Saami
population. The Fst values in the order of 0.2 (all p < 0.05 for Bergen,
Oslo, Farde and Trgndelag) (Saami as reported by Krzewinska, 2014)
vs. 0.1 (all p <0.001 for the same regions) (Norwegian Finnmark in
this study). No Norwegians in our study nor in the study by
Krzewinska, 2014 had Fst values above 0.2. Thus, while the northern
Finnmark subpopulation was somewhat more genetically dissimilar to
all other Norwegian subpopulations, the level of genetic dissimilarity
is higher among the Norwegian Saami, who also live in the north but
who have a distinct history and migration patterns (Tambets
et al., 2004).

In the 1780s, a mass movement of settlers from the southern to
the more northern regions of Norway was encouraged by the
appointed bailiff in order to take advantage of fishing opportunities
there (Thorvaldsen, 2019). Involving some 1000 individuals, this
northward migration continued until the 1830s, when the introduc-
tion of potato farming and smallpox vaccination made southeastern
and western Norway more hospitable and prosperous (Gjerde, 1989;
Tryland, 2001).

A second and more recent migration is the movement of rural
farming populations to city locations in the southeast. Our analysis of
modern (primarily urban-located) Norwegians in Oslo and each of the
surrounding farming areas, namely, Oppland, Hedmark, and Buskerud,
show strong genetic similarities, and suggest that migration from the
inland to the coastal southeast during industrialization contributed
their genetic make-up. In addition, the economic opportunities within
the capital of Oslo have attracted populations from the entire country,
which reflected in the diversity of mtDNA haplogroups represented in
the area and has continued to the present day. According to the
National Statistics Bureau archives, Oslo has had a positive net migra-
tion rate (i.e., once Norwegians migrate to Oslo, they tend to settle
there permanently), as well as the highest overall migration rate within
the country since at least 1966. By contrast, those in northern Nor-
way as well as the rural southeastern areas of Hedmark and Oppland
Counties have had negative net migration rates (Longva, 2000). In the
south of Norway, Agder County's dependence on shipbuilding and its
strategically located southern fishing shores may have kept that part
of the country more independent and isolated from the rest of the
southeastern regional area (Gjerde, 1989) and more connected with
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the fishing coasts of the southwest. Much of the Norwegian popula-

tion today still lives in or near coastal cities, in particular Oslo, Bergen,
and Trondheim (Statistics Norway: Statistics Central Bureau, 2020).

A third and different pattern was found for the western part of
Norway. While the haplogroup composition of Ancestral populations
from Sogn and Fjordane is like other counties of the West, modern
Farde has become more heterogeneous over time. According to cen-
sus records, 17.2 per 1000 individuals from the Sogn municipality
emigrated to America yearly from 1856 to 1865, with a total of 6430
emigrants leaving Norway during this period (Gjerde, 1989;
Svalestuen, 1978). By 1905, 40% of Sogn and Fjordane inlanders had
left for the US, while 20%-30% left in the central parts of Sogn and
Fjordane (Gjerde, 1989; @strem, 2015). As population growth out-
paced the available food supply, many Norwegians in the western part
of the country were lured by the possibility of owning arable farmland
in the northwestern United States that could not be offered in the
western Norway (Gjerde, 1989). After Ireland, the second largest
number of immigrants to the US and the majority came from Norway,
in particular the north-central part of the West (Gjerde, 2007).

We found that the modern Fgrde population was not significantly
different from Ancestral Sogn and Fjordane (p = 0.08). Nevertheless,
the loss of some maternal lineages may have widened the difference
between modern Fgrde and other Norwegian subpopulations over
time. Indeed, the uniqueness of Sogn and Fjordane had been reported
based on both Y chromosome variation (Dupuy et al., 2006) and the
higher proportion of the Kell (K+) blood group (Kornstad, 1997). In
addition, the uniqueness of modern-day Fgrde may be due to the nat-
ural boundaries of the region (Krzewinska, 2014), with the highest
peak of Jotunheimen being located at this county's eastern border.

On a larger time scale, our phylogeographic analysis pointed to
some founder maternal lineages that are still shared by Norwegians
from the earliest inhabitants of the Mesolithic era 9000 BP and Late
Iron Age (500 to 1050 CE) (Glnther et al, 2018; Krzewinska
et al.,, 2015). The frequency of these haplogroups among the current
Norwegian population has changed modestly over time, with slightly
higher frequencies of U and K but slightly lower frequencies of H and
J (Krzewinska et al., 2015). Furthermore, the early infiltration of
Orkney, English, Scottish, Irish, and other Scandinavian lineages
through slave trading since the Viking expansion has been reported
by Krzewinska et al. (2015), who also showed their continued genetic
affinities among the samples from Haugesund, Bergen, Fgrde, and
Trondheim (Krzewinska, 2014).

In more recent times, the diversity of haplogroups among ethnic
Norwegians shows a modest expansion. All of the haplogroups pre-
sent in the Modern Norwegian population were also present among
the Ancestor Norwegian population as expected, except for
haplogroups N11 and F2a, which are present at low frequency within
the Modern population. Because these mtDNAs belong to East Eur-
asian haplogroups, their presence is likely due to recent immigration
of people from regions in which these maternal lineages are more
common, that is, South-East Asia. In addition, haplogroup L2, the only
maternal lineage of African origin, found both our study and that of
Passarino et al., (2002), also appears among one participant in The

Norwegian DNA Project (not included in this analysis) and is associ-
ated with an individual from the Dominican Republic who arrived in
Norway in 1860. A haplogroup L2 mtDNA also appears in the
Hordaland Ancestor population in an individual with a Norwegian first
name and surname. Thus, L2 mtDNA was introduced into Norway by
early immigrants. Conversely, G2al and Zla, which are both
haplogroups of East Eurasian origin, have been present among Nor-
wegian Ancestors since at least the 1600s and likely entered the pop-
ulation during recent prehistory. Haplogroup G2a is also present in
similarly low frequencies among populations of Central and Eastern
Europe, while haplogroup Z is present at about 4% to 7% among
Saami populations (Ingman & Gyllensten, 2007; Mielnik-Sikorska
et al., 2013; Tambets et al., 2004).

