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ABSTRACT 

Europe is a region characterized by a long history of both settlement and re-settlement. 

This study uses information firom the haloid systems of the human genome in order to 

investigate the presence of population structure in Europe and discuss the mitigating 

effects of shared population history and the impact of evolutionary forces. By means of 

two kinds of data from the Y chromosome, the study first establishes patterns of diversity 

across the entirety of Europe. More in-depth analyses investigate the evolutionary effects 

of settlement and colonization on overall genetic diversity of populations. Finally, 

considering data from the entire control region sequence, an effort is made to estimate 

patterns of mitochondrial diversity and compare their import to that of the Y 

chromosome. 
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1 INTRODUCTION 

1.1 Overview 

Eun  ̂is the western terminus of the vast continent of Eurasia. Following the 

last glacial maximum about 21,000 years ago, the bulk of Europe was essentially 

unpopulated. Since that time, Europe has been fully populated by a series of migration 

events, subject to varying episodes of ethnogenesis, and susceptible to admixture and 

even replacement by conquering groups. Which major events or evolutionary forces 

have most sh^jed the underlying patterns of genetic diversity detected in European 

populations? 

In this dissertation, I hope to establish the broad patterns of haploid genetic 

variation found in samples of different populations of Europe. First, I identify the 

temporal sequence of repopulation by inferring the layering of the ̂ netic variation of the 

Y chromosome. Within this fiamework, I investigate and interpret the evolutionary 

consequences of Viking migrations of the first millennium of the common era for 

paternal and maternal lineages on populations of the North Atlantic. Patterns of maternal 

lineages are detected and events and processes are inferred from mitochondrial DNA. 

Any attempt to identify the major patterns of EuTcq)ean genetic variation must take into 

account singular, historical events and the impact of evolutionary processes. 



The current study uses three different kinds of data to better understand the 

evolutionary history of Europe and particularly northern Europe: Y-chromosomal single 

nucleotide polymorphisms, Y-chromosomal short tandem repeats, and mitochondrial 

control region sequence data. Each of the genetic system accumulates variation at 

different rates, providing an evolutionary scale with which to describe and interpret 

patterns of European variation. 

1.2 Some Evolutionary Considerations 

1.2.1 Phenomena with Locus-Specific Effects 

1.2.1.1 Selection 

Natural selection impacts genetic variation only on the locus under selection, as 

well as any variation that is in linkage disequilibriiun with the locus under selection. 

While there are several different kinds of selection, they mostly act to decrease the 

amount of variation in a population. In the case of background selection, linked neutral 

variation is lost from a population as deleterious alleles are removed (Chariesworth et al., 

1993). In the case of positive directional selection or selective sweeps, linked neutral 

variation is removed with the replacement of less fit alleles by the most fit allele 

(Maynard Smith and Haigh, 1974). It is generally thou^t, and assumed, that selection 

has not been a driving force in determining the pattern of worldwide Y-chromosomal 

variation (Quintana-Murci et al., 2001a). It has been suggested that because the Y 

chromosome has the fewest number of genes of any chromosome, there is low potential 

for selection to act on variation in the non-recombining portion of the Y chromosome 

(NRY) (Nachman, 1998). However, because the NRY COTStitutes the majority of the Y 
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chromosome, any selection would have great potential for perturbing variation because 

the NRY functions as a single, completely linked locus. There is some evidence that 

mitochondrial variation may be subject to the effects of selection (Hofinann et al., 1997; 

Wallace et al., 1999), but little has been done to expressly account for its effects in 

population studies investigating population structure and population history. However, 

two studies examining mitochondrial evolution comparing humans and chimpanzees 

foimd, looking at synonymous and non-synonymous substitutions, evidence inconsistent 

with the neutral model (Nachman et al., 1996; Wise et al., 1998). The impact of 

selection on autosomal regions using sequence data is currently being established. The 

effects of partial selective sweeps have been detected for a human pigmentation gene 

(Harding et al., 2000), lactase persistence (Hollox et al., 2001), and a blood group locus 

of malaria resistance (Hamblin and Di Rienzo, 2000). 

1.2.1.2 Mutation 

Mutation is the sole source of novel genetic variation, and the ultimate source of 

potential for phenotypic variability that might be subject to selection. Several mutational 

models have been proposed to account for the genotypic impact of mutations. The 

infinite allele model (Kimura and Crow, 1964) assumes that each mutation event 

generates a new allele. The infinite sites model (Kimura, 1969) holds that each mutation 

occurs at a site not previously mutated. The stepwise mutation model (Ohta and Kimura, 

1973) requires that mutations occur only to adjacent states. The s^ipropriateness of each 

model for a given genetic character is dependent on its evolutionary qualities (discussed 

in section 1.2.4). 
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Mutation rates vary across the genome, and within certain structures rate 

heterogeneity can be an important factor. This is especially true concerning the control 

region of the mitochondrial genome (Meyer et al., 1999), though it also holds for the 

NRY (e.g. Hammer et al., 1998). The significance of rate heterogeneity is that it can 

violate assumptions of both the infinite sites and infinite allele models, inasmuch as it 

generates homoplasy. With respect to phylogenetic reconstructions of haloid haplotypes 

this is not necessarily a significant problem, as evolutionary relations can be resolved 

against the background of other diagnostic mutations, but may be a significant problem 

for the mitochondrial control region. Furthermore, rate heterogeneity can confound 

estimates of certain population parameters (see section 1.2.3.1). 

1.2.1.2.1 Mitochondrial Control Region Sequence 

The maternally inherited haploid genome, the mitochondrial genome, is a 

compact circular genome with 13 protein-coding, two rRNA, and 22 tRNA genes 

(Anderson et al., 1981). The mitochondrial control region is the portion of the 

mitochondrial genome surrounding the site of initiation of transcription. It is non-coding 

sequence and is divided into two hypervariable (relative to coding region) portions, 

hypervariable region one (HVI) and hypervariable region two (HVH). It has been noticed 

that there is homoplasy among haplotypes constructed fix>m mitochondrial control region 

data (Hasegawa et al., 1993). This has implications for phylogenetic reconstructions and 

estimates of divergence times. Two possible explanations are that recombination is 

breaking up presumed linkage disequilibrium or that there is extensive rate heterogeneity 

(or multiple substitutions at certain sites) such that some bases are mutating at much 
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higher rates than others. In the absence of replicable results pointing towards 

recombination, it is very likely that there are mutational hotspots among the bases of the 

control region (Stoneking, 2000). Using maximum likelihood techniques, it has been 

proposed that while the overall rate of substitution is higher in HVI, rate heterogeneity is 

prominent in HVn (Meyer et al., 1999). A recent, large-scale pedigree-based sequencing 

study has estimated the mutation rate in the control region to 0.0043 mutations per 

generation (95% CI 0.00088-0.013) or 0.32 x 10"  ̂mutations per site per year 

(Sigurdrddttir et al., 2000). 

Given the relatively extensive amount of rate heterogeneity in the mitochondrial 

control region, the most appropriate mutation model is the infinite allele model (Kimura 

and Crow, 1964), as the infinite sites model would be frequently violated (Kimura, 1969). 

1.2.1.2.2 Y-Chromosomal Single Nucleotide Polymorphisms 

The Y chromosome is the second smallest chromosome and is approximately 60 

million bases in length (Hammer and Zegura, 1996). The rate for single nucleotide 

mutations on the Y chromosome is probably similar to the rate of single nucleotide 

substitution in the autosomes. While non-synonymous substitution rate is lower than the 

synonymous substitution rate and the rate of transitions is higher than transversion, all of 

these kinds of substitutions occur on the order of 10*  ̂per site per year (Graur and Li, 

1999). While there is some evidence for degenerate mutations occurring on the Y 

chromosome (Hammer et al., 1998), it is possible to differentiate homoplastic mutations 

against the majority of unique event polymorphisms. Therefore, the most appropriate 
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mutation model for single nucleotide polymorphisms on the Y chromosome is the infinite 

sites model (Kimura, 1969). 

1.2.1.2.3 Short Tandem Repeats 

Short tandem repeats (STRs) are segments of DNA where there are multiple 

repeats of a single motif, and length variation in the number of motif repeats 

distinguishes one allele from another at a given locus. Ranging from one to six bases as 

the repeat motif, the most appropriate model for STR evolution is the stepwise mutation 

model (Ohta and Kimura, 1973). Slipped-strand mis-pairing has been shown to be the 

molecular mechanism most likely responsible for the production of mutations (Levinson 

and Gutman, 1987). The mutation rate of STRs is on the order of 10'̂  per meiosis 

(Brinkmann et al., 1998; Kayser et al., 2000), but there may be rate heterogeneity due to 

length of base motif (Chakraborty et al., 1997), as well as, overall allele length (Ellegren, 

2000; Xu et al., 2000). The former has implications for calculating population 

divergence and time to most recent common ancestor, while the latter has implications 

for calculations of population structure, estimates of shared population history and 

phylogenetic analyses. In combination, rate heterogeneity due to length of base motif 

and allele length make the challenge of incorporating homoplasy into models particularly 

difficult. Moreover, there is some evidence for violation of the single stepwise mutation 

model (Di Rienzo et al., 1994). 
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1.2.1.2.4 SNP Bottienecking of STR Variation 

In the present study, all STR loci assayed are situated on the NRY. Because the 

NRY is inherited as a single linked locus, NRY SNPs and STRs are inherited in tandem. 

In this way, SNP variation is invariably associated to STR variation. While STR 

evolution occurs more rapidly than SNP evolution due to differences in mutation rate, the 

occurrence of new SNPs effectively bottlenecks STR variation (de Knijff, 2000). Since 

any SNP event occurs on a single Y chromosome with a particular STR haplotype, all Y 

chromosomes descended from this chromosomal ancestor (constituting a lineage) will 

have identical STR haplotypes until new STR mutations occur. The occurrence of a new 

SNP resets STR variation to zero. Obviously, older SNP lineages will have greater STR 

variance than younger SNP lineages. This phenomenon has significance for population 

genetics analyses. 

Bottienecking of STR variability by novel SNPs theoretically impacts the 

estimation of both population structure and shared population history. SNP bottienecking 

of STR variation, while acknowledged to occur, has not been used to full advantage in 

human population studies. While no theory has been expressly designed to deal with the 

combination SNP and STR lu4)lotype, there are some relevant points to consider. An 

estimate of the SNP diversity of a given population does not necessarily reflect STR 

diversity. While a population may appear to SNP-bottleneck inasmuch as it has a 

predominance of a single SNP h^logroup, depending on the age of the SNP bottleneck 

the corre^Kmding STR diversity may not reflect a bottleneck: older bottlenecked SNP 

lineages will have greater STR diversity than SNP lineages more recently bottlenecked. 



In the absence of admixture, any estimate of population relatedness based solely on STRs 

is a composite of the differences due to the original distribution of SNP haplogroups and 

how STRs have varied since the time of ethnogenesis. Estimating population structure 

between two populations simply using STRs is thus a gross measure compared to 

estimating genetic distances with a method incorporating SNP and STR variability 

simultaneously. There is inherent genetic variability within SNP lineages that must be 

considered when estimating distances between populations using STR loci. In essence, 

when accounting for SNP haplogroup and STR haplotype variation simultaneously, the 

sum of molecular distance due to shared population history can be subtracted in order to 

extract the molecular distance due to evolutionary forces determining population 

structure. Depending on the evolutionary scale being investigated, mutation rate and 

allele length heterogeneity can elevate homoplasy as a significant factor to be taken into 

account. In fact, because of these issues, there may be an evolutionary ceiling to the 

usefulness of STR data. This can be partially alleviated by increasing the number of 

STRs considered, but there is a finite number of different STR loci on the NRY. 

1.2.1.3 Recombination 

Recombination acts to ameliorate linkage disequilibrium at a local level. 

Fundamentally, recombination reshuffles existing variation and obliterates evidence of 

both locus-specific and genome-wide evolutionary events, b the present study, the data 

are firom NRY and the control region of the mitochondrial genome. There is no evidence 

that the NRY undergoes recombination. While studies of mitochondrial DNA have 
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consistently assumed lack of recombination, there has recently been a flurry of 

investigations following publication of some data suggesting otherwise (Awadalla et al., 

1999; Eyre-Walker et al., 1999). Many of the rejoinders appeal to methodological 

concerns (Jorde and Bamshad, 2000; Kivisild and Villems, 2000; Wiuf, 2001), and new 

methods are being developed to better test the clonal nature of the mitochondrial genome 

(Posada and Crandall, 2001). Presently, the most conservative assumption is that the 

mitochondrial genome does not regularly recombine, and that any recombination that has 

occurred has not substantially altered the overall pattern of mitochondrial genetic 

variation. 

1.2.2 Phenomena with Genome-Wide Effects 

1.2.2.1 Population Structure 

Population structure is "the complex spatial and migrational interconnections 

between demes" (Cavalli-Sforza, 1986:13). The absence of population structure within 

human populations constitutes panmixia. A *deme* is a relative term defined 

operationally, and generally refers to a group of potentially interbreeding individuals. In 

the present study, sampled European populations are considered to be demes. The extent 

to which this is true is partially dependent on population history and the evolutionary 

scale with which we frame the genetic underpinnings of population relationships. Shared 

population history between populations refers to common antecedent relationships 

between populations inasmuch as they derive from a single ancestral population. The 

depth of evolutionary scale will a priori afifect the probability of detecting significant 
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signals of relationships between populations: It is not possible to distinguish population 

differentiation within the past 1,000-10,000 years using molecular information more 

appropriate to detecting events on the scale of 100,000-1,000,000 years. Distinguishing 

population structure from population history involves disentangling the effects of 

evolutionary forces involved in ̂ nerating population structure. 

Mathematical models of population structure have been devised to represent the 

evolution of demes and collections of demes. Evolution is changes of allele frequencies 

in demes; models of population structure attempt to predict perturbation of evolutionary 

equilibrium and its reestablishment within and between demes. Major models of 

population structure are: the island model (Wright, 1931), which presumes an island 

separated from a mainland is subject to genetic differentiation; isolation by distance 

(Malraot, 1973; Wri^t, 1943), in which distance and the higher probability of a local 

mate choice drive differentiation; the stepping stone model (Kimura and Weiss, 1964), a 

model that discretizes an isolation by distance model; and the migration matrix model 

(Bodmer and Cavalli-Sforza, 1974), which uses actual migration data. All of these 

models attempt to represent the action of evolutionary forces on demes across geographic 

space. 

Population structure can be detected though analysis of allele frequencies and 

methods related to molecular distance. One well known effect of population structure is 

that when differentiated demes are collected in a wholesale fiishion for analysis, there 

will be an excess of homozygotes and an overall deficiency of heterozygotes (Hedrick, 

2000). This is known as the Wahlund effect (Wahlund, 1928). The extent of this effect. 
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and thereby the extent of population structure, can be estimated using F statistics (Wright, 

1951) and their analogues (Excoffier et al., 1992). 

1.2.2.1.1 Genetic Drift 

Fundamentally, any attempt to model population structure involves efforts to 

model the effects of genetic drift. In the absence of selection, genetic drift is the primary 

process by which demes become differentiated. Genetic drift is simply stochastic 

changes in allele frequencies. Drift is more prominent as an evolutionary force in smaller 

populations. Notably, there are two related processes of genetic drift that can accelerate 

evolution in populations: founder effect and bottlenecks. Founder effect has been 

designated as the increase in inbreeding within a deme that is directly related to founding 

of the deme by a limited number of individuals. Often, the consequences of founder 

effect—population-specific genetic diseases—directly implicate founder effect. Extreme 

cases of founder effect have been documented in small Anabaptists populations 

(McKusick, 1978) and Utah Mormons (Jorde, 1989). 

The process and potential effects of a population or demographic botdeneck are 

very similar to founder effect. Here, population bottlenecks are defined as substantial 

decreases in population size that have a direct effect on genetic diversity. All cases of 

founder effect are the result of extreme demographic bottlenecks, but not all demogr^hic 

bottlenecks constitute or result in a traditional founder effect pattern detected because of 

an increase in incidence of pc^ulation-specific genetic diseases. Generally, peculation 

botdenecks ate not considered founder effects, thou  ̂they can have a similar impact on 

a population. One such case of the latter is Finland, where a founder effect is thou^t to 
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have been responsible for an increase in genetic diseases related to inbreeding (Sajantiia 

et al., 1996). It is a semantic issue: Strong population structure in Finland is also a 

consequence of little effective migration. The significance of a botdeneck, is that, 

depending on its severity and duration, a significant amount of genetic diversity can be 

permanently lost. Population bottlenecks can happen to a particular population in a 

particular location as the result of disease or isolation, such as happened historically to 

Iceland (Tomasson, 1977), or they can be part of a systematic process such as budding 

colonization across an unpopulated landscape (Austerlitz et al., 1997). The import of 

both founder effect and population bottlenecks is that they reduce the number of 

independent genomes, or effective population size. This in turn, increases the 

opportunity for the effect of genetic drift and its sequelae decreased diversity, increased 

coefficient of inbreeding and population subdivision. 

1.2.2.1.2 Migration and Gene Flow 

Whereas genetic drift increases the probability of demic differentiation, migration 

and gene flow function to counteract the effects of genetic drift (Slatkin, 1987) as well as 

increase the rate at which an advantageous allele increases in frequency within and 

among populations (Wri^t, 1932). The effect of migration can be detected by using F 

statistics (Wri^t, 1951) and by analyzing the spread of rare alleles (Slatkin, 1985). An 

effective assessment of migration must take both population structure and shared 

population history into account bi the absence of historical or archaeological 

information about potential shared population history, measurements of migration can be 

inappropriately interpreted. Without such information, a recently diverged pair of 
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populations will appear as subject to migration as a more distantly diverged pair of 

populations that has undergone substantial recent gene flow. Furthermore, the underlying 

model of p<^ulation structure has an impact on the estimate of gene flow (Cockeiiiam 

and Weir. 1993; Slatkin, 1985). 

In application, estimates of gene flow can be used to estimate the relative 

proportion of founders from different populations contributing to hybrid populations. All 

estimates of relative contributions must assume that the parent populations are 

significantly different from each other; that is, they exhibit substantial and distinct 

relative population structure. Many methods to estimate relative proportions of parental 

contributions in hybrid populations have been devised: using simple allele frequencies 

(cf. Cavalli-Sforza and Bodmer, 1971); weighted least squares (Long, 1991); gene 

identity (Chakraborty, 1975); allele frequency and molecular distance (Bertorelle and 

Excoffier, 1998); and resampling techniques (Helgason et al., 2000b). 

1.2.2.2 Population History 

1.2.2.2.1 Range Expansion 

Moving into suitable unocciq>ied territories constitutes a range expansion 

(Futuyma, 1998). Humans have undergone a massive range expansion as they have 

spread around the worid. This range expansion should have had a substantial impact on 

the propagation of population structure and the distribution of human genetic diversity. 

Under the stepping-stone model of population structure (Kimura and Weiss, 1964) with 

specific reference to range expansion, the expected impact on genetic diversity is to 

increase deme differentiation, decrease heterozygosity, and shorten coalescence times 
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due to founder effect (Austeriitz et al., 1997). Furthermore, the stepping-stone model of 

population structure (Kimura and Weiss, 1964) generates greater losses of heterozygosity 

than the island model (Wright, 1931) (Le Corre and Kremer, 1998). Theoretically, age 

structure of colonizers and the distance into the new terrain colonizers settle has an 

impact on the magnitude of loss of diversity (Ibrahim et al., 1996). Selection for 

advantageous adaptations in a novel environment increases demic differentiation. The 

extent to which populations differentiate is dependent on the frequency of migration 

between demes (Slatkin, 1987), where infilling of vacant geographic space and increasing 

population density increase the probability of significant gene flow and decreases 

differentiation, while adaptation to local challenges increases differentiation (Haldane, 

1930). 

1.2.2.2.2 Demic Diffusion 

Once range expansion has occurred in a region and geogr^hic space is 

effectively occupied, new migrants to the area must either gradually infiltrate the existing 

demes or replace them. Both scenarios are only detectable genetically if the local 

population and invading population are sufficiently evolutionarily divergent (i.e. 

detectable, distinctive population structure exists between them) (Ammerman and 

Cavalli-Sforza, 1984). Demic diffusion, the spread of genes concomitant with culture, is 

a concept that has been proposed to describe the infusion of genes across an already 

populated landscape (Cavalli-Sforza et al., 1993). Theory for the wave of advance of 

advantageous genes (Fisher, 1937) has been co-opted to model the process of how genes 

associated with invading demes can diffuse across in situ demes (Ammerman and 
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Cavalli-Sforza, 1984). One of the most thorough attempts to detect and estimate the 

effect of demic diffusion examined the Mesolithic-Neolithic transition in Europe 

(Ammerman and Cavaili-Sforza, 1984). 

Archaeological evidence supports the spread of agriculture into Europe fix>m a 

Near Eastern origin (Baricer, 1985). Ammerman and Cavalli-Sfotza (1984) tested the 

hypothesis that the spread of agriculture into Europe was fundamentally a demic rather 

than a cultural expansion. Multiple loci are required to test such a scenario given that 

any single locus may be affected by selection and not give an accurate signature of 

historical processes, while demographic effects such as migration will affect all neutral 

loci in a similar fashion (Slatkin, 1987). Patterns consistent with demic diffusion have 

been detected using principal components analyses to summarize the distribution of allele 

frequencies of multiple loci (see Cavalli-Sforza, 2000 for a recent review) and synthetic 

maps (Menozzi et al., 1978)—though there is there have been some methodological 

concerns raised about the latter technique (Sokal et al., 1999). 

1.2.2.2.3 Clinal Patterns 

Patterns of gradual increase or decrease of allele frequencies across geographic 

landscapes constimte clines. Cliiud patterns have been interpreted as representing the 

genetic trail of distinct population migrations (Menozzi et al., 1978). However well 

synthetic m^s of principal components mi^t evince clinal patterns, clinal patterns can 

be explained by other evolutionary and demogr^hic processes. The demic diffusion 

model predicates the spread of demes intermingling with extant, geographically stable 

demes. Kin-structured founder effects with &rmer demes eventually replacing forager 
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demes may have produced clinal patterns similar to those produced by demic diffusion 

(Fix, 1997). It is likely that range expansions, isolation by distance, and demic diffusion 

have all contributed to clinal patterns in Europe to varying degrees. The interpretation of 

ultimate and proximate events aqd processes contributing to clinal patterns is dependent 

on complementary archaeological, linguistic and historical data. 

1.2.2.3 Demography 

Population expansion can shape patterns of genetic variation. More specifically, a 

population expansion will cause characteristic patterns in a gene genealogy of a 

population. In a population that has maintained size equilibrium, mutations will be 

shared among multiple lineages, but lineage-specific mutations will accumulate in a 

population that has undergone an expansion (Harpending and Rogers, 2000). While it is 

not necessarily possible to accurately reconstruct the gene genealogy of a population, it is 

possible to infer the shape of the gene tree by analyzing frequency spectra and pairwise 

differences. Plotting pairwise differences gives mismatch distributions, which can inform 

us about the timing and extent of the population expansion (Rogers and Harpending, 

1992). The shape of the mismatch distribution is generally unimodal and bell-shaped in 

the case of a sudden expansion, while a population that has achieved demogr^hic 

equilibrium will be multi-modal—reflecting mutations shared across lineages at different 

depths of coalescences. Theoretical predictions have been verified in comparisons of 

regional populations, as well as, comparisons of specific populations defined by ethnicity 

(Harpending et al., 1993). 
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Several issues have been raised regarding mismatch distributions and the 

robustness of the signal of expansion. With regard to mitochondrial data, it has been 

suggested that mutation rate heterogeneity may perturb the results (Aris-Brosou and 

Excoffier, 1996). Furthermore, population subdivision may generate differential aspects 

of the mismatch distributions depending on the relative timing of the expansion event(s) 

(Maijoram and Donnelly, 1994). However, mitochondrial mismatch analysis appears to 

be very robust to both mutational heterogeneity and effects of population subdivision 

(Rogers et al., 1996). However, a selective sweep will produce a similar gene genealogy 

to that of a population expansion, and may be responsible for the shared pattern of 

expansion among human populations (Di Rienzo and Wilson, 1991). Theoretically, it is 

possible to test whether the signal of expansion is due to expansion or a selective sweep, 

because selection is locus-specific while an expansion should have genome-wide effects. 

Recent woric examining European Y-chromosomal and mitochondrial data reported scant 

evidence for expansion using the Y chromosome (one population showed expansion), 

while mitochondrial DNA showed the signal of expansion in all of the sampled 

populations (Pereira et al., 2001). Superficially, this could be interpreted as evidence 

supporting a mitochondrial selective sweep, except for the fact that there has been a huge 

population expansion in recent human history. 

1.3 Estimating Population Parameters 

Peculation geneticists are concerned with quantifying the amount of genetic 

variation and its distribution among, between, and within populations. The amount of 

genetic variation in a population is fimdamentally dependent on its effective population 
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size, where effective population size can be simply defined as the number of independent 

genomes in a population (Fix, 1999). Attempts to estimate effective population size are 

dependent on mutation rate. Theory has been developed to estimate effective population 

size from the number of segregating sites (Watterson, 1975), the number of alleles 

(Ewens, 1972), pairwise differences (Tajima, 1983), mismatch distributions (Rogers and 

Harpending, 1992), and recentiy using coalescent-based models based on initial theory by 

Kingman (Kingman, 1982). 

Due to the dependence of any estimate of effective population on mutation rate— 

indeed, the effective population size is estimated simultaneously with effective 

population as O—rate heterogeneity or other violations of assumptions about the 

mutation process can result in inaccurate estimates of the effective population size. In the 

current study, the Y-chromosomal data and mitochondrial data are subject to the effects 

of rate heterogeneity, which contributes to homoplasy. In the case of mitochondrial DNA 

sequence from the control region, there is good evidence that different nucleotide 

positions mutate at different rates (Meyer et al., 1999). This affects the ability to generate 

legitimate phylogenetic trees and verify their reliability in inferential tests (Aris-Brosou 

and ExcofRer, 1996). In the case of the Y chromosome, while single nucleotide 

polymorphisms are not very sensitive to the effects of homoplasy because the rate of 

mutation is rather low, short tandem repeats are probably subject to length heterogeneity 

(Cooper et al., 1999; Xu et al., 2000) and violations of the single stepwise mutation 

model (Di Rienzo et al., 1998), both of which contribute to homoplasy. The effect of 

homoplasy is to obscure evidence of population structure and population history and 
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make less reliable estimates of effective populations size. Care must be taken when 

interpreting the effective population size based on a data from a single locus, because 

effective population size can obviously be affected by both locus-specific and genome-

wide forces of evolution. Sudden demographic expansion, for example, dramatically 

reduces effective population size as a fimction of lineage sorting (Avise, 2000). While all 

techniques to estimate effective population size are effectively attempting to estimate the 

same parameter, not all estimators of effective population size are equal. 

Unless otherwise specified, estimates of effective population assume equilibrium 

and panmixia. Effective population sizes can also be estimated directly for different 

compartments of the genome. Generally, if the autosomal effective population size is the 

reference—and we assimie equilibrium, panmixia, and an equal breeding sex ratio—the 

effective population size of the X chromosome is 3/4 that of the autosomes, while the 

effective population size of the Y chromosome and the mitochondrial genome is 1/4 that 

of the autosomes (Caballero, 1994). 

1.3.1 Lineage Sorting 

Lineage sorting is the progressive extinction of lineages and fimdamental to the 

process of coalescence. Population bottlenecks and large reproductive variance 

accelerate lineage sorting, while population expansions hinder lineage extinction (Avise, 

2000). There is a fimdamental connection between demogr^hy and phylogeny, and the 

process of lineage sorting is the linch-pin. Within a single species, the effects of lineage 

sorting are dependent on perspective. If the level of examination is a set of 

geogrs^hically local demes, the process of lineage sotting can alternately be accelerated 
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by population subdivision generated by genetic drift and inhibited by migration. The 

extent to which two demes related by population history can be considered genetically 

distinct depends on the extent of lineage sorting. That is not to say that any two demes 

will necessarily become genetically differentiable due to lineage sorting—it is a function 

of how distantly related the two demes are in population history as well as the stochastic 

nature of lineage sorting. To a great extent, the perceived genetic distance between two 

populations is explicitly the result of incomplete lineage sorting. If the level of 

differentiation is regional collections of demes, one may be better able to detect lineage 

sorting because there will be relatively deeper coalescences. A further consequence is the 

rather obvious fact that one can generate better estimates of effective population size. 

1.4 Ice Age Refugia 

During periods of overwhelming glaciation in Europe, in which most of 

Scandinavia, the British Isles, and much of continental Europe were covered with 

glaciers, organisms were forced to retreat to more moderate climes. Following the last 

glacial maximum (LGM) 21,000 years ago (Kageyama et al., 2001), Europe was 

repopulated by surviving populations from these refugia. Rapid range expansions are 

thought to have had significant genetic consequences, including loss of diversity across 

geogn^hic space and the precipitation of speciation in many non-human organisms 

(Hewitt, 2000). The pattern of refugia and expansion as progressive loss of diversity 

across geographic space has been demonstrated in organisms from insects, to plants, to 

mammals (Hewitt, 2000), thou^ some studies have found no such relationship (Petit et 

al., 1999), while others have found patterns contrary to that of refugia and expansion 
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(Comps et al., 2001). No study to date has looked among human populations in Europe 

for the characteristic changes in genetic diversity associated with the pattern of refiigia 

and expansion. 

1.5 Outline of European Prehistory Following LGM 

During the late Upper Paleolithic, the recently de-glaciated terrain of central and 

northern Europe was periodically settled and de-populated in cycles tracking climate 

oscillations (Fagan et al., 1996). In the Mesolithic, which began at different times in 

different areas of Europe depending on the regional final disappearance of the bulk of 

glaciers, following the last glacial maximum (LGM) hunter/gatherer populations 

permanently settled the remainder of Europe. Relatively high population densities of 

hunter/gatherer communities were maintained along the North Atlantic seaboard, where 

both marine and terrestrial resources could be utilized (Arias, 1999). During the 

Mesolithic, much of the central European plain was sparsely settled. With the onset of 

the Neolithic and spread of the cultural behaviors that constitute agriculture, the portions 

of the central European plain, covered in rich loess, were settled by advancing farming 

populations. The initial spread of the practice of agriculture into the central European 

plain about 7000 years ago is characterized by the Linearbandkeramik (LBK) culture 

(Bogucki and Grygiel, 1993). The LBK culture was succeeded in the central and a 

portion of the western part of its distribution by the Stichbandkeramik culture, by the 

Lengyel culture in the east, and by the Rossen culture in modem-day Germany and 

eastern France (Bogucki and Grygiel, 1993). Eariy Neolithic agricultural practice in 

northern Europe is characterized by the Trichterbecherkultur (TRB) culture (Midgley, 
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1992). Spread across the bulk of northern Europe along the Baltic margin, early TRB 

culture dates to 6500 years ago (Midgley, 1992). 

The demic spread of agriculture and local adoption of behaviors of agriculture 

varies regionally. The archaeological data support a case for the LBK culture 

constituting a cohesive population migration into the central European plain, the origin of 

the TRB culture is less clear (Midgley, 1992). The TRB culture may represent a local 

adaptation of agricultural practices and subsequent population florescence. Along the 

North Atlantic seaboard, generally population densities were high as a result of 

availability of resources. Based on differences in archaeological remains showing either 

continuity or a temporal break and change in subsistence behaviors, it appears that 

agriculturalists infiltrated ecological niches that were appropriate for the practice of 

agriculture and little used by local hunter/gatherers, while hunter/gatherers successfully 

utilizing a broad subsistence strategy remained in their established ecological niche 

(Arias, 1999). It is well known that eventually Mesolithic hunter/gatherers along the 

North Atlantic seaboard eventually adopted agricultural practices wholesale, but by a 

cultural transition rather than demic diffusion (Arias, 1999). However, in some areas, 

especially coastal domains, where rapid demogRq)hic diffusion is likely, cultural transfer 

of the agricultural package may have proceeded secondary to invasion and occupation by 

coastal migrants. A recent study of Mediterranean and Iberian coastal sites suggest that a 

rapid demic transfer of agricultural behaviors characterized this broad ecological domain, 

and indicates that the migration of groups practicing agriculture occurred very quickly 

(Zilhao, 2001). 



While further migrations of populations occurred during the Bronze and Iron 

Ages in Europe, they occurred against the backdrop of a fully occupied Europe. One 

notable historical period of migration occurred at the end of the waning Roman Empire. 

Beginning in the 4"* century A.D. massive migrations of Goths occurred from a putative 

homeland in Sweden and Poland (Wolfram, 1979). Traveling as distinct population 

groups, Goths eventually moved as far east as the eastem edge of the Black Sea, as far 

west as Spain, and south into the Italian and Balkan peninsulas (Diesner, 1978). The 

Goths migrated to avoid military threats and to take advantage of opportunities. In 

response to pressure from the Huns, Goths moved into the western parts of the Roman 

Empire and eventually served as stabilizing forces in modem France and Spain (Heather, 

1996). Because of their strong self-identifrcation as Goths (Heather, 1996), and their 

ability to negotiate payment for services in land (Heather, 1996), the Goths are 

potentially significant for any study of the Y chromosome in Europe. Simply put, they 

achieved substantial status and property that in the European world has been passed 

patrilineally through time. I will attempt to investigate and docimient whether a genetic 

signal of the Goths remains in the modem populations of Europe. 

1.6 Previous Genetic Studies of Europe 

Previous studies of the peopling of Europe worked to detect genetic signals 

thought to represent population movements and colonization during all three time 

periods: Paleolithic, Mesolithic and Neolithic. Early genetic analyses based on 

allozymes and blood groiqps revealed significant spatial autocorrelation and evidence of 

distinct patterns, or clines, across Europe putatively dependent on a process of demic 
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diffusion associated with the spread of agriculture (Cavalli-Sforza et al., 1994; Sokal et 

al., 1989). Further woric on autosomal maricers suggests stable clines of Neolithic origin 

across Europe (Cavalli-Sforza, 2000; Chikhi et al., 1998). The presence of clines, 

however, is not necessarily dependent on the process of demic diffusion, and may be 

related to other processes such as kin-structured founder effects (Fix, 1997). Ideally, 

different clinal patterns might reflect independent demographic events, the details of 

which can be elucidated by using genetic systems with different evolutionary scales. 

Examinations of haploid genetic diversity yield different results from those of 

autosomal loci. An analysis of mtDNA spatial autocorrelation finds considerable 

structuring around the Mediterranean, but none in central or northern Europe (Simoni et 

al., 2000). Based on simple frequency clines of two mitochondrial haplogroups 

(haplogroups V and H), investigations of the relative contributions of mtDNA variation 

in Europe by epoch suggest that contributions from both southwestern Europe and the 

Near East via central Europe occurred during the Upper Paleolithic (Torroni et al., 1998). 

This contribution of mtDNA variation from southwest Europe is associated with a 

hypothesized Iberian refuge, and further supported by a study of the Y chromosome using 

frequency variation of two restriction fragment length polymorphisms (Semino et al., 

1996). A recent report on the ph^ogeographic associations of mtDNA lineages between 

Europe and the Near East concludes that the majority of European lineages are of Upper 

Paleolithic, Near Eastern origin (Richards et al., 2000). 

The two most recent, large-scale studies of Y chromosome variation in Europe 

present complementary data that further support the reconstruction of an Upper 
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Paleolithic colonization of Europe followed by a prominent Neolithic demic diffusion 

(Rosser et al., 2000; Semino et al., 2000). This diffusion is associated with the spread of 

agriculture across Europe (Ammerman and Cavalli-Sforza, 1984; Hammer et al., 2000; 

Karafet et al., 2001; Quintana-Murci et al., 2001b). With 1007 samples from 25 different 

European regions, and using 22 binary polymorphisms (SNPs) on the non-recombining 

portion of the Y chromosome (NRY), Semino et al. (2000) find that the genetic landscape 

of Europe is substantially Paleolithic in origin. Their tracking of NRY haplogroup 

lineages across Europe reveals major post-glacial colonizations from both the Iberian 

Peninsula and Eastern Europe. They also suggest that a major contribution to the 

European Y chromosome pool originated in the Middle East as part of a demic diffusion 

associated with the spread of agriculture. Furthermore, their data support the 

reconstruction of regional population movements that can be linked to cultural 

expansions interpolated from archaeological data. Their inferences are based primarily 

on frequency distributions of SNPs and the detection of frequency dines, and secondarily 

on the age of key SNPs as estimated using variation found in three Y chromosome 

microsatellites. 

An examination of NRY variability in Europe by Rosser et al. (2000), which 

scores fewer SNPs (11) but more populations (47), confirms the conclusions of Semino et 

al (2000); Y chromosome variation in Europe is the result of a predominantly Paleolithic 

colonization process that was followed by regional population movements that were in 

turn punctuated by a Neolithic demic diffusion. Essentially, the paper tests the 

hypothesis that demic diffusion is expected to result in allele frequency dines with foci in 
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the Near East. Using spatial autocorrelation techniques. Mantel tests, and principal 

coordinates analyses of allele frequencies, their results support broad continental clines, 

as well as, more regional differentiation. 

It appears that there is a signal within Y chromosome genetic variation reflecting 

the population history of Europe. However, inferences based on and limited to 

techniques manipulating allele frequencies may not be able to resolve the true underlying 

signal of population history and therefore the deeper evolutionary relationships of 

populations of Europe. By exploiting the differential information inherent in variation in 

evolutionary scale, using multiple microsatellites in conjunction with high SNP 

resolution can provide information better detailing genetic traces of population history, 

and allow better inferences to be made about both the population structure and population 

history of Europe. 