In conclusion, our study provides an extensive survey of mtDNA
haplogroup distributions among Norwegians. It reveals the importance
of geographic regions as boundaries of gene flow among a people
deeply influenced by Norway's topography and maritime travel
around the country. The study also serves as a comprehensive frame-
work for understanding how the pattern of genetic variation in the
Norwegian population has been shaped by major historical events
over several generations. Further studies of Norwegian maternal line-
ages, specifically those focusing on mitogenome sequence variation,
will provide a more comprehensive evolutionary portrait of Norwe-
gian population history, demography, and migration.
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Abstract

Background: We combined an unsupervised learning methodology for analyzing mitogenome sequences with
maximum likelihood (ML) phylogenetics to make detailed inferences about the evolution and diversification of mito-
chondrial DNA (mtDNA) haplogroup U5, which appears at high frequencies in northern Europe.

Methods: Haplogroup U5 mitogenome sequences were gathered from GenBank. The hierarchal Bayesian Analysis of
Population Structure (hierBAPS) method was used to generate groups of sequences that were then projected onto a
rooted maximum likelihood (ML) phylogenetic tree to visualize the pattern of clustering. The haplogroup statuses of
the individual sequences were assessed using Haplogrep?2.

Results: A total of 23 hierBAPS groups were identified, all of which corresponded to subclades defined in Phylotree,
v.17.The hierBAPS groups projected onto the ML phylogeny accurately clustered all haplotypes belonging to a spe-
cific haplogroup in accordance with Haplogrep2. By incorporating the geographic source of each sequence and sub-
clade age estimates into this framework, inferences about the diversification of U5 mtDNAs were made. Haplogroup
U5 has been present in northern Europe since the Mesolithic, and spread in both eastern and western directions,
undergoing significant diversification within Scandinavia. A review of historical and archeological evidence attests to
some of the population interactions contributing to this pattern.

Conclusions: The hierBAPS algorithm accurately grouped mitogenome sequences into subclades in a phyloge-
netically robust manner. This analysis provided new insights into the phylogeographic structure of haplogroup U5
diversity in northern Europe, revealing a detailed perspective on the diversity of subclades in this region and their
distribution in Scandinavian populations.

Keywords: Scandinavia, Migration, Phylogeny, Clade, Haplotype

Significance statement

We wanted to explore the genetic structure of haplo-
group U5 in northern Europe by employing an unsu-
pervised learning approach for phylogenetic clustering.
We accurately identified groups of mitochondrial DNA
(mtDNA) sequences that were mapped onto a phyloge-
! Center for Fertility and Health, Norwegian Institute of Public Health, Oslo, netic tree in order to make historical inferences about

norway human population history. Our results support previous
Full list of author information is available at the end of the article pop! ¥ PP P

©The Author(s) 2022, corrected publication 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes

were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver
(http/creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a
credit line to the data.

*Correspondence: dana kristjansson@fhi.no




Kristjansson et al. BMC Genomics (2022) 23:354

hypotheses that haplogroup U5 mtDNAs expanded
throughout Northern, Southern and Central Europe
with more recent expansions into Western Europe and
Africa. The results further allow us to explain how U5
mtDNAs are now found with high frequency in Northern
Europe, as well as delineate the origins of the specific U5
subhaplogroups found in that part of Europe. We have
found that the integration of hierBAPS clustering with
a maximum likelihood phylogenetic analysis delineates
clusters of similar sequences at sufficient resolution to
allow broader inferences about lineage diversification and
population migration history to be made from them. To
our knowledge, this combined approach has not yet been
applied to studies focused on human mtDNA diversity

Introduction

Over the past three decades, mitochondrial DNA
(mtDNA) variation has been used to trace human ances-
try in population genetic studies. The mtDNA is par-
ticularly informative for evolutionary studies because
it represents a non-recombining part of the human
genome, is maternally inherited, and evolves at a clock-
like rate [1]. For this reason, many tens of thousands of
mitogenomes from different human populations have
been sequenced in an effort to reconstruct the phylogeo-
graphic history of our species.

Since its first build was published in 2008, Phylotree
has become one of the most comprehensive libraries of
known global human mtDNA variation [2]. It provides a
systematic haplogroup nomenclature based on signature
polymorphisms observed in the published sequences
entered in the database. Until recently, Phylotree has
been continually updated with newly available mitog-
enome sequences, and currently incorporates data from
24,275 mitogenomes [2].

Despite it being a valuable resource, the nomenclature
used in Phylotree to assign a haplogroup status to indi-
vidual sequences remains tedious and prone to errors.
This is especially the case when a haplogroup must be
assigned to several sequences from a human population
in which several branches of an ancestral haplogroup
may have slightly varying mutations. Although algorith-
mic software that incorporates Phylotree nomenclature
can aid in haplogroup identification [3-7], constructing a
phylogenetic tree that is consistent with Phylotree haplo-
group labeling still remains an iterative and slow process.

A maximum likelihood (ML) phylogeny based on single
nucleotide polymorphism (SNP) calling can be referen-
tially rooted at an ancestral sequence, and also take into
account character transformations using different evo-
lutionary models that can be validated using bootstrap-
ping methods or bootstrap approximations [8—10]. While
ML is often employed to understand the evolutionary
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relationship of non-human species, its use in human
mtDNA analyses has been limited due to the tediousness
of assigning each mitogenome sequence to a Phylotree
haplogroup. In addition, the similarity of the sequences in
large human populations typically studied in these analy-
ses can often result in unintelligible, dense, and unorgan-
ized trees. As a consequence, the genetic relationships of
groups of similar sequences become difficult to disentan-
gle and categorize for broader, evolutionary inferences.
Furthermore, since Phylotree was last updated back in
February 2016, several haplogroups have been recently
defined but not integrated into the current nomenclatu-
ral system [11-15]. Thus, a method that could quickly
categorize new sequences at high resolution would be
extremely useful for phylogenetic studies.

One such method of making these classifications is the
hierarchical Bayesian Analysis of Population Structure
(hierBAPS) algorithm. This algorithm identifies clusters
of sequences based on the corresponding allele frequen-
cies within that cluster [16]. It is especially useful for
quickly grouping sequences from several individuals who
have different haplotypes but share a common ances-
tral lineage. The grouping of large clusters of ancestrally
derived sequences further allows broader inferences to
be made about their evolution, and can lead to a more
refined visual organization that may not be evident based
on detailed haplogroup labeling alone.