1.6.1 Regional Focus on Northern Europe 

Between A.D. 750 and 1050, VUdngs from Norway, Sweden, and Denmark had 

mariced political and economic impacts on the surrounding populations, particularly those 

of the North Adantic (Fitzhugh and Ward, 2000). The Vikings had a substantial genetic 

impact on populations of the North Atlantic. Political and economic necessity drove the 

Vikings, who were more than the marauders of popular imagination, to colonize and 

settle islands in the North Atlantic. Initial raiding of Ireland and the British Isles began in 

the late eighth century; by the early 840s, Vikings had established colonies in Ireland 

(Fitzhugh and Ward, 2000). Relationships between Vikings and their descendants and 

Celtic natives in beland were uneasy, however, and there was a dramatic expulsion of 
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Vikings from Ireland in the early 900s. Many of these Irish Vikings then settled in 

Iceland (Fitzhugh and Ward, 2000). Shetland was first settled by humans around 5500 

years ago (Turner, 1998), and archaeological remains indicate that it was populated by 

Picts in the Iron Age. Because of its close proximity to Scandinavia, Shetland was 

colonized by Vikings early on in their expansion. Isle of Man was originally settled in 

the early Mesolithic (McCartan, 1999), and then colonized by Vikings at about the same 

time that they were establishing colonies in Ireland. Numerous settlements and burials 

attest to the Vikings' pervasive colonization of Isle of Man (Haywood, 1995). Iceland, 

uninhabited at the time but for a few Irish monks, was first settled by Vikings around 

A.D. 870 (Roesdahl, 1998). Although the settlers were predominantly Vikings, it is 

likely that the majority of the original settlement parties were Vikings from Norway, with 

Viking settlers from Ireland and their slaves constituting the minority (Roesdahl, 1998). 

Previous genetic work documenting the relationships among populations of 

greater Scandinavia focused on Iceland, Finland and Sweden. In the case of Iceland 

multiple attempts were made to estimate the relative proportions of Norwegians and Irish 

in the original setders of Iceland, hiitial studies, which used ABO blood type 

frequencies, reported a wide range of admixture estimates, varying from 98% to 100% 

Irish (Thompson, 1973) to greater than 75% Irish (Bjamason et al., 1973) to 70% Irish 

(Wijsman, 1984). The substantial Lrish contribution suggested by these studies must be 

viewed with caution, however, because blood type frequencies at the ABO locus may be 

susceptible to the effects of selection throu^ smallpox (Adalsteinsson, 1985). Another 

study that examined the frequencies of multiple blood proteins reported equivocal 
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findings with respect to the origins of Icelanders (Williams, 1993). A more recent 

investigation of the Y chromosome, however, presents admixture estimates that are 

diametrically opposed to those based on blood groups: 60% to 80% Scandinavian and 

20% to 40% Irish (Helgason et al., 2000b). Analyses of mitochondrial data by the same 

group estimated the Scandinavian contribution of maternal lineages to Iceland, Oricney, 

the Western Isles of Great Britain and the Isle of Skye to be 37.5%, 35.5%, 11.5%, and 

12.5%, respectively (Helgason et al., 2001). 

Finland attracted the attention of human geneticists early on because of a high 

prevalence of genetically recessive medical disorders. The proposed evolutionary cause 

of the high prevalence of such disease was thought to be a relatively elevated coefficient 

of inbreeding (Jorde and Pitk^en, 1991). In terms of population history, it has now been 

well established that the cause of inbreeding was a population bottleneck early in the 

history of populations of Finland (Kittles et al., 1999; O'Brien et al., 1988). The story 

may be more interesting, however, as there is some evidence that Finland was founded by 

two distinct sets of paternal lineages (Kittles et al., 1998). A result of the early interest in 

Finnish population genetics has been continued research culminating in the recent 

publication of more refined description of the Finnish mitochondrial variation (Finnila et 

al., 2000; FinnUa et al., 2001). 

Several recent studies have included Scandinavian populations as representative 

of northern Europe as a whole (Helgason et al., 2000a; Simoni et al., 2000; Torroni et al., 

1996), but little has been done to examine the overall relationships of populations of 

northern Europe. Continuing earlier work tracking a particular Y chromosome mutation 
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firom Asia into noithem Europe (Zexjal et al., 1997), a recent, more broadly based study 

has examined northern European populations and attempted to distinguish between the 

effects of geography, cultural influences and language and their roles in patterning the 

underlying genetic diversity found in northern Europe (Zegal et al., 2001). Using 

analysis of molecular variance (Excoffier et al., 1992), they report that patterns of genetic 

diversity were most driven by geography and secondarily by linguistic afRliations. 
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2 MATERIALS AND METHODS 

2.1 Population San^les 

Y chromosomes from 807 Europeans representing 18 populations comprise the 

total sample. Four hundred and three males come from continental Europe, with 31 from 

Austria, 33 from France, 39 from Germany, 52 from Greece, 71 from Italy, 47 from 

Poland, 51 from Romania, 56 from Russia, and 23 from Spain. One hundred twenty-two 

samples come from the British Isles, with 25 from County Coric in Ireland, 19 from the 

Isle of Man, 33 from the Shetland Islands, and 45 from Britain. County Coric was chosen 

as the sampling region for Ireland, because of historical evidence suggesting scant 

opportunity for admixture with colonizing Scandinavian Vikings (Fitzhugh and Ward, 

2000). The samples from Britain represent a collection from England, Ireland, and 

Scotland. There are 282 samples from Scandinavia, with 38 from Denmark, 41 from 

Finland, 119 from Iceland, 36 from Sweden, and 48 from Norway. All samples from 

Scandinavia, Ireland, Shetland, and Isle of Man were collected from subjects following 

informed consent. Samples were collected using buccal swabs, which were stored in 

lysis buffer until standard phenol/chloroform DNA extraction was performed (Sambrook 

et al., 1989). All samples used in this dissertation were collected using protocols 

approved by the Human Subjects Committee of the University of Arizona. 
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2.2 Molecular Methods 

2.2.1 Biallelic Markers 

SNPs were scored using a number of methods including: allele-specific 

polymerase chain reaction (PCR) protocols; restriction enzyme digest of PCR products; 

denaturing high performance liquid chromatography (DHPLC) of PCR products; and 

direct sequencing of PCR products. Positive and negative controls, as well as blanks, 

were included in all PCR reactions. Four novel SNPs add resolution to the branch 

originated by DYSI9O922: ARS60632, ARS60377, ARS72737, and ARS67668. Once 

haplogroup designation was determined, no further SNP-typing was performed. 

2.2.2 Short Tandem Repeats 

Ten microsatellite loci were scored for all individuals: DYS385, DYS388, 

DYS389, DYS390, DYS391, DYS392, DYS393, DYS394, DYS426, and DYS439. 

Samples were PCR-amplified using two multiplex reactions; the first multiplex 

incorporated DYS385, DYS390, DYS391, DYS393, and DYS394, while the second 

multiplex ampUfied DYS388, DYS389, DYS392, DYS426, and DYS439. Each pair of 

primers had one fluorescentiy labeled primer. All PCR reactions and subsequent 

procedures included among the samples several controls (12 intermittently spaced across 

a 96-sample plate). Following amplification, success of the PCR reaction was verified on 

a 2% agarose gel before sizes were resolved on an ABD77 or ABDIOO (Applied 

Biosystems) with an internal size standard, and allele size was determined using Gene 
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Scan (Applied Biosystems). Repeat number was inferred from fragment size using ABI 

Genotyper 1.1 (Applied Biosystems). Both DYS38S and DYS389 yielded two 

amplimers when PCR amplified. 

The two DYS385 PCR products have overlapping size distributions. This is 

probably the result of duplication on the NRY (Kayser et al., 1997). In addition to being 

unable to distinguish between the two products of DYS385, there is also evidence 

(unpublished data) that DYS38S does not follow the stepwise mutation model. However, 

using DYS38S to establish STR haplotypes greatly increases the accuracy with which the 

microsatellite data reconstruct SNP haplogroups in phylogenetic analyses. In only five 

cases did STRs fail to define SNP boundaries. In four of the five cases, the homoplasy 

was among adjacent haplogroups, while in one case, the homoplasy was among more 

distantly related SNP haplogroups. It is clear from the data that including DYS385 adds 

phylogenetic information, as it tracks latent SNPs within existing haplogroups. DYS38S 

was included in frequency-based calculations and models, but excluded from analyses 

assuming a stepwise mutation model for STRs. DYS389 is a complex locus yielding two 

products in PCR amplification. The smaller product, DYS389a, is composed of two 

smaller section which are both following separate evolutionary trajectories. DYS389a is 

nested within the larger, DYS389b. The size of the DYS389b STR can be calculated by 

subtracting the repeat number of the smaller firom the larger, yielding a locus that follows 

the stepwise mutation model. While the usable remainder is comprised of two separate 

STRs, DYS389p and DYS389q, diere is no evidence that the smaller of the two 

(DYS389p) is variable in humans (Forster et al., 2000). hi the present data set, the 
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remainder of DYS389b-DYS389a is called DYS389c and represents the STR fraction 

DYS389q. Therefore, ten primer pairs result in eleven informative STR loci. 

2.2.3 Mitochondrial Sequencing 

Complete mtDNA control region sequence was generated for samples collected 

from Denmaric (39), Iceland (110), Isle of Man (12), Ireland (24), Norway (42), Shetland 

(29), and Sweden (34). Twenty-nine individuals from Finland were included from 

archived DNA samples at the Genome Analysis and Technology Core facility at the 

University of Arizona. The entire control region, which includes hypervariable 

sequences one and two (HVl and HV2), was PCR amplified using primers annealing at 

mtDNA sites L15991 and H639 in a single 60 microliter reaction in 96-well format. Two 

microliters of the products were electrophoresed on two-percent agarose gels, stained 

with Gel Star (BioWhittaker), then visualized with ultraviolet light and photogr^hed. 

PCR products were cleaned for sequencing using a 96-well format vacuum filtration 

system (Millipore). Cleaned samples were submitted for sequencing using an ABI3700 

(Applied Biosystems). In addition to the PCR primers, internal sequencing primers, 

originating at sites H97 and L21, were used to generate double-stranded, overlapping 

sequences. Electropherograms and accompanying sequences were cleaned, aligned and 

edited using Sequencher (GeneCodes, 1999). 
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2.3 Statistical Analyses 

2.3.1 Genetic Distances 

2.3.1.1 Frequency-Based Genetic Distances 

Two dififerent frequency based distances statistics are used: chord distance and 

Nei's distance. Chord distance is calculated as = 4^^1 - ̂  - oj. 

where m indexes the loci, where m is summed over the alleles at the locus, and where 

a is the number of alleles at the m* locus (Cavalli-Sforza and Edwards, 1967). Nei's 

distance is calculated as D = —In " I 

V,V »• < J \ m I J 

, where m is summed 

over all loci, i over alleles at the m"* locus, and where pimi is the frequency of the allele 

at the locus in population one (Nei, 1972). Population based chord and Nei's genetic 

distances were calculated using PHYLIP (Felsenstein, 1993). 

2.3.1.2 STR Genetic Distances 

Several different genetic distances have been suggested to measure population 

differentiation in using information from microsatellites: (5^)^ (Goldstein et al., 199Sb), 

average square distance (Goldstein et al., 199Sb), Rst (Slatkin, 199S), average pairwise 

differences, and DAS (or proportion allele-sharing) (Goldstein et al., 199Sa). Of these 

methods, it has been shown that in cases of recent population divergence, DAS is the 

most i^ropriate, inasmuch as it is linear with respect to time since divergpice and has 
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relatively low variance (Goldstein et al., 199Sa). This distance statistic, Das> is based on 

allele-sharing of STRs between populations, and is defined as 

PAS=l--(l/2i\0~'̂ f'̂ r/(i',r), where the first and second sums over all alleles in the 

first and second population, and I(i, i) is an indicator variable that equals one if the 

alleles are the same and zero if they are not (Goldstein et al., I99Sa). In modeling of the 

properties of genetic distances based on microsatellites, the allele-sharing distance 

measure is the most appropriate among genetic distances based on microsatellites for 

assaying the relationships between populations who split less than about 300 generations 

ago (Goldstein et al., 1995a). Utilizing DAS also permits the analysis of DYS38S, 

because while other distance measures assimie a stepwise mutation model, and DYS38S 

does not follow a stepwise mutation model. As stated earlier, incorporating DYS38S into 

STR haplotype adds high population specificity. Including DYS38S forces us to 

acknowledge the existence of recent population admixture: It is better to acknowledge 

such a bias when trying to understand shared population history and the effects of 

incomplete lineage sorting (phylogenetic non-equilibrium), than to ignore it. The 

program MICROSAT (Minch et al., 1996) was used to calculate DAS-

2.3.1.3 Sequence-Based Genetic Distances 

Sequence-based distances are calculated for mitochondrial sequence. 

Mitochondrial haplogroups based on restriction fiagment length polymorphisms fiom the 

mitochondrial coding region can be ascribed using control region sequence. Analyses 

based on h^logroups, however, are limited to fivquency-based approaches. Much 



infonnadon can be gained firom sequence-based approaches using control region 

sequence, but the mitochondrial control region exhibits profound rate heterogeneity 

(Hasegawa et al., 1993; Meyer et al., 1999; Stoneking, 2000; Wakeley, 1993). The effect 

of rate heterogeneity is to confound the ascertainment of the true evolutionary 

relationships of individuals and populations via the effect of homoplasy. To a greater or 

lesser extent, the general effect of homoplasy in the estimation of population parameters 

or genetic distance statistics should be to drive them towards the null. This expectation 

and its putative effect on population parameters has been explored and verified—rate 

heterogeneity reduces individual and population differences as measured using the 

number of segregating sites and pairwise differences (Aris-Brosou and ExcofRer, 1996). 

There have been attempts to analytically remedy the problem rate heterogeneity 

introduces into calculations of population statistics. Beginning with a model 

incorporating the possibility of multiple mutations at a single nucleotide position (Jukes 

and Cantor, 1969), several extensions have been made to incorporate unequal nucleotide 

frequencies (Tajima and Nei, 1984); mutational bias related to transitions and 

transversions (Kimura, 1980); mutatiorud bias related to transitions and transversions and 

unequal nucleotide frequencies (Tamura, 1992); and unequal nucleotide frequencies, 

mutational bias related to transitions and transversions, and differences in rates between 

purines and pyrimidines (Tamura and Nei, 1993). Presiunably, if there is adequate power 

the model incorporating methods to correct for the most sources of bias will reconstruct a 

"true" signal. Of those listed above, the model by Tamura and Nei (1993) attempts to 

account for all modeled sources of bias and therefore represents a reasonable 
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methodology to pursue. Sequence-based genetic distances were estimated using 

ARLEQUIN (Schneider et al., 2000). 

2.3.1.4 Multidimensional Scaling Plots 

Principal coordinates analysis followed by multidimensional scaling was 

performed on genetic distances (Kruskal, 1964). The correspondence of the genetic 

distance matrix and the geometric distance matrix based on the plot was tested using a 

Mantel test (Smouse et al., 1986). Generally, two-dimensional monotonic plots were 

generated and tested using Sheppard's test. MDS plots were constructed and tested using 

NTSYSPC (Rohlf, 1986). 

2.3.2 Coalescent Analyses 

Coalescent analyses based on original work by Kingman (1982) permits 

estimation of population parameters, as well as, mutation rates, and estimates of the age 

of SNPs by essentially reconstructing the gene genealogy within a population or set of 

populations. BATWING was used to estimate mutation rates and the ages of diagnostic 

SNPs (Wilson et al., 2000). BATWING is a program that uses Bayesian techniques, and 

priors for mutation rates, growth rates, timing of population growth, and effective 

population size were those used in the Y STR analysis repotted in Wilson (2000). Using 

both SNPs and STRs, the program BATWING generates both minimum and maximum 

ages for each SNP, as well as separate estimates of mutation rates for each STR locus. 

Non-parametric 95% confidence intervals for all estimates are gained by discarding the 

initial bum-in and taking the estimate at the 2.5% and 97.5% replicate. BATWING runs 
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included an initial 10,000 replicate bum-in period to assure adequate mixing, followed by 

20,000 more replicates. 

2.3.3 Estimating Diversity 

SNP haplogroup, mitochondrial haplogroup, and mitochondrial haplotype 

k 

heterozygosity is estimated following Nei (1987, p. 180) as (n /{n - 1)X1 - />/), where 
i= \  

the first component is a connection for sample size, n is the number of individuals, k is the 

number of hs^logroups/haplotypes, and pt is the sample frequency of the 

haplogroup/haplotype. Mitochondrial heterozygosity was calculated using ARLEQUIN 

(Schneider et al., 2000). Analogous STR heterozygosity, as well as, the mean, mode, and 

variance of individual STR loci within haplogroup and populations were calculated using 

MICROSAT (Minch et al., 1996). 

2.3.4 Analysis of Molecular Variance 

The distribution of genetic variation can be estimated as relative proportions of 

within- and between- and among-p<^ulation variation. This is analogous to analysis of 

variance, but implemented as analysis of molecular variation (AMOVA)(ExcofRer et al., 

1992). AMOVA for both NRY data in the fonn of microsatellites and mitochondrial 

sequence was perfonned using ARLEQUIN (Schneider et al., 2000). 

2.3.5 Spatial Autocorrelation 

Spatial autocorrelation is a technique used to uncover underlying patterns in the 

geogr^hic distribution of allele frequencies that were the result of migration or the result 



of population structure generating by isolation by distance. The underlying patterns are 

dependent on the higher correlation of allele frequencies of geographically neighboring 

demes than allele frequencies of geographically distant demes. The autocorrelation 

coefGcient, Moran's D, is calculated using AIDA (Bertorelle and Barbujani, 1995). 

Autocorrelation coefficients are plotted against distance to generate a spatial correlogram 

(Sokal, 1991). 

2.3.6 Mitochondrial Rate Classes 

Recently, a study of rate heterogeneity in the mitochondrial control region has 

estimated relative mutation rates for each nucleotide position (Meyer et al., 1999). Using 

the original data kindly provided by the authors, I categorized the nucleotide positions 

into four classes according to relative rate: class zero included sites the relative rate of 

which was zero; class one included sites the relative rate of which was less than or equal 

to one; class two included sites with a relative rate between one and less than or equal to 

two; and class three was sites with a relative rate greater than two. Category three sites 

included those positions classified as fast according to Wakeley (1993) or Hasegawa et 

al. (1993). In practice, comparing estimates of any statistic or parameter are done using 

an inclusive approach. That is, estimates using class one really includes class zero, class 

two includes class one and zero, and class three includes all classes. The rationale for 

this approach is that the underlying luq)lotype of each individual does not change, and 

using exclusive rate classes gives misleading results because of the random nature of 

mutations in within the historical context of the molecule. For example, using exclusive 

rate classes can lead to a decrease in the number of segregating sites from rate class one 
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to rate class two in a given population, leading to an inference of sequential bottleneck 

that is evolutionarily untenable. That is to say, while rate classes can be interpreted as 

representing evolutionary strata in the sense that consequences or signal of evolutionary 

events will more likely be maintained in more slowly mutating sites, a given event will 

affect all rate categories. Therefore, logically there cannot be a loss of diversity when 

comparing an estimate based on rate class one to that based on rate class two. Rate 

classes should be cumulatively inclusive with increasing relative rate classes, and the 

expectation is that there must be either stasis or accumulation of any diversity estimate as 

more rate classes are added to the computations. 

2.3.7 Estimating Effective Population Size 

The amount of genetic variation in a population is fundamentally dependent on its 

effective population size, where effective population size can be simply defined as the 

number of independent genomes in a population (Fix, 1999). Attempts to estimate 

effective population size are dependent on mutation rate, and are reported as 6, where 6 is 

a fimction of Ne, the effective population size and the neutral rate of mutation. Theory 

has been developed to estimate 6 from the number of segregating sites, 6s (Watterson, 

1975), the number of alleles, 6k(Ewens, 1972), pairwise differences, 6x (Tajima, 1983), 

the number of singleton sites, 8,, (Fu and Li, 1993), and mismatch distributions (Rogers 

and Harpending, 1992). Estimates of Ok and 8 based on mismatch distributions were 

calculated using ARLEQUIN (Schneider et al., 2000), while estimates of 6. and 0% were 

calculated using DNASP (Rozas and Rozas, 1999) 
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2.3.8 Tests of Neutrality and Demography 

Tests of neutrality are generally based on observations and predictions of the 

overall shape of the gene genealogy based on assumptions of neutrality. Tajima's D is 

based on the observation that two different estimators of effective population size, 6s and 

6ic, ought to be approximately the same under neutrality (Tajima, 1989b). Fu's Fs is 

based on Tajima's estimate of 6x (Tajima, 1983) and is negative when there is an excess 

of recent mutations, such as the kind that would be present when recovering from 

selection or the result of a dramatic population expansion (Fu, 1997). Fu and Li's D* and 

F* test different aspects of segregating sites and singletons. Fu and Li's D* is based on 

the difference between 6w. based on Watterson's estimate of 0 (Watterson, 1975), and , 

while Fu and Li's F* is based on the difference between Ox and 9,^ (Fu and Li, 1993). 

Generally, Fu's Fs is powerful for detecting population growth or a selective sweep, 

while Fu and Li's D* and F* tests are more appropriate for detecting background 

selection (Fu, 1997). While Tajima's D is frequently used to detect departure from 

neutrality, there are potential issues with regard to its use for mitochondrial control region 

data and the effect of rate heterogeneity, inasmuch as rate heterogeneity will tend to drive 

Tajima's D towards more positive values (Aris-Brosou and ExcofRer, 1996; Bertorelle 

and Slatkin, 1995). Demography can also affect estimates of Tajima's D: a population 

bottleneck will make Tajima's D more positive, while the impact of population expansion 

is to drive Tajima's D towards more negative values (Tajima, 1989a). All tests of 

neutrality were implemented using DNASP (Rozas and Rozas, 1999). 
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3 NRY DIVERSITY IN EUROPE 

3.1 Background 

Population movements, historical events, and evolutionary processes have shaped 

the genetic landscape of Europe. Europe was colonized by anatomically modem humans 

in the Upper Paleolithic (Soffer and Gamble, 1990). During the Last Glacial Maximum 

(LGM), approximately 21,000 BP, northern Europe was devoid of humans, and central 

Europe was sparsely populated, presumably because populations had retreated into 

central Eurasia and southern Europe (Softer and Gamble, 1990). Following the LGM, 

Europe was invaded from surrounding areas. This initial post-glacial Upper Paleolithic 

colonization was succeeded by Mesolithic and Neolithic migrations (Cavalli-Sforza et al., 

1994). 

Previous studies of the peopling of Europe detected genetic signals thought to 

represent population movements and colonization during the Paleolithic, Mesolithic and 

Neolithic time periods. Early genetic analyses based on allozymes and blood groups 

revealed significant spatial autocorrelation and evidence of distinct patterns, or clines, 

across Europe putatively dependent on a process of demic difRision coincident with the 

spread of agriculture (Cavalli-Sforza et al., 1994; Sokal et al., 1989). Further work on 

autosomal mariners suggested stable clines of Neolithic origin across Europe (Cavalli-
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Sforza, 2000; Chikhi et al., 1998). The presence of dines, however, is not necessarily 

dependent on the process of demic diffusion, and may be related to other processes such 

as kin-structured founder effects (Fix, 1997). Ideally, different clinal patterns might 

reflect independent demographic events, the details of which can be elucidated by using 

genetic systems with different evolutionary scales. 

Examinations of haploid genetic diversity yield different results from those of 

autosomal loci. An analysis of mtDNA spatial autocorrelation finds considerable 

structuring around the Mediterranean, but none in central or northern Europe (Simoni et 

al., 2000). Based on simple fi%quency dines of two mitochondrial haplogroups 

(haplogroups V and H), investigations of the relative contributions of mtDNA variation 

in Europe by epoch suggest that contributions from both southwestern Europe and the 

Near East via central Europe occurred during the Upper Paleolithic (Torroni et al., 1998). 

This contribution of mtDNA variation from southwest Europe is associated with a 

hypothesized Iberian refuge, and further supported by a study of the Y chromosome using 

frequency variation of two restriction fragment length polymorphisms (Semino et al., 

1996). A recent report on the phylogeographic assodations of mtDNA lineages between 

Europe and the Near East concluded that the majority of European lineages are of Upper 

Paleolithic, Near Eastern origin (Richards et al., 2000). 

The two most recent, large-scale studies of Y chromosome variation in Europe 

present complementary data that further support the reconstruction of an Upper 

Paleolithic colonization of Europe followed by a prominent Neolithic demic diffusion. 

This diffusion is assodated with the spread of agriculture across Europe (Rosser et al.. 
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2000; Semino et al., 2000). With 1007 samples from 25 different European regions, and 

using 22 binary polymorphisms (SNPs) on the non-recombining portion of the Y 

chromosome (NRY), Semino et al. (2000) found that the genetic landscape of Europe is 

substantially Paleolithic in origin. They also suggest that a major contribution to the 

European Y chromosome pool originated in the Middle East as part of a demic diffusion 

associated with the spread of agriculture. Furthermore, their data supported the 

reconstruction of regional population movements that can be linked to cultural 

expansions interpolated from archaeological data. Their inferences were based primarily 

on frequency distributions of SNPs and the detection of frequency dines, and secondarily 

on the age of key SNPs as estimated using variation found in three Y chromosome 

microsatellites. 

An examination of NRY variability in Europe by Rosser et al. (2000), which 

typed fewer SNPs (11) but more populations (47), mirrored the conclusions of Semino et 

al (2000): Y chromosome variation in Europe is the result of a predominantly Paleolithic 

colonization process that was followed by regional population movements that were in 

turn punctuated by a Neolithic demic diffusion. Essentially, the paper tested the 

hypothesis that demic diffusion results in allele frequency clines with foci in the Near 

East. Using spatial autocorrelation techniques. Mantel tests, and principal coordinates 

analyses of allele frequencies, their results supported broad continental clines, as well as, 

more regional differentiation. The two studies differed, however, in their conclusions 

regarding the direction and timing of regional frequency clines. 
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It appears that there is a signal within Y chromosome genetic variation reflecting 

the population history of Europe. However, inferences based on and limited to 

techniques manipulating allele frequencies may not be able to fully resolve the 

underlying signal of population history, and therefore, the deeper evolutionary 

relationships of populations of Europe. Here, we examine variation inherent in multiple 

microsatellites (STRs) in conjunction with binary polymorphisms to provide a more 

detailed picture of European NRY variation. The combined use of these marker systems, 

with information relating to different evolutionary and temporal scales, provide a strong 

frameworic for testing hypotheses and making inferences about the population structure 

and population history of Europe. 

3.1.1 Present Study 

Based on archaeological evidence, much of Europe was unpopulated during the 

major episodes of late Pleistocene glaciation (Fagan et al., 1996). Following the final 

glacial retreat, modem Homo sapiens repopulated Europe. Based on evidence from 

investigations of other animals, potential refiigia include the Iberian, Italian, and Balkan 

peninsulas, as well as the eastern Eurasian steppes (Hewitt, 1999). Is there genetic 

evidence for major colonization by a single refuge population during the late Pleistocene 

repopulation process? Are there signals of regional colonization or replacement of 

original Pleistocene settlers? Can we detect any genetic pattern putatively related to 

geogn^hic dispersal of the practice of agriculture? 

Differentiating the processes that produce patterns of shared population history 

requires the testing of hypotheses that will distinguish between a genetic landscape 
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predominantly determined by colonization events and one that is the result of 

evolutionary processes such as isolation by distance or pervasive short-range migration. 

Successive colonization events across an unpopulated landscape should result in diversity 

dines with higher diversity in source populations and lower diversity at the terminus of 

the colonization run (Austerlitz et al., 1997). Depending on the speed with which it 

occurs and the cohesiveness of the migrating population, demic diffusion should result in 

a corresponding loss of genetic diversity across the landscape. The effects of isolation by 

distance should result in frequency dines, but not diversity dines. 

The present study combines 57 single nucleotide polymorphisms and 11 short 

tandem repeats (STRs) to score 807 samples from 18 different populations in order to 

present the highest resolution picture of NRY variation in Europe yet published. A recent 

global analysis of Y chromosome SNP variation demonstrates that Europe has substantial 

genetic structure (Hammer et al., 2001). Many of the SNPs used by Hammer et al. 

(2001) are highly informative for European populations. Resolution is a function of both 

evolutionary scale and the sum total of markers. Scoring a large number of SNPs gives 

potential resolution of relatively deep evolutionary relationships among Y chromosome 

lineages, while scoring multiple STRs permits finer resolution of SNP lineage evolution. 

Because STRs mutate much more quickly than SNPs (approximately five orders of 

magnitude), the combined use of both marker systems makes it possible to differentiate 

recent admixture events from more ancient migration events. Potentially, combining 

SNP and STR data will facilitate distinguishing Upper Paleolithic colonization events 

from more recent Neolithic demic diffusions across the Paleolithic genetic landscape, and 
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detection of the effects of genetic drift and recent admixture. Furthermore, the 

complementary nature of SNPs and STRs allows the following predictions about the 

origin, direction, and stability of SNP dines in Europe: (1) expansion of a population 

dominated by a single SNP lineage into an essentially unpopulated territory should result 

in a corresponding diversity dine with the greatest diversity in proximity to the source 

population (Austerlitz et al., 1997Xillustrated in FIGURE 3.1); (2) the relative frequency 

of the modal STR haplotype within a SNP haplogroup should be higher in those 

populations that participated in the original expansion; and (3) the stability of a SNP dine 

is dependent on the speed and cohesiveness with which the colonizing population moves 

across the geographic landscape and the extent to which it maintains its unique mosaic of 

SNP and STR diversity under the pressure of migrational forces. 
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FIGURE 3.1: Budding colonization model 
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3.2 Results 

3.2.1 Results fix)m SNP Analysis 

Complete SNP haplotyping was performed on 805 Y chromosomes. Fifty-seven 

SNPs defined 47 global haplogroups of which 17 haplogroups were observed in the 

sampled European populations (TABLE 3.1a and TABLE 3.1b). The resulting 

haplogroup fivquencies within populations are found in TABLE 3.2. A graphical 

representation of the evolutionary relationships between haplogroups is shown in 

FIGURE 3.2. A comparison of population SNP haplogroup frequencies in the present 

study to results from other examinations of some of the same markers in the same 

populations (Rosser et al., 2000; Semino et al., 2000) shows good concordance, 

suggesting consistency in sampling and providing a post hoc argument for Y 

chromosome genetic structure across Europe (TABLE 3.3). 



TABLE 3.1a: SNP frcqucnciM in European popuhtioiw 

POPULATIONS 

Mut.No. Mut. Name AUS BRI COR DEN FIN FRA GER ORE ICE lOM ITA NOR POL ROM RUS SHE SPA SWE SUM REFERENCE 

1 MI3  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 UndeihiU el •1.(1997) 

2 DYS108 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Haraneret al.(200l) 

3 PN3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hannier(l995) 

4 DYSI98/M6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Undertiilletal.(l997) 

3 MI4  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 UnderiiUlel al.(l997) 

6 I6E42M4I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer el al.(200l) 

7 SRYI083I.I* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer el aL(l998) 

8 S0f2(P) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Jobling el aL(l996) 

9 DYS263,, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Haimieret al. (2001) 

10 DYS 1944,0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer el al.(200l) 

II MSY2.I* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 BaoelaL(2000) 

12 DYSI90N) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 HainiierelaL(200l) 

13 •86,0^111451 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammerelal.(200l) 

14 DYS287 2 1 0 2 0 1 2 18 1 0 9 0 1 7 2 0 0 0 46 Hananerel aL (1998) 

15 MI3  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Uiidetl)iBeial.(l997) 

16 SRY4M4 2 1 0 2 0 1 2 18 1 0 9 0 1 7 2 0 0 0 46 Hammer el al.(l998) 

17 PN2 2 1 0 2 0 1 2 18 1 0 8 0 1 7 2 0 0 0 45 Hainner(l995) 

18 PNI  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer(l995) 

19 RPS4Ytii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 KanfelelaL(l999) 

20 DYSI94,,,, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer ei al.(200l) 

21 DYS263/M8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Undei1iiUetal.(l997) 

22 DYSI88tm 29 44 25 33 41 32 37 34 118 19 62 48 46 44 54 33 23 36 760 Hammer ei al.(2000) 

23 DYSI90|2] 7 3 1 II 6 3 9 9 40 3 12 17 7 16 7 4 3 23 185 Hammer el al.(200l) 

24 ARS60362 7 5 1 II 6 5 9 9 40 3 12 17 7 16 7 4 3 23 185 Tbif diifeftation 

23 ARS67668 1 3 0 1 3 0 1 6 0 1 6 0 6 13 2 0 1 0 44 Thif diaaeitalion 

26 ARS676S3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Tbif diiteitalion 

27 ARS60377 4 2 1 9 3 2 4 1 37 2 1 14 1 2 4 I 1 22 I I I  Tbif diffleitation 

28 ARS72737 4 2 1 9 3 2 4 1 37 2 1 14 1 2 4 1 1 22 I I I  This diiieitalion 

29 pl2f2 0 1 0 0 0 0 3 II 0 0 II 1 1 9 2 0 4 0 43 Hammer el aL (2000) 

30 MI72 0 0 0 0 0 0 3 7 0 0 8 0 1 7 1 0 4 0 31 UndeihiOeiaL(2000) 

31 DYS26(VMI2 0 0 0 0 0 0 2 3 0 0 3 0 0 5 0 0 0 0 13 Undetfaillel al.(l997) 

32 DYS22lij« 3 0 0 0 0 2 2 4 0 0 4 0 0 1 0 0 2 0 18 Hammer el al. (2000) 



TABLE 3. lb: SNP fircqucncie» fci European popuhtiow 
POPUUTIONS 

Mul.No. MuUrtii* AUS BRI COR DEN FIN FRA PER ORE ICE lOM ITA NOR POL ROM RUS SHE SPA SWE SUM REFERENCE 

33 M20I 3 0 0 0 0 2 2 4 0 0 4 0 0 1 0 0 2 0 18 UndeiliiUetal.(2000) 

34 SYI30 3 0 0 0 0 2 2 4 0 0 4 0 0 1 0 0 2 0 18 Hammer el aL (2000) 

3S SYIi9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer et aL (2000) 

36 M9 19 37 24 24 35 25 22 10 78 16 33 30 38 18 45 29 12 13 SOS Karafeteial.(l999) 

37 MI22  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Suetal.(l999) 

38 UNE-I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Santos el aL (2000) 

39 MSY2.2* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Baoel aL(2000) 

40 LLY22 0 0 0 1 26 0 0 0 0 0 0 3 1 0 5 0 0 1 37 Zeqal el aL(2001) 

41 Tal 0 0 0 1 26 0 0 0 0 0 0 3 1 0 5 0 0 1 37 Kaiafetelal.(l999) 

42 ARSEPti2II 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer el al.(2001) 

43 M9S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 SuelaL(l999) 

44 SRYH5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Shinkael al.(l999) 

43 DXYSSY 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Shinkael al.(l999) 

46 DYS234/M4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 UndeiliittetaL(l997) 

47 DYS2I4/M5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Undefhillelal.(l997) 

41 DYS257U2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hammer el aL (2001) 

49 SY2I4/MI6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 UndeihineiaL(l997) 

SO DYS2S7ioi 19 37 24 23 8 24 21 9 78 16 31 27 37 18 35 29 12 12 460 HanimerelaL(l998) 

SI UTYI-I 19 36 24 23 8 24 21 9 78 16 31 27 37 17 35 29 12 12 458 Kanfet claL (2001) 

S2 MI73 19 36 24 22 8 24 21 9 73 16 31 26 37 17 3S 26 12 II 447 UndeiliiUelaL(2000) 

S3 DYSI944M 12 33 23 17 3 22 17 7 42 13 27 IS 7 7 12 16 12 5 290 Hammer el aL (2000) 

S4 SRYI083I.2* 7 2 0 4 5 0 4 2 30 3 4 II 29 10 23 10 0 6 ISO Hammer el aL(l998) 

SS MI7  7 2 0 4 5 0 4 2 30 3 4 II 29 10 23 10 0 6 ISO UndeiliilleiaL(l997) 

S6 ARS72425 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 3 0 1 II Thii diiieitation 

57 DYSI99/M3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Kanfet et aL(l999) 

* Haplogroupi u defined in figuie I. 
* Reference lo genolypini U(«y protocol and/or fint repoit of muialion. 

* SMe wkh RGuneni muialion. 



TABLE 3.1c: Assignment of mutation names to detected haplogroups 

Mutation Name Haplogroup Assignation Mutation number 
SRY40M HG3A 16 
PN2 HG4 17 
DYSl 88792 HGIR 22 
ARS60362 HGlRb 24 
ARS67668 HG IRbl 25 
ARS72737 HG lRb2 28 
pl2£2 HG 12f 29 
Ml 72 HG Ufa 30 
DYS260/M12 HG 12fb 31 
SY130 HGIH 34 
M9 HG lU 36 
Tat HG 11 41 
DYS257,o, HGIC 50 
M173 HG ICd 52 
DYS1944«, HG IL 53 
M17 HG ID 55 
ARS72425 HG ICa 56 



TABLE12^NPhapl^rmu^ftegi^^ 

n 4 12f Ufa 121b 12F* IC ICa ICd ID IH 11 IL IR IRb IRbl lRb2 lU 3A 

Austria 31 0.06 - - - - 0.23 0.10 - 0.39 - 0.06 0.03 0.13 - -

Cork 25 - - - - 0.04 - - - 0.92 - - - 0.04 - -

Denmark 37 0.05 - - 0.03 0.03 0.11 - 0.03 0.46 - 0.03 0.03 0.24 - -

Finland 41 - - - - - 0.12 - 0.63 0.07 - - 0.07 0.07 0.02 -

France 33 0.03 - - - 0.06 - 0.06 - 0.67 - 0.09 - 0.06 0.03 -

Germany 39 0.05 - 0.03 0.05 0.08 - - - 0.10 0.05 - 0.44 0.03 0.10 0.03 0.10 0.03 -

Greece 52 0.35 0.08 0.08 0.06 0.21 - - - 0.04 0.08 - 0.13 - 0.04 0.12 0.02 0.02 -

Iceland 119 0.01 - - - - 0.04 0.01 0.25 - - 0.35 - 0.03 - 0.31 - -

IsleOfMan 19 - - - - - - - 0.16 - - 0.68 - - 0.05 0.11 - -

Italy 71 0.11 0.04 0.07 0.04 0.15 •» - - 0.06 0.06 - 0.38 0.03 0.07 0.08 0.01 0.03 0.01 
Norway 48 - 0.02 - - 0.02 - 0.02 - 0.23 - 0.06 0.31 - 0.06 - 0.29 - -

Poland 47 0.02 • 0.02 - 0.02 - - 0.02 0.62 - 0.02 0.15 - - 0.13 0.02 - -

Romania 51 0.14 0.04 0.04 0.10 0.18 0.02 - - 0.20 0.02 - 0.14 - 0.02 0.25 0.04 - -

Russia 56 0.04 0.02 0.02 - 0.04 - - - 0.41 - 0.09 0.21 - 0.02 0.04 0.07 0.09 -

Shetland 33 - - - - - 0.09 - 0.30 - - 0.48 - 0.09 - 0.03 - -

Spain 23 - - 0.17 - 0.17 - - - - 0.09 - 0.52 0.09 0.04 0.04 0.04 - -

Sweden 35 - - - - - 0.03 - 0.17 - 0.03 0.14 - 0.03 - 0.61 - -

UK 45 0.02 0.02 - - 0.02 0.02 - 0.02 0.04 - - 0.73 0.02 - 0.07 0.04 - -

*Suniori2f. IZfind I2fb 
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FIGURE 3.2: SNP Evolutionary Networic. Frequencies of SNPs observed in the current 
study are shown on an evolutionary networic in relative proportion of fiequency across all 
European populations, where populations are denoted by color and pattern as shown in 
the legend. 



69 

FIGURE 3.2: SNP evolutionary network 
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Htplopoi^ 1C4 m ID ur 

S B  
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IskOiMtti 0.68 - - 0.16 - - 0.16 - - 0 - - 0 - -
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SlKtknd 0.48 - - 0.12 - - 0.30 - - 0 - - 0 - -

Spam' 0.52 0.71 0.77 0.13 0.11 0.05 0 0.01 0 0.17 0.02 0.06 0 0.05 0.06 
Swtdm 0.14 0.20 - 0.63 0.54 - 0.17 0.18 - 0 0.01 - 0 0.01 -

UK 0.76 - - 0.11 - - 0.04 - - 0.02 - - 0.02 - -
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3.2.1.1 SNP Haplogroup Frequency Clines 

There are broad haplogroup frequency clines in Europe (FIGURE 3.3), at both the 

pan-European and regional levels. The most prominent clines are seen in haplogroups 

IL, 4, 12F (12f, 12fa, and 12fb combined), ID, IRbl, and lRb2. Haplogroup IL shows a 

broad distribution along a predominately north-south axis. While some frequency of 

haplogroup IL is found in all of the sampled populations, it stretches in high frequency 

along the North Atlantic seaboard. Haplogroup 4 is most frequent in the Balkan 

Peninsula, and then rapidly tapers off to the north and west. Other than moderate 

frequencies in Italy, Greece, and Romania, haplogroup 4 appears only in low frequency 

in other populations. In contrast to haplogroup 4, haplogroup 12f is more prevalent 

around the Mediterranean, with minor representation towards the northeast. Haplogroup 

ID is present moderate frequency in a broad swath across moderate to high latimdes in 

Europe, but is absent in southeastern Europe. The highest frequency of haplogroup ID is 

in Poland. Haplogroup 1 Rbl is moderately frequent in eastern and southeastern Europe, 

less frequent in southwestem Europe and Britain, and absent in Scandinavia and France. 

Haplogroup lRb2 is ubiquitous in Scandinavia and moderately frequent to less frequent 

in all other European populations sampled. The general pattern of the visual dine of 

haplogroup lRb2 is that it tapers from its highest frequency in Sweden down towards the 

Mediterranean. 



72 

FIGURE 3.3: SNP haplogroup frequencies in European populations 
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3.2.1.2 Detecting Genetic Drift 

The degree to which a population has been subject to extreme drift or admixture 

can be inferred using a calculation of the centroid, which is based on SNP frequencies, in 

conjunction with estimates of SNP heterozygosity (Harpending and Ward, 1982). A plot 

of population heterozygosity based on SNP frequency by distance from the centroid 

reveals both admixture and genetic drift (FIGURE 3.4). Fitting a regression line on the 

data, we can surmise that populations below the line have been subject to drift and 

populations above the line have been subject to admixture (Harpending and Ward, 1982). 

Although it is difficult to differentiate recent migration from shared population ancestry, 

there are clear indications of genetic drift. The primary outlier that has been most 

strongly affected by genetic drift is the sample from Ireland (Coric). Finland, another 

outlier, is very different from the rest of Europe in that it has a predominance of 

haplogroup II.  
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FIGURE 3.4: Population heterozygosity and distance from centroid 
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3.2.1.3 SNP Spatial Autocorrelation 

Spatial autocorrelation is a technique used to uncover underlying patterns in the 

geographic distribution of allele frequencies that were the result of migration or the result 

of population structure generating by isolation by distance. The underlying patterns are 

dependent on the higher correlation of allele frequencies of geographically neighboring 

demes than allele frequencies of geographically distant demes. Autocorrelation 

coefficients are plotted a^inst distance to generate a spatial correlogram (Sokal, 1991). 

Using spatial correlograms, it is possible to discriminate admixture related to the 

presence of ancestral polymorphism within populations from more recent migrations. 

Whereas the former presents a signal of ancient admixture that indicates shared 

population ancestry, the latter affect trajectories of population structure. Shared genetic 

diversity related to congruent ethnogenesis will produce a genetic landscape that is 

structured across geographic space—even though this landscape may be blurred by more 

recent, incomplete migrations. A spatial autocorrelation correlogram based on SNPs 

supports a reconstruction of limited migration apart from major colonization events, and 

represents a dine that indicates significant spatial structure (FIGURE 3.5). This confirms 

patterns of spatial structure seen in previous studies (Chikhi et al., 1998; Rosser et al., 

2000; Sokal et al., 1989). 
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FIGURE 3.5; SNP spatial autocorrelation correlogram 
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3.2.1.4 SNP-Based MDS Plot 

The MDS plot of European populations based on SNP chord genetic distances 

(FIGURE 3.6) roughly places the populations in their relative geographic orientation. 

The estimated correlation between the original genetic distances and the Euclidean 

distances as based on the plot is very strong (r=0.99). The figure is a two-dimensional 

monotonic plot with good fit, as indicated by a relatively low stress value (stress=0.10). 

Generally, continental European populations appear together in the upper half of the plot, 

and the populations of Scandinavia, the British Isles, and Ireland appear together in the 

lower half. Finland is the obvious outlier in the plot. However, a closer examination of 

the plot reveals subtle clusters reflecting geography, as illustrated with circles grouping 

geographically adjacent populations. Note that the clusters are in proper geographic 

configuration. Because an MDS plot such as this one is meant to convey general 

clustering and has little explicit correlation to geography, we can not infer detailed 

population history from the orientation of these clusters. However, the clusters do give 

an indication of genetic relatedness. 

It is interesting to note the position of Iceland relative to Norway and Ireland. 

There is substantial historical and genetic evidence that the Icelandic population is a 

result of Celtic and Norwegian admixture (Bjamason et al., 1973; Donegani et al., 1950; 

Helgason et al., 2000a; Helgason et al., 2000b; Thompson, 1973; Walter and P^sson, 

1963; Williams, 1993). Employing similar Y chromosome data but lower resolution, a 

recent paper (Helgason et al., 2000b) estimates the ratio of Celtic to Norwegian 

admixture to be 1:5. Ifwe allow the ratio ofthe metric distances on the plot between 
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Norway and Iceland and between Ireland and Iceland to represent the ratio of admixture, 

then our estimate is 1:5.6. 



FIGURE 3.6: MDS plot ot populations based on SNP chord genetic distances 
MDS 2D Monoloaic: ilmi=O.IO; H).99; p<0.002 
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3.2.2 Results from STR Analysis 

3.2.2.1 STR Heterozygosity by Population 

Complete STR haplotyping was performed on 807 Y chromosomes. Diversity 

statistics are reported for populations in TABLE 3.4. Among the populations, the sample 

firum Ireland has the lowest average STR heterozygosity, and a box plot identifies it as an 

outlier. The extremely low average heterozygosity in Ireland presumably reflects the 

preponderance of a single SNP lineage, haplogroup IL, and peiiiaps a founder effect. 

Ireland, Finland, Isle of Man, Sweden, Britain, Poland, and Shedand all have lower than 

average heterozygosity. Inspecting the heterozygosity of each STR locus individually 

reveals that while Ireland has the lowest heterozygosity in six of the nine STRs suitable 

for the analysis (DYS388, DYS390, DYS392, DYS393, DYS394, and DYS389C), 

Sweden is lowest in one (DYS391), Shetland in one (DYS426), and Finland in one 

(DYS439). DYS38Sa and DYS38Sb are not suitable for this particular analysis, because 

they are not reliably differentiable among all individuals. 

When sample populations are clustered according to broad geographic region 

(British Isles, continental Europe, and Scandinavia), AMOVA analysis shows that 3.3% 

of the variation is the result of differences among groups, 5.7% of the variation is 

explained by differences among populations within groups, and 91.0% of the variation 

resides within populations. 



TABLE 3.4: STR heterozygosity estimates by population 

DYS388 DYS390 DYS39I DYS392 DYS393 DYS394 DYS426 DYS439 DYS389c 

Ireland 
Finland 0.26 0.64 
IskOfMan 0.35 0.68 
Sweden 0.53 0.74 

UK 0.38 0.55 
Poland 0.27 0.65 

Shetland 0.32 0.68 
Iceland 0.49 0.73 
France 0.35 0.61 
Denmark 0.52 0.65 
Austria 0.42 0.72 
Russia 0.29 0.69 
Spain 0.61 0.70 
Norway 0.52 0.74 
Germany 0.55 0.66 

Greece 0.58 0.66 
Romania 0.70 0.64 

Italy 0.54 0.72 
Average 0.43 0.67 

0.52 
0.49 
0.43 

0.58 
0.49 
0.49 
0.52 
0.53 
0.52 
0.41 
0.51 
0.57 
0.53 
0.48 
0.49 
0.50 
0.53 

0.49 

0.49 0.58 0.32 
0.53 0.10 0.48 
0.45 0.20 0.61 
0.56 0.17 0.46 
0.42 0.20 0.74 
0.62 0.22 0.64 
0.58 0.22 0.55 
0.60 0.44 0.61 
0.63 0.32 0.50 
0.58 0.38 0.73 
0.61 0.36 0.73 
0.49 0.40 0.52 
0.58 0.39 0.63 
0.61 0.50 0.62 

0.35 0.56 0.74 
0.37 0.51 0.76 

0.63 0.57 0.73 
0.52 0.34 0.59 

0.47 
0.44 
0.47 
0.47 
0.50 
0.50 
0.49 
0.49 
0.30 
0.46 
0.52 
0.41 

0.65 
0.65 
0.70 
0.70 
0.74 
0.69 
0.66 
0.63 
0.62 
0.70 
0.58 
0.60 
0.66 
0.66 
0.71 
0.68 
0.65 

0.2903 
0.2659 
0.4892 
0.4583 
0.5885 
0.6373 
0.5415 
0.5161 
0.5997 
0.6535 
0.6403 
0.6087 
0.513 
0.6456 
0.6383 
0.7274 
0.613 
0.53 

Ave. 

34 
0.44 
0.46 
0.51 
0.51 
0.51 
0.52 
0.54 
0.55 
0.56 

0.57 

0.57 
0.58 
0.58 

0.60 
0.60 
0,63 
0.64 

0.54 

Shaded cell indicates minimum value for given STR 

00 



82 

3.2.2.2 STR Heterozygosity by Haplogroup 

An examination of STR diversity within haplogroups (TABLE 3.5) does not 

reveal any distinct patterns. Different haplogroups have the lowest heterozygosity for 

various individual microsatellites. This is likely related to the stochasticity of the 

mutation process, but may also reflect equilibrium pressures inherent in the evolution of 

microsatellites (Xu et al., 2000). A multidimensional scaling plot of European 

haplogroups by STR based on the proportion of shared alleles reveals convergent 

evolution between more distantly related haplogroups (e.g., haplogroup 4 and ICd/lL in 

the first MDS dimension; FIGURE 3.7). Furthermore, analysis of STR variability within 

haplogroups using AMOVA shows constrained genetic variability within haplogroups. 

Progressively grouping haplogroups to fully encompass the Y chromosome evolutionary 

network (FIGURE 3.2) for AMOVA analysis results in 66% of the variation among 

groups on either side of mutation 22, 2% of the variation among haplogroups within 

groups, and 32% percent of the variation within haplogroups. Grouping haplogroups 

according to major nodes in a semi-paraphyletic fashion (HG 3 A, HG 4; HG 12F, HG 

IRbl, HG lRb2, HG IH; HG lU, HG II; and HG IL, HG ID, and HG ICa) results in 

40% of the variation among groups on either side of mutation 22, 33% of the variation 

among haplogroups within groups, and 27% percent of the variation within haplogroups. 

Following FIGURE 3.2, it is possible to group haplogroups by terminal haplogroups (HG 

3A, HG 4; HG 12F; HG IL, HG ID; HG ICa; HG IRbl, HG lRb2; HG II; and HG IH). 

Subsequent AMOVA analysis results in 16% of the variation being within groups, 37% 
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of the variatioii within groups within terminal haplogroups, and 47% of the variation 

within terminal haplogroups. 



TABLE 3.5; STR diversily statistics by haplogroup 

HO DYS388 DYS390 DYS39I DYS392 DYS393 DYS394 DYS426 DYS385aDYS385bDYS389c DYS439 Ave. 

4 0.04 0.53 0.36 0.16 0.40 0.20 0.04 0.63 0.72 0.24 0.53 0.35 
12f 0.63 0.59 0.28 0.05 0.24 0.56 0.09 0.73 0.79 0.47 0.64 0.46 
IC 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.50 0.00 0.18 

ICa 0.00 0.00 0.40 0.30 0.00 0.00 0.00 0.17 0.43 0.43 0.63 0.21 
ICd 0.00 0.45 0.49 0.57 0.24 0.57 0.57 0.41 0.49 0.45 0.61 0.44 
ID 0.08 0.35 0.53 0.05 0.14 0.64 0.03 0.36 0.35 0.59 0.51 0.33 
IH 0.48 0.61 0.36 0.20 0.48 0.36 0.10 0.69 0.75 0.65 0.54 0.47 
II 0.00 0.49 0.20 0.00 0.36 0.15 0.00 0.28 0.28 0.10 0.28 0.20 
IL 0.07 0.54 0.51 0.21 0.23 0.24 0.10 0.38 0.59 0.36 0.63 0.35 
IR 0.61 0.50 0.28 0.50 0.44 0.50 0.28 0.28 0.67 0.61 0.28 0.45 

IRb 0.13 0.38 0.28 0.43 0.66 0.54 0.12 0.67 0.58 0.73 0.58 0.46 
IRbl 0.35 0.55 0.47 0.24 0.13 0.69 0.09 0.62 0.65 0.79 0.74 0.48 
IRh2 0.07 0.56 0.12 0.11 0.20 0.38 0.04 0.53 0.53 0.32 0.42 0.30 
lU 0.00 0.45 0.17 0.66 0.45 0.63 0.00 0.71 0.84 0.78 0.63 0.48 

Ave. 0.18 0.46 0.32 0.25 0.28 0.39 0.10 0.50 0.58 0.50 0.50 0.37 



FIGURE 3.7: MDS plot of SNP haplogroups based on STR -ln(DAs) 

MDS Monotonic: stress=0.13; r=0.98; p<0.002 
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3.2.2.3 STR-Based MDS Plot 

The MDS plot of — ln(D^) (FIGURE 3.8) shows clusters similar to the MDS 

plot of SNP chord distance, but the patterns are not as distinct. Correlation of the original 

genetic distance matrix with one based on Euclidean distances is very high (f=0.99), and 

the overall fit of the data is good (stress=0.10). Populations of the British Isles still 

cluster together, but there is moderate merging of the Scandinavian and continental 

European clusters, with Poland, Austria, and Russia clustering with Scandinavia. The 

southern cluster of Greece, Romania, and Italy remains moderately clustered off to one 

side of the plot, while Finland is an outlier. 



FIGURE 3.8: MDS plot of peculations based on STR -InCD^s) 
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3.2.2.4 STR Haplotype Sharing Between Populations 

Haplotypes constructed from eleven microsatellites provide excellent resolution 

for detecting recent admixture via shared haplotypes. It is highly improbable that a 

specific haplotype is shared between two populations, unless it was recently transferred 

from one population to the other. This is especially true when DYS38S is included, as 

this duplicated STR is extremely labile and does not follow the stepwise mutation model 

(unpublished data from the Genome Analysis and Technology Core, University of 

Arizona). The fact that we are unable to distinguish the two loci does not diminish their 

power in detecting recent migration. There is evidence of moderate admixture of recent 

origin; the absolute frequency that a given population shares any haplotypes with the 

other 17 populations ranges from six to seventeen (TABLE 3.6). 

Among all of the populations, only Iceland shares haplotypes with every other 

population. Of the other populations, Italy and Shetland share with 16 and 15 other 

populations, respectively, while Austria, Denmark, France, Sweden and cosmopolitan 

Britain all share with 14 other populations. Only Greece, Isle of Man, Poland, and 

Romania share with ten or fewer other populations. 



TABLE 3.6; Popuhtion percent-sharing of STR hapbtypes 

Den Fin Fra Ger Gre Ice Man Ital Nor Rom Rus She Spa Swe UK 

0.04 0.03 
* 

0.03 

0.03 _ 

0.03 • 
0.03 • 
0.06 0.04 0.05 
0.06 * 0.11 
• • 0.03 

0.13 0.24 0.16 
0.03 • 0.03 
0.10 0.04 0.03 
0.03 0.12 0.05 
* * * 

* • 

0.10 0.04 
0.06 0.08 0.11 
0.03 0.04 0.03 
0.06 0.04 0.13 
0.03 0.08 0.03 

0.03 
* 

0.02 0.06 
• 0.03 

0.02 0.06 
^0.03 

0.02^ 
0.02 0.06 
• • 

0.05 0.09 
• 0.03 

0.02 0.03 
* 0.06 

0.05 * 
0.02 • 
0.05 0.03 
0.02 0.03 
• 0.09 

0.05 0.06 
0.02 0.06 

0.04 

• 

0.10 0.02 
0.03 • 
0.05 • 

^0.02 
0.03*  ̂
0.13 

* * 

0.05 0.02 
0.03 • 
0.03 0.02 
• 0.04 

0.03 0.06 
0.03 • 
• 0.02 

O.IO • 
0.08 • 

0.03 0.05 
0.05 • 
0.05 0.05 
0.02 • 
0.03 0.05 
0.04 • 
0.02 * 

10.16 

0.03' 
0.04 0.05 
0.11 0.05 
0.01 • 
0.01 • 
0.04 • 
0.08 0.21 
0.03 0.05 
0.06 0.05 
0.05 0.05 

0.01 

0.04 0.02 
0.01 0.06 
0.01 0.04 
0.01 • 
0.01 0.04 
0.03 0.02 
0.01 * 
0.07 0.27 

0.02 
^0.02 

0.01 
0.01 • 
• * 

0.03 0.04 
0.04 0.06 
0.01 0.04 
0.01 0.10 
0.01 0.08 

* 0.05 0.06 0.04 0.06 0.02 
• 0.02 0.06 0.04 0.03 0.04 

0.02 • 0.12 0.04 0.14 0.02 
0.02 0.04 0.03 * 0.06 0.02 

0.02 0.03 0.13 0.06 0.04 
• 0.02 0.03 * 0.11 0.07 

0.04 0.05 * 0.04 * • 

0.02 0.09 0.27 0.13 0.19 0.13 
• * 0.12 0.04 0.03 0.02 
* 0.04 0.09 0.04 0.03 0.02 
* 0.04 0.09 0.09 0.14 0.09 
* 0.04 • * * 0.02 

I0j05 0.03 * * * 

0.06 1 lOjW * 0.06 * 

0.02 0.02 1 |0j09 0.06 0.07 
• * 0.06 1 [0j03 0.07 
• 0.04 0.06 0.04 1 0.04 
* * 0.09 0.13 0.06 1 

The table should be read as percent shared relative to the cokmn headings 

00 VO 
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3.2.3 Combined SNP and STR Data: Lineage analysis 

3.2.3.1 Atlantic Modal Haplotype 

In a recent paper (Wilson et al., 2001), it is argued that an observed similarity 

between the Irish and the Basques is based on shared population history, and that use of 

the modal allele size for each scored microsatellite to generate a compound STR 

haplotype might genetically identify the common, ancestral link between the two 

populations. This compound modal STR haplotype and one-step mutational neighbors, 

dubbed the Atlantic Modal Haplotype (AMH), occurred on an HGl SNP background (as 

defined in Wilson et al., 2001. HGl is a collection of those Y chromosomes that have the 

DYS257io8 mutation but not the SRYio83i.i mutation (Hammer et al., 1998). This group 

includes basal IC, ICa, ICu, ICd, and IL; the Wilson et al. (2001) study does not score 

DYS194469- In the present study, the scoring of DYS194469 and the addition of three 

more STRs (excluding DYS38S) improve the resolution of this larger collection and 

refine the AMH as presented by Wilson et al. (2001) to haplogroup IL. The more 

precisely defined AMH with DYS1944<i9-DYS388-DYS393-DYS392-DYS394-DYS390-

DYS391-DYS426-DYS389C-DYS439 is A-12-13-13-14-24-11-12-16-16 and one-step 

mutational neighbors. Without the additional STRs, the population samples in the 

present study replicated the original STR modes. Theoretically, the modal luqplotype 

reflects the ancestral haplotype as a function of SNP bottlenecking (de KnijfT, 2000); 

whereby STR variation is lost with the occurrence of a new SNP because the SNP occurs 

in a single individual, the progeny of whom constitute a SNP lineage. By extension, the 

AMH reflects the most ancient hsqplotype of the IL lineage. 
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Does the AMH represent a lineage involved in an early colonization of 

populations into unpopulated regions of Europe following the glacial retreat after the Last 

Glacial Maximum? Alternative hypotheses include a later wave of advance through 

existing populations from outside of Europe, and a wave of advance through existing 

populations from an origin within European populations. If we accept that the AMH 

represents an ancestral IL lineage, there is evidence for early colonization by populations 

with this lineage. A map with frequency pie charts of IL and AMH IL shows higher 

frequency of AMH IL on the Atlantic seaboard (FIGURE 3.9). If the effect of later 

migrations is to bring in 1 Ls that are different from the AMH, then there should be an 

increase in the percentage of AMH ILs farther away from the foci of later migrations. 

The percent of AMH within all the 1 Ls of a population increases from south to north 

(FIGURE 3.10) Another plot of percent AMH by percent IL (FIGURE 3.11) shows a 

natural break between central and eastern Europe and Atlantic and northern Europe, 

based on the regression line fitted through the points. Ironically, the outlier in this plot is 

Ireland, but this is primarily because the sample from Ireland systematically lacks SNP 

diversity as a result of extreme genetic drift; nearly all of Ireland would be AMH if two-

step mutational neighbors were allowed. If individuals bearing the AMH were part of an 

initial colonization into unpopulated space, there should be a trend for decreasing 

diversity across geographic space as populations with the AMH move farther from the 

colonization source (Austeilitz et al., 1997). FIGURE 3.12 clearly shows a decrease in 

heterozygosity of STRs within IL from north to south. 
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FIGURE 3.9; Distribution of HG ILand AMH 
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FIGURE 3.10: Percent AMH by latitude 
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FIGURE 3.11: Regression of percent AMH and percent haplogroup IL 
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FIGURE 3.12: Regression of haplogroup IL heterozygosity and latitude 
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3.2.3.2 Haplogroups 4 and 12F 

The distributional pattern of haplogroup 4 is weakly clinal (FIGURE 3.13). It is 

most frequent in Greece and tapers ofT to the north and west. In contrast to the other 

major haplogroups, haplogroup 4 seems to best fit the signature of Neolithic demic 

expansion that is associated with the spread of agriculture (Ammennan and Cavalli-

Sforza, 1984), inasmuch as it appears to originate in the Near East (Hammer et al., 2000). 

Haplogroup 12F (combining I2f, I2fa, and 12fb) is predominately found around the 

Mediterranean and near the Black Sea, and is virtually absent elsewhere (FIGURE 3.13). 

Although the current study does not include Y chromosomes from North Africa or the 

Levant, it is possible that haplogroup 12F Y chromosomes represent an Arabic or North 

African influence (Quintana-Murci et al., 2001b). This is especially probable in Spain, 

which was under Arab political control from 711-1492 A.D. Total sample sizes of 

haplogroup 4 and haplogroup 12F within the present sample populations are too small to 

perform any analyses of STR diversity. 
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FIGURE 3.13: Population SNP frequency pie charts for haplogroups 4 and 12F 
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3.2.3.3 Haplogroup ID 

With a strong clinal pattern along an east-west transect, haplogroup ID is 

prevalent in central and northern European populations (FIGURE 3.14). Analysis of STR 

diversity data within haplogroup 1D reveals greater diversity in the north and east, 

suggesting an origin for ID in the Asian steppe. Analysis regressing ID STR 

heterozygosity on latitude and longitude produces significant results. The model explains 

46% of the overall variation in STR diversity, based on r^, and both latitude and longitude 

are statistically significant (p<0.019, p<0.013, respectively). 
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FIGURE 3.14: Population SNP frequency pie charts for haplogroup ID 
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3.2.3.4 Haplogroup IRbl 

Haplogroup IRbl is prevalent in Romania but absent in Scandinavia, Ireland, and 

France. Haplogroup IRbl presents a weakly clinal pattern on a southeast to west-

northwest plane (FIGURE 3.1S). STR diversity data reveal no significant relationships 

between heterozygosity and either latitude (r^ = 11%, p<0.18) or longitude (r^ = 15%, 

p<0.11). The strongest relationship is between heterozygosity and longitude, such that 

diversity increases with increasing longitude, while heterozygosity tends to decrease with 

increasing latitude. In a model regressing heterozygosity on both latitude and longitude, 

the results are not significant (r^ = 22%, p<0.14), but they do suggest a general diversity 

dine oriented on a southeast/northwest plane. 



FIGURE 3.15: Population SNP frequency pie charts for luq>logroup IRbl 
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3.2.3.5 Haplogroup lRb2 

Haplogroup lRb2 is present in all populations sampled and shows a strong clinal 

pattern across a north-south plane (FIGURE 3.16). An analysis of STR diversity data 

reveals a strong, significant association between heterozygosity and latitude, such that 

heterozygosity decreases from north to south (FIGURE 3.17). Regressing heterozygosity 

on both latitude and longitude brings longitude into significance as well, with the two 

combined predictor variables explaining 49% of the variation, based on r^ (p<0.004, 

p<0.045, respectively). Incorporating both latitude and longitude into the model 

simultaneously reveals a general diversity dine that decreases from the northeast to the 

southwest 
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FIGURE 3.16; Population SNP frequency pie charts for haplogroup lRb2 
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FIGURE 3.17; Regression of haplogroup lRb2 heterozygosity and latitude 

.35-

.3 -

.25-

.2-

.15-

.1 -

.05 -

0 -

Runia 

r'=0.32; p<O.Ol 
SMMCtan 

Or—w Spain Italy ShaOand 

35 
Latitude 

40 45 55 60 



105 

3.2.4 Dating Population Splits 

Excluding DYS385, the calculation of pairwise molecular distances (TABLE 3.7) 

based on STRs that have been corrected for within-pairwise distances permits a rough 

estimate of the timing of population splits, based on the formula DA=2A.T (Nei, 1987). 

Assuming an average paternal generation time of 30 years (Tremblay and Vezina, 2000) 

and an average mutation rate of 3 x 10'̂  per locus per meiosis (Kayser et al., 2000), the 

majority of the splits occurred less than 4,000 years ago, with the earliest divergence 

between Ireland and Greece at 9,389 years ago (TABLE 3.8). Using Goldstein's method 

(Goldstein et al., 1995a) for estimating the timing of population splits using (5^.)^, the 

times vary in the particular but not in pattern (TABLE 3.8). The majority of the breaks 

occurred within the last 4000 years, but the earliest is between Finland and Greece at 

7,900 years ago. Thus, the samples from Ireland and Finland represent the most ancient 

divergences. 



TABLE 3,7: Population STR pairwise molecular distances 

Aust Cork Dane Finn Germ Giek Ital loM Pole Romn Russ Shet Span Swed UK 
4.54 5.52 5.04 5.45 4.84 5.12 4.99 5.62 5.15 5.04 5.22 5.16 5.03 

5.73 4.38 5.07 3.55 4.70 4.85 5.78 4.87 4.18 4.47 5.08 3.60 
5.56 4.89 5.39 4.61 5.09 5.15 5.71 5.21 5.01 5.08 5.15 4.83 
5.80 5.37 5.70 5.11 5.40 5.74 5.91 5.49 5.59 5.64 5.44 5.33 
5.74 5.11 5.43 4.55 5.32 5.37 5.79 5.38 4.92 5.19 5.60 4.59 
5.62 5.19 5.49 4.98 5.28 5.41 5.73 5.43 5.22 5.23 5.34 5.04 

5.57 5.53 5.62 5.60 5.50 5.33 5.55 5.81 5.52 5.39 5.76 
0.62 5.44 4.56 4.95 4.99 5.64 5.10 4.91 5.13 4.97 4.84 
0.19 0.23 5.21 5.51 5.54 5.71 5.56 5.50 5.41 5.54 5.36 
1.07 0.14 0.39 4.82 4.79 5.56 4.91 4.44 4.83 5.15 4.24 
0.52 0.00 0.16 0.25 5.10 5.68 5.19 5.10 5.27 4.99 5.12 
0.71 0.33 0.48 0.52 0.30 5.50 4.84 4.87 5.46 5.21 5.20 
0.05 0.49 0.16 0.80 0.39 0.51 5.63 5.75 5.68 5.54 5.80 
0.45 0.13 0.20 0.33 0.08 0.02 0.32 5.04 5.47 5.28 5.23 
0.93 0.15 0.35 0.07 0.20 0.26 0.66 0.12 5.28 5.50 4.70 
0.38 0.11 0.00 0.20 0.11 0.60 0.34 0.30 03  ̂ 5.30 4.98 
0.58 0.28 0.46 0.86 0.17 0.68 0.52 0.44 0.87 O A l \  5.37 
1.04 0.26 0.38 0.04 0.39 0.77 0.88 0.49 0.17 0.19 o3  ̂

Above diagonal; Average number of pairwise differences between populations 
Diagonal elements; Average number of pairwise diffeiences within populations 
Below diagonal; Corrected average pairwise differences 
Does not include DYS385 



TABLE 3.8; Estimates of populilion divergence times 

Aust Cork Dane Finn Fran Germ Orek Icel Ital loM Norg Fob Romn Russ Shet Span Swed Brit 

Auftrii 2460 220 3570 1740 140 1480 130 
Cork 1 1180 2780 470 1990 5560 2320 
Denmark 267 2896 2920 560 0 1410 360 
Finland 5614 8871 4971 3610 3710 7900 3620 
France 928 1609 607 4998 760 3400 1900 
Germany 0 3038 221 5003 380 1070 340 
Greece 2006 9389 2674 6461 3738 2005 1500 
Iceland 277 3271 0 4965 1262 529 3122 
Italy 331 4782 542 4645 893 40 962 1134 
IskOfMan 1194 1072 576 5612 398 1410 5339 687 
Norway 0 4215 296 4434 1612 238 2587 0 
Poland 768 6417 2058 7588 3331 2364 3559 1647 
Romania 1497 8629 2440 6046 3009 1562 246 2438 
Russia 14 4978 843 4824 1825 941 2258 667 
Shetland 550 2586 868 6370 586 938 4626 768 
Spain 174 2740 0 5337 689 0 1907 574 

Sweden 1492 7457 1964 5990 4355 1923 2877 1418 

Britain 1356 541 878 5951 0 938 5210 1278 

390 
2070 

0 

550 
640 
390 

3960 2720 
830 640 

630 
2830 
330 

^610 
1926*" 
7% 
2396 2592 
806 4002 
984 1660 
1747 349 

5 1019 
2295 4287 
1913 210 

0 1060 
2800 6050 
270 3310 

2970 6880 
2160 5210 
200 2820 
1650 4070 
no 2030 
390 3040 
710 2480 

J790 
1483 ' 
1957 2538 
397 III 

1006 1309 
573 3008 
839 3413 
1953 3868 

1090 
5570 
1500 
7750 
3210 
880 
160 
1350 
1010 
2440 
1320 
2530 

1623 
3282 
1684 

2623 
4397 

0 240 
2790 1170 
810 450 
3770 3310 
2400 1070 
890 740 
2090 2760 
330 440 

1060 1100 
550 20 
380 930 
710 1990 

1510 2310 
^240 

599"^ 
1482 1629 
2201 4346 
2445 868 

240 1250 1930 
2170 5340 140 

0 1330 540 
4030 4920 3550 
1130 4120 0 

0 1000 1000 
720 1530 3700 
320 1190 1730 
0 1090 1140 

590 2730 450 
150 410 2200 

2780 3660 5530 
630 1680 3530 
740 2100 2420 

3280 930 
670 1210 

^4300 
972 4591' 

Betow diagonal' dA=2XT with a paternal generatkm time of 30 years. Above diagonal: (fiH)VT, with a paternal generatkm of 30 years 
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3.2.S Coalescent Analyses 

Using a coalescent-based approach permits simultaneous estimation of multiple 

parameters which are fundamentally dependent on effective population size and mutation 

rate. Additionally, it is useful for comparative purposes to include the estimation of 

demographic parameters. 

3.2.5.1 Dating SNP Events 

Using both SNPs and STRs, the program BATWING generates both minimum 

and maximum ages and associated non-parametric confidence intervals for the estimated 

age of each SNP event. When growth is not included in the model, the estimate of 6 for 

the SNPs under the infinite sites model is 10.63 with a 95% confidence interval of (7.77, 

14.11), while the median estimate of European male effective population size is 10,338 

(8,807, 12,013). The estimates of SNP ages are output in coalescent units and translated 

to years by multiplying by the effrotive population size and years of a paternal 

generation, here 30 years (TABLE 3.9). When growth is included in the model, the 

estimate of O is 2.50 (1.75, 3.55), while the median estimate of European male effwtive 

population size is 2,684 (2,009, 3,397). The ages of SNP events are all correspondingly 

smaller (due to their intimate relationship with the estimate of male effective population 

size) (TABLE 3.9). Under the assumption of growth, the posterior estimate for the 

intrinsic growth rate per generation is 3.74% (2.87,4.86), while the posterior estimate for 

the time of onset of growth is 2,801 years ago with a 95% confidence interval of (1,470, 

4,898). 



TABLE 3.9; Ettimalcs of SNP Ages 

ladadlf Gfowtli to tlw Modd 
Median Avenge5%CI 93% CI 

N. 2684 2701 2009 3397 

r 3.74 3.78 2.87 4.86 

Tq 2801 2885 1470 4898 

Estimate of Minimum Age Estimate of Maximum Age Estimate of Minimum Age Estimate of Maximum Age 
Mutation Med Ave 3%* 93% Med Ave 3% 93% Med Ave 5% 95% Med Ave 5% 95% 

LLY2Z 3890 2019 8403 17364 6883 38851 4Z70 4489 2184 8283 15232 16304 
ARS72425 4200 4668 1892 9880 18332 18829 11766 28693 4003 4427 1897 9400 14124 14636 7704 25782 
DYS260/MI2 4278 4322 2207 8431 6783 7026 3606 12143 3624 3741 1830 6779 5370 5552 2539 10170 
MI72 7383 7627 4279 12701 9770 10143 3393 17391 5694 5875 2937 10418 7383 7704 3737 14176 
ARS72737 9028 9397 4840 17612 18372 19046 9338 34230 6443 6926 3267 13631 13856 14565 6451 28461 
SYI30 9686 10370 3062 20433 20841 22634 8923 47857 6022 6368 2944 12423 10607 12813 4548 32730 
DYSI94«, 9743 9933 6449 13022 12163 12377 7363 19996 6832 7013 3953 11460 8678 9012 4806 13943 
MI7 10487 10787 6309 17223 14833 13183 8939 23814 8334 8823 4331 15631 11512 11990 6190 21165 
il2f2 11888 12788 6828 23381 26740 29036 11173 60065 8276 8753 4261 16246 18208 19463 6202 43494 
»N2 12746 13376 6842 23208 19023 20333 9314 38487 9374 9978 4252 20400 13847 15189 5980 33128 
MI73 13710 16122 10337 24340 18332 18829 11766 28695 11911 12397 6613 21369 14124 14636 7704 25782 
ARS67668 17917 18679 10270 32024 22033 23143 12396 41776 13446 14163 6993 27050 16622 17422 8419 33518 
UTYI-I 18332 18829 11766 28693 21890 22363 13749 35441 14124 14636 7704 25782 16719 17438 8904 31077 
SRY40M 19023 20333 9314 38487 68367 72637 33917 133388 13847 15189 5980 33128 57260 59622 26205 115085 
DYS237,u 21906 22367 13749 33441 32398 33263 19133 54254 16719 17438 8904 31077 25501 26497 12797 49525 
DYSI9Qn2 23417 24769 13992 43360 33326 33732 18463 64070 17767 18562 9241 34632 24892 26339 12245 49887 

M9 32666 33339 19391 34371 41706 43316 24931 71840 25731 26810 13169 49898 34544 35630 16888 66052 
(8^0,21114)) 36328 37801 19739 67873 70440 73412 33917 145705 28821 30119 13366 57949 56272 60260 26273 119802 
)YSI887K 44399 46136 26881 76639 69304 73102 37687 128200 36259 37350 18686 66849 57835 61255 28456 116403 

* 93% ConOdcDce Inteival (3%. 93%) 
N,' Effective popubtion size 
r" Pnccnt growth rate per generation 
To - Time at which the population first starts to expand 
Assumes paleinal generation of 30 years 

NotladudiMCwwtiitotlwModd 
Median Avenge3%CI 93% CI 

N, 10338 10374 8807 12013 
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3.2.5.2 STR Loci Mutation Rates 

Coalescent-based estimates of the mutation rates of STR loci potentially exploit 

the effects of SNP-bottlenecking and can provide estimates of mutation rates which are 

essentially adjusted for the phenomenon. Under a model assiuning no growth, the 

mutation rates for nine STRs (excluding DYS38Sa and DYS38Sb) range from 0.0007, 

DYS426 to 0.0040, DYS439 with an average median mutation rate of0.0023 (TABLE 

3.10). Under a model assuming growth, the estimates for the same STRs range from 

0.0006, DYS426 to 0.0036, DYS439 with an average median mutation rate of0.0020 

(TABLE 3.10). 