The hierBAPS clustering has usually been conducted in
studies of haploid DNA from microorganisms [17, 18]. In
particular, it has been utilized for several years in com-
bination with ML phylogenetics for studies of bacterial
populations [16, 19, 20]. However, this combined meth-
odology has yet to be applied to an evolutionary analysis
of human mtDNAs.

Haplogroup U5 as a case study
Haplogroup U5 is one of the most ancient mtDNA lin-
eages to have existed in Central Europe prior to its dis-
persal into Northern Europe [21, 22]. This haplogroup
is thought to have evolved in the western steppe region
[23] and then entered Europe around 30 to 55 kya [1, 24].
It appears to have expanded into Europe before the end
of the Last Glacial Maximum (LGM) over 20 thousand
years ago (kya) [1, 25-27], i.e., before the thick ice sheets
covering most of northern continental Europe were in
the final stages of dissipating away from the interior.
Today, the frequency of U5 varies between 5-12% in
most European countries [28, 29]. Its frequency varies
particularly widely within Northern Europe. Haplogroup
U5 mtDNAs are present in northern Saami populations
at over 50% [30—32], while their corresponding frequen-
cies in the southern areas of the Scandinavian countries
(Norway, Sweden, and Denmark) lie between 6-15%
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[31, 33, 34]. These differing frequencies raise interesting
questions about the phylogenetic structure of this major
lineage and the timing of the dispersal of its subbranches
within the European continent.

On this note, while both Saami and Finns speak Finno-
Uralic languages, the two populations do not share a
close genetic relationship based on nuclear DNA marker
loci [35]. This pattern is also true to some extent based
on mtDNA data. Apart from Scandinavia, U5b mtD-
NAs with the “Saami motif” (defined by the T16144C,
T16189C, and C16270T control-region variants; Tambets
et al. 2004) have been observed at significant frequencies
in populations from the northwestern Pskov Oblast and
the Republic of Karelia in Russia [31, 36]. This distribu-
tion points the emergence of U5b mtDNA in ancestral
Saami (Uralic) groups, and their dispersal into surround-
ing Indo-European populations through admixture.

Based on this evidence, it is generally agreed that the
Saami are genetically distinct from other European popu-
lations [32, 37, 38], although the source of U5 mtDNAs
among these European populations is not entirely clear.
Therefore, a broader analysis of the phylogeographic fea-
tures of haplogroup U5 is necessary to fill this knowledge
gap. The aim of this study is thus to combine hierBAPS
analysis of haplogroup U5 mitogenome sequences with
maximum likelihood (ML) phylogenetics to make infer-
ences about the evolution and dispersal of this major
maternal lineage in Northern Europe.

Materials and methods

Mitogenome sequences

Data for haplogroup U5 mitogenome sequences were
retrieved from the European Nucleotide Archive and
GenBank (7=873) (accessed on 31 May 2021) and the
search was limited to “whole mtDNA” and “haplogroup
U5” For the purposes of this study, we separated Nordic
populations into Saami, Scandinavia (Norway, Denmark,
and Sweden), and Finland categories. Finland was sepa-
rated from Scandinavia in this analysis due to its geo-
graphic isolation from the Scandinavian Peninsula and
its linguistic distinctiveness. Specific information about
the ethnicity or original location of the individuals rep-
resented by these sequences was available for 855 (97.8%)
of the total dataset. The accession numbers of the sam-
ples are provided in the data availability statement.

Phylogenetic analysis

Maximum-likelihood phylogeny

We constructed a ML phylogeny from the 873 U5 mitog-
enome sequences with the software IQ-tree 1.6.12
[9]. The phylogeny was constructed under the best fit-
ting nucleotide substitution model inferred by jMod-
elTest [39, 40], which was TIM3 + F +R3 based on the
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Bayesian Information Criterion (BIC). Branch support
was achieved by the approximate likelihood ratio test
(aLRT) [41] based on resampling the estimated log-
likelihood method with a simple but effective collection
scheme of candidate trees [39]. This was accomplished by
applying the UFBoot algorithm [10] for 10,000 replicates.
UFBoot overcomes the computational burden required
by the standard nonparametric bootstrap, and can be
interpreted as providing an unbiased bootstrap support
with 95% support which corresponds to a 95% probability
that a clade is true [42].

Partitioning mtDNA sequences using hierBAPS

To identify clusters of closely linked sequences within
the 873 U5 mitogenome sequences, we employed the
hierBAPS algorithm [43]. This algorithm groups DNA
sequences into clusters in a hierarchical manner, and
can be used to project the grouped sequences onto an
independently derived phylogenetic tree [19]. The hier-
BAPS algorithm assumes that each individual sequence
is drawn from one of several distinct genetic subpopu-
lations, with each cluster having its own set of allele
frequencies.

To apply hierBAPS to mtDNA sequences, we utilized
an R software implementation of algorithm, RhierBAPS,
that is available on the Comprehensive R Archive Net-
work [19]. Briefly, the hierBAPS algorithm attempts to
maximize the posterior probability of an allocation of a
sequence over other possible allocations, assigning each
individual sequence to specific clusters. After the num-
ber of clusters (K) is specified, the algorithm partitions
the sequences of the dataset into as many groupings as
possible (up to K, clusters). The initial number of K
clusters can be chosen based on the number of subpopu-
lations expected, and can be increased on each re-run of
the algorithm. The algorithm is typically re-run until the
number of clusters stops increasing.

The clusters were refined into levels of low to high res-
olution of cluster specificity. We conducted three differ-
ent cluster-level combinations: Level 1: 4 groups, Level
2: 11 groups, and Level 3: 24 groups. To distinguish Phy-
lotree labels from hierBAPS groups for the demonstra-
tive purposes of this study, alphabetical letters or roman
numerals were used to represent hierBAPS labels. It is
important to note here that the hierBAPS group labels
provided by the algorithm, denoted by roman numerals,
are generated in arbitrary order.

We also explored hierBAPS clustering using only the
coding regions of the mitogenome sequences. This step
was carried out by extracting the coding regions of the
sequences using the Harvesttools package [44]. We con-
ducted four cluster-level combinations on these data:
Level 1: 3 groups, Level 2: 6 groups, Level 3: 12 groups,
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and Level 4: 18 groups. The highest resolution results for
both the coding region only and the whole mitogenome
sequences were then compared.