TABLE 3.10; Estimates of STR bci mulatbn rates 

Not UclmllBt Growth !• the Model 

DYS393 DYS390 DYS394 DYS391 DYS426 DYS388 DYS392 DYS439 DYS389C Ave 

Mediin 0.0019 0.0030 0.0023 0.0018 0.0007 0.0013 0.0017 0.0040 0.0037 0.0023 
Average 0.0019 0.0030 0.0023 0.0018 0.0007 0.0013 0.0017 0.0040 0.0037 0.0023 
5% CI 0.001 S 0.0025 0.0018 0.0014 0.0005 0.0010 0.0014 0.0033 0.0031 0.0018 
95%CI 0.0023 0.0037 0.0028 0.0023 0.0009 0.0016 0.0022 0.0048 0.0044 0.0028 

lacludiic Growth !• the Model 

DYS393 DYS390 DYS394 DYS39I DYS426 DYS388 DYS392 DYS439 DYS389C Ave 

Medkn 0.0016 0.0028 0.0021 0.0016 0.0006 0.0011 0.0015 0.0036 0.0032 0.0020 
Average 0.0017 0.0028 0.0021 0.0016 0.0006 0.0011 0.0015 0.0036 0.0032 0.0020 
5%CI 0.0013 0.0023 0.0017 0.0013 0.0005 0.0009 0.0012 0.0029 0.0026 0.0016 
95% CI 0.0020 0.0034 0.0026 0.0020 0.0008 0.0014 0.0018 0.0043 0.0038 0.0025 
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3.2 Discussion 

3.3.1 Population History 

3.3.1.2 Patterns of SNP Lineages in Europe 

SNP lineages are not populations, but they do constitute populations. The 

patterns of lineage dispersal across populations is a function of shared population history 

and population structure. Essentially, these unique patterns represent different aspects of 

the single evolutionary trajectory that is human evolution. Because smaller populations 

are more susceptible to drift, and populations involved in large-scale expansions are more 

susceptible to founder effect, it is not surprising that we observe one SNP lineage 

dominating in a population (e.g., 1L in Britain). Given that we accept the ability of SNP 

lineages to provide traces of migration and colonization, what are the patterns of SNP 

lineages in Europe? 

3.3.1.2.1 The Late Pleistocene Repopulation Process 

Following the [.ast Glacial Maximum, much of Europe was unpopulated by 

modem Homo sapiens. At the western edge of the Eurasian continent, the European 

peninsula must have been populated by groups from the south or east Previous 

frequency-based studies linked autosomal markers (Cavalli-Sforza et al., 1994), 

mitochondrial lineages (Torroni et al., 1998), and Y-chromosomal lineages (Semino et 

al., 2000; Wilson et al., 2001) with a broad north-south cline. Presumably of Upper 

Paleolithic origin, this cline may represent an expansion out of southern glacial refiigia. 

These interpretations disagree with another recent Y chromosome SNP paper in which 
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the authors propose a southeast to northwest European dine (Rosser et al., 2000). This 

study lacks SNP resolution, though, and the cline tracks the super-haplogroup IC while 

excluding ID. 

The current study focuses on a methodological approach for uncovering the 

polarity of frequency dines by first establishing the presence of a SNP frequency cline 

and then using STR heteros^ygosity to ascertain the direction of the underlying SNP cline. 

Several haplogroups in the present study suggest expansion into a relatively unoccupied 

landscape, while others show limited dispersal or indeterminate signals related to a 

process of demic diffusion. In some cases, mainly because of a low frequency of 

occurrence, it is not possible to test hypotheses concerning migration or expansion of 

SNP haplogroups. 

The haplogroup IL lineage, and the IL AMH lineage in particular, participated in 

an early colonization process, pushing into a previously unpopulated landscape. The 

evidence is predominance of haplogroup IL along the North Atlantic seaboard with a 

proportionately high concentration of the IL AMH lineage. If we presume that the 

populations expanding out of an Iberian refugium moved into unoccupied territory were 

characterized by the IL AMH lineage and that later migration events from other refugia 

were not characterized by the IL AMH lineage replaced the original post-gladal 

expansion, then there should be a corresponding decrease in the frequency of IL AMH in 

the "hybrid** zone of mixing post-refiigia populations. This can be inferred from 

FIGURE 3.11, which suggests that later migration events by populations with a more 

divergent IL lineage likely replaced any IL AMH lineage in that ^ographic space. The 
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impetus for the initial colonization of those parts of Europe that were recently clear of 

glaciers by a population(s) with the AMH remains unclear. The diversity dine indicates 

a south-north pattern, with the AMH originating in the Iberian Peninsula rather than the 

Balkan Peninsula (based on percent AMH in each of these populations). Overall HG IL 

STR diversity (TABLE 3.4) is quite high in Greece, Italy, and Romania, however, 

suggesting Balkan and Italian refugia for other populations with substantial occurrence of 

HG 1L. The hypothesis that HG 1L expanded into predominantly unpopulated territory 

very early on is further supported by the prevalence of HG 1L throughout Europe and 

especially in Atlantic fringe populations. By fringe populations, I am referring to France, 

and especially Ireland. If the initial post-glacial colonization swept up the North Atlantic 

seaboard and terminated in Ireland, geographic isolation should preserve the initial 

haplogroup spectrum. 

Lineage 1D also has characteristics that suggest an ancient origin inasmuch as it is 

widespread across higher latitudes of Europe. Either it was one of the first major 

haplogroups into a post-glacial Europe, in which case populations were moving relatively 

easily into unoccupied territory, or some paternal cultural aspect affected differential 

preservation as populations were diffusing into previously occupied territory. The 

highest frequency of haplogroup ID is in Poland, and is absent in Irish, French, and 

Spanish populations. The presence of HG ID in Manx, Icelandic, and Shetland 

populations is probably related to Scandinavian influence. The frequency plot of HG ID 

(FIGURE 3.14) is reminiscent of the synthetic nu^ of the third principal component that 

Cavalli-Sforza et al. (1994) attributed to a Kurgan expansion. The present study confirms 
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the broad clinal patterns proposed by both Rosser et al. (2000) and Semino et al. (2000) 

for HG3and Eul9, respectively. It also confirms and extends the claim by Semino et al. 

(2000) that diversity is highest in the northeast. Among the populations in the present 

study, the diversity dine moves from a high in the north and east to a low in the south 

and west. This pattern suggests that the ID lineage originally came into northeastern 

Europe from the Asian steppe and then spread toward southern Europe. Indeed, it is 

possible that both HG IL and HG ID and/or their common ancestor, HG ICd, originated 

in central Asia (Karafet et al., 2001). One inconsistency precludes the unqualified 

conclusion of a pure eastern or northeastern cardinal point of origin, however 1D STR 

diversity is high all across northern Europe such that Germany, Romania, Russia, Austria, 

Poland, and Norway all have STR heterozygosity values greater than 0.3—^where the 

average for all populations is 0.24 and the range is zero to 0.3S. An alternative 

interpretation of the distribution of the ID lineage, therefore, is that it represents a 

florescence of the population associated with the Trichterbecherkultur (TRB) culture 

(Midgley, 1992). Perhaps the TRB culture represents a local northern European plain 

population of hunter/gatherers that successfully adopted agricultural behaviors from 

nearby Linear Band Keramik (LBK) colonists and subsequently expanded. Although the 

initial expansion would have been bounded by neighboring LBK populations to the 

south, there was open territory amenable to the agricultural niche to the north and east. 

How might lineages IL and ID have participated in the post-glacial colonization 

of Europe as lineage components of populations? There is a plausible scenario that is 

consistent with the evidence. Lineage IL and ID ate closely evolutionarily related, and 
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together constitute the super-haplogroup ICd. Europe was populated by modem Homo 

sapiens prior to the Last Glacial Maximum. With the onset of glaciation, some related 

populations headed south to an Iberian refuge, and others retreated to the East Those 

that went to Iberia were predominantly 1L, and those that retreated to the east were 1D 

and IL. Is it possible to ascertain which post-glacial expansion came first, that of lineage 

IL, characterized by the AMH, or that of lineage ID? The clear pattem of decreasing IL 

AMH diversity up the Atlantic seaboard and across central Europe suggests that these 

populations expanded into an open ecological niche. Lineage 1D is generally constrained 

to northern and central Europe, suggesting a later or contemporaneous expansion from 

the east. The fact that diversity is maintained along a lateral transect may be related to 

the existence of a relatively easy passage along a temperate ecological corridor 

(Diamond, 1997). The intersection of these major populations and their associated 

lineages may signal admixture. Furthermore, it can be argued that the populations that 

expanded out of an Iberian refuge did not contain lineage ID, whereas the populations 

that bore ID from the east also contained IL. Coalescent dates from analysis of STRs 

that estimate the SNP events for haplogroup IL to be roughly contemporaneous with 

haplogroup ID support this scenario (TABLE 3.9). 

A final candidate for a very old lineage in Europe based on prevalence in 

populations is lineage IRbl. First described in Semino et al. (2000) as Eu8, the authors 

interpret its frequency pattem as representing a westem Paleolithic population of the 

upper Paleolithic. Most frequent in Romania, but present in populations from Spain to 

Finland (excluding most of Scandinavia and France), this lineage produces a frequency 
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plot (FIGURE 3.15) that is reminiscent of the synthetic map of the sixth principal 

component presented in Cavalli-Sforza et al. (1994). The IRbl lineage is present in 

Finland, but conspicuously absent in Sweden. This suggests that the IRbl lineage was 

present in the original founding population of Finland and was not the result of later 

colonization by populations from Sweden. It also supports the two-pronged settlement of 

Finland by (Kittles et al., 1998). The coalescent date for IRbl based on STRs is 

concordant with a very old lineage (TABLE 3.9). 

3.3.1.2.2 Lineages Implicated in Recent Colonization Events 

Are there signals of regional colonization or replacement of any original late 

Pleistocene settlers? The distribution of haplogroup 4 is very similar to the synthetic map 

of the first principal component published by Cavalli-Sforza et al. (1994). Although the 

frequency of haplogroup 4 across the European landscape is generally too low to 

dependably analyze diversity, the populations with the highest diversity based on 

heterozygosity are Greece, Romania, and Italy—presenting a rough diversity cline from 

the southeast to northwest Moreover, haplogroup 4 was not detected in Finland, 

Sweden, Norway, Isle of Man, Ireland, and Spain. If haplogroup 4 was the major lineage 

borne by the early farming populations that brought this practice from the Middle East, 

then demic diffusion across the arable plains of Europe was limited, and geological 

boundaries as ecological niches were formidable barriers to the initial spread of 

agriculture. It appears that demic diffusion associated with agriculture was a substantial 

factor in shaping genetic diversity in populations near the Mediterranean, but that fruther 

inland and north, demic diffusion gave way to cultural transfer. Thus, it sqipeais that 
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behaviors associated with the practice of farming may have been transferred culturally 

when geological and environmental conditions proved sub-optimal. 

Other major studies of the Y chromosome in Europe discuss haplogroup 4. 

Semino et al. (2000) group haplogroups 4 (Eu4), 12F (Eu9), and IH (Eul 1), and argue 

that this allows them to track the male component of the demic diffusion associated with 

agriculture. Part of their argument is based on an analysis of seven STRs, but the data are 

not published, and thus not available for comparative purposes. Rosser et al. (2000) find 

high frequencies of haplogroup 4 (HG 21) in two northern African populations, and 

propose a north-south dine analogous to the synthetic map of the second principal 

component in Cavalli-Sforza et al. (1994). Additionally, Hammer et al. have reported 

similar findings (Hammer et al., 1998; Hammer et al., 2000; Hammer et al., 1997). 

Another candidate in the Y chromosome literature for participation in a demic 

diffusion associated with agriculture is lineage 12F (Hammer et al., 2000; Quintana-

Murci et al., 2001b). Lineage 12F is most prevalent around the Mediterranean, with a 

few chromosomes sampled in Russia, Poland, Germany, Britain, and Norway. There is 

no clear signal of expansion across the European plain, as lineage 12F was not detected in 

Austria or France, but STR diversity does decrease from east to west (with an average of 

0.25, and a range of zero, in Britain and Norway, to 0.43 in Romania). If lineage 12F did 

play a role in the demic diffusion associated with agriculture, then either its role was 

limited or its signal has been lost over time. Semino et al. (2000) advocate a role for 12F 

(Eu9) in conjunction with haplogroups 4 and IH. Although it is not unreasonable to 

group several lineages whose origins appear to be in the Near East, the prevalence of 12F 
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in Spain suggests otherwise. Lineage 12F in Spain may be related to Roman or Arab 

influence, but in any case it cannot be excluded from a relationship with Neolithic 

expansion. Rosser et al. (2000) associate HG 12F with super-haplogroup IC (excluding 

ID) in potentiating a strong clinal pattern from southeastern to northwestern Europe, but 

explicitly state that it does not represent a population movement out of the Near East. In 

the present study 12F represents a weak clinal pattern moving from east to west, not 

unlike the synthetic map of the third principal component in Cavalli-Sforza et al. (1994). 

Perhaps the strongest signal for which an inference of a recent migration and 

colonization is presented by distribution and diversity pattern of lineage lRb2. This 

lineage is most prevalent in Scandinavia, and shows a strong frequency-based clinal 

pattern down into central Europe (FIGURE 3.16). The pattern is evocative of the 

synthetic map of the second principal component in Cavalli-Sforza et al. (1994), which 

the primary author later associates with three possible scenarios: migrations of 

Mongoloid Uralic-speakers from northwestern Asia, adaptation to colder climes, or 

extreme genetic drift among Finns (Cavalli-Sforza, 2000). Analysis of STR diversity 

reveals a north-south trend, further implicating Scandinavia as the autochthonous region 

of the lRb2 lineage (FIGURE 3.17). Based on coalescent analysis lineage lRb2 is a 

comparatively young lineage (TABLE 3.9), and Scandinavia is probably the most 

recently repopulated region in Europe simply because of later glacial retreat. The data 

suggest that the dispersal of lRb2 across Europe from northeast to southwest occurred 

recently and rapidly. The Goths represent the probable bearers of lineage lRb2 

throughout Europe. There is good historical and archaeological evidence that Gothic 
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tribes rapidly migrated and settled around Europe beginning in the first millennium A.D. 

(Heather, 1996). During their major migration period, Gothic tribes ranged from 

northern Europe across to the Black Sea, and from the Balkans to the Iberian Peninsula. 

Traversing the late Roman Empire, various Gothic tribes battled Romans as well as other 

competing tribes such as the Huns. When they were nominally subsumed under the aegis 

of the Romans, the Goths received land and money in return for the stability they 

provided to remote, economically vital provinces, specifically modem-day France and 

Spain. 

3.3.2 Evidence for Population Structure 

3.3.2.1 Recent Migration 

Spatial autocorrelation analysis indicates that there is significant spatial 

structuring of Y chromosomes across Europe (Rosser et al., 2000). This suggests that 

there are relatively clear distribution patterns for SNPs and associated STRs—patterns 

potentially providing a stable background against which recent migration can be detected. 

What is the extent of evidence for migration in European populations? Generally, 

populations share STR haplotypes with their near neighbors; however, those populations 

associated with fishing industries share with the greatest number of other populations. 

Iceland, a population Mdth a historically large fishing industry, shares haplotypes with all 

populations, including such far-flung populations as Greece, Austria, and Romania; 

likewise Shetland, another population with a considerable fishing industry, shares 

haplotypes with all populations but Poland and Greece. Until recently, fishing industries 

related to cod and herring were a reliable source of cash for individuals willing to woric in 
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dangerous or tedious conditions. Historically, fishing fleets from all over the Atlantic, 

from the Basque country to Norway, tracked and fished cod (Kurlansky, 1997). It 

appears that recent migration in Europe has been directional, in the sense that there is 

good evidence that men frvm continental Europe have deposited Y chromosomes in 

populations of the North Atlantic with lucrative large-scale fishing industries. 

3.3.2.2 Genetic Drift 

The opportunity for drift is strongest in European populations that are on the 

geographical or cultural periphery. Based on SNPs, the sample from Ireland is the major 

outlier. To some extent, this is to be expected. A recent investigation of the origins of 

the Irish finds that 80% of the sample could be defined as haplogroup 1, which is a 

collection of basal IC, ICa, ICu, ICd, and IL (Hill et al., 2000). It is likely, however, 

that the vast majority of haplogroup 1 Y chromosomes in their sample are best 

characterized as haplogroup 1L. Based on data kindly provided by the authors of the 

study, it appears that the frequency of haplogroup 1 among individuals with surnames 

that indicate strict Irish origin is 89%. This estimate, based on 135 Y chromosomes, is in 

line with the present study, in which 92% of 25 Y chromosomes are 1L. The County 

Coric and Hill et al. samples were also compared using estimates of diversity based on 

microsatellites. Both samples are in the low range of diversity with respect to other 

European populations. The Hill et al. sample in its entirety may include IL Y 

chromosomes of non-Celtic origin that reflect admixture resulting from Viking settlement 

and colonization in the latter part of the first millennium A.D. This possibility was noted 

in a recent Y chromosome paper on the origins of Icelanders (Helgason et al., 2000b). 
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Based on STR diversity, Ireland, Finland, Isle of Man, Sweden, Britain, Poland, 

and Shetland all have lower than expected average heterozygosity. Geographically 

peripheral, Ireland, Isle of Man, Britain, Shetland, and Finland may each reflect 

differential impacts of genetic and population bottlenecks. Average STR diversity is a 

function of SNP diversity, and populations with few SNP lineages and low diversity are 

particularly likely to have been subject to a recent founder effect. Thus, the reduced STR 

diversity observed for Shetland and Isle of Man is probably the result of population 

bottleneck in the form of a founder effect. This is particularly true in the case of 

Shetland, while low STR diversity for the Isle of Man is probably related to both a recent 

colonization by Vikings and an artifact of small sample size. Reduced diversity in 

Finland, Ireland, Britain, and Sweden, however, is in each case related to a 

preponderance of a single SNP lineage—II, IL, IL, and lRb2, respectively. Finland is 

known to have experienced a population or demographic bottleneck (Sajantila et al., 

1996). Paternally, Ireland is highly homogeneous—to such an extent that the original 

male population of Ireland with respect to the initial post-glacial colonization may have 

been exclusively HG IL, and represent the remains of a genetic bottleneck. The fact that 

it maintains low diversity is the result of a high percentage of HG IL related to initial 

colonization of the British Isles tempered by few recent migrations. In the present study, 

Britain is a cosmopolitan sample, but maintains a signal of HG IL and comparatively low 

STR diversity. Sadly, Poland may have lower than average heterozygosity as a 

consequence of genocide during World War II. The high frequency of HG lRb2, 

combined with its recent SNP event (6,443-13,856 years ago assuming growth), suggests 
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a demographic bottleneck with subsequent rapid expansion in Sweden, and explain a 

corresponding low STR diversity. 

A compounding factor in assessing STR diversity and evidence for genetic drift in 

the context of SNP lineages is the problem of SNP bottlenecking, recent divergence and 

secondary evolutionary convergence of STR allele sizes. Take, for example, haplogroups 

1L and 1D. Assuming growth, dates for their respective SNP events are 6,852-8,678 

years ago and 8,534-11,512 years ago. These events are relatively recent, and both 

haplogroups IL and ID stem directly from haplogroup ICd. While HG ICd is not 

currently in high frequency in Europe, it may have been in relatively higher frequency 

prehistorically. Pursuant to theory of SNP bottlenecking of STR variation on an 

evolutionary network, both progenitors for HG IL and HG ID likely had similar initial 

STR haplotypes. The probability that this was the case is, of course, dependent on the 

overall STR diversity within the contemporaneous HG ICd population and subject to 

violations of the single stepwise mutation model. Regardless, it is clear in FIGURE 3.7 

that either there has been substantial convergent evolution of STR loci or HG IL and HG 

1D haplotypes share a great deal of variation based on their relationship depicted in 

FIGURE 3.2. The relevance of this to the discussion at hand is that populations with a 

high prevalence of both haplogroups IL and ID will have nearly as much reduced STR 

diversity as they might if they were predominantly either HG IL or HG ID. 

It is interesting to note that Iceland, often presumed to a '*pure" population with 

little contact with the outside world, has above avera^ heterozygosity. This is 
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fundamentally related to the fact that Iceland is generally considered to be constituted by 

the admixture of two founding populations, Norwegian and Irish. 

3.3.2.3 Analysis of Molecular Variance 

Constrained genetic variability among haplotypes becomes apparent when 

AMOVA is used to analyze STR variation within haplogroups. A recent paper 

employing this technique finds that the difference in genetic variation among SNP 

haplogroups ranges from 23.4% to 83.5% (depending on the populations included), but 

the difference in genetic variation among populations ranges from 3.7 to 19.2% (Bosch et 

al., 1999). It is not clear how the authors grouped haplogroups, however, and they may 

have created paraphyletic groupings. In the present paper, grouping haplogroups in 

several different ways results in a range of 16% to 66% depending on the grouping. The 

differences in sources of variation between Bosch et al. (1999) and the present study 

probably lie in the fact that the latter has much higher SNP and STR variation; fewer 

latent SNPs within haplogroups will decrease the variation among groups and increase 

the proportion of within-haplogroup variation. Additionally, higher STR resolution will 

decrease the amount of variation that can be attributed among and within groups (as 

distinct from within haplogroups). To some extent, these results are a fimction of using 

more STRs, because adding resolution to analyses effectively overpowers the AMOVA 

results; that is, the inclusion of enough high resolution markers causes nearly all of the 

variation to reside within populations, unless there has been substantial recent admixture. 

The occurrence of significant variation among groups is related to the extent to which an 

STR h^lotype mirrors SNP haplogroups. The impact of these results is that it further 
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stresses the need to differentiate the effects of SNP bottlenecking from the effects of 

population structure and the patterns of population history. 

3.3.2.4 Estimating Genetic Distances from Haploid STR Data 

The genetic distance between a pair of populations gives a representation of how 

closely related they are. Ideally, any interpretation of a genetic distance measure must 

take into account the possible effects of genetic structuring and shared population 

histories, both recent and ancient. Because evolutionary forces can mimic population 

history, this is a daunting task (cf. Hammer et al., 2000). 

The occurrence of a new SNP causes a complete bottleneck on STR variation (de 

Knijff, 2000). Since the SNP occurs on a single Y chromosome with a single STR 

haplotype array, all Y chromosomes stemming from this lineage will have an identical 

STR haplotype array until a mutation occurs. Obviously, older lineages will have greater 

variance, regardless of the process of mutation (stepwise or other). The extent to which 

two lineages are directly comparable, however, is dependent on how many latent or 

known high fi%quency SNPs are perturbing the diagnostic SNP lineages. Although SNP 

bottlenecking of STR variation has been acknowledged, it has not been used to full 

advantage. In the absence of admixture, any estimate of population relatedness based on 

STRs is a composite of the differences that have resulted from the original distribution of 

SNP haplogroups and the ways in which STRs have varied since the time of 

ethnogenesis. Though simple estimation of genetic distances between two populations 

using STRs provides a gross measure, the estimation of genetic distances with a method 

that incorporates SNP and STR variability simultaneously is preferable. For example, the 
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total stepwise difTerences between the modal STR allele repeats of lineage IL and lineage 

lRb2 is eight, which is equal to the difference between lineage IL and lineage ID. There 

is inherent genetic variability within SNP lineages that must be considered when 

estimating distances between populations using STR loci. In essence, when SNP 

haplogroup and STR haplotype variation are taken into account simultaneously, the siun 

of molecular distance due to shared population history can be subtracted, and the 

molecular distance due to evolutionary forces that determine population structure can be 

extracted. Interestingly, a distance measure that does not presume a mutation model— 

proportion shared alleles—clusters haplogroups appropriately using STRs, and mimics 

the general clusters of the SNP haplogroup tree (FIGURE 3.7). Clearly, a generalized 

genetic distance technique that simultaneously incorporates the relationships between 

SNP haplogroups and STR variability in order to compare populations needs to be 

developed. 

3.4 Summary 

Multiple migrations into Europe have created a genetic landscape characterized 

by broad clinal patterns of SNPs. It is likely that there were two major Upper Paleolithic 

colonization events, one from the south and one from the east. The SNP dines resulting 

from population movements into unoccupied territory reveal directionality throu^ 

diversity clines. The patterns set up by the initial Upper Paleolithic migrations have 

remained remaricably stable in the face of persistent regional migrations, instances of 

genetic drift and demic diffusions. The overall palimpsest that is the European Y 
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chromosome genetic landscape reflects recent admixture and the effects of drift on 

geographically peripheral populations, yet it also retains distinguishable ancestry. 
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4 NRY DIVERSITY IN POPULATIONS OF THE 
NORTH ATLANTIC 

4.1 Background 

Greater Scandinavia is defined here as the collection of populations in 

Scandinavia proper and those populations that have been substantially affected by 

populations of Scandinavia in recent history. Between A.D. 750 and 1050, Vikings from 

Norway, Sweden, and Denmark had marked political and economic impacts on the 

surrounding populations, particularly those of the North Atlantic (Fitzhugh and Ward, 

2000). The Vikings had a substantial genetic impact on populations of the North 

Atlantic, pertiaps justifying the notion that Great Britain is part of "greater Scandinavia." 

Political and economic necessity drove the Vikings, who were more than the marauders 

of popular imagination, to colonize and settle islands in the North Atlantic. Initial raiding 

of Ireland and the British Isles began in the late eighth century; by the early 840s, 

Vikings had established colonies in Ireland (Fitzhugh and Ward, 2000). Relationships 

between Vikings and their descendants and Celtic natives in Ireland were uneasy, 

however, and there was a dramatic expulsion of Vikings from Ireland in the early 900s. 

Many of these Msh Vikings then settled in Iceland (Fitzhugh and Ward, 2000). Shetland 
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was first settled by humans around SSOO years ago (Turner, 1998), and archaeological 

remains indicate that it was populated by Picts in the Iron Age. Because of its close 

proximity to Scandinavia, Shetland was colonized by Vikings early on in their expansion. 

Isle of Man was originally settled in the early Mesolithic (McCartan, 1999), and then 

colonized by Vikings at about the same time that they were establishing colonies in 

Ireland. Numerous settlements and burials attest to the Vikings* pervasive colonization 

of Isle of Man (Haywood, 1995). Iceland, uninhabited at the time but for a few Irish 

monks, was first settled by Vikings around A.D. 870 (Roesdahl, 1998). Although the 

settlers were predominantly Vikings, it is likely that the majority of the original 

settlement parties were Vikings from Norway, with Viking settlers from Ireland and their 

slaves constituting the minority (Roesdahl, 1998). 

Previous genetic work documenting the relationships among populations of 

greater Scandinavia focused primarily on Iceland, attempting to estimate the relative 

proportions of Norwegians and Irish in the original settlers of Iceland. Initial studies, 

which used ABO blood type frequencies, reported a wide range of admixture estimates, 

varying from 98% to 100% Irish (Thompson, 1973) to greater than 75% Irish (Bjamason 

et al., 1973) to 70% Irish (Wijsman, 1984). The substantial Irish contribution suggested 

by these studies must be viewed with caution, however, because blood type frequencies 

at the ABO locus may be susceptible to the effects of selection through smallpox 

(Adalsteinsson, 1985). Another study that examined the frequencies of multiple blood 

proteins reported equivocal findings with respect to the origins of Icelanders (Williams, 

1993). A more recent investigation of the Y chromosome, however, presents admixture 
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estimates that are diametrically opposed to those based on blood groups: 60% to 80% 

Scandinavian and 20% to 40% Irish (Helgason et al., 2000b). Analyses of mitochondrial 

data by the same group estimated the Scandinavian contribution of maternal lineages to 

Iceland, Orkney, the Western Isles of Great Britain and the Isle of Skye to be 37.5%, 

35.5%, 11.5%, and 12.5%, respectively (Helgason et al., 2001). 

There have been no genetic studies reporting explicit estimates of the relative 

genetic contributions of Scandinavians and Irish (Celt) to the populations of Isle of Man 

and Shetland. An examination of blood type frequencies on Isle of Man and among its 

neighbors to either side of the Irish Sea indicated that the population on Isle of Man was 

isolated with respect to adjacent populations (Mitchell, 1973). Shetland was included in 

a worldwide survey of blood group frequencies, but Scandinavian admixture was not 

addressed (Mourant et al., 1976). A more recent regional interpretation of Shetland ABO 

data suggests moderate- to large-scale replacement of the original non-Nordic population 

(Roberts, 1990). 

4.2 Present Study 

What are the major evolutionary processes that have shaped Y-chromosomal 

genetic diversity in North Atlantic populations? Although previous studies proposed 

relationships between populations and, in the case of Iceland, estimated admixture, none 

of them attempted to assess how processes of founding populations shaped patterns and 

levels of genetic diversity. Geographically isolated populations in the North Atlantic 

represent opportunities to test the hypothesis that human founding events will generate 

bottlenecks on genetic diversity and to estimate the magnitude of such a predicted deficit 
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(Nei et al., 1975). Several studies present evidence of a bottleneck effect on genetic 

diversity in newly founded populations of other organisms in the form of loss of 

heterozygosity and number of alleles (Fonseca et ai., 2000; Hedrick et al., 2001; Irvin et 

al., 1998). There has been work to investigate the relative effect of a bottleneck on loss 

of heterozygosity versus loss of number of alleles—the major finding being, that under 

the infinite alleles model, there should be an excess of heterozygosity relative to that 

expected from the number of alleles (Maruyama and Fuerst, 1985). This occurs because 

of the initial loss of rare alleles, the corresponding deficit of heterozygosity occurs 

somewhat later. The theory has been extended to a strict stepwise mutation model 

(Comuet and Luikart, 1996). Both models, however, presiune a single bottleneck event 

and preclude utilization with completely linked loci. 

Given that several populations in the North Atlantic were founded comparatively 

recently, fewer than 40 generations ago, and have remained relatively small, a bottleneck 

signal should be detectable, if the founding bottlenecks were severe enough. However, it 

is doubtful that there has been a single bottleneck. There have been demographic crashes 

in the populations of the North Atlantic related to famine, disease and compounding 

catastrophes. For example, since the founding of Iceland, there have been four major 

demographic crashes related to natural catastrophes and infectious diseases (Tomasson, 

1977). In this case, it may be better to use loss of heterozygosity to detect a bottleneck 

signal. Moreover, the present chapter seeks to complement the previous chapter where 

loss of diversity associated expansion across an empty landscape was detected as 

measured by STR heterozygosity along SNP clines. 
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Admixture may have a confounding effect on loss of diversity estimates. Based 

on archaeological evidence, the populations of Iceland, Shetland, and Isle of Man are 

known to be the products of admixture between predominantly Celtic and predominantly 

Scandinavian lineages. The present study uses genetic diversity on the Y chromosome to 

first detect and estimate admixture in the populations of Iceland, Shetland, and Isle of 

Man and then to estimate the loss of genetic diversity associated with recent founding 

events while simultaneously taking admixture into account. 

Analyses of Y chromosomes from Sweden, Norway, Denmaric, Ireland, Iceland, 

Shetland, and the Isle of Man are presented in this chapter. Population samples from 

Finland are excluded for two reasons: I) Finns were not Vikings, so they contribute little 

to the discussion of loss of diversity associated with founding populations by Vikings; 

and 2) because Finnish Y chromosomes are genetically distinct from those of other 

Scandinavian populations. Y chromosomes from France, Germany, and cosmopolitan 

Britain are included in a few initial analyses to provide context for the overall genetic 

relationships among the populations of greater Scandinavia. 

4.3 Results 

4.3.1 SNP Haplogroups 

4.3.1.1 Frequency and Distribution of SNP Haplogroups 

SNP haplotyping with the maricers defined in TABLE 3.1a and TABLE 3.1b 

demonstrates that ten SNP haplogroups are found in the populations of greater 

Scandinavia (TABLE 4.1). Based on TABLE 4.1, FIGURE 3.2, and FIGURE 3.3, 

relative frequencies of haplogroups are estimated and visualized. Ireland is characterized 
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by a predominance of HG IL with minor contributions of haplogroups ICd and lRb2. 

Based on evidence presented in chapter three, I believe that any HG lRb2 Y 

chromosomes found in h^land are the result of recent Scandinavian admixture. The 

origin of ICd chromosomes is indeterminate, as they are very low in frequency 

throughout Europe, and may represent nearly complete sorting of an ancient lineage. 

Denmark has the greatest number of different haplogroups, probably because it is the 

jimcture between the main body of Europe and the Scandinavian peninsula. 

Chromosomes belonging to haplogroups ID, IL, and lRb2 are quite frequent in Iceland, 

whereas Isle of Man is dominated by HG 1L. Norway also has significant proportions of 

chromosomes from haplogroups ID, IL, and lRb2. Shetland is represented by five of 

ten haplogroups, but haplogroups ID and IL constitute the majority. Sweden has the 

highest proportion of HG lRb2, with substantial frequencies of haplogroups ID and IL. 



Pqmktiom of Greater Scandniva 

IL IRU ID IRb ICa lOi IRbl II 4 iir i2r IR IC IH 12b 11) I2li 3A 

Coric a92 ao4 - - - 0.04 - - - - - - - - - - - -

Denmik 0.46 0.24 an ao3 0.03 0.03 ao) ao3 0.05 -

Icehnd 0.35 a3i a25 0.03 0.04 0.01 0.01 
UkOfMan a68 an a 16 aos 
Noway a3i a29 a23 ao6 0.02 - - ao6 - ao2 0.02 
Sheduid 0.48 aQ3 a30 ao9 0.09 
Sweden 0.14 a6i ai7 0.03 0.03 0.03 

UK a73 ao4 ao4 • - 0.02 0.07 - 0.02 aQ2 0.02 0.02 0.02 - - - - -

Popukoiom of Conlnentol Europe 

IL IRhZ ID IRb ICa icd IRbl 11 4 121 i2r IR IC IH 12ii lU 12li 3A 

AuBtm 0.39 ai3 a23 0.06 - ao3 - ao6 - - - - a 10 - - - -

Fnhnd 0.07 ao7 a 12 - - ao? a63 - - - - - - - 0.02 - -

France a67 ao6 - ao9 0.06 - - ao3 - - - - ao6 - 0.03 - -

Genmny 0.44 aio aio aio - 0.0) - ao5 - 0.08 0.03 - 0.05 0.03 0.03 0.05 -

Greece 0.13 ao2 ao4 ao4 - a 12 - 035 ao6 0.21 - - ao6 0.08 0.02 0.06 -

li»V a38 aoi ao6 0.07 - 0.06 - ail ao4 a 15 0.03 - 0.06 0.07 0.03 0.04 aoi 
Pohnd 0.15 ao2 a«2 - 0.02 a 13 0.02 002 - 0.02 - - - 0.02 - - -

Romnii 0.14 ao4 a20 0.02 - a2S - a 14 ao4 018 - 002 ao2 0.04 - aio -

RuMk 
Spun 

0.21 
0.52 

ao7 
ao4 

a4i ao2 
0.04 • 

0.04 
0.04 

ao9 ao4 0.02 0.04 
a 17 0.09 - 0.09 

0.02 
ai7 

0.09 
- -

*Sumori2f.l2fiiandl2fb 
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4.3.1.2 SNP Haplogroup Diversity 

Among the populations of greater Scandinavia, NRY haplogroup diversity 

estimates range fiom 0.150 to 0.756 (TABLE 4.2). Ireland has the lowest haplogroup 

diversity, primarily because 90% of its Y chromosomes are HG IL. Sweden, Shetland, 

Denmaric, Iceland, and Norway all have above average haplogroup diversities, but Isle of 

Man, Cork, and UK have below average haplogroup diversities. Excluding Ireland, the 

populations of greater Scandinavia have a very similar average SNP haplogroup 

diversity, 0.622, to that of continental Europe, 0.699. When simply those countries of 

Scandinavia with Shetland are included, the average SNP haplogroup diversity is 0.682. 



TABLE 4.2: SNP Haplogroup Diversity 

Greater Scandinavia 
SNP HG Adjusted for Sample 

Population n Hetero^gosity Size^ 
Cork 25 0.150 0.157 
Denmark 37 0.711 0.731 
Iceland 119 0.713 0.719 
IsleOfMan 19 0.493 0J20 
Norway 48 0.756 0.772 
Shetland 33 0.656 0.676 
Sweden 35 0.576 0.593 
UK 45 0.451 0.461 
Average 45 0.563 0.579 

Continental Europe 
SNP HG Adjusted for Sample 

Population n Heterozygosity Size* 
Austria 31 0.764 0.789 
Finland 41 0.566 0.580 
France 33 0.534 0.551 
Germany 39 0.762 0.782 
Greece 52 0.779 0.794 
Italy 71 0.790 0.801 
Poland 47 0J78 0J91 
Romania 51 0.812 0.829 
Russia 56 0.760 0.773 
Spain 23 0.647 0.676 
Average 44 0.699 0.717 

' Based on haplogroup frequency and calculated as l-£pi^ 
'(n/(n-lXl-l-£pi^)) 
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4.3.1.3 Population Relationships Based on SNP Frequencies 

Simple comparison of relative SNP haplogroup frequencies shows close 

relationships among all of these populations, as several haplogroups are shared. 

Denmaric, Norway, and Iceland share nearly identical proportions of the major 

haplogroups. Based on the proportion of HG IL, Ireland is similar to Shetland and the 

Isle of Man. If we assume that the occurrence of the single lRb2 Y chromosome in 

Ireland is the result of recent admixture, then we can see that Ireland is characterized by 

deficiencies of the more frequent haplogroups ID and lRb2. Therefore, any HG ID or 

HG lRb2 Y chromosomes found in Iceland, Shetland, or the Isle of Man must be the 

result of recent—probably Viking—^admixture. A multidimensional scaling plot based 

on chord genetic distances confirms these observations (i^GURE 4.1). Sweden, Norway, 

Iceland, Shetland, and Denmark cluster together, and Isle of Man is intermediate between 

this first cluster and Ireland. 



FIGURE 4.1: MDS plot of populations based on SNP chord genetic distances 

MDS 2D Monotonic: stress=0.08; f=0.98; p<0.002 
lii 1 

•j> < 

/ran 

pam 

UK 

fiat 

I* 

4 S f -

•lU' ' 1 4SI I ' —r-
•J? •lis lU 

EV1=76% 



139 

4.3.2 STR Haplotypes 

4.3.2.1 Relative Distributions of STR Haplotypes 

Using ail ten microsatellites gives eleven STR loci and generates 209 unique 

haplotypes in populations of greater Scandinavia. The percentage of private haplotypes 

ranges from 39.4% to 73.7% (TABLE 4.3). Shetland and Iceland evince the lowest 

proportions of private haplotype lineages, and Isle of Man has the highest proportion. 

The latter result is particularly striking given the frequency distributions of alleles within 

individual STR loci (TABLES 4.4a-d). In seven of eleven distributions. Isle of Man 

either has the fewest number of alleles or is among populations with equally scant 

different alleles. While Manx allele sizes are within the range of other greater 

Scandinavian populations' allele sizes, the average Manx linked haplotype is highly 

divergent, thus generating a large proportion of private haplotypes. 



TABLE 4.3: Summary Scandinavian STR haplotype diversity statistics 

Population n k % Private k STR Diversity' Adj. Diversity^ 
Ireland 25 21 56.0% 0.944 0.983 
Isle of Man 19 19 73.7% 0.947 1.000 
Shetland 33 27 39.4% 0.953 0.983 
Sweden 36 31 55.6% 0.961 0.989 
Denmark 38 35 65.8% 0.970 0.996 
Norway 48 44 58J% 0.975 0.996 
Iceland 119 86 49.6% 0.981 0.990 
Average 45.4 37.6 56.9% 0.962 0.991 

'Based on haplotype frequency and calculated as l-£pi^ 
^STR diversity adjusted for sample size as (n/(n-lKl-£Pi^)) 
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TABLE 4.4a: Scandinavian STR frequency distributions 

DYS38Sa 

Population Mean Median Mode Min Max Allele Repeat Number 
11 12 13 14 15 16 17 

Ireland 11.4 11 11 11 13 16 8 1 
Denmark 12.3 12 11 11 17 18 6 6 5 1 1 1 
Iceland 12.2 11 11 11 16 67 7 12 27 5 1 
Isle of Man 11.7 11 11 11 14 11 5 1 2 
Norway 12.4 12 11 11 15 14 14 7 11 2 
Shetland 11.7 11 11 11 15 22 4 4 1 2 
Sweden 12.6 13 13 11 15 10 2 16 7 1 

DYS385b 

Population Mean Median Mode Min Max Allele Repeat Number 
12 13 14 15 16 17 19 

Ireland 14.4 14 15 12 16 2 2 8 10 3 
Denmark 14.6 14 14 12 20 1 4 22 7 1 1 2 
Iceland 14.3 14 14 13 17 13 69 29 3 5 
Isle of Man 14.3 14 14 13 17 3 9 6 1 
Norway 14.1 14 14 12 17 1 9 27 9 1 1 
Shetland 14.4 14 14 12 17 1 5 18 3 1 5 
Sweden 14.4 14 14 13 20 1 26 5 3 1 

DYS388 

Population Mean Median Mode Min Max Allele Repeat Number 
10 11 12 13 14 

Ireland 12.0 12 12 11 14 1 23 1 
Denmark 12.6 12 12 10 15 1 25 2 8 2 
Iceland 12.6 12 12 10 14 2 77 4 36 
Isle of Man 12.3 12 12 12 14 15 2 2 
Norway 12.8 12 12 12 18 30 3 14 1 
Shetland 12.1 12 12 10 14 1 1 27 3 1 
Sweden 13.3 14 14 12 15 13 1 21 1 
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TABLE 4.4b: Scandinavian STR Frequency Distributions 

DYS389C 

Population Mean Median Mode Min Max Allele Re peat Number 
14 15 16 17 18 

Ireland 16.1 16 16 16 18 23 1 I 
Denmark 16.5 16 16 15 19 2 20 13 1 2 
Iceland 16.4 16 16 14 18 1 4 74 30 10 
Isle of Man 16.2 16 16 16 17 16 3 
Norway 16.4 16 16 15 18 1 31 12 4 
Shetland 16.6 16 16 15 19 1 16 11 4 1 
Sweden 16.3 16 16 15 18 2 24 9 1 

DYS390 

Population Mean Median Mode Min Max Allele Repeat Number 
21 22 23 24 25 26 

Ireland 23.8 24 24 21 25 2 1 2 16 4 
Denmark 23.5 23 23 22 25 3 19 9 7 
Iceland 23.9 24 23 22 27 6 43 34 26 9 1 
Isle of Man 24.1 24 24 22 25 1 4 7 7 
Norway 23.6 23 23 22 26 7 17 12 11 1 
Shetland 24.1 24 24 22 25 1 8 12 12 
Sweden 233 23 22 22 26 12 9 9 5 1 

DYS391 

Population Mean Median Mode Min Max Allele Repeat Number 
9 10 11 12 

Ireland 10.5 10 10 10 12 14 10 1 
Denmark 10.4 10 10 9 11 1 21 16 
Iceland 10.5 10 10 9 12 1 63 53 2 
Isle of Man 10.7 11 11 10 11 6 13 
Norway 10.4 10 10 9 12 1 26 20 1 
Shetland 10.6 11 11 10 11 14 19 
Sweden 10.2 10 10 10 11 30 6 
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TABLE 4.4c: Scandinavian STR Frequency Distributions 

DYS392 

Population Mean Median Mode Min Max Allele Repeat Number 
9 10 11 12 13 14 

Ireland 13.0 13 13 11 14 1 22 2 
Denmark 12.2 13 11 11 14 16 2 16 4 
Iceland 11.8 11 11 9 14 2 67 8 38 4 
Isle of Man 12.3 13 13 11 14 7 11 1 
Norway 11.9 11 11 11 14 27 3 15 3 
Shetland 12.2 12 13 11 13 11 6 16 
Sweden 11.6 11 11 11 14 26 3 4 3 

DYS393 

Population Mean Median Mode Min Max Allele Repeat Number 
12 13 14 15 16 

Ireland 13.0 13 13 13 13 25 
Denmark 13.1 13 13 12 16 3 31 3 1 
Iceland 13.2 13 13 12 16 1 105 8 4 1 
Isle of Man 12.9 13 13 12 13 1 18 
Norway 13.2 13 13 12 15 3 37 5 3 
Shetland 13.2 13 13 13 15 29 2 2 
Sweden 13.1 13 13 13 15 32 3 1 

DYS394 

Population Mean Median Mode Min Max Allele Repeat Number 
13 14 15 16 17 

Ireland 14.1 14 14 14 15 23 2 
Denmark 14.3 14 14 13 17 3 26 6 2 1 
Iceland 14.4 14 14 13 17 6 74 29 8 2 
Isle of Man 14.5 14 14 14 16 13 3 3 
Norway 14.6 15 14 13 16 1 22 18 7 
Shetiand 14.5 14 14 13 16 3 15 12 3 
Sweden 14.6 14 14 13 16 1 19 11 5 
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TABLE 4.4d: Scandinavian STR Frequency Distributions 

DYS426 

Population Mean Median Mode Min Max Allele Rq peat Number 
10 11 12 

Ireland 12.0 12 12 11 13 1 22 2 
Denmark 11.6 12 12 11 12 14 24 
Iceland 11.7 12 12 11 13 40 77 2 
Isle of Man 11.8 12 12 11 12 4 15 
Norway 11.6 12 12 11 12 21 27 
Shetland 11.9 12 12 11 12 4 29 
Sweden 11.3 11 11 10 12 1 23 12 

DYS439 

Population Mean Median Mode Min Max Allele Repeat Number 
14 15 16 17 18 

Ireland 15.6 15 15 15 17 13 10 2 
Denmark 15.5 15 16 14 18 4 15 17 1 1 
Iceland 15.3 15 15 14 18 24 52 33 8 2 
Isle of Man 15.4 15 16 14 17 3 6 9 1 
Norway 15.0 15 15 14 17 11 27 8 2 
Shetland 15.4 15 15 14 17 8 11 7 7 
Sweden 15.0 15 15 14 17 10 17 8 1 
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4.3.2.2 STR Haplotype Heterozygosity 

Population microsatellite variability is uniformly high when diversity is calculated 

using observed haplotypes (TABLE 4.3). Although Ireland has the lowest overall 

diversity, this may be a function of sample size; when diversity is corrected for sample 

size, all populations uniformly approach unity. Taking the average of each STR loci by 

population reveals a similar pattern, but with much lower diversity: Sweden, Shedand, 

Iceland, Denmark, and Norway all have similar average STR diversity, while Ireland and 

Isle of Man have relatively lower diversity (TABLE 4.3). Whereas lower diversity in 

Ireland and the Isle of Man is a function of the predominance of HG IL, lower diversity 

in Sweden is a flmction of the predominance of HG lRb2. Diversity is fairly variable 

within loci (TABLE 4.5). The patterns are reasonably stable: in general, Ireland tends to 

have lower per locus diversity; Isle of Man and Shetiand have variable diversity; and 

Denmark, Norway, Iceland, and Sweden tend to have higher diversity. Examining 

diversity within populations within haplogroups gives some insight into the origins of 

these patterns. On average, Irish IL chromosomes have greater diversity across STR loci 

than those from Denmark, Norway, or Sweden. Adjusting diversity by calculating 

population STR diversity within haplogroup, weighting the resulting diversity by 

haplogroup frequency, and simiming the resulting diversities gives cumulative adjusted 

diversities substantially lower than the average STR loci diversities (TABLE 4.6). 

Although Ireland had the lowest overall diversity in previous analyses, it has the highest 

diversity when SNP frequency is taken into account, followed by Iceland and Isle of 

Man. 



TABLE 4.5: Scandinavian helerazyfoiity variability among STR loci 

PdlMlation DYS38Sa DYS385b DYS388 DYS389C DYS390 DYS391 DYS392 DYS393 DYS394 DYS426 DYS439 
Inland 0.486 0.710 0.150 0.150 0.550 0.525 0.218 0.000 0.147 0.218 0.563 
Denmark 0.706 0.615 0.517 0.600 0.654 0.517 0.632 0.321 0.497 0.465 0.632 
Iceland 0.616 0.590 0.488 0.542 0.732 0.521 0.575 0.216 0.547 0.468 0.687 
Isle of Man 0.382 0.648 0.355 0.266 0.681 0.432 0.526 0.100 0.482 0.332 0.648 
Norwqr 0.754 0.612 0.520 0.513 0.738 0.532 0.578 0.387 0.628 0.492 0.602 
Shetland 0.522 0.647 0.320 0.637 0.676 0.489 0.621 0.220 0.645 0.213 0.740 
Sweden 0.684 0.451 0.528 0.489 0.744 0.278 0.452 0.202 0.608 0.480 0.650 
Avenge 0.621 0.610 0.411 0.457 0.682 0.470 0.515 0.207 0.508 0.381 0.646 



TABLE 4.6; Average and weighted STR diversity by population 

Population Average STR Diversity Weighted by SNP frequency 
Ireland 0.338 0.286 
Isle of Man 0.459 0.262 
Sweden 0.506 0.253 
Shetland 0.521 0.242 
Iceland 0.544 0262 
Denmark 0.560 0231 
Norway 0.578 0253 
Average 0.501 0.256 
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4.3.2.3 Population Relationships 

Using a German sample, a conglomerate British sample, and a French sample to 

provide context, a MDS plot based on the proportion of shared STR alleles shows 

clusters of populations similar to the plot based on SNPs (FIGURE 4.2). Norway, 

Denmark, and Iceland are closely clustered in the same area as Sweden, and Isle of Man 

is intermediate between Ireland and the Scandinavian cluster. Shetland is a somewhat of 

an outlier in the second dimension, but is relatively close to Isle of Man in the first 

dimension. 



FIGURE 4.2: MDS plot of populations based on STR -MDa,) 
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4.3.3 Admixture 

4.3.3.1 Iceland 

Proportions of shared haplotypes indicate recent admixture, as the probability that 

any population will share haplotypes based on eleven microsatellites that are not identical 

by descent is small. Iceland shares haplotypes with every country sampled in the larger 

collection of European samples (TABLE 3.6): 5% or more of its haplotypes are shared 

with Ireland, Denmark, Norway, Shetland, Sweden, and Britain. Notably, it also shares 

the most haplotypes with Norway. 

Given that the overall signature of a population's microsatellite loci is stable with 

respect to origin, the greater proportion of haplotypes in a population represents ancestral 

relationships. These deeper relationships can be estimated using average pairwise 

differences between populations; the pairwise differences are based on microsatellites 

that follow a stepwise mutational model (TABLE 3.7). When between population 

differences are corrected for within population differences, among the populations of 

greater Scandinavia, the samples from Norway and Denmaric are closest to Iceland— 

effectively zero steps away. Shetland is but 0.154 steps away, and Isle of Man and 

Sweden are 0.282 and 0.284 steps away, respectively. Based on all microsatellites and 

not accounting for SNP lineages, Ireland is 0.65 steps removed from Iceland. 

The population of Iceland is hybrid, formed by contributions from Ireland and 

Scandinavia. An examination of plots of linked haplotypes by SNP haplogroup reveals a 

signature of admixture for Iceland (FIGURE 4.3). This signature is eq)ecially prominent 

in HG XL. We can use microsatellites to estimate parent populations' contributions to a 
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hybrid population in a coalescent-based approach (Dupanloup and Bertorelle, 2001). 

Assuming that the hybrid population was formed 1000 years ago at the terminus of the 

major migrations to Iceland, and assuming an average mutation rate of 2.2 x 10'̂  per 

locus per meiosis, models present varying estimates of the relative contribution of parent 

populations (TABLE 4.7). When Ireland and Scandinavia (Norway, Denmark, and 

Sweden) are the designated parent populations, Iceland is shown to be a hybrid 

population comprised of a 29% contribution from Ireland and a 71% contribution from 

Scandinavia. If the parent populations are Ireland, Norway, and Denmark, the Irish 

contribution is 38.6%, the Norwegian contribution is 30%, and the Danish contribution is 

31.4%. If the parent populations are Ireland and Norway, then 54.6% of Icelandic Y 

chromosomes are of Irish origin and 45.4% are of Norwegian origin. When Ireland and 

Denmaric are the parent populations, estimates of Irish and Norwegian contributions shift 

to 54.4% and 45.6%, respectively. 

FIGURE 4.3: Icelandic linked STR haplotypes. The complete linked STR haplotype for 
each Icelandic individual is displayed simultaneously with allele size on the Y axis and 
STR locus designation on the X axis. The figure demonstrates relative homogeneity of 
different STR loci. 
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FIGURE 4.3; Icelandic linked STR haplotypes 

HGIL 

<M26 d39l d393 d3» dm «M39 d390 d388 <092 d38Sb d38SB 
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Jt 
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TABLE 4.7: Admixture estimates based on STRs 

Tssr Norway Dcrauuk Swciea 

411 Sih Pvcnul Populalkira my my' SDofoiy my m. ' % SDofaiy my SDofmy my my SDofmy 

nlMi lre,Nar,l]ea.Swe 0.290 0.281 0.010 0.233 0.239 0.007 0J42 0.009 0.240 0J40 ft.W 
be. Nor, Dm 0.383 0.374 0.008 0.300 0.306 0.008 0JI4 0J20 0.008 - - -

Ire, Nor 0.546 0.536 0.007 0.454 0.464 0.007 - • - - - • 

Ire, Den 0.544 0.534 0.008 • • - 0.456 0.466 0.008 - - -

SkcteM Ire, Nor, Den, Swe 0.270 0.255 0.013 0J40 0.244 0.008 0.227 0.231 0.011 0.265 0.270 0.012 
be. Nor, Den 0.374 0.359 0.010 0.313 0.321 0.008 0.313 0.320 0.009 - - -

be. Nor 0.534 0.520 0.008 0.466 0.480 0.008 - - - • - -

be. Den 0.540 0.528 0.009 - • - 0.460 0.472 0.009 - - -

lilt AF MM be. Nor, Dm, Swe 0.272 0.266 0.013 0.238 0J43 0.008 0J32 0.236 0.011 0.258 0.255 0.012 
be. Nor, Dm 0.374 0.366 0.010 0.311 0.314 0.009 0JI5 0.320 0.009 - - -

be. Nor a535 0.526 0.008 0.465 0.474 0.008 - - - - - -

he. Dm 0.538 0.530 0.008 • - - 0.462 0.470 0.008 • - -

hhIL 

be. Nor, Dm, Swe 0.246 0J58 A.M4 0.243 A.251 0.004 0.2S3 0.262 0.004 
be. Nor, Dm 0.331 0.325 0.006 0.344 0.338 0.004 0.325 0J38 0.005 • • -

be, Nor 0.493 0.492 0.006 0.507 0.508 0.006 - - - - - -

be. Dm 0.500 0.491 0.006 - . - 0.500 0.509 0.006 - - -

SkfMaM be. Nor, Dm, Swe 0.246 0.236 0.007 OJ57 0J47 0.005 0i42 0.250 0.005 0.255 0.267 0.005 
Ire, Nor, Dm 0.332 0.325 0.006 0.344 0.338 0.004 0.324 0.338 0.005 • - -

be, Nor 0.494 0.492 0.006 0.506 0.508 0.006 - - - - - -

be. Dm 0.501 0.492 0.006 - - . 0.499 0.508 0.006 • - -

likafMaa Ire, Nor, Dm, Swe 0J48 0.239 0.007 0.258 0.249 0.005 0.241 0.251 0.005 0.254 0.261 0.005 
be. Nor, Dm 0.334 0.326 0.007 0J44 0.337 0.004 0.322 OJ37 0.005 - • -

be; Nor 0.495 0.493 0.006 0.505 0.507 0.006 - • - • - -

be. Dm aso3 0.462 0.006 - - - 0.497 0.508 0.006 - - -

ExclmtbiMlL. lid IH 

mIUJ Nor, Den, Swe . - 0.329 0.316 A.OII 0J07 0.411 0.363 0.351 0.010 
Nor, Dm . . 0.513 0.495 0.009 0.487 0.505 0.009 - - -

Nor. Swe . • 0.481 0.478 0.009 - • - 0.519 0.522 0.009 
Den, Swe - - - • - 0.468 0.484 0.010 0.532 0.516 0.010 
Nor, Dm, Swe - - 0.323 0J08 0.014 0.299 0.321 0.015 0J78 0.371 0.013 
Nor, Dm . • 0.515 0.494 0.012 0.485 0.506 0.012 • - -

Nor, Swe . - 0.471 0.468 0.012 - - - 0.529 0.532 0.012 
Den, Swe - . - . - 0.457 0.474 0.013 0.543 0.526 0.013 

lite •!MM Nor. Dm, Swe . • 0.323 0.311 0.013 0.311 0.336 0.014 0.365 0.353 0.014 
Nor, Dm . - 0.507 0.489 0.011 0.493 0.511 0.011 - • -

Nor. Swe . • 0.477 0.479 0.012 - - - 0.523 0.521 0.012 
Dm. Swe - • • - • 0.470 0.490 0.013 0.530 0.510 0.013 

'BooWnypcdwtiiiMlchMcdoii 10,000 lioototniw 
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If we assume that any Irish contribution to an Icelandic hybrid population can 

only be HG IL Y chromosomes, then the maximum possible Irish contribution is 35%, 

the estimated frequency of HG IL Icelandic Y chromosomes. Using only IL Y 

chromosomes, the estimated contributions of Ireland, Norway, Denmark, and Sweden in 

a single model are 8.6% Irish and 91.4% Scandinavian (the remaining non-Irish Icelandic 

Y chromosomes are summed with the other Y chromosomes of various haplogroups). 

Including only Ireland, Norway, and Denmark as parent populations increases the 

potential Irish contribution to 11.6%, while including only Ireland and Norway or Ireland 

and Denmark further increases the Irish contribution to approximately 18.8%. Estimates 

for the individual contributions of Norway, Denmark and Sweden can be generated by 

summing HG IL and non-1 L haplogroups in appropriate proportions. The potential 

contribution of Y chromosomes from Norway in combination with any other 

Scandinavian population ranges from 30.4% to 51.1%; the potential contribution from 

Denmark ranges from 28.5% to 49.2%; and the potential contribution from Sweden 

ranges from 32.5% to 43.4%. The maximal contribution from Sweden is lower than 

Denmark or Norway, because historically, we know that Sweden did not found Iceland 

solely in conjunction with Ireland. 

4.3.3.2 Shetland 

Shetland shares haplotypes with all but two of the sampled European populations, 

Greece and Romania (TABLE 3.6): five percent or more of its lu^lotypes are shared with 

Austria, Ireland, Denmark, Iceland, Isle of Man, Italy, Norway, Spain, Sweden, and 

Britain. A large proportion of its haplotypes are held in common with Denmark and Isle 
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of Man (both 12.1%), and the greatest proportion of haplotypes is shared with Iceland 

(27.3%). Examination of corrected average pairwise differences between Shetland and 

the populations of greater Scandinavia shows the smallest distance between Shetland and 

Isle of Man, 0.07 steps apart (TABLE 3.7). Denmark and Iceland are the next closest 

genetic neighbors to Shetland at 0.174 and 0.154 steps away, respectively. 

Patterns of linked haplotypes within haplogroups reveal intriguing patterns 

(FIGURE 4.4). Although linked haplotypes within HG IL demonstrate moderate 

variation, linked haplotypes within HG ID show limited variation for all STRs but 

DYS389, which reveals a remarkable florescence of different alleles. Contributions to 

the original, hybrid Shetland population from Irish and Scandinavian populations are 

estimated using all microsatellites with an average stepwise mutation rate of 2.2 x 10'̂  

per locus per meiosis, under the assumption that the founding event occurred 1000 years 

ago. In a model incorporating all SNP lineages and including Ireland, Norway, Denmark, 

and Sweden as potential parent populations, Ireland contributes 27.2%; Norway, 23.8%; 

Denmark, 22.7%; and Sweden, 26.5% of the Y chromosomes in the hybrid Shetland 

population. If we exclude Sweden and retain Ireland, Norway, and Denmaric, then 

Ireland contributes 37.4%; Norway, 31.3%; and Denmark, 31.3% of the Y chromosomes. 

Examining only Ireland and Norway as source populations shows a contribution of 

53.4% from Ireland and 46.6% from Norway. Likewise, when only Ireland and Denmaric 

are considered, Ireland contributes 53.8%, and Denmark contributes 46.2%. 
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FIGURE 4.4: Shetland linked STR luqilotypes 
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* There is no plot for Shetland HG lRb2 linked STR haplotypes due to 
its occurrence in a single individual. 

The complete linked STR haplotype for each Icelandic individual is displayed 
simultaneously with allele size on the Y axis and STR locus designation on the X axis. 
The figure demonstrates relative homogeneity of different STR loci. 
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Assuming that Celtic males were only capable of contributing only HG IL 

chromosomes, we can more precisely estimate the relative contributions of Ireland and 

Scandinavia. In models including Ireland and various combinations of Scandinavian 

populations (TABLE 4.7), the potential Irish contribution ranges from 12.3% to 24.3%, 

with corresponding Scandinavian contributions ranging from 75.7% to 87.7%. 

Presuming that remaining Y chromosomes (other than HG IL) are of Scandinavian 

origin, a model including Norway, Denmark, and Sweden attributes a 16.8% contribution 

to Norway, 16% to Denmark, and 19.7% to Sweden. When Norway and Denmark are 

the parent populations, the Norwegian contribution increases to 26.8% and the Danish 

contribution to 25.2%. If only Norway and Sweden are source populations, then Norway 

putatively contributes 24.5% of Shetland Y chromosomes and Sweden, 27.5%. 

Similarly, if Denmark and Sweden are the parent populations, then the contribution of 

Denmaric is estimated at 23.8%, while that of Sweden is 28.2%. In all of the 

combinations, Sweden retains the maximal possible parental contribution. 

4.3.3.3 Isle of Man 

Among European populations. Isle of Man shares greater than five percent of its 

haplotypes with Austria, Denmark, France, Iceland, Italy, Norway, Shetland, Spain, 

Sweden, and Britain—all of the populations with which it shares haplotypes. Isle of Man 

shares the greatest proportion of haplotypes with Shetland (21.1%) and Iceland (15.8%) 

(TABLE 3.6). Evaluating corrected average pairwise differences between Shetland and 

other populations of greater Scandinavia reveals that Isle of Man is closest to Shetland— 

an average of0.070 steps away—and then Denmark (0.115 steps difference), followed by 
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Iceland (0.137 steps removed) (TABLE 3.7). It is interesting to note, however, that 

France is the second closest population to Isle of Man (0.080 steps difference). ¥his may 

be due to the high frequency of HG IL Y chromosomes in both populations stenuning 

from a recent common ancestor representing a post-glacial expansion of Atlantic Modal 

Haplotype Y chromosomes. 

Linked haplotypes on Isle of Man demonstrate notable variation within HG IL 

(FIGURE 4.5). There are too few samples of haplogroups lRb2 and ID Manx Y 

chromosomes to allow examination ofpattemsoflinkedSTR haplotypes. The relative 

contributions of Ireland and Scandinavian source populations to a hybrid Isle of Man 

population are estimated using microsatellites (TABLE 4.7). Contributions are estimated 

according to a coalescent model, assuming an average mutation rate of 2.2 x 10'̂  per 

locus per meiosis and assuming that the main hybridization event occurred 1000 years 

ago. In a model including all SNP lineages and assuming Ireland, Norway, Denmaric, 

and Sweden to be the source populations, the relative contributions are 27.2%, 23.8%, 

23.2%, and 25.8%, respectively. When Sweden is excluded, Ireland is estimated to 

contribute 37.4%, Norway, 31.1%, and Denmaric, 31.5%. When only Ireland and 

Norway are considered, the Irish contribution increases to 53.5%, and the Norwegian 

contribution increases to 46.5%. Similariy, when Ireland and Denmark are the parent 

populaticMis, the Irish contribution is 53.8%, and the Danish contribution is 46.2%. 

Assuming that Ireland is comprised of only HG IL Y chromosomes, a model including 

Ireland and various contributions from Scandinavian populations yields an Irish 

contribution ranging from 16.9% to 34.3%, with corresponding Scandinavian 
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contributions to Manx HG 1L ranging from 65.6% to 83.1%. Presuming that the Y 

chromosomes in the sample population from Isle of Man other than HG IL are of 

Scandinavian origin, total admixture estimates from Scandinavian countries can 

calculated by summing the appropriate estimated admixture proportion of HG IL 

chromosomes with the other relevant haplogroups. The potential Norwegian contribution 

ranges from 27.9% to 50.5%; the potential Danish contribution ranges from 26.3% to 

49.6%; and the potential Swedish contribution ranges from 29% to 34.2% (in this case 

Sweden was not estimated to have maximally contributed HG IL because it presented 

such a small sample of HG IL Y chromosomes). 

FIGURE 4.5: Isle of Man linked STR haplotypes. The complete linked STR h^lotype 
for each Icelandic individual is displayed simultaneously with allele size on the Y axis 
and STR locus designation on the X axis. The figure d^onstrates relative homogeneity 
of different STR loci. 
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FIGURE 4.5; Isle of Man linked STR haplotypes 
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4.3.4 Loss of Diversity 

Estimation of the loss of diversity from parent populations to hybrid populations 

requires assimiptions about the relative contribution of potential parent populations by 

lineage. If we assume that Ireland could only have contributed HG IL Y chromosomes, 

then the loss of diversity associated with the founding of Iceland is 1.5%, the loss of 

diversity associated with the founding of Isle of Man is 16.5%, and the founding of 

Shedand incurs a 2.2% loss of STR diversity (TABLE 4.8). Exclusive of HG 1L, the 

major lineages in northern Europe are haplogroups 1D and 1 Rb2. If we estimate the loss 

of diversity based on haplogroups 1D and 1 Rb2, and assume that Norway is the parent 

population, then the loss associated with the founding of Iceland is 15.1%; the loss 

associated with the founding of Isle of Man is 21.1%; and that of Shetland is 8.6% 

(TABLE 4.8). Similarly, if Denmaric is posited to be the parent population, the loss of 

diversity associated with the founding of Iceland is 15.9%, that of Isle of Man is 13.9%, 

and that of Shetland is 28.8% (TABLE 4.8). When the parent population is Sweden, the 

loss of diversity precipitated by the founding of Iceland is 16.1%, the founding of Isle of 

Man is 10.3%, and the founding of Shetland incurs a loss of diversity of 5.4% (TABLE 

4.8). 
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TABLE 4.8: Percent Loss of Diversi^ Using Selected and Weighted STRs' 

Ireland-Iceland Ireland-Isle of Man Ireland-Shedand 
Average | 0.0044 0.0472 0.0063 
% loss |_ 1J% 16.5% 2.2% 

Norway-Iceland Norway-Isle of Man Norway-Shetland 
Average 1 0.0383 0.0534 0.0217 
% loss 1 15.1% 21.1% 8.6% 

Denmark-Iceland Denmark-Isle of Man Denmaric-Shetland 
Average 1 0.0368 0.0322 0.0667 
% loss 1^ 15.9% 13.9% 28.8% 

Sweden-Iceland Sweden-Isle of Man Sweden-Shetland 
Average 1 0.0408 0.0261 0.0136 
% loss 1 16.1% 10.3% 5.4% 

'Comparisons involving Ireland are spccifk to HG IL, while comfMuisons for other parental 
populations exclude HGl L and only include HG ID and HG lRb2. 
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4.4 Discussion 

4.4.1 Admixture 

4.4.1.1 Iceland 

Iceland was an uninhabited island prior to settlement by Vikings in 874 A.D. 

Historic and genetic evidence support the position that contributions came from both 

Scandinavia and Ireland. In the present study, Ireland shares 24% of its haplotype 

lineages with Iceland. The estimates of admixture in the present study concur with those 

of another recent study that uses microsatellites to investigate the origins of the 

Icelanders (Helgason et al., 2000b). By employing several different techniques to 

estimate admixture, Helgason et al. (2000) find that the Irish contribution ranges from 

19.5% to 40.7%. These estimates arise from the same technique (my) used in the present 

study, which proposes an Irish contribution of 18.8% (when Ireland and Norway are the 

designated parent populations). The admixture estimate of the present study coincides 

rather well with the estimate of 19.5% presented (Helgason et al., 2000b)The seemingly 

substantial difference between estimates using the same method, my, may result fixim the 

other group's use of DYS385. Use of ADMIX requires the assumption that the loci 

follow a stepwise mutation model, DYS385 does not conform to this premise. 

There are sevel issues with these estimates of admixture. One consideration is the 

confounding effect that Viking admixture in the Irish population will have on estimates 

of its contribution to Iceland. Scandinavian admixture in freland has been noted in 

previous genetic studies of Great Britain (Mourant et al., 1976), and though Helgason et 

al. (2000) admit this possibility, they do not attenq>t to adjust their estimates of my 
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accordingly. However, the ad hoc admixture estimator that Helgason et al. (2000) 

employ, mp, implicitly adjusts for Scandinavian admixture in Ireland. Their approach is 

essentially a Bayesian technique that estimates the probability that a given Icelandic 

haplotype (not an individual STR allele) has come from a particular source population. 

Using DYS38S improves the estimate, because this technique does not assume that STR 

loci follow a stepwise mutation model, and because the use of DYS38S both tracks SNPs 

and provides finer phylogenetic resolution. That is to say, using DYS385 in the context 

of a whole STR haplotype can improve the ability to separate Irish from Scandinavian 

STR lineages within SNP lineages, effectively accounting for the possibility that the Irish 

could only have contributed HG IL Y chromosomes. Ironically, Helgason et al. (2000) 

claim that mv is heavily biased by the underlying SNP phylogeny. 

Another potential issue with estimates of admixture involves exactly how 

divergent are Norway and Ireland, because solid estimates of admixture can only be 

gained when two populations are suitably divergent In the case of Norway and Ireland, 

based on the presumption of a single Celtic haplogroup—IL—that shows good STR 

diversity and the relative diversity of detected in Norway, Norway and Ireland are 

sufBciently divergent. A supposition of divergence is not warranted, though, when 

considering the recent population history of Norway, Sweden, and Denmark. This 

presents a problem when attempting to distinguish relative contributions of Swedish or 

Danish Vikings to the founding population of Iceland. In other words, because of the 

lack of divergence between Norway, Sweden and Denmark, it may be futile to attempt to 

ask whether colonizing parties were predominantly of one Scandinavian heritage or 
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combinations of many populations. Therefore, it is probably prudent to consider only 

Norway as a potential Scandinavian founding population and suggest that given the 

concordance between the estimate of the present study, which accounts for Scandinavian 

admixture in Ireland by allowing only Irish HG IL to contribute to admixture in Iceland, 

and Helgason et al.'s (2000) estimate using mp, we might propose with some confidence 

that the proportion of Irish admixture in Iceland is approximately 20%. 

It is important to note, however, that this is an estimate of the current proportion 

of Icelanders that have an Irish Y chromosome heritage. The population of Iceland has 

been subject to massive population crashes as the result of famine and disease 

(Tomasson, 1977). Although there is no reason to suspect that Irish Y chromosomes 

would have been subject to any kind of selection versus Scandinavian Y chromosomes, 

the small initial population size of Iceland and subsequent post-crash population sizes 

would have made it more susceptible to the effects of genetic drift, altering the original 

proportions of Irish and Scandinavian Y chromosomes. 

It is interesting to speculate on the overall effect of admixture in Iceland. The 

proportion of Irish Y chromosomes does not necessarily reflect the proportion of Irish 

autosomes in the Icelandic population. If individuals of Irish origin represented a large 

proportion of the original settlement in Iceland, we would expect a larger proportion of 

existing autosomes to be of Irish origin. Also though it has been purported that 

Icelanders represent an isolated, homogeneous population that is amenable to gene 

mapping (Gulcher et al., 2000), it is more likely that the population of Iceland is an 
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admixed heterogeneous hybrid population, thereby potentially affecting its utility for 

autosomal gene mapping (Weiss and Terwilliger, 2000). 

4.4.1.2 Shetland 

Investigating the proportion of native versus Scandinavian admixture in the 

Shetland population is different fix>m estimating admixture in Icelanders because 

Shetland was already settled by Picts when Vikings arrived in the eighth century (Turner, 

1998). So, although Shetland is a hybrid population, it is the result of substantial 

migration after initial settlement by non-Scandinavians. Ideally, the data should reflect a 

more ancient substrate of non-Viking genetic contribution overlain by more recent 

Scandinavian admixture. Corrected average pairwise differences should reflect more 

ancient relationships between populations—if a major migration did not follow the initial 

substantial settlement. 

Among seventeen other European populations, the only Finland, Greece, 

Romania, and Sweden have larger average pairwise differences with Shetland than 

Ireland. These results suggest two things: (1) the original population of Shetland Y 

chromosomes was largely replaced by that of the Vikings; and (2) Sweden was not a 

major source for Viking-age Shetland immigrants. The latter conclusion has implications 

as to the primary Scandinavian parent population of Iceland. Conversely, Shetland and 

Isle of Man exhibit the smallest average pairwise difference. If the original population of 

Shetland was replaced by Vikings, then the small average pairwise difference represents 

the common Viking herita^ of Shetland and Isle of Man. The proportion of shared 

haplotypes reveals more recent connections between populations. Shetland shares the 
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greatest proportion of haplotypes with Iceland by &r, 21.yyit, with 12.1 % shared with 

Denmark and the Isle of Man, and 9.1% in common with Norway. Iceland, Shetland, and 

Isle of Man clearly share common Viking heritage. Assuming that the Irish component 

of Y chromosomes is potentially from HG IL, the pattern of proportion of shared 

haplotypes supports analytical estimates of admixture in suggesting that the Irish 

component ranges fix>m 12.3% to 24.3% (the true proportion probably being toward the 

low end of the range). 

4.4.1.3 Isle of Man 

Archaeological and linguistic evidence suggest that Isle of Man was originally 

settled by Celts, but then later inundated culturally by Viking colonizers. The islanders 

themselves divide the island in half, claiming that families from the north are of Viking 

descent and those from the south ate of Celtic descent. Archaeological evidence 

indicates that Viking settlements and burials were scattered throughout the island 

(Haywood, 1995). Among seventeen European populations, only Denmark, France, 

Iceland, Shetland, and Spain have average pairwise distances to Isle of Man smaller than 

Ireland. The close relationships with France and Spain may be explained by the Atlantic 

Modal Hypothesis, which accounts for the spread of populations across Europe after the 

Last Glacial Maximum. The links with Iceland and Shetland signal the demographic 

consequences of the Viking voyages. The proportion of shared tuq>lotypes confirms 

these relationships: Isle of Man shares most frequently with Iceland and Shetland. 

Interestingly, though there is evidence for a shared underlying Mesolithic component 

across HG IL Y chromosomes. Isle of Man has no haplo^pes in common witii Ireland. 
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This suggests that the population of Isle of Man has been genetically separate from 

Ireland for quite some time. Alternatively, the limited nature of the Irish sample in the 

present study may obscure the relationship between Ireland and Isle of Man. Inferred 

close genetic proximity with Denmark may suggest either that Danish Vikings played a 

larger role in the colonization of Isle of Man, or that Vikings were heterogeneous with 

respect to population origin. Estimates of admixture support these relationships. 

Depending on the combination of Scandinavian parent population(s), 16.9% to 34.3% of 

the original Celtic Y chromosomes remain in the population of Manx Y chromosomes. 

4.4.1.4 Potential Issues 

Estimates of admixture can be confounded by SNP bottlenecking, incomplete 

lineage sorting between parent populations, and the choice of parent populations selected 

for analyses. Moreover, due to the fundamentally random nature of genetic drift, the 

effect of SNP bottlenecking is unpredictable. Depending on the evolutionary success of 

any given SNP and its evolutionary relationship to other SNPs in the parental and hybrid 

populations, populations can appear more or less similar. Incomplete lineage sorting will 

effectively average the contribution of closely related parental populations (Dupanloup 

and Bertorelle, 2001). Phylogenetic analyses suggest incomplete lineage sorting among 

Europ^in populations inasmuch as there is scant, broad population-based structure in 

phylogenetic trees generated using maximum parsimony methods. This is not an 

insurmountable issue in the present study, because althou^ Irish Y chromosomes are HG 

IL, there is local micro-dififerentiation among HG IL Y chromosomes, thus validating 
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admixture estimates. Choosing inappropriate parent populations negates the legitimacy 

of admixture estimates. 