Haplogroup identification

We used Haplogrep, version 2.1.21 [5] to assign a haplo-
group to each mitogenome sequence based on its muta-
tional signature, independent of the hierBAPS grouping.
Haplogrep computes these classifications on pre-calcu-
lated phylogenetic weights that correspond to the occur-
rence of a polymorphism per position in Phylotree Build
17 [2], which, in turn, reflects the mutational stability of a
variant. Mutations were identified relative to the Recon-
structed Sapiens Reference Sequence (RSRS) [24], which
allows for the naming and mapping of human mtDNA
haplogroups from an ancestral root.

To be clear about the outcome of this analysis, we have
utilized the following definitions when discussing the
details of the U5 phylogeny. First, a haplogroup is a group
of similar haplotypes that share a combination of ances-
tral polymorphisms commonly inherited together, such
as U5. Similarly, a subhaplogroup is a branch of a haplo-
group containing a subset of the sequences defined by the
parent haplogroup but defined by its own set of muta-
tion, such as U5b or even more specifically U5b1blb.
By contrast, a subclade is a cluster of related haplotypes
associated with a hierBAPS grouping. On a more general
level, a lineage is a maternal line of descent often referred
to in population studies, and a branch is a part of the phy-
logenetic tree that extends from a root or major trunk.

Haplogroup age estimates

A temporal framework for the divergence of haplogroup
U5 branches was assessed with TempEst v.1.5.1 [45].
Age estimates with 95% confidence intervals were cal-
culated using the Least Squares Dating IQ-tree plugin
[46]. To calibrate the ages, we used a root age based on
the reported 177 £11 kya age estimation for the RSRS
sequence reported by Behar and colleagues [24], as well
as radiocarbon dating for ancient samples bearing U5
mtDNAs [22, 47, 48].

Comparative data analysis

Due to the fact that the GenBank sequences were col-
lected for specific research purposes, had a low sample
size per region, and did not encompass all geographic
locations, it was not possible to make conclusions about
haplogroup prevalence based solely on these data. Thus,
the GenBank sequences were only utilized in this study
for the purposes of making conclusions about the group-
ings and evolutionary relationships between sequences
from an ancestral inference point.
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To understand the geographical prevalence of U5 based
on more representative data, we conducted a search of
studies reporting the frequency of U5 mtDNAs within
various populations. The frequency from each specific
region was then tabulated. For more specific information
about the major subhaplogroups within U5, we obtained
data from 6488 individuals from the public database on
the U5 mtDNA Project available from FamilyTreeDNA
[49]. The overall frequencies of U5 mtDNAs were plotted
on a geographic heat map using the statistical program-
ming language R, version 3.6.3 (The R Foundation), and
its graphical package ggplot2.3 [50].

Results

Bayesian Analysis of hierBAPS Groups

The least detailed hierBAPS analysis (Level 1) identi-
fied four major clusters within haplogroup U5. These
included A: Ubal; B: U5a2; C: U5bl+U5b3; and D:
U5b2. The most detailed hierBAPS analysis (Level 3)
identified 24 groups. The 24-group analysis listed the
RSRS separately as group VIII, while the other 23 groups
corresponded to the specific subclades listed in Table 1.
Excluding the RSRS sequence, each of the 23 hierBAPS
groups shared a set of polymorphisms that enabled the
hierBAPS algorithm to generate specific clusters for them
(Table 2). About 32.5% (1 =28) of the group-defining pol-
ymorphisms occurred in the non-coding control region
of the mitogenome sequence.

All hierBAPS groups and the specific set of polymor-
phisms shared among them were mutually exclusive, i.e.,
no haplogroups were defined by a set of polymorphisms
that was common to two different hierBAPS clusters.
Additionally, the hierBAPS algorithm was able to accu-
rately cluster all sequences belonging to a specific sub-
haplogroup even though each member of a hierBAPS
group did not contain all diagnostic polymorphisms for
a haplogroup defined by Phylotree. For example, not all
sequences clustering in subclade III, represented by sub-
haplogroup U5al, contained the polymorphisms 14793G
and 16256 T, which are diagnostic for this subhaplogroup
according to Phylotree, build 17. However, all subclade
III sequences contained a sufficient number of common
polymorphisms unique to them such that they could be
partitioned to this branch within the U5 phylogeny.

The hierBAPS analysis also revealed considerable sub-
structure within subhaplogroup U5b. Subhaplogroup
U5b3, which is present in less than 1% in most human
populations [51], was placed in subclade IV along with
several other U5b1 sequences. Despite having other dif-
ferences between them, the haplotypes within subclade
IV shared two specific control region mutations, 16233C
and 16230A, which caused them to cluster together both
in the ML phylogenetic tree and in subclade IV.
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Table 1 HierBAPS groups and their representative subclade(s) based on the human mtDNA U5 haplogroup
hierBAPS Broad Major Subclade(s) or Haplogroups Specific Haplogroups Included N %
Groups  haplogroup
(4-digits)
i U5a2 U5a2, U5a2b, U5a2c, U5a2d U5a2, U5a2+ 16294 T, USa2b, U5a2b1a, U5a2b1b, Usa2bic, 90 103
U5a2b1d, U5a2b2, U5a2b2a, U5a2b3, U5a2b3a, Usa2b3al, Usa2b4,
U5a2b4a, U5a2¢, USa2c1, USa2c3a, USa2c4, Usa2d, Usa2d1,
USa2d1a
I U5a2 U5a2e USa2e m 13
1 Usal U5al, USalg, Usali USal, USalb, Usalb+ 16362C, U5alb1, Usalb1a, Usalblb, 128 146
U5alb1b1, USalbic, USalblcl, Usalblc2, Usalb1d 4+ 16093C,
USalb1d1, Usalble, USalblg, Usalblh, USa1b2, USa1b3, U5Salb3a,
USalb3al, U5alb4, Usald, U5ald1, U5ale, USalfla, USalf2, U5alg,
USalgl, U5ati, U5alil U5alj
14 U5b1+4U5b3  US5b1,USbla, Usb1d, U5sb1f, Usb1i, Usb3  U5b1, Usbla, USb1d1a, Usb1d1b, USb1d1c, Usb1d2, Usb1f, Usb1f1, 44 5
U5b1fla, USb1i, U5b3, USb3ala, Usb3a2, Usb3b1, U5b3b2, USb3e,
U5b3h
v U5b1+4U5b3  U5b1+16189C!, U5b1b, USb1c U5b1+416189C!, USb1b, USb1b2, USb1b2a, USb1b2b, USb1c, 72 82
USbicla, Usblclal, Usb1c2, Usb1c2a, Usb1c2b
Vi Usal USala2 U5ala2, Usala2a, U5Sala2al, Usala2ala, U5ala2b1 26 3
Vil Usal Usath USath 7 0.8
RSRS RSRS RSRS 1 0.1
X US5al U5ald2 U5ald2a, U5ald2al, Usald2b 18 21
X U5al USalc USalc 28 32
X Usal USalal USalal,Usalala, USalalb, USalalc USalald, Usalalh, U5alali 89 102
Xl Usb2 Usb2a U5b2a, U5b2alb, U5Sb2a3, U5b2a3a, USb2a4, USb2a4a, USb2a5, 25 29
U5b2a5a, U5b2a6
Xl U5sb2 U5b2, USb2c U5b2, U5b2c1, USb2c2, Usb2c2b m 13
XV Usb2 U5b2a2 U5b2a2, U5b2a2a1, Usb2a2b, USb2a2b1, U5a2a2c 29 33
XV Usb2 Usb2b U5b2b, U5b2b2, U5b2b3ala, U5b2b4, Usb2b4a, U5b2b5 19 22
XVI Usb2 U5b2b1 U5b2b1a, U5b2b1al, USb2ala2, Usb2blb 10 11
Xvil U5b1+4U5b3  USbibla USb1b1a, USbiblal, USb1blala, Usbiblalal, Usbiblalb, 83 93
USb1b1a2, USbib1a3
XVl U5b1+4U5b3  USb1bl U5b1b1, Usb1b1+152C!, Usb1blb, USb1b1d, Usbible, Usb1b1f, 39 45
U5b1b1g1, Usb1blgla
XIX U5b2 U5b2ala+16311T! USb2ala+16311T!, U5b2alal, USb2alala, USb2alald 32 37
XX Usb2 U5b2ata2 USb2ata2 5 0.6
XXI Usa2 U5a2a USa2a, U5a2al, U5a2al+152C!, U5a2ala, USa2alb, Usa2alb1, 70 8
U5a2alc, USa2ale
XXl U5a2 U5a2a2a US5a2a2a 8 09
XXl U5b1+U5b3  USblel U5blel, USblela 25 29
XXIV U5b1+U5b3  USblel (-T8337C) USblel (+T18337C) 6 0.7

By contrast, the sequences assigned to subclade V
appeared in two places in the phylogenetic tree. One was
situated between subclades IV and XXIII, and the other
between subclades XXIV and XVIIIL This subclade is also
part of subhaplogroup U5bl, although all its constitu-
ent subhaplogroups (e.g., U5b1b, U5blc) arose after the
T16189C! mutational event. Subhaplogroup U5blb1 was
placed in subclade XVIII, while its daughter branches in
U5b1lbla were clustered into subclade XVIII.

In addition, the hierBAPS algorithm grouped subhap-
logroup U5blel+T8337C (subclade XXIV) with its

parent haplogroup U5blel (subclade XXIII). This dis-
tinction was not previously noted in Phylotree (Build 17).
Both subclades XXIII and XXIV contained a set of poly-
morphisms diagnostic for subhaplogroup U5ble, with
subclade XXIV sequences also having the T8337C poly-
morphism in the mtDNA tRNA* gene.

ML phylogenetic tree projection

The hierBAPS group results were projected onto an ML
tree from lowest to highest number of clusters (Figure
S1). The Level 3:24 group analysis provided the most
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Fig. 1 A phylogenetic tree with 23 hierBAPS groups of haplogroup U5 mitogenome sequences. Roman numerals denote the hierBAPS subclades.
The hierBAPS subclades were superimposed on a phylogenetic tree, generated using maximum likelihood analysis, to help visualize the
phylogenetic relationships of each sequence. The yellow coloring represents the U5a subhaplogroup while the blue coloring represents the U5b

USalc

USald2

detailed hierBAPS groups, and specific subclades could
be identified in accordance with the nomenclature in
Phylotree.

The subclades represented by each of the 23 hierBAPS
groups were mapped onto a ML phylogeny to determine
how well they cohered with the phylogenetic branches
produced with this method (Fig. 1). These branches
could be subdivided into four main clusters guided
by the Level I1:4 group analysis: A (U5al), B (U5a2), C
(U5b1 +U5b3), and D (U5b2). Within these main clus-
ters, subclades with nested groups were III (U5al) and
V (U5b1+T16189C!+T16192C!, U5blb, U5blc). Sub-
clade III also had several nested subclades, including VI
(U5ala2a), XI (U5alal), IX (U5ald2), X (U5alc), and VII
(U5alh), while subclade V consisted of the nested sub-
clades XXIII (U5ble) and XXIV (U5blel +T8337C).

The ML phylogeny generated from only the coding
region of the mitogenome sequences had a similar con-
formation to that based on whole mitogenome sequences
(Figure S2). However, the hierBAPS algorithm was able
to identify more specific hierBAPS groups (n=23) for
the whole mitogenome sequences compared to the ML

phylogeny based on coding-region sequences (n=18).
The coding-region hierBAPS groups and their corre-
sponding whole mitogenomes equivalents are shown in
Table S1. This table indicates that the hierBAPS group-
ings are less specific without the non-coding region of
the mitogenome sequence.

Geographic distribution of haplogroup U5 and its
subclades

To better understand how the U5 phylogeny related to
the geographical sources of the mitogenome sequences
comprising it, we marked the geographic region from
which each mtDNA originated using different colors
(Fig. 2). The geographical distribution of the sequences
is tabulated in Table S2. For the purposes of this study’s
focus on northern Europe, the regions are defined by
geographic location as follows: Africa (Burkina Faso,
Berber, Fulbe, and Fulani ethnic groups), Western
Europe (Ireland, Germany, United Kingdom), South-
ern Europe (France, Italy, Spain, Sardinia), Scandinavia
(Denmark, Norway, Sweden), Finland, Saami (includes
Saami from Scandinavia and Finland), Central Europe
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(Czech Republic, Hungary (Roma), Poland, Serbia, Slo-
venia, Slovakia), Eastern Europe (Baltic, Belarus, Cau-
casus, Russia), Asia (India, Iran).