4.4.2 Loss of Diversity 

There are several methods for estimating diversity in a population. Diversity based 

on SNPs gives a general impression of the patterns of SNP haplogroups in a population. 

In the present study, Ireland, a population dominated by a single SNP haplogroup, has the 

lowest SNP diversity, 0.15. Correcting Irish diversity for Scandinavian admixture brings 

SNP diversity to zero. After Norway, Iceland has the second highest SNP haplogroup 

diversity at 0.713. This is consistent with a hybrid origin. Shetland has above average 

SNP haplogorup diversity, also consistent with a hybrid origin, and Isle of Man has the 

second lowest SNP haplogroup diversity, 0.49. It is notable, however, that its diversity is 

substantially higher than Ireland's diversity; this is consistent with significant 

Scandinavian admixture. That this is not an artifact, is supported by consistent results 

found with a much larger sample of Irish Y chromosomes that gave a haplogroup 

diversity estimate of 0.33 (Pereira et al., 2001) 

STR diversity can be calculated using strict linked haplotypes, averaged individual 

loci, and SNP-frequency-weighted averaged individual loci. Calculating STR diversity 

with strict linked haplotypes is of little utility, however, because as the number of loci 

increases, STR diversity becomes asymptotic near unity. In the present study, even with 

only eleven informative loci, the average STR diversity is still 0.99 when corrected for 

sample size. These results are similar to the estimated avera^ of 0.94 reported by 

Helgason et al. (2000). Undoubtedly, their estimates would have approached unity if 
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they had used eleven STR loci instead of nine. Estimating STR diversity by taking the 

average diversity across all loci provides a different viewpoint for understanding 

diversity in a population. It is still subject to the influence of SNP botdenecking, a fact 

that is reflected in the lower diversity estimates for Ireland and Isle of Man, which are 

dominated by HG IL, and Sweden, which is dominated by HG lRb2. 

4.4.2.1 Accommodating the Effect of SNP Bottlenecking 

SNP bottlenecking, a fimction of linked variation on the Y chromosome, is a 

phenomenon imique to haploid genome compartments not subject to recombination (de 

Knijff, 2000). Acknowledging this requires simultaneous analysis of separate lineages in 

populations. There is some risk of performing inappropriate analyses (Hudson et al., 

1994), but some form of lineage analysis is unavoidable in Y chromosome research. 

SNP-weighted average STR loci diversity estimates take both SNP bottlenecking and the 

relative frequencies of SNP lineages within the population into account, and in so doing 

provide new information. Although the SNP diversity estimate for Ireland is O.IS, SNP-

weighted average STR loci provide an estimate of 0.29, which is the highest of any 

population in greater Scandinavia. This suggests that Ireland has not experienced 

bottlenecking recently; in fact, it probably represents a very old population dominated by 

a single haplogroup that has had an opportunity to collect new STR mutations in relative 

isolation. Both Isle of Man and Iceland also have relatively elevated corrected STR 

diversity. In the case of Isle of Man, it reflects a predominance of a Celtic or admixed 

HG IL, whereas higher diversity in Iceland indicates admixture. 



171 

4.4.2.2 Accounting for Founder Effect 

Loss of diversity associated with a demographic bottleneck can only be detected if 

there is diversity in the original or parent population. Therefore, estimates of loss of 

diversity are calculated for and averaged across STR loci for which there are three or 

more alleles within a haplogroup. This approach is also motivated by the fact that 

samples come from modem populations, and the intent here is to estimate parameters 

associated with historical populations. One might argue that the generation of new alleles 

could obviate any attempt to estimate loss of diversity. However, if we accept that any 

population, hybrid or parental, has an equal opportunity to accumulate new STR 

mutations within SNP lineages, then it is unlikely that bias will accrue. Since each 

population has, on average, an equal probability of generating novel diversity, the relative 

ratio of old to new alleles should remain stable. A population expansion such as that 

experienced by Iceland may accelerate the accumulation of STR mutants, but these will 

be rare and contribute little to overall diversity (Nei et al., 1975). 

The loss of diversity associated with the founding of Iceland by Ireland is 1.5%. 

That this is not a substantial loss is expected, given the hybrid nature of the founding 

population of Iceland. The loss of diversity associated with Ireland's founding of Isle of 

Man is 16.5%. The high frequency of private STR luq>lotypes suggests long-term 

isolation of Isle of Man from Ireland. The estimated loss of diversity may be associated 

with genetic drift within Isle of Man, or it may be a consequence of diversity loss within 

Scandinavian HG IL. A 2.2% loss of diversity for beland's founding of Shetland 

probably also reflects inundation of Scandinavian Y chromosomes to the detriment of 
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those associated with Mesolithic populations (here Irish Y chromosomes are used as a 

proxy for Pictish Y chromosomes). Phylogenetic analysis of HG IL Y chromosomes for 

all eighteen European populations was attempted, but little resolution was found on the 

tree. Incomplete lineage sorting related to evolutionarily recent and rapid dispersal 

across the European landscape may account for the diffuse nature of the tree. 

Insubstantial loss of diversity may also result from a bias in the Irish sample. However, a 

recent, large-scale study of Irish Y chromosomes (Hill et al., 2000) finds proportions of 

SNP lineages similar to the current study. Raw data provided by Hill et al. allowed the 

calculation of STR diversity based on average STR locus diversity.. The result, 0.39, 

concords well with the estimated average STR diversity of the Irish sample in the present 

study, 0.34. It appears that the sample fix>m County Cork is representative of native Irish 

Y chromosomes as a whole. 

4.4.2.3 Specifying Scandinavian Contributions 

Confining analysis of diversity loss to haplogroups ID and lRb2, the major SNP 

lineages in Scandinavia, allows a more precise estimate of the loss of diversity associated 

with Vildng contributions. The loss of diversity associated with the settlement of Iceland 

by Norway is approximately 15.1%. As Iceland was under the partial political control of 

Denmark from A.D. 1380-1944, it is possible that Iceland has been subject to some 

Danish admixture. The average loss of diversity associated with a founding by Denmaric 

is 15.9%. The loss of diversity resulting from the founding of Shetland by Norway is 

8.6%, and the specific migration of Norwegians to Isle of Man led to a 21.1% loss of 
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diversity. If Denmark were to have been a major participant in migration to Isle of Man, 

the linked loss is 13.9%. 

4.5 Summaiy 

Who were the Vikings? Genetic traces of the Vikings across the North Atlantic 

support a rough outline of their history. According to the traditional view, Norwegian 

Vikings were active in the North Atlantic, Swedish Vikings pushed east into Russia and 

down to the Black Sea, and Danish Vikings primarily engaged in the colonization of 

England and France (Haywood, 1995; Roesdahl, 1998). Given the speed at which 

Vikings were able to reliably navigate across large expanses of water, raiding and 

settlement parties could theoretically have been comprised of individuals from modem 

Swedish, Norwegian, and Danish populations—but this does not appear to have been the 

case. It thus seems reasonable to reiterate the conclusions of numerous historical sources: 

the Vikings that settled Iceland were Norwegian. Norwegian Vikings also colonized 

parts of Ireland, Isle of Man, and Shetland, and Danish Vikings may have been involved 

in the colonization of the Isle of Man and possibly Shetland. Genetic and historical data 

indicate that Swedish Vikings had little if any role in colonizing and settling the North 

Atlantic. Evidence presented in this chapter supports the hypothesis that founding 

events, either by dint of genetic drift or founder effect proper, result in a loss of diversity 

as measured by heterozygosity. It is clear that Viking colonization and settlement of the 

North Atlantic islands was accompanied by substantial decrements in genetic diversity. 
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5 mitochondrial variation est 
northern europe 

5.1 Background 

Compared to the body of woric examining central European mitochondrial 

variation (Macaulay et al., 1999; Richards et al., 2000; Simoni et al., 2000; Torroni et al., 

1998; Torroni et al., 1996; Torroni et al., 2000), few studies have examined the 

evolutionary forces responsible for mitochondrial variation in northern Europe. Several 

recent studies have included Scandinavian populations as representative of northern 

Europe as a whole (Helgason et al., 2000a; Simoni et al., 2000; Torroni et al., 1996), but 

little has been done to examine the overall relationships of populations of northern 

Europe. Analyses of Finnish mitochondrial lineages have indicated a recent bottleneck 

(Sajantila et al., 1996), as well as shown Finnish lineages to be representative of Europe 

as a whole (Finnila et al., 2000). Two recent studies have docimiented the impact of 

admixture on the founding of Iceland (Helgason et al., 2001; Helgason et al., 2000a), 

concluding that Iceland shows evidence for admixture, but that it is still rather 

homogeneous. 

5.1.1 Present Study 

This study is a large-scale, regional exploration using the entire mitochondrial 

control region. What is driving mitochondrial genetic variation in northern Europe? Is 
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the distribution of variation compatible with a greater female migration rate, more likely 

due to migration, genetic drift or to the inherent nature of mtDNA mutational processes? 

Additionally, the present chapter attempts to detect a signal of Viking admixture across 

populations of the North Atlantic. 

5.2 Results 

5.2.1 Population Relationships 

5.2.1.1 Frequency-Based Analyses 

In ph^ogenetic analyses, multiple searches using maximum parsimony analysis 

produced phylogenetic trees with moderate structure, but a large proportion of nearly 

basal polytomies with no sign of convergence. Maximum parsimony analyses were 

stopped after the process generated greater than 14,000 equally parsimonious trees 

following approximately 10 billion rearrangements. 

Indeterminate phylogenetic relationships based on raw sequence data make it 

challenging to define haplotypes. However, phylogenetic relationships of mitochondrial 

genomes have been generated using restriction fragment length polymorphisms (RFLP) 

from the mitochondrial coding region, and informative sites in the control region have 

been identified to be concordant with RFLP-defined haplogroups (Richards et al., 1998). 

5.2.1.1.1 Analyses Based on Haplogroups 

Using control region sequence defined haplogroups based on Richards et al. 

(1998, Table 1) generated 16 different haplogroups among 319 individual samples from 

eight populations of northern Europe (TABLE 5.1). Three haplogroiqps are shared among 
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all of the sampled populations: HV*, J and US. Other haplogroups that are shared among 

the majority of populations are notable for their shared absence among the minority of 

populations. Haplogroup T is present in all populations sampled but Ireland and Isle of 

Man, while haplogroup K is present in all populations sampled but Norway and Shetland. 

If we presume Ireland and Finland to be potentially the most divergent of populations 

based on geographic distance, there is good evidence suggesting population divergence. 

While the two populations share haplogroup HV* at the same frequency (0.38), they are 

divergent for haplogroups J, K, R*U*, and US. This suggests that a frequency-based 

distance statistic may be appropriate for ascertaining underlying population relationships. 



TABLE 5.1: ndDNA hiplogiDup ftequenciesof noithern European populations 

Population F HV* 1 J K N2 RU* T* U1 U2 U3 U4 U5 V W X HetAdj' 

Sweden 0.00 0.38 0.00 0.12 0.15 0.00 0.06 0.03 0.06 0.00 0.03 0.06 0.06 0.03 0.03 0.00 0.791 
Denmark 0.00 0.38 0.00 0.13 0.05 0.00 0.03 0.08 0.00 0.03 0.00 0.05 0.15 0.05 0.00 0.05 0.822 
Iceland 0.05 0.41 0.00 0.08 0.07 0.00 0.04 0.12 0.01 0.00 0.02 0.04 0.09 0.04 0.02 0.03 0.798 
Shetland 0.03 0.55 0.00 0.10 0.00 0.00 0.03 0.17 0.00 0.00 0.00 0.07 0.03 0.00 0.00 0.00 0.698 
Ireland 0.00 0.38 0.04 0.17 0.17 0.00 0.08 0.00 0.00 0.00 0.00 0.04 0.13 0.00 0.00 0.00 0.675 
Isle of Man 0.00 0.50 0.00 0.08 0.08 0.00 0.00 0.00 0.00 0.08 0.00 0.08 0.08 0.00 0.08 0.00 0.848 
Norway 0.00 0.52 0.00 0.19 0.00 0.02 0.05 0.05 0.00 0.00 0.00 0.02 0.10 0.02 0.02 0.00 0.726 
'inland 0.00 0.38 0.00 0.03 0.03 0.00 0.14 0.03 0.00 0.00 0.00 0.00 0.24 0.03 0.07 0.03 0.823 

0.01 0.44 0.01 0.11 0.07 0.00 0.05 0.06 0.01 0.01 0.01 0.05 0.11 0,02 0.03 0.01 0.773 

' Haplogroup hetefoa^gotity adjusted for sample size acooiding to the formula ((n/(n-l)Xl*£Pi'))) 
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Using Chord distances, the average pairwise genetic distance is 0.046 (TABLE 

5.2). Greater than average pairwise distances reveal a picture of genetic structure. All 

pairwise distances with Isle of Man are greater than average. Additionally, Sweden is 

more distant than average from Shetland and Finland, while Shetland is more distant than 

average from Ireland, Isle of Man, and Finland, and Ireland is more distant than average 

from Finland. A multidimensional scaling plot of these chord distances renders the data 

into a reasonable picture representing moderate genetic structure (FIGURE S.l). The 

largest populations in northern Europe—Sweden, Denmark, and Norway—cluster 

together with Iceland. Isle of Man, Shetland, Finland, and Ireland represent four comers 

of a trapezoid around the central cluster. Shetland and Isle of Man are the two extremes 

on the primary axis, while Shetland and Finland are the two extremes on the secondary 

axis. The fit of the data is good (stress=0.10; r=0.95; p<0.002). 



TABLE S J: Piininse population distuces bued on chord genetic distance* 

Sweden Denmark Iceland Shetland Ireland Isle of Man Norway Finland 

Sweden 0.000 

UBIWIHTK 0.041 0.000 

Iceland 0.024 0.022 0.000 
0.063 0.04S 0.034 0.000 

Ireland 0.037 0.032 0.045 0.074 0.000 

laleofMan 0.0S0 0.052 0.063 0.078 0.052 0.000 
Norwqr 0.04S 0.023 0.030 0.029 0.044 0.057 0.000 
'inland 0.051 0.038 0.037 0.076 0.047 0.074 0.031 0.000 

Aveiage 0.046 



FIGURE S.l: MDS plot of northern European populations based on chord genetic distance 
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Putting samples of the present study into the context of many samples from a large 

survey of mitochondrial diversity in Europe (Simoni et al., 2000) (corrected frequencies 

from errata. Table 3, AJHG 66:1185) similarly shows a general pattern of south to north 

clusters of populations (FIGURE 5.2). Two important observations can be made from 

the resulting MDS plot: 1) There is a general pattern of sample populations clustering 

north to south in the primary axis; 2) There is some sample bias between some 

populations sampled by Simoni et al. (2000) and the present study, but the greatest 

variation occurs in the secondary axis. The scaled difference for the two Norwegian 

samples is particularly dramatic. All of the northern European populations, regardless of 

sample, cluster together to one side of the plot, though those samples of the present study 

cluster more tightly to the exclusion of other populations. The overall fit of the data to 

the plot is not particularly good (stress=0.21), though the correlation between populations 

in the original genetic distance matrix and the geometric distances of the MDS plot is 

high (r=0.995; p<0.002). The consistency of this general pattern is reinforced by the 

MDS plot based on Nei's distance for the same large collection of European samples 

(FIGURE 5.3). In this plot, the northem European samples from the present study cluster 

tightly towards one comer of the plot Samples from the same populations collected by 

Simoni et al. (2000) are generally in the middle of the plot amongst all of the other 

European populations. 
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FIGURE S.2: MDS plot of European populations based on chord genetic distance. 
Linked circled populations were sampled by Simoni et al. (2000) and the present study. 
Simoni et al. (2000) samples are denoted by an S preceding the population abbreviation. 
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FIGURE 5.3: MDS plot of European populations based on Nei*s genetic distance. 
Linked circled populations were sampled by Simoni et al. (2000) and the present study. 
Simoni et al. (2000) samples are denoted by an S preceding the population abbreviation. 



FIGURE S.3: MDS plot of European populations based on Net's distance 
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Estimates of heterozygosity based on haplogroup allele frequencies (Nei, 1987: 

equation 8.S) range from 0.670 to 0.825, with an average of0.745 (TABLE 5.1). The 

two populations with the two lowest heterozygosity were Shetland (0.670) and Norway 

(0.690), and the populations with two highest heterozygosity were Sweden (0.825) and 

Denmark (0.815). 

The probability that a population has been subject to extreme drift or admixture 

can be determined using a calculation of the centroid, which is based on haplogroup 

frequencies, in conjunction with estimates of haplogroup heterozygosity (Harpending and 

Ward, 1982). The plot of heterozygosity and distance from the centroid of only northern 

European populations (FIGURE 5.4) shows little of the variation evident for the Y 

chromosome (FIGURE 3.4). All of the populations are clustered near the centroid with 

reasonably uniform heterozygosity, suggesting that no particular population has been 

subject to extreme genetic drift In the context of a broad survey of European populations 

(Simoni et al., 2000), Sweden, Denmark, Ireland, Finland, and Iceland cluster near the 

center, while Isle of Man, Norway and Shetland are below the plotted regression line 

(FIGURE 5.5). In fact, Shetland has the third lowest heterozygosity of all sampled 

European populations behind Albania and the Saami. 
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FIGURE S.4: Northern European population heterozygosity and distance from centroid 
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FIGURE S.S; European population heterozygosity and distance from centroid 
Numbers accord to populations listed in order of Simoni et al. (2000). 
Samples of Scandinavian populations from Simoni et al. (2000) 
are labeled with an "S". 
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5.2.1.1.2 Haplotypes 

If we consider the entire control region sequence of an individual (sites 16032-

576) to constitute a haplotype, the total sample collection of 319 individuals generated 

245 unique haplotypes when insertions and deletions are treated as a fifth state. Within 

populations, percent of private lineages at this level of resolution can give indications of 

the propensity for migration. Percent private lineages for populations in this study 

average 82.9%, and range from a low in Ireland (64%) to a high in Isle of Man (100%) 

(TABLE S.3). Those populations with below average percent private lineages are 

Ireland, Norway, and Shetland. Conversely, examination of the pattern of shared 

haplotype lineages reveals some interesting connections and hints of both recent and 

deep shared population history. 

Percent shared lineages can give indications of recent population history. Nearly 

all of the populations share a moderate proportion of lineages in the range of three to nine 

percent (TABLE 5.4). The null exception to this rule is Isle of Man, which shares no 

lineages with any population. Three populations share in excess of ten percent of its 

lineages with another population: Ireland shares 14% of its lineages with Norway, 

Norway shares 12% of its lineages with Iceland, while Shetland also shares 14% of its 

lineages with Iceland. In many cases, particular shared haplotypes are only shared by 

two populations (TABLE 5.5). Ireland shares one lineage with Sweden, one with 

Iceland, and one with Norway. Iceland shares five lineages with Norway, one with 

Sweden, one with Denmark, one with Finland, and two with Shetland. Shetland shares 

one with Denmario Generally, single instances of shared linear occur between 
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populations, there are, however, exceptions, but the extent to which multiple occurrence 

is important is somewhat dependent on sample size. Sorting cases of specific shared 

lineages by haplogroup brings an interesting pattern to the fore (TABLE S.6). The 

haplogroup background for haplotypes most often shared between pairs of populations 

and multiple populations is haplogroup HV*. In only the case of a single haplogroup J 

haplotype is any other haplogroup shared across multiple populations. 

An alternative approach to assaying the nature of the distribution of variation 

across northern European populations is to examine the sharing of particular unlinked 

mutations among populations. Using only polymorphic sites that occur in more than one 

individual, FIGURE S.6a and FIGURE S.6b show that the majority of polymorphic sites 

are shared among populations. While many sites are shared within populations or 

between two populations, 76 of 126 of these polymorphic sites are shared among three or 

more populations. The vast majority of mtDNA polymorphisms are spread widely across 

northern Europe. However, in this perspective, the shared polymorphisms are unlinked 

and likely contain a significant amount of homoplasy. 



TABLE S.3: Percent private mtDNA lineages within northern European populations 

Sample 
Size 

No. of 
Lineages' 

No. of 
Private 

Lineages 
% Private 
Lineages 

Denmark 39 36 32 89 
Finland 29 25 22 88 
Iceland 110 80 68 85 
Isle of Man 12 12 12 100 
Ireland 24 22 14 64 
Norway 42 41 31 76 
Shetland 29 22 16 73 
Sweden 34 33 29 88 
Average 40 34 28 83 
' Gaps treated as a fiilh state 

TABLE 5.4: Percent shared mtONA lineages within northern European populations' 

Denm Finl Icel Isle Irel Norw Shet Swed 
Denmark • 0.04 0.03 0.00 0.09 0.02 0.09 0.03 
Finland 0.03 • 0.03 0.00 0.05 0.02 0.09 0.06 
Iceland 0.06 0.08 • 0.00 0.09 0.12 0.14 0.06 
IsleOfMan 0.00 0.00 0.00 • 0.00 0.00 0.00 0.00 
Ireland 0.06 0.04 0.03 0.00 • 0.07 0.09 0.06 
Norw^ 0.03 0.04 0.06 0.00 0.14 * 0.09 0.03 
Shetland 0.06 0.08 0.04 0.00 0.09 0.05 • 0.06 
Sweden 0.03 0.08 0.03 0.00 0.09 0.02 0.09 • 

' Read as proportion of population lineages by column heading. 



TABLE S.S: Tallies of shared mtDNA lineages 

Haplotype HG Isle Cofk Icel Shet Norg Dane Swed Finn 
HOll HV» 1 10 5 1 1 2 
H104 HV» 1 1 
H1S2 HV* 2 2 1 
H083 HV* 1 1 
H099 HV» 3 1 
H067 HV» 3 2 
H003 HV* 3 1 1 1 
H06S I 2 1 1 
H175 J 1 1 
H139 J 1 1 
H024 K 2 1 
H032 R*U» 1 1 
H135 R»U* 1 1 
H129 T 1 1 
H121 U3 2 1 
H141 US 1 1 
HI 19 US 1 1 
H06! US 1 1 



TABLE 5.6; Tallin of shaied imDNA nrted by population and hapkignNip 

Sorted to ehicidale relatkmliipa of Iichnd, kdand and Noiway 

Haplotype HO ble Cak fed Sbel Non Dane Swed Finn 

1032 X X 
mil HV» X X X X X X 
HI04 HV» X X 
H065 X X X 
HI52 HV» X X X 
HITS X X 
H083 HV* X X 
H099 IV® X X 
il29 r X X 

HISS X X 
HI4I US X X 
H024 K X X 
1067 HV» X X 
HII9 US X X 
HI2i U3 X X 
fl39 X X 
1003 HV» X X X X 
1061 US X X 

Sorted tqrhaplogioup 

Haplotype HG ble Coifc loel Shet Nor| Dane Swed Finn 

HOII HV* X X X X X X 
HI04 HV» X X 
HI52 HV* X X X 
H083 HV* X X 
H099 HV* X X 
H067 HV* X X 
H003 HV* X X X X 
H06S I X X X 
HITS 1 X X 
HI39 I X X 
H024 K X X 
H032 R'U* X X 
HI3S R*U* X X 
HI29 r X X 
HI2I U3 X X 
HI4I US X X 
HI 19 US X X 
H06I US X X 

VO ut 



FIGURE 5.6a: Polymorphic sites for HVI across northern European populations 
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FIGURE 5.6b: Polymorphic sites for HVII across northern European populations 
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S.2.1.2 Sequence-Based Analyses 

5.2.1.2.1 Control Region Mutational Rate Classes 

Mitochondrial haplogroups based on restriction fragment length polymorphisms 

from the mitochondrial coding region can be ascribed using control region sequence. 

Analyses based on haplogroups, however, are limited. Much information can be gained 

from sequence-based approaches using control region sequence, but the mitochondrial 

control region exhibits profound rate heterogeneity (Hasegawa et al., 1993; Meyer et al., 

1999; Stoneking, 2000; Wakeley, 1993). The effect of rate heterogeneity is to confound 

the ascertainment of the true evolutionary relationships of individuals and populations via 

the effect of homoplasy. To a greater or lesser extent, the general effect of homoplasy in 

the estimation of population parameters or genetic distance statistics should be to drive 

them towards null values because it contributes noise that overwhelms a signal. This 

expectation and its putative effect on population parameters has been explored and 

verified—rate heterogeneity reduces individual and population differences as measured 

using the number of segregating sites and pairwise differences (Aris-Brosou and 

Excoffier, 1996). 

There have been attempts to analytically remedy the problem rate heterogeneity 

introduces into calculations of population statistics. Beginning with a model 

incorporating the possibility of multiple mutations at a single nucleotide position (Jukes 

and Cantor, 1969), several extensions have been made to incorporate unequal nucleotide 

frequencies (Tajima and Nei, 1984); mutational bias related to transitions and 

transversions (Kimura, 1980); mutational bias related to transitions and transversions and 
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unequal nucleotide frequencies (Tamura, 1992); and unequal nucleotide frequencies, 

mutational bias related to transitions and transversions, and differences in rates between 

purines and pyrimidines (Tamura and Nei, 1993). Presumably, if there is adequate power 

the model incorporating methods to correct for the most sources of bias will reconstruct a 

"true" signal. Of those listed above, the model by Tamura and Nei (1993) attempts to 

account for all modeled sources of bias and therefore represents a reasonable 

methodology to pursue. 

It is clear that the distance matrix generated using the methods recommended by 

Tamura and Nei (1993) is similar to that obtained using a simple pairwise model with no 

statistical adjustments (TABLE S.7). Furthermore, the former distance matrix reveals 

pairwise population FST estimates which differ littie from zero, indicating no 

differentiation. By extension, estimates of other population parameters and statistics may 

be fundamentally driven toward the null and potentially irrecoverable using presentiy 

available methodology. 

One possible alternative to complicated statistical adjustments is to estimate 

population parameters within relative mutational rate categories. The logic behind this 

alternative is that it may be preferable to exclude hyper-mutable nucleotide positions 

frxnn analyses rather than statistically adjusting for them. This î )proach has recently 

been used to some degree of success to infer the demographic history of the population of 

Finland (Sajantila et al., 1996). bi their examination of variation in hypervariable region 

I (nucleotide positions 16024-16383), Sajantila et al. (1996) differentially included 

nucleotides in their estimates of genetic diversity according to mutability based on a 
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previous study examining rate heterogeneity in the mitochondrial control region 

(Hasegawa et al., 1993). Sajantila et al. (1996) lumped into discrete categories nucleotide 

positions inferred to change once, once and twice, and three or more times. By doing so 

they showed the accumulation of diversity through the rate categories. Whereas Finland 

exhibited approximately equivalent genetic diversity with other populations in the sample 

when all nucleotide positions were included, when the nucleotide positions were divided 

into rate categories, Finland revealed decidedly lower genetic diversity than most other 

European populations. Assuming that the different rate categories represent evolutionary 

strata, the authors infer this to represent a founder effect for the Finnish population and 

show that hyper-mutable nucleotide positions generate much of the genetic diversity seen 

in samples of populations. 

Recently, a study of rate heterogeneity in the mitochondrial control region has 

estimated relative mutation rates for each nucleotide position (Meyer et al., 1999). Using 

the original data kindly provided by the authors, I categorized the nucleotide positions 

into four classes according to relative rate: class zero included sites the relative rate of 

which was zero; class one included sites the relative rate of which was less than or equal 

to one; class two included sites with a relative rate between one and less than or equal to 

two; and class three was sites with a relative rate greater than two. Category three sites 

included those positions classified as fiist according to Wakeley (1993) or Hasegawa et 

al. (1993). In practice, comparing estimates of any statistic or parameter are done using 

an inclusive approach. That is, estimates using class one really includes class zero, class 

two includes class one and zero, and class three includes all classes. The rationale for 
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this approach is that the underlying haplotype of each individual does not change, and 

using exclusive rate classes gives misleading results because of the random nature of 

mutations within the historical context of the molecule. For example, using exclusive 

rate classes can lead to a decrease in the number of segregating sites from rate class one 

to rate class two in a given population, leading to an inference of sequential bottleneck 

that is evolutionarily untenable. That is to say, while rate classes can be interpreted as 

representing evolutionary strata in the sense that consequences or signal of evolutionary 

events will more likely be maintained in more slowly mutating sites, a given event will 

affect all rate categories. Therefore, there logically caimot be a loss of diversity when 

comparing an estimate based on rate class one to that based on rate class two. Rate 

classes should be cumulatively inclusive with increasing relative rate classes, and the 

expectation is that there must be either stasis or accumulation of any diversity estimate as 

more rate classes are added to the computations. 

An examination of different distance matrices may support the idea that using rate 

classes is logically sound. Proceeding under the assumption that more slowly evolving 

sites will more likely maintain an evolutionary signal representative of either population 

structure or population history, the distance matrix of population pairwise FST estimates 

using rate class one should reveal more signal than rate class two should reveal more 

divergence than rate class three. This is based on the assumption that error generally 

obscures true signal in the data, and predicates that the best technique is the one that 

maximizes the estimate of pairwise Fsrof two populations. This test further assumes that 

there is an actual signal due to population structure or p<^ulation history events: If there 
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is a signal it may support the method, if there is no signal it may be either because there 

truly is no signal due to very high maternal migration rates—but recall that there was a 

signal for population differentiation using the Y chromosome—or because the effect of 

rate heterogeneity is too great an effect and obscures signal. 

In the present dataset, there is little clear support for using rate categories in the 

calculation of population pairwise FstS. There is scant change in the estimates with 

progressive inclusion of rate classes with most of the distances fluctuating around zero 

(TABLE 5.8). It is interesting to note that those populations that we might expect to be 

either relatively evolutionarily close or relatively evolutionarily divergent exhibit the 

highest population pairwise Fsts. Those populations expected to be divergent based on 

geographic distance (Finland and Shetland, Finland and Ireland) are relatively divergent, 

while those populations with potentially recent connections also indicate higher 

divergence (Iceland and Shetland, Norway and Shetland). If rate heterogeneity 

precipitates a loss of signal, then only those signals that are very recent or very strong 

will be detected. However, even in light of these results, the a priori rationale supports 

the use of rate categories and merits further exploration of sequence-based statistics using 

them: Different estimates of population statistics and parameters provide different data 

about evolutionary relationships; and simply because one effort was not clearly 

successful does not indicate that other applications will fail. 
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TABLE 5.7: Comparing pairwise distance estimate methods 

Pairwise FstS using Tamura & Nei correction 

Swed Denm Icel Shet Irel Isle Norw Fill 
Sweden 0.000 
Denmark 0.000 0.000 
Iceland 0.001 0.000 0.000 
Shetland 0.000 0.000 0.000 0.000 
Ireland 0.000 0.000 0.003 O.OlO 0.000 
IsleOfMan 0.000 0.000 O.OIS O.OIS 0.002 0.000 
Norway 0.004 0.000 0.010 0.001 0.001 0.000 0.000 
Fmhnd 0.001 0.000 0.009 0.024 0.018 0.003 0.016 0.000 

Pairwise FstS 

Swed Denm Icel Shet Irel Isle Norw Fill 
Sweden 0.000 
Denmark 0.000 0.000 
Iceland 0.001 0.000 0.000 
Shetland 0.001 0.000 0.001 0.000 
Ireland 0.000 0.000 0.003 0.011 0.000 
IsleOfMan 0.000 0.000 0.012 0.014 0.001 0.000 
Norway 0.004 0.000 0.008 0.001 0.000 0.000 0.000 
Fmland 0.003 0.000 0.009 0.022 0.018 0.005 0.014 0.000 
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TABLE 5.8: Pairwise Fst estimates by rate class 

RateQassO 

Swed Denm Icel Shet Irel Isle Norw Finl 
Sweden 0.000 
Denmark 0.000 0.000 
[celand 0.007 0.000 0.000 
Shetland 0.000 0.005 0.012 0.000 
Ireland 0.000 0.000 0.000 0.005 0.000 
IsleOfMan 0.000 0.002 0.009 0.018 0.000 0.000 
Norway 0.006 0.000 0.013 0.036 0.000 0.017 0.000 
Finland 0.002 0.000 0.000 0.015 0.002 0.005 0.006 0.000 

Rate Class (H-1 

Swed Denm Icel Shet Irel Isle Norw Finl 
Sweden 0.000 
Denmark 0.000 0.000 
Iceland 0.007 0.000 0.000 
Shetland 0.000 0.004 0.009 0.000 
Ireland 0.000 0.000 0.000 0.010 0.000 
IsleOfMan 0.002 0.005 0.015 0.019 0.000 0.000 
Norway 0.007 0.000 0.012 0.027 0.003 0.016 0.000 
Finland 0.007 0.000 0.000 0.013 0.008 0.011 0.009 0.000 

Rate Qass (H-l-i-2 

Swed Denm Icel Shet Irel Isle Norw Finl 
Sweden 0.000 
Denmark 0.000 0.000 
Iceland 0.00S 0.000 0.000 
Shetland 0.000 0.000 0.003 0.000 
Ireland 0.000 0.000 0.002 0.005 0.000 
IsleOIMan 0.000 0.000 0.010 0.012 0.000 0.000 
Norway 0.003 0.000 0.012 0.021 0.001 0.010 0.000 
Finland 0.007 0.000 0.005 0.014 0.013 0.010 0.012 0.000 
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5.2.1.2.2 Haplotype Diversity 

Haplotype diversity statistics by population and rate class are presented in 

TABLE 5.9. Haplotype heterozygosity estimates based on the entire control region range 

from 0.966, Shetland to 1.000, Isle of Man. Haplotype diversity estimates for northern 

European populations are uniformly high, and with the exceptions of Iceland and 

Shetland, the standard deviation of each population encompasses maximal diversity. 

Haplotype diversity estimates based solely on nucleotide positions classified as relatively 

unchanging (rate class zero) range from 0.576, Shetland to 0.894, Isle of Man. The 

average haplotype heterozygosity is 0.782, and only Shetland and Finland exhibit below 

average heterozygosity. Within the grouping of nucleotide positions including rate 

classes zero and one, average heterozygosity is 0.882, and population estimates range 

from 0.739, Shetland to 0.939, Isle of Man. Only Shetland and Finland exhibit below 

average heterozygosity. Considering the collection of rate classes zero, one, and two, the 

average heterozygosity is 0.927, and estimates range from 0.860, Shetland to 0.961, 

Iceland. Again, only Shetland and Finland exhibit below average heterozygosity. 

Depending on the population considered, much of the proportion of haplotype 

heterozygosity is generated by more mutable sites. Shetland and Finland exhibit the 

lowest haplotype heterozygosity and recover 40.4% and 38.0% of their diversity with the 

addition of the hî er rate classes. The other populations are basically similar to one 

another and recover approximately 15% of their diversity. 

TABLE 5.9: Diversity statistics by population and rate class. Statistics estimated are H 
(heterozygosity), pw (average pairwise differences), S (segregating sites), and Eta 
(singletons). 



TABLE 5.9: Diversity statistics by population and rate class 

AU 
pws.d.' n H Hs.d. pw pws.d.' S n/S Eta Eta/S 

Sweden 34 0.996 U.UU8 9.48 1.08 76 0.45 34 0.45 
Denmark 39 0.996 0.007 9.24 0.99 77 0.51 39 0.51 
Iceland 110 0.985 0.005 8.08 0.51 104 1.06 36 0.35 
Shetland 29 0.966 0.023 6.69 0.85 49 0.59 28 0.57 
Ireland 24 0.982 0.018 9.09 1.25 53 0.45 27 0.51 
IsleOfMan 12 1.000 0.034 10.06 2.02 50 0.24 43 0.86 
Norway 42 0.999 0.006 8.45 0.87 79 0.53 45 0.57 
Finland 29 0.988 0.013 7.11 0.90 52 0.56 33 0.63 
Average 46 0.989 0.014 1.06 6.H 36 0.56 

Rate Class 0 

H Hs.d. pw pws.d. %Pi S %s Eta Eta/S 
Sweden U.834 0.U6S 2.18 0.30 0.23 18 0.24 7 0.39 
Denmark 0.816 0.051 1.73 0.23 0.19 16 0.21 11 0.69 
Iceland 0.823 0.030 1.68 0.13 0.21 20 0.19 6 0.30 
Shetland 0.576 0.109 1.46 0.24 0.22 11 0.22 6 0.55 
Ireland 0.877 0.055 2.10 0J5 0.23 11 0.21 5 0.45 
bleO^an 0.894 0.078 1.82 0.45 0.18 9 0.18 8 0.89 
Norway 0.820 0.049 1.60 0.21 0.19 13 0.16 9 0.69 
Finland 0.613 0.085 0.90 0.17 0.13 7 0.13 6 0.86 
Average o.iki 0.065 1.68 0.26 0.20 1  ̂ 0.19 1 0.60 

Rate Class (H-1 

H Hs.d. pw pws.d. •/•Pi S %S Eta Eta/S 
Sweden 0.897 0.048 3.42 0.43 03b 33 0.43 ly 0.55 
Denmark 0.900 0.041 2.94 0J5 0J2 33 0.43 23 0.70 
Iceland 0.933 0.015 2.84 0.20 0.35 50 0.48 25 0.50 
Shetland 0.739 0.090 2.28 0J4 0J4 21 0.43 14 0.67 
Ireland 0.931 0.039 3.13 0.48 0.34 20 0.38 12 0.60 
bleOfMan 0.939 0.058 4.15 0^0 0.41 23 0.46 22 0.96 
Norway 0.889 0.040 2.68 0J2 0J2 32 0.41 25 0.78 
Finland 0.828 0.069 1.98 OJO 0.28 20 0.38 18 0.90 
Average 0.881 0.050 2.93 0.42 0J4 i9 0.42 0.71 

Rate Qass (H-l-t-2 
H Hs.d. pw ^s.d. %Pi S •/•s Eta Eta/S 

Sweden 0.932 0.037 4.29 0.53 0.45 43 0.57 0.56 
Denmark 0.934 0.033 3.87 0.45 0.42 42 0.55 28 0.67 
Iceland 0.961 0.011 3.91 0.27 0.48 65 0.63 30 0.46 
Shedand 0.860 0.063 3.26 0.45 0.49 28 0.57 16 0.57 
Ireland 0.960 0.025 4.51 0.66 0.50 28 0.53 15 0.54 
bleOAian 0.939 0.058 4J2 0.93 0.43 24 0.48 23 0.96 
Norway 0.918 0.033 3.51 0.40 0.42 41 0.52 31 0.76 
Finland 0.914 0.040 2.65 0J8 0J7 28 0.54 25 0.89 
Averafle 0.M7 0.038 3.79 OJl 0.44 37 0.55 24 0.68 
' Square-cootofsampUng variance assanmig no lecombinatioa 
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5.2.1.2.3 Number of Pairwise Differences 

The average number of pairwise differences within population samples by rate 

classes is reported in TABLE 5.9. Estimates of pairwise differences based on all of the 

nucleotide positions within the control region range fix>m 6.69, Shetland, to 10.06, Isle of 

Man. The two populations with the lowest average pairwise differences are Shetland and 

Finland. Within rate class zero, the average pairwise differences range from 0.90, 

Finland to 2.18, Sweden. Shetland, Norway, and Finland all exhibit below average 

average pairwise differences. This condition is further supported by the percent pairwise 

differences engendered within rate class zero for which Shetland, Norway, Finland, and 

Denmark have proportions below the 20% average. Within rate class zero and one, the 

average number of pairwise differences is 2.93, and the range is from 1.98, Finland to 

4.15, Isle of Man. Iceland, Shetland, Norway and Finland all have below average 

estimates. The average proportion of pairwise differences accounted for within rate class 

zero and one is 34%; Denmark, Norway, and Finland exhibit below average cumulative 

proportions. Within rate class zero, one, and two, the average number of pairwise 

differences is 3.79, and the range is from 2.65, Finland to 4.51, Ireland. Shetland, 

Norway, and Finland all have below average average pairwise differences. The average 

proportion of differences accimiulated in this rate class is 44%. Denmaric, Isle of Man, 

Norway, and Finland all have below average estimates of accumulation. 