Although this phylogenetic tree cannot be interpreted
as an exhaustive representation of every known U5
sequence, it nevertheless provided important insights
into the way that the hierBAPS groups, each representing
U5 subhaplogroups, are regionally related. It also demon-
strated that the hierBAPS algorithm, along with ML phy-
logenetic visualization, can be utilized as a starting point
for understanding the divergence of mtDNA haplogroups
in evolutionary and geographical terms.

Haplogroup U5sb
The phylogenetic groupings produced with the hier-
BAPS algorithm demonstrated that some sequences

specifically clustered by geographic region (Table S3).
For example, subclade V contained Central European and
Scandinavian branches, including subhaplogroup U5blc
(Age: 12.1 kya; 95% CI:7.7-19.7), and subhaplogroups
U5b1+16189C! and U5blb (Ages: 17.6; 95% CI: 10.4—
25.9 and 15.4; 95% CI: 19.5-23.2, respectively) (Table S4).
Subhaplogroup U5blel (age: 6.4; 95% CI: 4.2-10.1) mtD-
NAs were also mainly present in Central and Eastern
European populations [25]. By contrast, subhaplogroup
USblel sequences were nested between two branches
containing Finnish and Scandinavian/Central European
mtDNAs, respectively, implying that they were related to
both of them.

Subhaplogroup U5bl branched off between sub-
clade XVIII, which includes 33% of sequences from
Africa (subhaplogroup U5b1bl) (age: 12.5 kya; 95% CI:
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8.8-18.2) and subclade XVII, comprised of mostly Saami
and Finnish mtDNAs (subhaplogroup U5blbla) (age: 4.1
kya; 95% CI: 2.7-6.2) sequences. The shared ancestry of
U5b1bl mtDNAs in both the Saami and African popula-
tions confirmed findings from an earlier study suggesting
that the divergence of these subhaplogroups occurred in
southwestern Europe in the Franco-Cantabrian refuge
during the Last Glacial Maximum [52]. Subclade XVIII
sequences later spread to other African ethnic groups,
including the Fulbe, Mande, and other nomadic or pasto-
ral peoples which were part of the former Ghana Empire
of Western Africa [53].

A detailed overview of subclade XVII (subhaplogroup
U5blbla), including the phylogenetic results and the
countries in which they occur, is shown in Fig. 3, with age
estimate confidence intervals being shown in Table S5.
Ubsblbla is found in Finns, Saami, Poles, Belarussians,
and Yakuts of eastern Russia, although the vast majority
of these mtDNAs appear in the Saami and Finns. While
a number of U5blba and U5blblal haplotypes in the
Saami and Finns are similar, the Saami have U5blbla3
mtDNAs with the A16335G mutation that Finnish popu-
lations lack, suggesting they arose in this ethnic group.

We also found other U5 branches within Northern
Europe has an estimated age older than subclade XVII
(subhaplogroup U5blbla) (age: 4.1 kya; 95% CI: 2.7-6.2).
For example, subclade XII (subhaplogroup U5b2a) (age:
22.8 kya; 95% CI: 16.3-32.1) mtDNAs were shared by
Finns and Scandinavians, while subclade XXI (subhap-
logroup U5a2a) (age 17.5 kya; 95% CI: 11.7-25.6) were
shared by Finns and Saami. This pattern suggests the
presence of subhaplogroups other than U5blbl among
Saami populations, which may have arrived with popula-
tions from Finland or the Scandinavian peninsula.

Haplogroup U5a

Subclade VII (subhaplogroup U5alh) (age: 1.4 kya; 95%
CI: present day-3.7), which includes 45 common poly-
morphisms, exhibited haplotypes with the diagnostic
G1303A, C3192T, T3591A, T4592C, C11296T, C11938T,
G12618A, and C16239T motif as well as other polymor-
phisms which are present in other U5al mtDNAs. Sub-
clade U5alh was present in six samples from Denmark
and one from Yorkshire, England, indicating a probable
maternal lineage of Viking Age Danish settlers in north-
western England [54].

As expected, hierBAPS groups that occurred earlier in
the phylogenetic tree were less geographically specific
than later-occurring hierBAPS groups. Subclade III (Age:
20.1; 95% CI: 15.3-28.3), was the most geographically
diversified hierBAPS group, and included U5al mtDNAs
from Southern Europe, Scandinavia, Finland, Central
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Europe, and Eastern Europe (Fig. 4; Table S6). Subclade
X (subhaplogroup U5alc) (Age: 10.7 kya (95% CI: 5.7—
18.1), contained mostly sequences from Eastern and
Central Europe with some coming from Denmark. The
sequences of U5alb (Age: 11.0 kya (95% CI: 8.0-16.3)
contained several geographic regions, with its distal hap-
lotypes being mostly Scandinavian, Finnish and Eastern
European in origin, A similar trans-European clustering
was observed for haplogroup U5alal (subclade XI) (Age:
10.9 kya (95% CI: 7.8—16.0)).

Interestingly, subhaplogroups U5alg (Age: 11.2 kya
(95% CI: 6.5-18.6) and U5ali (Age: 11.9 kya (95% CI:
6.2-19.8), which are found in Iran (Qashqai), India, the
Caucasus, and Russia, point to the dispersal of some U5a
lineages into eastern regions, as well. These subhaplo-
groups lacked the extended daughter lineages observed
in other subhaplogroups of U5al. This finding suggested
that these lineages did not diversify as successfully as did
Ubalb and Ubala, or else the current sampling of global
populations is sufficiently incomplete so as not to reveal
any derivative branches. In either case, there is also a lack
of daughter haplogroups for U5ali and Ubalg in Phy-
lotree [2].

Comparative data analysis

To obtain further information about the dispersal of U5
mtDNAs, we aggregated sequence data for this haplo-
group from published sources (Table S7 and Supplemen-
tal Material 1) and projected them onto a Eurasian map
(Fig. 5). Overall, U5 mtDNAs were most prevalent among
Saami populations of Norway, Sweden, Finland, and the
Kola Peninsula (between 40-64.8%). They were next
most frequent in Uralic speakers, mostly Finns (23.1%
in higher latitudes of Finland to 15.6% in the southern-
most part of the country) [27, 31, 35, 55], and then Esto-
nians, Karelians (16.0%) [31], Mordovians (15.9%) [31],
and Russians from the Pskov Oblast (19.2%) [36], the lat-
ter region having long barrow burials pointing to early
Finnic tribe settlements in the ninth-tenth century [56].
In addition, north-dwelling Norwegians (19.0%) [57-60]
and Swedes (16.6%) [31, 55] had a moderate frequency of
U5 mtDNAs. As a whole, Finns had a higher proportion
of U5 mtDNAs than Scandinavians [37].