5.2.1.2.4 Number of Segregating Sites 

The number of segregating sites for each sample by rate classes is reported in 

TABLE 5.9. Inclusive of all nucleotide positions, the average number of segregating 
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sites is 68, and ranges from 49, Shetland, to 104, Iceland. To some extent, the number of 

segregating sites is dependent on sample size and different perspective can be gained by 

simply correcting for sample size by dividing the number of segregating sites by the 

sample size. In this case, the average ratio is 0.55, and ranges from 0.24, Isle of Man to 

1.06, Iceland. Exclusive of the estimate for Iceland, which has a very large sample size, 

and the Isle of Man, which has a very small sample size, the average ratio is 0.52. 

Sweden, Denmaric, Ireland, and Isle of Man all have below average numbers of 

segregating sites as estimated from the ratio of sample size to number of segregating 

sites. 

Within rate class zero, the average number of segregating sites is 13 and ranges 

from 7, Finland to 20, Iceland. The average relative proportion of segregating sites 

within rate class zero is 19% and ranges from 13%, Finland to 24%, Sweden. 

Populations with below average relative proportions of segregating sites are Isle of Man, 

Norway, and Finland. Within rate class zero and one, the number of segregating sites 

ranges from 20, Ireland and Finland, to 50, Iceland, with an average of 29, while the 

relative proportion of sites accounted for ranges from 38%, Ireland and Finland, to 48%, 

Iceland, with an average of 42%. Ireland, Norway, and Finland all exhibit below average 

relative proportions. Including rate classes zero, one, and two reveals an average of 37 

segregating sites ranging from 24, Isle of Man, to 65, Iceland. The extremes of the range 

of actual segregating sites are supported by the relative proportions of segregating sites, 

which range from 48%, Isle of Man, to 63%, Iceland, with an average of 55%. Ireland, 

Isle of Man, Norway, and Finland all have below avera  ̂relative proportions. 
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Generally, within the sampled northern European populations 45% of segregating sites 

are represented by the most relatively mutable nucleotide positions in the control region. 

5.2.1.2.5 Number of Singleton Sites 

The number of singleton sites among segregating sites by sampled population and 

rate class is reported in TABLE S.9. When considering all nucleotide positions, the 

average number of singleton sites is 36, and ranges from 27, Ireland, to 45, Norway. 

Sweden, Shetland, Ireland, and Finland all exhibit below average numbers of singleton 

sites. The average proportion of singleton sites to the total number of segregating sites is 

56%, and ranges from 35%, Iceland, to 86%, Isle of Man. Within rate class zero, the 

average number of singleton sites is seven, and ranges from five, Ireland, to eleven, 

Denmark. The average proportion of singleton sites to segregating sites is 60%, and 

ranges from 30%, Iceland, to 89%, Isle of Man. Within rate class zero and one, the 

average number of singleton sites is 20, and ranges from 12, Ireland, to 25, in both 

Iceland and Norway, while the average proportion of singleton to segregating sites is 

71%, with a range between 50%, Iceland, and 96%, Isle of Man. Finally, within rate 

class zero, one, and two, the average number of singleton sites is 24, with a range 

between 15, Ireland, and 31, Norway, while the average proportion of singleton to 

segregating sites is 68%, with a range between 46%, Iceland, and 96%, Isle of Man. In 

all cases but two, Sweden and Iceland, the pn^rtion of singleton to segregating sites is 

lowest when all nucleotide positions are included in the analyses. 
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S .2.1.2.6 Population Patterns of Diversity Statistics 

Sweden, Denmark, and Norway exhibit a very similar pattem across the different 

diversity statistics; relatively high haplotype heterozygosity in all rate classes, similar 

average pairwise differences across the rate classes (although Norway has a somewhat 

lower statistic when considering all rate classes simultaneously), similar numbers 

throughout the rate classes (although Norway gains singletons with the inclusion of all 

positions). They differ, however, in the proportion of singleton to segregating sites— 

Norway exhibits a higher proportion within all rate classes. Ireland is similar with these 

major populations except for a notably lower number of segregating sites. Isle of Man 

exhibits uniformly high heterozygosity and average pairwise distance, but has relatively 

few segregating sites across the rate categories. However, the vast majority of the 

segregating sites are singletons. Shetland and Finland have dramatically reduced 

heterozygosity in rate class zero, relatively very low average pairwise differences, and 

few segregating sites. The two populations vary some with respective to the number of 

singletons relative to total segregating sites—Finland exhibits a higher proportion of 

singletons across all rate categories. Iceland has very high heterozygosity across all rate 

categories, but show relatively fewer average pairwise differences. Iceland has the 

greatest number of segregating sites across all rate categories, but has greater than 

average singleton sites in all but rate category zero. However, the prc^rtion of singleton 

sites to segregating sites is the lowest of any sampled population across all rate 

categories. 
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Notably, the sample from Iceland is the largest sample among all of samples by 

greater than two times, and it may be that simply this disparity is driving the differences 

between Iceland and other populations. To investigate this possibility, ten samples of 40 

individuals (the average number of individuals in a sample) and 29 individuals (to enable 

a direct comparison with Shetland and Finland) were each drawn randomly from the total 

Iceland sample of 110 individuals and analyzed using nucleotide positions in rate class 

zero. The associated statistics are shown in TABLE 5.10. On average, estimates of 

heterozygosity, average pairwise differences increased with decreasing sample size, 

while the number of segregating decreased and the number of singleton sites increased— 

engendering a corresponding increase in the ratio of singleton to segregating sites. The 

directions of these changes are imexpected, and support the general conclusion that small 

sample sizes should result in relatively high heterozygosity, average pairwise differences, 

the number of singleton sites, and the ratio of singleton to segregating sites, while there 

should be relative dearth of segregating sites overall. This suggests that cases in which 

these expectations are not met merit further consideration. In lî t of the coefficient of 

variation of the various statistics, the number of singleton sites is especially labile with 

respect to the vagaries of sampling. 



TABLE S. 10: Resampled diversity statistics for Iceland 

RateClassO: Random samples of 40 
H pw S Eta Eta/S 

Ice 1 0.805 l.?2 15 8 0.53 
Ice 2 0.8S0 1.65 14 8 0.57 
Ice 3 0.845 1.74 14 8 OJ? 
Ice 4 0.828 1.69 12 4 033 
tee S 0.868 1.85 13 7 0.54 
tee 6 0.829 1.61 13 7 0.54 
tee? 0.8?6 1.8? 13 5 038 
tee 8 0.803 138 11 6 0.55 
tee 9 0.813 1.63 13 6 0.46 
Ice 10 0.?85 131 11 7 0.64 
Average 0.830 1.64 12.9 6.6 0.51 
St.Oev 0.030 0.18 13 13 0.09 
CV 3.6 11.1 10.0 20.5 18.0 

RateClassO: Random samples of 29 
H pw S Eta Eta/S 

Ice 1 0.904 1.98 16 11 0.69 
Ice 2 0.921 2.02 14 8 0.5? 
tee 3 0.914 2.42 16 8 OJO 
Ice 4 0.818 1.69 8 2 025 
IceS 0.766 1.29 8 2 0.25 
Ice 6 0.83? 1.52 13 11 0.85 
tee? 0.813 1.79 10 4 0.40 
IceS 0.86? 1.70 15 11 0.73 
Ice 9 0.845 1J6 10 5 OJO 
tee 10 0.803 1.4? 9 5 0.56 
Average 0.849 1.74 11.9 6.7 0J3 
St Dev 0.052 033 3.2 3.6 0.20 
CV 6.1 18.8 273 53.6 36.9 
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The sample from Isle of Man is remaricable for its high average number of 

pairwise differences and the number of segregating sites relative to the sample size 

(TABLE 5.9). Within the various rate classes. Isle of Man has the highest proportion of 

singleton to segregating sites of any population. Are these characteristics an artifact of 

small sample size, or do they indicate that Isle of Man really is an unusually diverse 

population in spite of its small population size? To examine this question, ten random 

samples of twelve individuals were generated from the total samples of the other 

populations. 

Because of the effects of homoplasy on estimates of haplotype heterozygosity, 

estimates based on nucleotide positions in rate class zero are probably the most 

appropriate for examining the behavior of heterozygosity across multiple samples of 12 

in a given population (TABLE 5.1 la-c). Generally, the range of estimates within 

populations is well-behaved: The average coefficient of variation is 13.2%. However, 

those populations with the two lowest estimates of heterozygosity based on the entire 

sample—Shetland and Finland—have the highest coefficients of variation, 30.2% and 

16.0%, respectively. As expected in this land of exercise, the average heterozygosity 

based on ten random samples of 12 approximates the estimate of heterozygosity based on 

the entire sample. 

Multiple hits has less of an effect on the estimate of average pairwise difference 

because of the generation of a unique haplotype on varying haplogroup backgrounds. 

Isle of Man exhibits the highest average pairwise difference when considering all 
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nucleotide positions. Utilizing the same approach of ten random samples of 12 

individuals, the data are not as well behaved as with estimates of heterozygosity (TABLE 

5.12a-c). In the case of Sweden, whereas the average estimate is 9.04, the range is 7.06 

to 12.18. In the case of Iceland, the average estimate is 7.93, and the range is S.OO to 

10.62. Random samples of 12 Norwegian sequences give an average estimate of 8.27 

with a range of S.74 to 10.59. While these are the most patently divergent patterns, the 

average coefficient of variation is IS.4% with a range &om 11.2% to 19.8%. These 

results suggest that a small sample size may produce an estimate of average pairwise 

difference that is more or less divergent from the true estimate of the parameter. 

Presimiably, this is due to randomly sampling across the phylogenetic tree space of a 

population and either getting a representative sample or getting hung on a branch. 

To gain a better understanding of what, exactly, might be generating the high 

average pairwise difference estimate within the Isle of Man sample, I jack-knifed the 

sample by omitting a different individual prior to calculating the statistics. The resulting 

data inclusive of all nucleotide positions along with the haplogroup of each sequentially 

omitted individual are in TABLE S. 13. Under the constraints of the jack-knife ̂ iproach, 

the average pairwise difference ranges from 8.76 to 10.84. It is clear that the greatest 

proportion of pairwise differences is contributed by single individual instance of 

haplogroup W. In the absence of this individual the estimate of the average pairwise 

difference between all individuals in the sample from Isle of Man is 8.76—a value 

decidedly lower than 10.06 and closer to the estimates of Shetland and Finland. 



TABLE 5.1 la; Resampled diversity statistics for populations using rate class zero 

Sweden 
Rate Class 0; Random samples of 12 

H S Eta Eta/S 
SwedOl 0.894 i.65 12 8 0.67 
Swed02 0.848 2.46 12 10 0.83 
Swed03 0.894 2.96 13 9 0.69 
Swed 04 0.773 1.64 9 8 0.89 
Swed 05 0.909 2.12 10 8 0.80 
S wed 06 0.894 2.12 10 8 0.80 
Swed07 0.773 1.88 9 7 0.78 
SwedOS 0.682 2.05 10 8 0.80 
S wed 09 0.848 2.76 13 10 0.77 
Swed 10 0.833 1.92 8 5 0.63 

Average 0.83S 2.25 10.6 8.1 0.77 
St Dev 0.073 0.43 1.8 1.4 0.08 
CV 8.7 19.0 16.8 17.9 10.5 

Norway 
Rate Class 0; Random samples of 12 

H pw S EU Eta/S 
NorgOl 0.682 iJi  5 2 0.40 
Norg02 0.773 1.86 7 4 0.57 
Norg03 0.712 1.20 3 0 0.00 
Nbrg04 0.864 1.64 6 3 0.50 
NorgOS 0.758 IJO 6 4 0.67 
Norg06 0.758 1J5 5 2 0.40 
Norg07 0.682 1.03 4 3 0.75 
NorgOS 0.879 1.92 6 3 0.50 
Norg 09 0.833 1.41 7 6 0.86 
NOIK 10 0.894 2.14 7 3 0.43 

Average 0.784 1.56 5.6 3.0 OJl 
St. Dev 0.080 0.34 IJ 1.6 0.24 
CV 10.2 21.9 24.1 52.1 463 

Finland 
Rate Class 0: Random samples of 12 

H S Eta Eta/S 
Finn 01 0.439 ois 2 1 030 
Finn 02 0.727 1.20 5 4 0.80 
Finn 03 0.727 1.20 5 4 0.80 
Finn 04 0J30 0.65 1 030 
Finn OS 0.636 0.86 3 2 0.67 
Finn 06 0.636 0.86 3 2 0.67 
Finn 07 0.561 0.82 3 2 0.67 
Finn 08 0.773 1.53 7 6 0.86 
Finn 09 0.682 1.03 4 3 0.75 
Finn 10 0.636 0.99 4 3 0.75 

Average 0.63S 0.97 3.8 2.8 0.70 
St. Dev 0.102 0.28 IJ 1.5 0.12 
CV 16.0 292 40.8 553 173 



TABLE 5.1 lb: Resampled diversity statistics for populations using rate class zero 

[celand 
Rate Class 0: Random samples of 12 

H pw S Eta Eta/S 
Ice 01 0.818 1.21 5 4 0.80 
Ice 02 0.758 1.99 8 4 0.50 
Ice 03 0.803 1.94 8 6 0.75 
Ice 04 0.909 2.03 7 4 0J7 
Ice 05 0.803 1.18 4 2 OJO 
Ice 06 0.621 0.86 3 2 0.67 
Ice 07 0.939 2.44 10 7 0.70 
Ice 08 0.864 2.00 9 7 0.78 
Ice 09 0.833 132 6 3 0.50 
Ice 10 0.803 1.33 5 3 0.60 

Average 0.815 1.65 6J 4.2 0.64 
St. Dev 0.087 OJO 2.3 1.9 0.12 
CV 10.7 30.2 35.0 44.6 18.6 

Ireland 
Rate Class 0: Random samples of 12 

H pw S Eta Eta/S 
Celt 01 0.833 2.00 9 7 
Celt 02 0.818 1.94 6 2 0.33 
Celt 03 0.924 2.29 7 2 0.29 
Celt 04 0.894 1.83 8 6 0.75 
Celt 05 0.939 2J6 9 5 0.56 
Celt 06 0.955 2.32 8 4 0.50 
Celt 07 0.939 2.42 8 4 OJO 
Celt 08 0.894 2.23 9 6 0.67 
Celt 09 0.818 1.89 7 4 0J7 
Celt 10 0.803 1.44 5 3 0.60 

Average 0.882 2.07 7.6 4J 0J5 
St. Dev 0.058 OJl IJ 1.7 0.16 
CV 6.6 14.9 17.8 39.6 28.9 



TABLE S.l Ic: Resampled diversity statistics for populations using rate class 

Denmark 
Rate Class 0: Random samples of 12 

H pw S Eta Eta/S 
Dane 01 0.833 1.67 7 5 0.71 
Dane 02 0.758 1.55 7 6 0.86 
Dane 03 0.894 2.26 10 7 0.70 
Dane 04 0.773 1.82 9 8 0.89 
Dane 05 0.894 2-15 9 6 0.67 
Dane 06 0.803 1.32 6 5 0.83 
Dane 07 0.727 1.17 4 2 0.50 
Dane 08 0.879 1.80 6 3 0.50 
Dane 09 0.667 1.20 5 4 0.80 
Dane 10 0.909 1.82 7 4 037 

Average 0.814 1.67 7.0 5.0 0.70 
St. Dev 0.082 0.37 1.9 1.8 0.14 
CV 10.1 22.3 26.9 36.5 20.4 

Shetland 
Rate Class 0: Random samples of 12 

H pw S Eta Eta/S 
ShetOl 0J18 1.24 5 2 6.46 
Shet02 0.455 1.14 6 5 0.83 
Shet03 0J18 1.00 6 6 1.00 
Shet 04 0.576 1.52 6 3 0.50 
Shet05 0J76 1.27 6 4 0.67 
Shet 06 0.455 1.17 7 7 1.00 
Shet 07 0J18 0.80 4 3 0.75 
Shet 08 0.576 1.08 5 4 0.80 
Shet 09 0.576 1.68 7 4 0.57 
Shet 10 0.773 2.65 10 6 0.60 

Average 0.494 1.35 6.2 4.4 0.71 
St Dev 0.149 0.52 1.6 1.6 0.20 
CV 30.2 38.3 26.1 35.9 28J 



TABLE S.I2a: Resampled diversity statistics for populations using all bases 

Sweden 
RateClass All: Random samples of 12 

H pw S Eta Eta/S 
Swed 01 o.̂ &i 9.26 42 30 0.71 
Swed 02 1.000 7.99 38 31 0.82 
Swed 03 1.000 10.79 45 28 0.62 
Swed 04 0.985 7.58 37 30 0.81 
Swed OS 1.000 12.18 58 43 0.74 
Swed 06 l.OOO 9.33 43 31 0.72 
Swed 07 1.000 8.83 39 28 0.72 
Swed 08 0.985 7J0 32 23 0.72 
Swed 09 1.000 10.11 46 32 0.70 
Swed 10 0.985 7.06 32 23 0.72 

Average 0.994 9.04 41.2 29.9 0.73 
St Dev 0.008 1.65 7.6 5.6 0.06 
CV 0.8 18.2 18 J 18.7 7.6 

^^orway 
tateClass All: Random samples of 12 

H pw S Eta Eta/S 
NorgOl 1.000 8.35 32 21 
Norg02 0.985 9.47 38 23 0.61 
Norg03 1.000 8.74 37 26 0.70 
Norg04 1.000 8.99 40 28 0.70 
NorgOS 0.985 7.42 30 18 0.60 
Norg06 0.985 7.06 28 15 0.54 
Norg 07 1.000 5.74 27 22 0.81 
NorgOS 1.000 10.17 41 27 0.66 
Norg 09 1.000 6.17 31 26 0.84 
NorslO 1.000 10.59 41 26 0.63 

Average 0.996 8.27 34.5 23.2 0.67 
St Dev 0.007 1.64 5.5 42 0.09 
CV 0.7 19.8 15.9 183 14.0 

Finland 
RateClass All: Random samples of 12 

H pw S Eta Eta/S 
Finn 01 1.000 6.83 27 16 0.59 
Finn 02 0.985 9.96 40 26 0.65 
Fmn03 0.970 7.77 34 24 0.71 
Finn 04 0.985 6.61 26 18 0.69 
Finn 05 1.000 7.68 27 13 0.48 
Finn 06 1.000 6.99 32 24 0.75 
Finn 07 0.985 7.79 28 13 0.46 
Finn 08 1.000 8.73 41 32 0.78 
Finn 09 0.970 9.21 38 25 0.66 
Finn 10 0.985 8.42 40 32 0.80 

Average 0.988 8.00 33J 223 0.66 
St Dev 0.012 1.08 6.1 7.0 0.12 
CV 1.2 13.5 183 31.6 17.6 



TABLE S.12b: Resampled diversity statistics for populations using ail bases 

Icelatxl 
RateClass All: Random samples of 12 

H pw S Eta Eta/S 
ice 01 0.98S 8.24 40 0.80 
Ice 02 0.985 8.62 34 19 0.56 
Ice 03 0.985 8.26 35 25 0.71 
Ice 04 0.985 9.14 36 22 0.61 
Ice 05 0.985 6.08 35 16 0.46 
Ice 06 0.970 5.00 22 16 0.73 
Ice 07 1.000 10.62 47 35 0.74 
Ice 08 0.985 7.86 35 25 0.71 
Ice 09 1.000 8.00 33 18 0.55 
Ice 10 0.985 7.44 32 22 0.69 

Average 0.987 7.93 34.9 23.0 0.66 
Sl Dev 0.009 1.55 63 6.4 0.11 
cv 0.9 19.6 17.9 28.0 16.4 

Ireland 
RateClass All: Random samples of 12 

H pw S Eta Eta/S 
Celt 01 0.970 7.59 34 24 0.71 
Celt 02 0.985 8.82 31 14 0.45 
Celt 03 0.985 8.97 28 6 0.21 
Celt 04 0.985 8.68 42 33 0.79 
Celt OS 1.000 10.35 39 22 0.56 
Celt 06 1.000 9.41 34 16 0.47 
Celt 07 0.955 8J9 30 14 0.47 
Celt 08 0.985 10.08 42 27 0.64 
Celt 09 1.000 10.11 39 23 0.59 
Celt 10 0.939 6.44 30 24 0.80 

Average 0.980 8.90 34.9 20J 0.57 
St. Dev 0.020 1.21 5.2 7.8 0.18 
CV 2.1 13.6 15.0 38.4 31J 



TABLE S.I2c: Resampled diversity statistics for populations using all bases 

Denmark 
RateClass All: Random san^>les of 12 

H pw S Eta Eta/S 
Ice 01 0.985 9.49 38 25 0.66 
Ice 02 1.000 8J9 yi 25 0.68 
Ice 03 1.000 10.15 42 27 0.64 
Ice 04 0.985 8.68 41 33 0.80 
Ice 05 1.000 11.11 51 37 0.73 
Ice 06 1.000 8J8 31 26 0.70 
Ice 07 1.000 9J8 38 23 0.61 
Ice 08 1.000 10.55 45 30 0.67 
Ice 09 0.985 7.96 37 28 0.76 
Ice 10 1.000 8.49 37 27 0.73 

Average 0.996 92% 40.3 28.1 0.70 
St. Dev 0.007 1.04 4.6 4.2 0.06 
CV 0.7 11.2 11.5 15.0 8.5 

Shetland 
RateClass All: Random samples of 12 

H pw S Eta Eta/S 
Celt 01 0.985 6.67 i6 0.57 
Celt 02 1.000 7J5 32 24 0.75 
Celt 03 0.970 6.41 27 19 0.70 
Celt 04 0.985 7J0 28 14 0.50 
Celt 05 0.985 7.05 29 20 0.69 
Celt 06 0.985 6.17 31 25 0.81 
Celt 07 1.000 6.14 26 17 0.65 
Celt 08 1.000 7J2 30 20 0.67 
Celt 09 0.955 121 30 18 0.60 
Celt 10 0.985 9.15 37 24 0.65 

Average 0.985 7.08 29.8 19.7 0.66 
St Dev 0.014 0.87 3.1 3.7 0.09 
CV 1.4 12J 10.5 18.7 13.3 
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TABLE 5.13: Jack-knifed diversity statistics for Isle of Man 

RateClass All: 

Excluding 
individual Haplogroup pw S Eta Eta/S 

loMOl HV* 10.69 50 44 0.88 
I0MO2 HV* 10.55 50 45 0.90 
I0MO3 U5 9.75 44 37 0.84 
I0MO4 HV» 10J8 49 42 0.86 
IdM05 HV» 10.69 50 44 0.88 
I0MO6 HV* 10.76 50 43 0.86 
I0MO7 K 9.96 46 40 0.87 
I0MO8 W 8.76 40 34 0.85 
I0MO9 U2 9.31 42 35 0.83 
loM 10 HV» 10.84 50 43 0.86 
loM 11 J 9.02 41 34 0.83 
loM 12 U4 10.18 47 40 0.85 
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Given that Isle of Man is predominantly haplogroup HV*, how closely related are 

the sampled individuals within this haplogroup motif? Considering just haplogroup HV* 

Manx individuals for all nucleotide positions, the average pairwise difference is 2.9, and 

there are four singleton polymorphic sites from a total of seven segregating sites. The 

average pairwise difference for all haplogroup HV* individuals from the total 

Scandinavian sample (n=137) is 3.6, and there are 36 singleton polymorphic sites fit)m a 

total of 74 segregating sites. These comparative data suggest the haplogroup HV* 

individuals from the Isle of Man are locally homogeneous and phylogenetically close in 

relationship. However, even given the close phylogenetic relationships based on average 

pairwise differences between haplogroup HV* individuals and the relatively few 

segregating sites, the Isle of Man sample is still heterogeneous with respect to the total 

variety of haplogroups. 

The samples from Shetland and Finland demonstrate both relatively low average 

pairwise differences when including all nucleotide positions and low estimates of 

haplotype heterozygosity for rate class zero (TABLE 5.9). These results are especially 

interesting in light of evidence that inadequate sample sizes tends to increase estimates of 

haplotype heterozygosity and average pairwise difference, suggesting that these low 

estimates are substantive and indicative of some sort of major population history event or 

evolutionary process. 



221 

5.2.1.2.7 Estimates of Effective Population Size 

Effective female population sizes for northem European populations are 

estimated using three different sources of data: the number of haplotypes, the number of 

pairwise differences, and the number of segregating sites. Estimates of effective 

population size across the rate classes are reported in the form of 6k, 6k, and 6s in TABLE 

5.14. 

Within rate class zero, the average dk is 18.28 and ranges from S.99, Shetland and 

Finland, to S8.4S, Isle of Man. Following Shetland and Finland, Norway and Denmark 

have the next lowest estimates of 6k, 10.12 and 10.93, respectively. Within rate class 

zero and one, the average 6k is 31.17 and ranges from 10.02, Shetland, to 58.45, Isle of 

Man. Norway and Finland both exhibit moderately low 6k, while Sweden, Denmaric, and 

Ireland all have moderately high 6k, and Iceland has a proportionately larger estimate of 

6k, 53.26. Within rate class zero, one, and two, the average 6k is 43.05 and ranges from 

16.34, Shetland, to 74.96, Iceland. The estimate of 6k for Finland remains low, 27.20, 

while Norway is also moderately low, while Ireland, Denmark and Sweden are somewhat 

higher. The pattern of relative 6k, however, changes dramatically when the calculations 

are made utilizing all nucleotide positions. Excluding Isle of Man, for which a 

calculation of 6k is not possible because all of the individuals have a different haplotype, 

the average 6k is 281 and the range is 40, Shetland, to 833, Norway. Whereas in more 

limited rate classes, estimates of 6k for Iceland and beland had been hî  or relatively 
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high, their estimates of 6k are 130 and 123, respectively. Denmark is also in the lower 

portion of the range with an effective female population size estimate based on 6k of222. 

The number of pairwise differences within a population is a direct estimate of 

effective population size in the form of dx- The various patterns of pairwise differences 

across the rate class were previously described, the most notable of which the relatively 

low pairwise differences—and therefore 6i(—of Shetland and Finland. 

Using information derived of segregating sites for estimating effective population 

size in the form of 6s generally gives values intermediate between those of 6k and 6x. 

Within rate class zero, the average 6, is 3.19 and the range is 1.78, Finland, to 4.40, 

Sweden. In addition to Finland, Shetland, Ireland, Isle of Man, and Norway all have 

below average 6,. Within rate class zero and one, the average 6, is 7.03 and the range is 

5.09, Finland, to 9.48, Iceland. Estimates of 6, for Shetland and Ireland are both nearly 

as low as Finland, S.3S and 5.36, respectively. Considering nucleotides in rate class zero, 

one, and two, the average 6* is 9.00, and ranges fipom 7.13, Shetland and Finland, to 

12.33, Iceland. Shetland, Ireland, Isle of Man, and Finland all have estimates of 6, below 

8, while Denmaric, Norway, Sweden, and Iceland all have above average 6.. These basic 

patterns of relative effective population size are maintained when calculating 6t using all 

nucleotide positions. The average 6, is 16.42 and ranges fixmi 12.48, Shetland, to 19.72, 

Iceland. Populations with below average estimates of 6. ate Shetland, Ireland, and 

Finland, while Isle of Man is relatively low compared to Sweden, Denmark, Norway and 

Iceland. 
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Overall, 6k is larger than 6( is larger than 6i(. The relative effective population 

sizes of populations do not exhibit the same order across the different estimation 

methods. The estimates for Iceland and Norway are particularly notable. When 

considering all nucleotide positions, the estimate of effective population size based on 6s 

for Iceland is highest of any population in the study, while the estimate based on 6k is in 

the lower portion of the range, almost eight times smaller than the largest reasonable 

estimate for any population. In the case of Norway, the estimate of female effective 

population size based on 6, is moderately large, and equivalent to those estimates for 

Sweden and Denmaric. The estimate based on 6k, however, is the largest—excepting Isle 

of Man—and substantially larger than Denmark and moderately larger than Sweden. 
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TABLE 5.14: Estimates of female effective population size. Different estimates of 
female effective population size using the number of haplotypes. Ok, pairwise differences, 
0X, and segregating sites, 0,. 



TABLE 5.14: Estimates of female effective population size 

Population n 9k 95% a 0. s.d. ®s s.d. 
Sweden 34 555 9.48 1.U8 18.59 5.88 
Denmark 39 222 87^32 9.24 0.99 18.21 5.61 
Iceland 110 130 87-199 8.08 0.51 19.72 5.01 
Shetland 29 40 19-89 6.69 0.85 12.48 4.19 
Ireland 24 123 41-413 9.09 1.25 14.19 4.92 
Isle of Man 12 * * 10.06 2.02 16.56 6.68 
Norway 42 833 220-1000 8.45 0.87 18.36 5J7 
Finland 29 83 64-217 7.11 0.90 13.24 4.43 
Average 40 281 • 8.̂  ̂ 1.06 16.42 5.29 
RateCIassO 
Population n 95% CI 0, s.d. ®s s.d. 
Sweden I Ifl. 1-37.5 2.18 0.30 4.4U 1.64 
Denmark 39 10.93 5.8-20.4 1.73 0.23 3.78 1.42 
Iceland 110 19.17 12.6-28.8 1.68 0.13 3.79 1.22 
Shetland 29 5.99 2.8-12.4 1.46 0.24 2.80 1.18 
Ireland 24 16.11 7.5-35.4 2.10 0.35 2.95 127 
Isle of Man 12 58.45 14.4-252.4 1.82 0.45 2.98 1.46 
Norway 42 10.12 5.4-18.6 1.60 0.21 3.02 1.17 
Finland 29 5.99 2.8-12.4 0.90 0.17 1.78 0.84 
Average 40 18.28 m 1.68 0.26 3.19 1.27 

RateClass(H-l 
Population n Gk 95% CI % s.d. ®s s.d. 
Sweden 34 25.89 13.3-51.2 3.42 U.43 8.fl7 2.75 
Denmark 39 28.99 15.5-54.9 2.94 0.35 7.81 2.60 
Iceland 110 53.26 36.4-78.0 2.84 0.20 9.48 2J9 
Shetland 29 10.02 4.9-20.3 2.28 0.34 5.35 1.98 
Ireland 24 31.05 13.7-73.6 3.13 0.48 5.36 2.06 
Isle of Man 12 58.45 14.4-252.4 4.15 0.90 7.62 3.26 
Norway 42 22.44 12.4-40.9 2.68 0.32 7.44 2.46 
Finland 29 19.27 9.5-39.7 1.98 0.30 5.09 1.90 
Average 40 31.17 • 2.93 0.42 7.03 2.45 

RateClass(H-l-i-2 
Population n Ok 95% a e. s.d. ®s s.d. 
Sweden 34 48.74 23.9-103.7 4.29 0.53 10.52 3.48 
Denmark 39 43.02 22.5-84.4 3.87 0.45 9.93 3.22 
Iceland 110 74.96 51.0-110.6 3.91 0.27 12.33 3.26 
Shetland 29 16.34 8.1-33J 3.26 0.45 7.13 2.54 
Ireland 24 40.12 17.1-99.7 4.51 0.66 7.50 2.76 
Isle of Man 12 58.45 14.4-252.4 4.32 0.93 7.95 3J9 
Norway 42 35.55 19J-66.5 3.51 0.40 9.53 3.06 
Finland 29 27.20 13.2-57.7 2.65 0.38 7.13 2J4 
Average 40 43.05 m 3.79 0.51 9.00 3.03 
* Not computable 
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5.2.1.2.8 Analysis of Molecular Variance 

Analysis of molecular variance was attempted using the entire control region and 

solely those nucleotides of rate class zero. Different groupings of populations based on 

history and geography were explored in an attempt to maximize the hierarchical 

distribution of variation. In all cases, the proportion of variation attributable to within 

populations approached 100%, while the proportions of variation attributable to among 

populations and within groups or among groups fluctuated above or below zero. 

5.2.2 Tests of Neutrality and Demographic Expansion 

The results for tests of neutrality by population are reported in TABLE S.15. The 

results for Fu's D* test for selection are reasonably consistent across the rate classes, but 

only two populations are significant when all nucleotide positions enter the calculations. 

In rate class zero, Denmaric, Norway, and Finland deviate significantly from the neutral 

expectation. In rate class zero and one, Iceland and Denmark show significant results, 

while Isle of Man, Norway, and Finland present results which are highly significant. 

This same pattern appears in rate class zero, one, and two, but only Isle of Man and 

Norway show significance when all nucleotide positions are considered. The results for 

Fu's F* show a similar pattern with a few modifications. Within rate class zero, 

Denmaric, Norway, and Finland have significant F* values, while within rate class zero 

and one, Shetland has a significant value and Denmaric, Iceland, Isle of Man, Norway, 

and Finland all have highly significant F* values. Within rate class zero, one, and two 

Sweden and Denmaric have significant values, and Iceland, Isle of Man, Norway, and 
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Finland all have hi^y significant values—only Shetland and Ireland have non

significant values. When all nucleotide positions are considered, however, only Isle of 

Man, Norway, and Finland have significant values. The results for Fu's Fs are uniformly 

highly significant. Only in the case of Isle of Man in rate classes zero and one and zero, 

one, and two does the statistic approach non-significance. The results of Tajima's D tests 

vary from the other tests with respect to rate class zero—^in no case does a population 

reveal significant deviation from the neutral expectation when considering only 

nucleotide positions in rate class zero. The patterns of Tajima's D for populations using 

the other two rate classes are somewhat similar, inasmuch as Tajima's D estimates are 

significant for all populations except Ireland. Considering all nucleotide positions 

simultaneously, the Tajima's D estimates are statistically significant for all populations 

except Shetland and Ireland. 

The mismatch distributions for populations based on the entire control region are 

found in FIGURE S.7a and FIGURE 5.7b. With the exceptions of Isle of Man and 

Ireland, all of the populations appear to have undergone population expansion 

(Harpending et al., 1993; Rogers and Harpending, 1992). The mismatch distributions of 

Shetland and Norway are notable for their relatively higher frequencies of low numbers 

of differences. Larger raggedness statistics indicate population equilibrium, and 

raggedness indices among the populations range from 0.003 (Sweden) to 0.460 (Isle of 

Man) (TABLE S.16). The raggedness statistics for Isle of Man and Ireland differ from 

the other populations by one magnitude. Assuming an expansion model with cc=0.11, the 
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time to expansion ranges in mutational time units from 3.900 (Norway) to 12.117 (Isle of 

Man) (TABLE 5.16). 

TABLE 5.15: Results of various tests of neutrality. Tajiina*s D (Td), Fu's 
D*, Fu's F**, and Fu's Fs are reported across the rate classes. 
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TABLE S.15: Results of various tests of neutrality 

Td 
An 

Td p-value 
RaleClasaO 

Td p-value 
RaleClassO Î 

Td p-value 
IUleClas90^1-)'2 

Td p-value 
Sweden 
Denmark 
Iceland 
Shetland 
Ireland 
IsleOO^an 
Norway 
Finland 

-1.82 p<0.05 
•1.84 (KO.OS 
•1.97 p<0.05 
•1.74 0.10>p>0.0s 
•1.40 p>.10 
-1.80 pO.OS 
-1.95 p<0.05 
-1.82 p<0.05 

•1.70 0.10>(»>0.05 
-1.76 0.I0>{P«.05 
-1J9 0.10>(P0.05 
-1.55 p>0.10 
-0.97 p>0.10 
-1.58 0.10:>p>0.05 
-1.46 p>0.10 
-1.47 p>0.10 

•2.05 p<O.OS 
•2.22 p<0.01 
-2.27 p<0.0l 
-2.02 pO.OS 
-1.51 p>0.10 
-2.02 p<0.05 
•2.20 p<O.Ol 
•2.15 p<0.05 

-2.15 p<0.05 
-2.23 p<0.01 
•2.23 p<0.01 
•1.97 p<0.05 
•UO p>0.10 
-2.03 pO.OS 
-2.21 p<0.01 
-2.27 p<0.01 

D* 
All 

D* p-vahie 
RateClaaiO 

D* p-value 
RaieClassO Î 

D* p-value 
RateClasi0+l-«-2 

D* p-value 
Sweden 
Denmark 
Iceland 
Shetland 
Ireland 
IsleOMan 
Norway 
Finland 

-1.49 p>.10 
-2.05 0.10>p>0.05 
-1.88 p>.IO 
•2.12 0.10>p>0.05 
-1.46 p>.10 
-2.26 (KO.OS 
•2.80 p<0.05 
-2.41 0.10>p>0.05 

•0.88 p>0.10 
-2.90 pO.OS 
•0.99 p>0.10 
•1.54 p>0.10 
•0.90 (PO.IO 
•2.06 0.10>p>0.05 
•2.88 p<0.05 
•2.87 pcO.OS 

•2.07 0.10>(P«.0S 
•3.24 p<0.05 
•3.26 pcO.OS 
•2.50 0.10>p>0.05 
-1.84 p>0.10 
-2.59 p<0.02 
-4.14 p<0.02 
-3.92 p<0.02 

-2.23 O.IO>p>O.OS 
-3.04 pO.OS 
-3.03 p<0.05 
•1.99 0.10c>p>0.05 
•1.54 p>0.10 
•2.60 p<0.02 
-4.09 p<0.02 
•4.08 p<0.02 

F* 
An 

F* p-value 
RateClaasO 

F* p-value 
RaieClassO+1 

F* p-value 
RateClasiO+l-»-2 

F* p-value 
Sweden 
Denmark 
Iceland 
ShetlaiKl 
Ireland 
lsleOA4an 
Norway 
Finland 

-1.90 p>0.10 
-2.35 0.10>p>0.05 
-2J0 0.10>p>0.05 
-2.35 0.10>p>0.05 
-t.69 p>0.10 
•2.44 (KO.OS 
-2.97 (KO.OS 
-2.61 (KO.OS 

•US p>O.IO 
•2.98 p<O.OS 
•1.46 (»0.10 
-1.80 p>0.10 
-1.07 p>0.10 
•2.20 0.10>p>0.0S 
•2.84 pcO.OS 
•2.86 p<0.05 

-2.44 0.l0>p>0.05 
-3.43 p<0.02 
-3.42 p0.02 
-2.76 p<0.05 
-2.03 p>0.10 
-2.77 p<0.02 
-4.12 p<0.02 
•3.95 p<0.02 

•2.61 p<O.OS 
p<0.05 

•3.24 p<0.02 
•2.34 0.10>p>0.05 
•1.78 p>0.10 
•2.79 (K0.02 
-4.08 p<0.02 
-4.12 p<0.02 

Fs 
AU 

Fs p-vahie 
RateClasaO 

Fs p>value 
RaieCiasa04-l 

Fs p-value 
RaieClasi0^1-»-2 

Fs p-value 
Sweden 
Denmark 
Iccland 
Shetland 
Ireland 
IsleOA4an 
Norway 
inland 

-24.00 p<0.001 
•28J9 pO.OOl 
-74.28 p<0.001 
-10.60 p<0.Q01 
-7.83 (K0.001 
-4.92 (K0.007 
-34.43 (KO.OOl 
•16.07 pO.OOl 

•15.72 p<O.OOI 
•9.73 p<O.OOI 
-I8J3 pcO.OOl 
-4.82 (K0.006 
•6.29 p<0.001 
-4J9 p<0.010 
-10.01 (KO.OOl 
•3.19 p<0.029 

•14.00 p<0.001 
-18.08 p<0.001 
-57.56 pcO.OOl 
-7.61 p<0.001 
-9.90 p<0.00l 
-2.82 p<0.044 
-16.42 p<0.001 
-10.50 p<0.00i 

•16.97 p<0.001 
•22.28 p<0i)01 
-66.82 p<0.001 
-932 p0.001 
-8.51 p<0.001 
-2.69 p<0.049 
-20.28 p<0.001 
-llJl p<0.001 
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FIGURE 5.1a: Mismatch distributioas by population 
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FIGURE S.7b: Mismatch distributioiis by population 
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TABLE 5.16: Mismtch distribution statistics 

Obs. Est. Time of TLOW thigh 

Population Raggedness Mean Obs.Var. T expansion (o»0.1) (a"0.1) 

Denmark 0.004 9.24 20.10 6.559 30507 3.463 16.397 
Finland 0.009 7.18 13.33 7.637 35521 5.238 10.774 
Iceland 0.003 8.08 13.39 7.379 34321 5.546 11.600 
Isle of Man 0.046 10.06 27.75 12.117 56358 7.411 18.119 
Ireland 0.016 9.09 14.47 8.255 38395 5.914 12.991 
Nonvay 0.009 8.45 18.91 3.885 18070 2.007 10.738 
Shetland 0.007 6.69 13.90 8.773 40805 4.506 12.726 
Sweden 0.003 9.69 18.40 7.920 36837 5.066 14.537 
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5.3 Discussion 

5.3.1 Sampling Concerns 

It may be that the rate at which diversity statistics asymptote on the estimated 

parameter—^where the asymptote may either indicate equilibrium or be a function of the 

statistic itself in conjunction with rate heterogeneity—is dependent on the relationship of 

the sample size to the effective population size. Consider, for example, the impact of 

sample size on the proportion of singleton to segregating sites when comparing reduced 

sample sizes for Norway and Iceland. Taking a random sample of twenty-five 

individuals from each sample population changes t^/S from 35% to 65% in the case of 

Iceland but has no effect in the case of Norway. Because increasing the sample size 

gives a better estimate of the parameters of singleton and segregating sites (and therefore 

the ratio of the two), the estimate that only 35% of segregating sites are singletons is 

closer to the true value. A larger sample size is required to estimate parameters for more 

homogeneous populations. This is because it is possible when sampling across a 

populations gene genealogy to get a localized sample versus one representative of the 

entire genetic diversity present. This is a fimction of sampling saturation as explicated by 

Helgason et al. (2000a). That said, resampling results suggest that even given a small 

sample size, a finding of low heterozygosity appears to be more credible than a finding of 

high heterozygosity, which may be simply due to small sample size. 

While rate heterogeneity may play a role in a finding of little phylogeographic 

structure among Eim>pean pcqsulations, leading to the suggestion that Finnish samples 
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maybe representative of Europeans as a whole (Finnila et al., 2001) or an inference of 

greater female migration rates (Seielstad et al., 1998), insufficiently representative 

sampling may also be a cause. I base this presumption on the results presented in 

FIGURE 5.3 in which samples from Simoni et al. (2000) are rather divergent from the 

samples of the present study. Scandinavian samples of the present cluster together at one 

end of the distribution of European populations, while those of Simoni et al. (2000) tend 

to cluster among the bulk of the other European populations. If, similar to patterns of 

genetic diversity seen using the Y chromosome, mitochondrial lineages were subject to 

successive colonization events across an unpopulated landscape, in the absence of other 

perturbing forces, Scandinavian populations should cluster together towards an edge of 

the plot based on a genetic distance. 

5.3.2 Usefulness of Rate Classes 

The use of rate classes for estimating different population statistics is an attempt 

to obviate the effects of rate heterogeneity. Its effectiveness is predicated on the idea that 

more quickly mutating sites will overwhelm signals apparent in more slowly mutating 

sites. This begs the question as to whether rate classes qualify as representative of 

temporal levels of evolutionary signal. If rate classes did indicate temporal levels of 

signal, then we ought to be able to estimate the age of a founding event, for example, 

based on the accumulation diversity generated in the faster classes. While this may be 

h^pening to a minor degree, in the sense that both Shetland and Finland accumulate 

diversity more slowly through the rate classes than other longer established populations, 

even within the fastest mutating "hot" sites die evolutionary scale of recent human history 
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is probably too fine for this interpretation to be of much use. While it certainly is the 

case that mutations are accumulating predominantly in the faster sites, they randomly 

occur amongst the slower sites as well, and without an adequate frequency distribution it 

is difficult to form any solid conclusions. I would suggest, rather, that much of variation 

present, for example, in the contemporary Shetland population was present during initial 

colonization. That is not to say that mutations haven't been occurring and predominantly 

in the faster sites since colonization, but that their contribution to loss of signal is 

minimal compared to the overall diversity due to accumulated effects of rate 

heterogeneity in the founder population (putatively Norway) from which the maternal 

lineages that became the Shetland mitochondrial collection of lineages were sampled. 

This line of reasoning against using rate classes as a window to evolutionary strata is 

supported by inconsequential results of AMOVA estimates using the slowest rate class. 

If the slowest rate class really did only include the most phylogenetically important 

sites—which it does not (most of the phylogenetically diagnostic sites are in rate class 

two and three)—then AMOVA should have revealed structure. Rate classes allow us to 

better see the signal of either moderately homogeneous founder lineages (i.e. closely 

evolutionarily related clusters of lineages) and/or the effects of lineage sorting on a 

limited number of initial lineages. 

Calculating different diversity statistics, tests of neutrality, and estimating 

effective population size using rate classes is probably not universally appropriate. The 

difficulty comes with interpretation of the changing patterns across rate classes for any 

particular statistic. In the case of tests of neutrali  ̂and demogn^hy, it may not be 
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appropriate, as selection should affect all rate classes uniformly. This would be 

especially if the assumption that the impact of rate heterogeneity is circumscribed by 

evolutionary scale. In estimates of average pairwise differences, the number of 

segregating sites, and the number of singleton sites, at the scale of demes, rate classes 
r 

may not be useful because of the limited number of differences or sites. That is to say, 

the impact of insufficient or non-representative sampling may overwhelm the data 

leading to spurious or misleading results. This is especially true when comparing 

populations similar in evolutionary aspect. However, it seems to be the case that 

populations with relatively low genetic diversity manifest this characteristic across rate 

classes. This suggests that current methods for estimating genetic diversity suffer from 

the problem of "asymptoting", and only those populations which have not reached this 

artificial equilibrium will show reduced genetic diversity. This is especially true for the 

measure of haplotype heterozygosity for which the technique of using rate classes is 

particularly well suited. 

5.3.3 Impact of Demography or Selection 

The mitochondrial genome is inherited as a single linked locus with no clear 

evidence for recombination. Genetic diversity can be strongly affected by selection or 

demography, and both a selective sweep and population expansion can influence a gene 

genealogy in a similar fashion as they engender the ̂ ipearance of rare alleles in the 

recovery from the selective sweep or during a population expansion (Fu, 1997). It is 

theoretically possible to distinguish the effects of selection from demogr^hy inasmuch 

as selection should affect a particular or linked locus, while demography affects all loci. 
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Because the mitochondrial genome is inherited as a single locus any affect of one of these 

forces can be conflated with another. Therefore any procedure designed to test for the 

influence of selection on the mitochondrial also constitutes a test for the effects of 

demographic change as well. 

In the present study, all of the tests of neutrality within the different tests 

generated similar patterns across all rate classes with the exception of the class including 

all nucleotide positions. In the case of Fu's D* and F*, several populations that had 

significant values in rate class 0+1 and rate class 0+1+2 lost significance in when all 

bases were considered. For Fu's D*, Isle of Man and Norway maintained significance, 

while Denmark, Iceland, and Finland became non-significant For Fu's F*, Sweden, 

Denmark, and Iceland lost significance, while Isle of Man, Norway, and Finland 

maintained significance. The results for Isle of Man might be spurious because of small 

sample size. In the case of Fu's Fs, all populations were significant in all rate classes. 

These results support previously reported tests of demographic expansion or selection 

using Fu's Fs (Excofiier and Schneider, 1999). Fu's Fs is a particularly sensitive test for 

expansion, while D*, F* and Tajima's D are less powerfiil (Fu, 1997). The fact that 

Norway was significant in all of the different tests suggests a very large expansion. If we 

take Fu's Fs test at face value, all of the sampled populations have undergone an 

expansion. This is not surprising, given arguments made suggesting that the signal of 

expansion is based on a original Pleistocene expansion (Sherry et al., 1994). Dating any 

population expansion, however, is dependent on mutation rate, and, as Excoffier and 
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Schneider (1999) relate, a faster mutation rate would predicate much more recent, and 

even Neolithic, expansions. 

5.3.4 Population Summaries 

5.3.4.1 Sweden 

In comparative multidimensional scaling plots, Sweden tends to cluster with other 

northern European populations suggesting recent common population history. Based on 

the plot of haplogroup heterozygosity and distance from the centroid, it is likely that 

Sweden has not undergone any kind of severe demographic bottieneck. This inference is 

supported by estimates of haplotype heterozygosity across the rate classes all of in which 

Sweden maintains above average estimates of heterozygosity. Moreover, average 

pairwise difference and the number of segregating sites across the rate classes suggest a 

reasonably large diverse population. The pattern of random samples of 12 reveal a large 

range of estimates for pairwise differences, segregating sites and singleton sites that is 

reified in the coefRcients of variation. The large coefficients of variation suggest a 

highly diverse population in which random samples of 12 will occasionally draw closely 

related individuals and hi^y divergent individuals. It would be interesting to perform a 

higher resolution survey of Swedish mitochondrial variation to determine if the pattern is 

driven by a geographic dispersion of divergent lu^lotypes suggesting isolation by 

distance and smaller demes or by a maintenance of diversity within a large deme 

approaching equilibrium. In any case, Sweden has a relatively large female effective 

population size based on all estimates of theta. As for evidence of recent admixture, 

Sweden shares only four of thirty-three lineages. It shares one lineage with Ireland, one 
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with Iceland, and two with multiple populations. While it could be that these cases of 

lineage-sharing represent instances of recent migration (especially with uniquely shared 

lineages), those shared lineages common to multiple populations—both lineages of which 

are haplogroup HV*—are likely lineages common because of shared population history. 

5.3.4.2 Denmaric 

Perhaps appropriate to its geographic position at the junction to central Europe, in 

MDS plots based on haplogroup fi«quencies Denmark is positioned closer to most 

European populations than to other European populations. And, in the plot of 

heterozygosity and distance from the centroid, Denmaric is more intermediate in position 

than most northem European populations, bi terms of diversity statistics across rate 

classes, Denmaric maintains above average estimates for all statistics. However, while 

Denmark iq>pears to be rather diverse, estimates of female effective population size are 

lower than Sweden. If we take 6k as the most appropriate estimate of theta, Denmaric has 

a maricedly lower estimate than either Norway or Sweden when all nucleotide positions 

are included in the calculation. This is striking in light of the opportunity for migration 

for the Danish population because of its proximity to waterways and the geographic 

position of Denmark at the junction between central Europe and the rest of Scandinavia. 

One possible explanation is that because of the relatively small geognqihic area that 

constitutes Denmark there has been less opportunity for the establishment of demes due 

to a strong influence of isolation by distance which can lead to localized, accelerated 

lineage sorting and increase in effective population size. 
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Denmark shares only four of 36 lineages among the sampled populations. It 

shares one with the majority of populations, one with Iceland, one with Norway and 

Ireland, and one with Shetland. In light of historical evidence that Danish Vikings were 

active mainly in England and down the western coast of continental Europe (Roesdahl, 

1998), it is perhaps not surprising that Denmark shares few lineages among the present 

samples. It would be interesting to perform a high-resolution survey of French 

populations living near old Viking settlements in France in order to better detect evidence 

for recent Viking contact. 

5.3.4.3 Iceland 

The mitochondrial picture of Iceland is not characterized by signals of 

homogeneity. While in MDS plots it does present among northern European 

populations—which is consistent with being founded by northern European 

populations—its diversity statistics portray an overall picture of either a very diverse 

founding population or founding as an amalgamation of two or more populations. Many 

historical works (Fitzhugh and Ward, 2000; Roesdahl, 1998) and genetic studies 

(Bjamason et al., 1973; Donegani et al., 1950; Helgason et al., 2000a; Helgason et al., 

2000b; Thompson, 1973; Walter and P^sson, 1963; Williams, 1993) have documented 

evidence that Iceland was founded mainly by Norwegian Vikings but that there was a 

Celtic contribution from Ireland. A more salient question, especially in light of human 

genetics studies currently being perfonned on Icelanders under the assumption that 

Icelanders are homogenous because they have been isolated for a millennium, is whether 

the collection of Icelandic mitochondrial genomes is homogeneous. 
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The sample firom Iceland has above average haplogroup heterozygosity, and in the 

plot of multiple European populations of heterozygosity and distance from the centroid, 

is very near to the centroid (only three populations are closer than Iceland). This is 

expected if Iceland is a hybrid between two moderately divergent European populations. 

That is to say, if Ireland and Norway share a deep population history, a hybrid 

formulation of the two should present a more or less average European population with 

respect to frequencies and lineages. This condition is reflected in the patterns of shared 

haplotypes: Iceland shares lineages with the most populations and exhibits clear patterns 

of sharing with Ireland and Norway, specifically (TABLE 5.6). Significantly, Iceland 

also shares a high proportion of lineages with Shetland, suggesting a common Norwegian 

founding population for both or evidence for significant settling of Iceland by Shetland 

Vikings. The fact that Iceland has an above average percentage of private lineages can be 

explained by a population expansion and subsequent accumulation of singleton sites 

compounded by a relatively large sample size. 

A relatively large sample size, however, is not an issue with respect to the pattern 

of diversity statistics seen in the Icelandic sample, as a small sample size is more likely to 

inflate estimates of diversity. Across all of the rate classes, the sample from Iceland 

exhibits high heterozygosity and high numbers of segregating sites. The avera  ̂number 

of pairwise distances, however, is below avera  ̂within all rate classes, while the number 

of singleton sites varies across rate classes. The moderate to low average pairwise 

differences and variation of singleton sites across rate classes is related to divergent 

clusters of relatively homogeneous lineages. The data support the kind of admixture 
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proportions suggested by Helgason et al. (2000a) with a preponderance of Nordic 

lineages and a component of Celtic lineages. Admixture of divergent ancestral 

populations in a small founding population should lead to a signature of high 

heterozygosity across rate classes such as is evident with Iceland. Furthermore, the 

signal ofhigh heterozygosity is not an artifact of the large sample size. Random samples 

of 12, 29, and 40 individuals all show a similar picture across the rate classes: Iceland 

has high heterozygosity. Iceland does, however, show signals of isolation in the 

moderately low average pairwise differences and small numbers of segregating sites. 

The latter phenomenon is evident in the proportion of segregating sites to the total sample 

size, and the average numbers of segregating sites for random samples of 12, 29, and 

40—^values of which are in line with those of Shetiand and Ireland within rate class zero. 

Overall the picture of Iceland is one of a mixed, but small, founding population that has 

undergone expansion. 

5.3.4.4 Shetland 

Shetland shows evidence of founder effect and close evolutionary relationships 

with Norway and Iceland. In the broad pan-European depiction offered in the MDS plot 

using Nei's distance, Shetiand is at the terminus of the distribution of northern Europ^n 

populations and closest to the samples from Iceland and Norway. The nearness of 

Shetiand and Iceland is partially driven by the relatively high frequency of hs^logroup T* 

in both populations. Its position at the terminus of the distribution may be a result of 

genetic drift—specifically, founder effect This inference is supported by its position in 

the plot of heterozygosity and distance from centroid: Shetland exhibits the third lowest 
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heterozygosity behind Albania and the Saami, and is furthest from the centroid of the 

northern European populations. 

Shetland has the second lowest proportion of private lineages and shares several 

different lineages with multiple populations. Of those six lineages that it shares, three are 

haplogroup HV*, one is haplogroiq) J, one is haplogroup U3, and one is h^logroup US. 

Interestingly, it does not share haplogroup T* with Iceland. The haplogroup HV* 

lineages are shared with multiple northern European populations, supporting the 

inference that haplogroup HV* (which incorporates pre-V) represents a large proportion 

of the original mitochondrial lineages colonizing Europe following the last glacial 

maximum (Torroni et al., 2001). 

Careful examination of diversity statistics across rate classes solidly support the 

inference that Shetland was colonized recently and its effective population size was 

subject to a strong founder effect. Evidence for reduced genetic variation is especially 

evident in the estimate of haplotype heterozygosity within rate class zero: Of all of the 

northern European populations, including Finland, Shetland presents the lowest estimate. 

This relatively homogeneous state is similarly reflected in estimates of female effective 

population size based on 6k. Interestingly, one might be persuaded that it is not a 

foregone conclusion that the Shetland was founded by a similarly homogeneous set of 

founders, as there is some evidence for lineage diversity in random samples of 12 and 

their associated diversity statistics. This evidence takes the form of inflated coefficients 

of variation for the estimation of heterozy^>sity, average pairwise differences and the 

number of segregating sites (TABLE S.12c). Any inference based on these, however. 
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must be tempered by overall paucity of average pairwise differences and segregating sites 

when the entire sample and control region sites are considered. That is to say, the data in 

the random samples of 12 reflect a founding event by a limited number of individuals 

whose mitochondrial lineages were representative of the original founding population 

followed by an moderate expansion. In this way, the elevated coefficients of variation 

are the result of sampling small datasets fix>m a relatively homogeneous set of lineages 

such that it is possible to over-sample within a set of closely related lineages or gain a set 

of moderately diverse samples. These data speak to the issue of requiring a relatively 

greater proportion of samples from a more homogeneous population than a highly diverse 

population in order to estimate accurate diversity statistics. 

5.3.4.5 Ireland 

Ireland presents an overall picture of either a largely diverse, relatively stable 

population or a moderately homogeneous one that has been subject to recent admixture. 

Generally, Irish haplogroup frequencies place it in near proximity with other northern 

European populations when considered in the context of other European populations. To 

what extent can Ireland be considered an isolated, divergent population? Compared to the 

male population of Ireland—^which was a single haplogroup—there is little evidence for 

genetic drift or predominant founder effect in the female population of Ireland. The Irish 

sample differs from the other major Scandinavian populations in that it has a moderately 

low frequency of haplogroup HV* (compared to Norway), and elevated frequencies of 

haplogroups J and K. Norway has a similar frequency of haplogroup J but lacks 

haplogroup K, Denmark has a reasonably hi  ̂frequency of haplogroup J and a low 
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frequency of haplogroup K, while Sweden has moderately high frequencies of both 

haplogroups and Finland has very low frequencies for both haplogroups. Such 

frequencies patterns might suggest a relationship between Ireland and Sweden, but there 

is no historical evidence to support it. Norwegian Vikings are known to have colonized 

parts of Ireland and even founded Dublin, but closer analysis of haplogroup HV* 

haplotypes suggests divergence: very few polymorphic sites are shared between the two 

populations. One caveat is that the current sample came exclusively from County Coric. 

I purposefully sampled in County Cork in an effort to gather a pure Celtic signal, as there 

is limited evidence for a dominant Viking influence in County Coric. That said, while 

Ireland looks remarkably Scandinavian in overall haplogroup frequencies, this is 

probably a mirage, as their mitochondrial haplotypes appear relatively divergent The 

fact that the share haplogroups may be related to the relative proportions of haplogroups 

present in the original postglacial expansion into Europe. 

Evidence for divergence and long-term maintenance of genetic diversity is 

apparent in Ireland's associated diversity statistics. Ireland maintains high haplotype 

heterozygosity across rate classes, as well as high average pairwise differences. 

Furthermore, the shape of the mismatch distribution of Ireland suggest a diverse, stable 

population that has not undergone a recent expansion. Interestingly, despite the diverse 

nature of the sample from Ireland, it has a relatively low effective population size as 

estimated by Ok. It is interesting to speculate that this may be due either to the limited 

geogr^hic nature of the present sample or the effect of recent large-scale broadly 

sampled emigration. 
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5.3.4.6 Isle of Man 

The most startling result detected in the sample from Isle of Man is that it shares 

lineages with no other population. This may be due to the small sample size, but is also 

consistent with maternal lineages on the Isle of Man having been isolated and not subject 

to admixture from Vikings or other Celtic populations. Interestingly, the Manx maternal 

lineages are extraordinarily diverse. However, long-term isolation, genetic drift would be 

expected to have reduced the overall number of lineages, so either there are interesting 

demographic and cultural phenomena in the Manx population or there has been non-

European or European admixture of maternal lines. Possible phenomena include extreme 

population structure such that the small villages on Isle of Man have each been fixed for 

different, ancient, mitochondrial lineages, maintenance of large population size slowing 

the rate of lineage sorting or the practice of importing exotic brides. It is not likely that 

the population size of Isle of Man is large given the size of the island. Based on no 

shared lineages between Isle of Man and greater Scandinavia, European admixture has 

not played a role in maintaining diverse mitochondrial haplotypes—though undetected 

admixture can not be rejected out-of-hand, since a haplotype generated using the entire 

control regions may be highly specific and simply not detecting shared lineages with such 

a small sample size is not unexpected. Multiple, isolated demes is not a very satis^tory 

scenario, either. It is more likely that Isle of Man was predominantly a very 

homogeneous population with a preponderance of KG HV*, and that other more 

divergent haplogroups are present in the sample because of admixture. However, in light 

of the fact that at least some other nearby populations maintain a variety of haplogroiq>s. 



247 

and across Europe populations maintain a variety of haplogroups, finding non-HV* 

lineages in loM is not surprising and may represent a pattern derived of incomplete 

lineage sorting in conjunction with limited sampling. 

5.3.4.7 Norway 

Mitochondrial evidence from Norway suggests that it does represent the genetic 

terminus for the postglacial expansion, and that in addition to serving as a source 

population for Vikings in the North Atlantic, it has undergone a recent, large population 

expansion. In terms of the plot of heterozygosity and distance from the centroid, Norway 

is below expectation, which is consistent with being at the terminus of an expansion. In 

the MDS plot using both Nei's distance and Chord distance, Norway clusters with other 

populations of northem Europe. Despite the fact that the sample from Norway has many 

lineages, it is dominated by haplogroup HV* and haplogroup J—leading to below 

average heterozygosity. In addition to relationships inferred from the MDS plots, low 

percent private lineages and the pattern of shared lineages lends credence to an 

interpretation of Norway as founder population for a Viking migratory process. Norway 

shares 56% of its shared lineages uniquely with Iceland. No other population shares 

more lineages uniquely with Iceland. 

Generally, the diversity statistics depict through the rate classes a diverse 

population with no evidence for recent founder effect, but relatively low average pairwise 

differences suggest a moderately homogeneous population. While 6, suggests that 

Norway is a large diverse population across all rate classes, 6k suggests something 

different In rate class zero. Ok for Norway is well below the average and very different 
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from that of Sweden. This relationship holds for both rate succeeding rate classes. In the 

rate class incorporating all nucleotide positions, Norway has the greatest estimate for Ok 

of any population (vdth the exception of Isle of Man which is not calculable because all 

of the haplotypes are different). Based on the idea that 8k is the best estimate of theta in 

the face of rate heterogeneity (Aris-Brosou and Excoffier, 1996), the female effective 

population of Norway really is the largest among all northern European populations. 

This number is reflecting unusually high haplotype diversity, and may reflect relative 

isolation and maintenance of maternal lineages within fjord systems and along the coast 

of Norway in conjunction with a recent expansion in population size. 1 would argue that 

it not simply the case of capturing better geographically represented samples in Norway 

versus Sweden. In both cases, the samples were broadly geographically representative. 

Compared to Sweden, which has probably been larger and more diverse longer across 

habitable land encouraging migration and maintenance of maternal lineages as reflected 

in diverse haplogroup frequencies, the haplotype diversity evident in Norway, however, 

was originally maintained in geographically isolated demes and has subsequently 

undergone a florescence in the form of a demographic expansion. 

5.3.4.8 Finland 

The sample from Finland reveals a population manifesting signals of founder 

effect and a pattern of h£q>logroup frequencies placing it at the edge of northern Eun .̂ 

When examining Finland in the context of all of Europe, Finland clusters near the other 

northern European populations, but off to one side in the MDS plots using different 

distance statistics. While overall, it has moderately hi  ̂hi^logroiq> heterozygosity and 
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is near the average distance from the centroid, it can be characterized by high haplogroup 

HV*, RU*, and U5. Other populations with a similar pattern of these haplogroups are 

other minority populations included in geographic entity that is Finland and populations 

of eastern Europe such as Kurdistan (Simoni et al., 2000). Perh^s, minor contributions 

of other haplogroups is related to admixture—especially from Sweden. 

Finland shares very few of its lineages with other northern European populations. 

Of the three lineages it does share, two of them are shared with multiple northern 

European populations. These are both haplogroup HV*, suggesting that they are traces 

of a common population history rooted in a postglacial expansion. It does share one 

lineage of haplogroup US uniquely with Iceland, but I would defer from making the 

assertion that this indicates a Finnish contribution to the founding of Iceland. Generally, 

it is thought that there were no Finnish Vikings. The extent to which Viking raiding and 

colonizing parties were heterogeneous collections of all Scandinavians remains to be 

described, though both Y chromosomal and mitochondrial data suggest generally 

homogeneous source populations, overall. 

The sample from Finland clearly supports the conclusion by Sajantila et al. (1996) 

that there is evidence for founder effect among the Fiimish maternal lineages. In each of 

the estimates of diversity—haplotype heterozygosity, avera  ̂differences, and the 

number of segregating sites—Finland estimates are below average. However, the 

estimate of heterozygosity in rate class zero is the most compelling statistic for an 

inference of expansion out of a small founding population. This stands in staric contrast to 

above average luqslogroup heterozygosity, siqiporting the idea that many of haplogroiQ) 
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lineages present in low frequency are the result of admixture. Furthermore, based on Ok 

for all nucleotide positions, which is the smallest estimate but for Shetland, the sample 

from Finland further supports the inference of an expansion from a highly homogeneous 

set of maternal lineages. While the overall set of control region sequences from Finland 

appears very diverse and perhaps even representative of all of Europe, this is the effect of 

homoplasy. 

5.3.5 Overall Mitochondrial Picture of Northern Europe 

The whole of northern Europe looks remaricably mitochondrially similar, that is, 

apparently lacking population structure. There are some clear signals of population 

structure in some populations at the periphery, but these are the result of founding effect 

and subsequent isolation. At present, it does not seem appropriate to ascribe the any 

pattern of genetic diversity to deep population history events specifically dependent on, 

say, the kind of post-glacial colonization following the Last Glacial Maximum (but see 

(Torroni et al., 2001)). The challenges of predicting the mutation processes of the 

mitochondrial control region, specifically rate heterogeneity, make results of fine-scale 

phjiogenetic analyses dubious if irreconcilable. And because categorizing nucleotide 

positions according to relative mutation rate evolutionary strata is not qjpropriate for 

phylogenetic analysis, a clear exposition of population history of closely related 

European populations (ExcofBer and Schneider, 1999), a detailed description of 

European population history may be unattainable. The issue is further compounded by 

the slow rate of mitochondrial evolution with respect to European prehistory. In other 

words, it is a problem of evolutionary scale: The mitochondrial genome as a whole may 



251 

be evolving too slowing to track the population history of European prehistory, and, 

while rate heterogeneity would actually be helpful to tease apart population history in the 

near term, this data is not at present phylogenetically recoverable. That said, it is possible 

to detect the effects of forces of evolution in all of the populations of Europe. Each 

population presents signals of population expansion, and some populations, namely, 

Shetland and Finland, show evidence for genetic drift in the form of founding effect. The 

most pertinent statistic for tracking founder effect in these two populations is haplotype 

heterozygosity. Finally, the population in northern Europe famous for being 

phenotypically and putatively genetically homogeneous, namely Iceland, exhibits a signal 

of high heterozygosity. This finding has implications for the current woik being 

performed on Icelanders to discover disease genes, because the research is predicated on 

either that the original founders of Iceland were sufficiently homogeneous and that 

moderate admixture with Irish slaves has not obliterated linkage disequilibrium, or that 

1100 years of relative isolation is long enough to generate linkage disequilibrium. While 

a finding of high mitochondrial heterozygosity indicates that at least the original 

Icelandic maternal lineages were not homogeneous, I cannot explicitly comment on the 

latter requisite. 

One potential explanation for the lack of European population structure is 

differential female migration relative to male migration, a scenario suggested by Seielstad 

et al. (1998). While this is a possibility, I think that the lack of structure is more related 

to insufficient linear sorting in the form of localized genetic drift, lack of isolation by 

distance, and a function of evolutionary scale. The fiict that we do see peculation 
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structure in the Y chromosome for Europe makes this even more puzzling, but suggests a 

solution. The speed of lineage sorting is a function both population size and reproductive 

variance (Avise, 2000). It may be that small differences in reproductive variance—or 

more properly fitness—manifested early on in a population expansion or colonization 

have dramatic effects on later generation of population structure. If there is higher male 

fitness variance than female variance early on or of moderate strength though history, 

then local male lineages will sort more quickly than female lineages leading to the 

patterns paternally ascribed population structure in the absence of maternally driven 

population structure. 

5.4 Summary 

mtONA variation in northern Europe is concordant with Viking colonization and 

admixture. In the absence of strict haplogroup designations, it is difficult to identify the 

extent of the variation in hybrid populations associated with Viking admixture. However, 

there are results in the mtDNA data which support hypotheses tested using the Y 

chromosome. The overall lack of population structure among mitochondrial lineages of 

northern Europe is most likely related to evolutionary rate, rate heterogeneity, and 

relatively constrained female reproductive variance. Europe is comparatively recently 

settled, and there has been inadequate time for population differentiation to occiur or 

genetic equilibria to be reached, a result which is compounded by the phenomenon of rate 

heterogeneity in the mitochondrial control region as well as maternal and patenud fitness 

variance. 
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6 CONCLUDING COMMENTS 

The goal of the present study was to use both NRY and mitochondrial markers to 

characterize the relative contributions of population history and population structure in 

shaping the genetic variation of Europe as a whole with a special focus on the 

populations of northern Europe. More specific goals were to investigate the effect on 

loss of genetic diversity due to post-glacial colonization processes, estimate the loss of 

diversity associated with founder events, explore the differential patterns of genetic 

diversity of paternal and maternal components of the human genome, and survey the 

genetic impact of the Viking diaspora. 

In my examination of NRY diversity in Europe, I established a scenario 

describing the relative contributions of prehistoric and historic peculation movements 

into and around Europe. The genetic landscape of Europe has been sh^ted by Paleolithic 

colonization of a post-glacial, unpopulated Europe, more extensive MesoUthic occupation 

and Neolithic migrations. These events have produced broad clinal patterns of SNP 

haplogroup frequencies, the polarity of these clines can be inferred by an examination of 

STR diversity. It is likely that there were two major Upper Paleolithic colonization 

events, one from the south out of an Iberian refiigium and one potentially originating in 

the eastern European steppes. The former cline is characterized by the Atlantic Modal 
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Haplotype, which spread from a source in the Iberian peninsula, up the North Atlantic 

seaboard to a terminus in western Great Britain. The latter dine, defined by hj^logroup 

ID, either represents a similar post-glacial expansion out of the eastern European steppes 

or a late Mesolithic/early Neolithic population expansion of the Trichterbecher culture. 

The patterns set up by these initial colonizations have remained remaricably stable 

in the face of persistent regional movements, instances of genetic drift and demic 

diffusions. One historically documented regional movement of European peoples is that 

of the Goths* travels throughout Europe beginning in the 4"* century A.D. Haplogroup 

1 Rb2 appears to have originated in Sweden prior to these Great Migrations. The STR 

diversity dine for haplogroup lRb2 presents convincing evidence of a north-south 

polarity consistent with a Gothic spread. 

My survey of NRY diversity in populations of the North Atlantic reveals signals 

of Viking colonization of Iceland and Shetland, and suggests substantial Viking 

admixture with Irish and Manx populations. Historical and archaeological evidence 

docimient Viking contact with Ireland and Isle of Man, while Iceland and Shetland are 

known to have been extensively colonized by Vikings. NRY variation of Iceland shows 

STR haplotype sharing with beland and Norway, while Shetland shares STR haplotypes 

with Norway and Iceland. These results demonstrate that Iceland had an originally 

admixed paternal gene pool, and suggest that Shetland and Iceland were settled by a 

similar founding population originating in Norway. Shetland, Iceland, and Isle of Man 

all exhibit evidence of reduced diversity as compared to their potential parent 
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populations. This reduction in genetic diversity is predicted by the sampling processes of 

founder effect and genetic drift. 

My study of mitochrondrial control region variation in populations of northern 

Europe revealed a lack of population structure of maternal lineages. Phylogenetic 

analyses of mitochondrial haplotypes indicate no signals of population subdivision. 

These results may be attributed to extensive female gene flow, insufficient time for 

sorting of ancestral polymorphism within demes, or the homoplastic effects of the 

relatively fast rate of evolution of some hypervariable sites within the control region. 

Nucleotide positions of the control region were partitioned into relative rate 

classes, in order to address questions of recent effects of population structure. Using rate 

classes, 1 was able to recover signal obscured by homoplasy generated by hypervariable 

sites. There is evidence for a founding effect in Shetland and Finland, but not in Iceland. 

The examination of these two different compartments of the human genome yield 

discordant patterns. NRY genetic variation in Europe demonstrates patterns of 

population structure that have been shaped by both population history and forces of 

evolution. Mitochondrial diversity in Europe reveals a much different picture. Maternal 

lineages {^pear to have very little predictable structure across all of northern Europe. 

This lack of population structure observed in the mitochondrial variation may be due to 

an actual history of greater female mobility while the apparent structure of the NRY 

variation may be due to reduced male mobility. Alternatively, it is important to consider 

the different characteristics of the genetic mariners generating these different patterns of 

data. To assess the paternal genetic variation, this study has used a combination of SNP 
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haplogroups and STR haplotypes, while the maternal genetic variation was documented 

using the entire control region sequence. The characterization of NRY using SNPs, 

which are unique evolutionary events, and then further refinement using STRs provides a 

high resolution picture of population history, while the control region sequence data is 

subject to rate heterogeneity which generates obscuring homoplasy. Mitochondrial 

control region sequence data may not be suitable for reconstruction of European 

population history. 

The political and economic impact of the voyages of the Vikings is mirrored by 

paternal and maternal traces of genetic heritage in populations of the North Atlantic. The 

relative genetic contributions of Vikings to the populations of Great Britain and the 

isolated islands of the North Atlantic is documented here to be so substantial as to merit a 

classification of Greater Scandinavia. Using both NRY and mitochondrial data, evidence 

of haplotype sharing demonstrates that Norway effectively colonized Shetland and 

Iceland, made substantial genetic contributions to the paternal gene pool of Isle of Man, 

and had a genetic impact on the paternal gene pool of Ireland. Both haploid gene pools in 

Iceland are the product of admixture of Irish and Norwegian founders, and the genetics 

give a signal of admixture and not one of homogeneity. While it is the case that Iceland 

has been relatively isolated by geogr^hy and that there were a limited number of 

founders, these founders were diverse in origin. More extensive sampling in Norway, 

Sweden and Denmark could potentially better characterize an exact origin of the founders 

of Iceland and Shetland, and address the question of whether the Viking colonizers of the 

North Atlantic were heterogeneous with respect to cultural origin. 
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