We found almost exclusively U5bl sequences (9/10)
in the Saami, and this finding is consistent with previous
studies showing that the majority of Saami U5 sequences
belonged to this subhaplogroup (about 40-65%, depend-
ing on the country) [30, 32, 61]. Even so, we observed a
single Saami sequences in subclade XXI (U5a2a), which
appears to have separate evolutionary origin from those
from the younger subclade XVII (U5b1bla). It is therefore
possible that U5 mtDNAs in the Saami have two sources,
the first being Southern Europe via the Franco-Cantabrian
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refuge (U5b1), and the other from Finland and/or Central
Europe (U5a2) [subclade XXI]). With regard to the U5a2
sequence, it was detected in a Saami from Finland, and
may have entered Northern Europe during 8% to ninth
century migrations from Estonia [62].

In populations from Western, Southern and Central
Europe, none of the four major subhaplogroups (U5al,

U5a2, U5bl, U5b2) represented more than 50% of the
U5 mtDNAs found in those regions. This distribution
implies that a greater diversity of U5 subhaplogroups
is present in these areas. Since U5a has been most
prevalent in Mesolithic Eurasia at approximately 65%
[28, 48] and appears to be widespread, it is less clear
as to whether this subhaplogroup had a west-to-east
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or east-to-west dispersal. Since we found evidence of
its earliest haplogroups across Europe, it is more likely
that dispersal happened in both directions.
Subhaplogroup U5b1b diverged and spread in differ-
ent directions from Europe. According to our survey of
GenBank sequences and the results of Achilli and col-
leagues [52], nearly all African U5 sequences belong
to subhaplogroup U5blb. Its dispersal across North

Eurasia and into North Africa suggests that U5b1 had
the broadest dispersal of the U5 subhaplogroups.

Discussion

When applied to a dataset of 873 human U5 mitoge-
nome sequences, a combination of hierBAPS clustering
with ML analysis accurately reconstructed phylogenetic
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branches that were consistent with the haplogroup U5
phylogeny presented in Phylotree. The findings sup-
port the view that the spread of U5 mtDNAs in North-
ern Europe was skewed from west-to-east through U5b,
although some subhaplogroups of U5a found in North-
ern Europe appear to have been dispersed in both west-
to-east and east-to-west directions.

Compared to using Haplogrep2 alone, the hierBAPS
groups provide a less tedious, yet accurate method for
clustering several haplogroups to investigate population
history questions requiring multiple levels of analyti-
cal refinement of mtDNA haplogroups. For population
genomics, in which several individual sequences are
considered simultaneously, this method of mitogenome
sequence characterization provides an additional layer
for identifying nested genetic population structures sep-
arated by allelic patterns. Combining hierBAPS with an
ML tree also allows an understanding of similar groups
from an evolutionary inference point. To our knowledge,
this is the first study to incorporate a hierBAPS analysis
with ML phylogenetic tree in a human mtDNA study to
investigate historical and evolutionary relationships.

The hierBAPS-ML application

Studies of non-human species that utilized a hierBAPS-
based phylogeny vary with respect to the description
of the relationships between subclades and the genetic
material being analyzed, for example, mtDNA [63] or
chloroplast DNA and genomic markers [64—66]. These
studies are typically supplemented by additional analyses,

such as admixture and estimates of genetic diversity,
or the addition of other biomarkers in the population,
to draw inferences about their geographical dispersal
[64—66].

A recent human mtDNA study used the non-hierar-
chical version of BAPS in its analysis to identify the ori-
gin and genetic affinities of Hill Tribes in Thailand with
respect to other Asian populations [67], although a phy-
logenetic analysis was not undertaken in this study. After
mapping the hierBAPS group within each specific popu-
lation, the authors concluded that, although geographic
neighbors were included within the same BAPS groups,
it was not possible to draw any conclusions about the
regional ancestry of the Hill Tribes. Similarly, mtDNA
HVS-I sequences in African Brazilians have been ana-
lyzed using the same approach, although this analysis
utilized hierBAPS to assess only basic population genetic
structure, not the phylogenetic relationships among the
sequences or the nested phylogenetic structure that hier-
BAPS provides [68].

While these studies assessed the genetic structure of
the study populations, they were specifically limited in
the ability to make evolutionary inferences about the lin-
eages present in them. The incorporation of a rooted ML
phylogeny facilitates making temporal inferences about
the branching structure by mapping the progression of
polymorphisms from an ancestral point-of-reference to
the clusters found by the BAPS algorithm.

One of the greatest advantages of integrating hierBAPS
algorithmic clustering with phylogenetic analysis is that it
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quickly disentangles relationships between large groups
of similar sequences that would otherwise be difficult to
interpret using haplogroup nomenclature alone. We have
observed that the ability to distinguish between simi-
lar sequences was more specific when the mtDNA non-
coding region was included, and less specific when it was
removed. This outcome was expected, considering the
high number of mutations that occur in the non-coding
region of the human mitogenome [1]. Thus, with respect
to mtDNA diversity, the greater the allelic information
provided to the hierBAPS algorithm, the more detailed
the resulting clustering.

U5 Sequences in Northern Europe

The hierBAPS-ML analysis of haplogroup U5 was espe-
cially enhanced when combined with geographic infor-
mation, age estimates, and U5 demographics. The results
of this analysis confirmed a previous study of haplogroup
U5 [25], which documented that subhaplogroup U5bl
expanded into Central and Southern Europe before it
spread into Western Europe. Our results build upon
this earlier study by focusing on the high frequency of
U5 mtDNAs within the populations of the Scandinavian
Peninsula and Finland, and exploring the geographic
sources of the sequences that appear within the phylog-
eny of U5.

The hierBAPS-ML phylogeny showed that popula-
tions from Finland, Scandinavia, North Africa, and
Central and Eastern Europe share several U5 subclades/
hierBAPS groups. A previous study by Tambets and co-
workers [32] found that the geographical source of the
Saami-specific U5b1bl subhaplogroup was difficult to
discern. While haplogroup diversification in Southern
and Western Europe indicated a west-to-east migration,
the observation that the Saami-specific lineages were
also present in Uralic-speaking populations of Eastern
Europe [32] suggested that U5b1b may have arisen in and
spread with these groups [32]. Our results supports the
view that U5b1b divergence likely occurred via a scenario
in which one subhaplogroup (U5b1bl) became promi-
nent among African populations after hunter-gatherers
crossed the Strait of Gibraltar [52]. The other subhap-
logroup, U5blbla (subclade XVII) became prominent
farther north in Scandinavia with the spread of U5b1bl,
which eventually gave rise to the “Saami motif” [32,
37]. Furthermore, our phylogenetic tree showed that
both lineages were distantly related to the younger sub-
haplogroups U5blc and U5blel in Central and Eastern
Europe. This finding confirms that the migration of U5b1
mtDNAs likely occurred from west to east rather than
the opposite direction.

Studies of the maternal lineages of Saami populations
have focused on haplogroups U5blbl and V because
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they are found at the highest frequencies in these and
other Scandinavian populations [32, 69]. While U5b1b1
comprises the vast majority of Saami U5 mtDNAs, other
haplogroups in Saami populations may potentially have
Southern and Central European sources. Lahermo and
colleagues found a single U5b sequence, likely U5b3
based on its having the T16304C polymorphism, that was
shared by Saami, Finns, and eastern-dwelling circumarc-
tic populations [35]. Our analysis shows that this sub-
haplogroup is present among modern populations from
Southern and Central Europe in addition to Scandinavia,
indicating that it has a wide distribution. In fact, U5b3 is
found at its highest frequency in Sardinia (3%), although
it is the least frequent major U5 subhaplogroup in Europe
(<1% in most populations) [51].

Due to its proximity to Atlantic moisture, the Norwe-
gian shelf was deglaciated between the local LGM and
14-10 thousand calibrated years before present (cal BP)
[70], allowing migration from Southern Europe into
Northern Europe to occur at that time. While Southern
Europe became habitable for settlement during the Last
Glacial Maximum, archeological evidence suggests there
another co-existing refuge in the so-called “periglacial
zone” was located in Ukraine and the West Siberian Plain
[71]. Geological evidence supports this view, as ice retreat
from the eastern portion of the Fennoscandinavian Ice
Sheet led to the formation of large ice-dammed lakes sep-
arating the Baltic countries and Russia from Scandinavia
[72], preventing early human migrations there. The Baltic
Ice Lake persisted until approximately 11,6204100 cal
BP when dissipated, and before the time by which several
U5 lineages had already started to expand [73].

Of these lineages, U5a2 constitutes a larger proportion
of the U5 sequences in Eastern Europe, while there are
also daughter branches of Group XXI containing Scan-
dinavian, Finnish, and one Saami sequence. The earliest
dispersals of U5a2 appear to have occurred in Central
and Eastern Europe, with later dispersals into Scandina-
via/Finland. We also note that some early U5al subhap-
logroups (namely U5alg and Ub5ali) occur in the east.
This second Ukrainian/Pontic refuge is a possible source
of some U5 lineages having an eastern geographic origin.

The high frequency of U5, particularly U5b1 among
the Saami, appears to be the result of genetic drift [31,
35, 74]. This interpretation is supported by a number of
studies based on SNPs, and microsatellite markers which
show a high level of linkage disequilibrium among the
Saami [74-77] compared to surrounding Scandinavian
populations. Most genetic studies further indicate that
the Saami population formed as the result of several
migration events into Fennoscandia through the coastal
edges of land, after which the limited population size had
minimally expanded over a long period of time [35, 78].
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In this regard, Uralic speakers have been shown to have a
distinct ancestral component of Siberian origin [79], with
the Saami exhibiting a sizable proportion (13%) of East
Eurasian ancestry [80].

It is not until the influx of haplogroups accompany-
ing later dispersals during the Neolithic (approximately
11,000 — 6,500 kya) [81] that there is genetic evidence
showing that the predominant U5 subhaplogroups had
been diluted in Europe [82]. The Neolithic agricultur-
alists of central Europe carried mainly Nla, but also
H, HV, ], K, T, V, and U3 haplogroups [83]. These Neo-
lithic maternal lineages did not extend as successfully far
north, where U5 comprises over 50% of maternal lineages
among the Saami. Among Finns and Scandinavians, U5
continues to be the second-most frequent haplogroup
after H [30, 31, 33].

Given its widespread distribution in Europe and espe-
cially northern Europe, there has been speculation about
the possible adaptive features of haplogroup U5 mtD-
NAs. As an example, nonsynonymous substitutions iden-
tified in subclades U5al and U5alalb were found to arise
at the time of maximal decrease in temperature, and sug-
gested to reflect adaptive changes to the cytochrome b
and ND5 gene in Europeans during the glaciation period
[84]. That is, they were surmised to have produced more
uncoupled mtDNAs that generate additional heat as a
by-product of normal oxidative metabolism [84]. While
these are intriguing results, more work is needed to dem-
onstrate that these variants actually have this physiologi-
cal effect.

From a clinical standpoint, haplogroup U5 has been
linked to a number of complex diseases. For example, a
case—control study of 406 patients and 183 healthy con-
trols found a favorable statistical association between
haplogroup U5 and the risk of cardiovascular infarction,
but a higher risk of a low ventricular ejection fraction
(<40%) [85]. Another study found biological mechanisms
that supported higher sperm motility among patients
with U5 mtDNAs [86]. A third study found that the par-
ent haplogroup U occurred at high frequency among
patients with elevated risk for occipital brain infarct [87],
with a related study suggesting that the association was
due to a high frequency of haplogroup U5 [88]. Given
that these findings are largely correlative in nature, veri-
fying these associations and elucidating the mechanism
by which this maternal lineage produces disease pheno-
types will be needed to clarify the possible role of haplo-
group U5 in human health and disease.

In conclusion, the combined hierBAPS-ML based
phylogeny analysis provides insights into the phylo-
geographic partitioning of genetic diversity, providing a
panoramic view of the range of subclades present. Fur-
ther, it can quickly identify large subclades of related
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subhaplogroups for population studies that require
analysis of a large number of individuals. Combined
with archeological evidence, linguistic, and sociocultural
knowledge, this methodology provides a visual consoli-
dation of both ancestral and derived features of major
mtDNA lineages that can enhance our understanding of
human migration history.
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