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mtDNA and the Origin of the Icelanders: Deciphering Signals
of Recent Population History
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Previous attempts to investigate the origin of the Icelanders have provided estimates of ancestry ranging from a
98% British Isles contribution to an 86% Scandinavian contribution. We generated mitochondrial sequence data
for 401 Icelandic individuals and compared these data with >2,500 other European sequences from published
sources, to determine the probable origins of women who contributed to Iceland’s settlement. Although the mean
number of base-pair differences is high in the Icelandic sequences and they are widely distributed in the overall
European mtDNA phylogeny, we find a smaller number of distinct mitochondrial lineages, compared with most
other European populations. The frequencies of a number of mtDNA lineages in the Icelanders deviate noticeably
from those in neighboring populations, suggesting that founder effects and genetic drift may have had a considerable
influence on the Icelandic gene pool. This is in accordance with available demographic evidence about Icelandic
population history. A comparison with published mtDNA lineages from European populations indicates that,
whereas most founding females probably originated from Scandinavia and the British Isles, lesser contributions
from other populations may also have taken place. We present a highly resolved phylogenetic network for the
Icelandic data, identifying a number of previously unreported mtDNA lineage clusters and providing a detailed
depiction of the evolutionary relationships between European mtDNA clusters. Our findings indicate that European
populations contain a large number of closely related mitochondrial lineages, many of which have not yet been
sampled in the current comparative data set. Consequently, substantial increases in sample sizes that use mtDNA
data will be needed to obtain valid estimates of the diverse ancestral mixtures that ultimately gave rise to contem-
porary populations.

Introduction integration in the rest of Europe (Jones 1984; Collins

1991). Iceland had no inhabitants prior to its coloni-

The settlement of Iceland represented the final phase of
a series of range expansions that characterized the hu-
man inhabitation of northwestern Europe. Historical re-
cords indicate that Iceland was discovered by Vikings
just before 870 AD. Between the late 8th century and
the mid-13th century AD, the Vikings travelled exten-
sively in their long ships, trading and raiding from Scan-
dinavia to the Baltic region and Russia in the east; to
France and Spain in the south; and to England, Ireland,
Scotland, and the North Atlantic Islands in the west.
The Viking age was the outcome of a number of differ-
ent historical causes: improved ship-building techniques,
land shortage in Scandinavia due to increasing popu-
lation sizes and primogeniture inheritance laws, increas-
ing political centralization at home, and growing
opportunities abroad due to widespread political dis-
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zation between 870 and 930 AD. Archaeological studies
of building styles and artifactual assemblages from the
settlement era in Iceland support assertions made in Ice-
landic medieval literature that the country was colonized
from Scandinavia and from Norse settlement areas in
the British Isles (Smith 1995). This is further corrobo-
rated by the fact that Icelandic is unequivocally a Norse
language and is presumed to be closer to Old Norse than
other languages currently spoken in Scandinavia.

The ancestry of the settlers is more controversial.
Historical evidence suggests that not all of the settlers
in Iceland originated from Scandinavia (Jones 1984). At
the very least, it is believed that the settlers included a
number of women and slaves from Norse settlements
in the British Isles. There are numerous references in
Icelandic medieval writings to the keeping of slaves,
many of whom were obtained through raids on settle-
ments in the British Isles (Jones 1984). Thus, the Ice-
landic founding gene pool may have received a sub-
stantial maternal contribution from the British Isles. A
number of previous studies have attempted to determine
the admixture proportions between these potential pa-
rental populations, using serological markers. However,
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the results have been inconsistent, with estimates of an-
cestry ranging from 98% Celtic (Thompson 1973) to
86% Scandinavian (Wijsman 1984). Other studies have
concluded either that the Icelandic population is a ge-
netic outlier within Europe (Cavalli-Sforza et al. 1994)
or that classical genetic markers provide insufficient in-
formation to draw any definite conclusions about Ice-
landic ancestry (Tills et al. 1982). To date, the issue of
the origins of the Icelanders remains unresolved.

Besides the controversy surrounding the ancestry of
the Icelanders, there is also the issue of whether the
relatively small size of the Icelandic population has re-
sulted in a significant reduction of genetic diversity,
compared with other contemporary European popula-
tions. Historians have estimated that the original set-
tlement of Iceland involved 8,000-20,000 individuals
over a 60-year period (Steffensen 1975, pp. 446). There-
after, the population is believed to have increased rap-
idly, to ~70,000 by the end of the 12th century, after
which it went into a gradual decline, falling to 40,000
at the end of the 18th century. This period of decline
was punctuated by a number of abrupt and drastic re-
ductions in population size. The most severe of these
demographic bottlenecks occurred during the years
1402-1404, when 45% of the population was elimi-
nated by an outbreak of the pneumonic plague. Other
significant decreases in population size included a 35%
reduction in 1708 due to a particularly severe smallpox
epidemic (leading to an all-time postsettlement mini-
mum of 33,000) and a 20% reduction in 1784-1785
due to widespread famine resulting from a volcanic
eruption. From the 19th century onward, the popula-
tion grew rapidly, to its present size of 270,000. This
demographic history is likely to have reduced the genetic
diversity introduced by the original settlers. Moreover,
since the natural barrier of the North Atlantic has
tended to hinder postsettlement immigration to the is-
land, there would have been no mechanism to replenish
genetic diversity lost as a consequence of demographic
fluctuation. It can thus be assumed that virtually all
mtDNA lineages observed in the contemporary Ice-
landic population are descended from the original set
of mtDNA lineages present in the female founders 1,100
years ago.

To resolve some of the issues surrounding the ancestry
of the Icelandic female founding population and the
consequences of postsettlement population decline, we
performed a survey of mtDNA sequence variation in a
large sample of contemporary Icelanders. Since the pre-
cision of phylogeographic analyses is directly related to
sequence length, we chose to generate sequence data for
both the first and second hypervariable segments (HVS1
and HVS2) of the control region, as well as three re-
striction sites. A high mutation rate, coupled with a
virtual lack of recombination, has resulted in a diverse
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set of mtDNA lineages that, by virtue of their clustering
into phylogenetic clades (Sykes 1999; Macaulay et al.
1999), provides substantially more information about
ancestral origins than does the comparison of allele fre-
quencies of classical genetic markers. We performed a
detailed comparison of existing mtDNA sequence data
from other European populations, to assess ancestral
contributions to the Icelandic gene pool and to examine
the relative configuration of genetic diversity in the
Icelanders.

Material and Methods

Population Samples

DNA was obtained from the blood of a random sam-
ple of 401 maternally unrelated Icelandic males and fe-
males. All these individuals were volunteers for control
groups used for genetic disease studies by deCODE Ge-
netics, Inc. Overall, the makeup of our sample approx-
imately reflects the geographic pattern of habitation in
Iceland. The appropriate informed consent was obtained
from each individual in this study. The European HVS1
and HVS2 sequences used for comparative purposes
are listed by population, along with their source
publications, in tables 1 and 2.

Markers and Protocols

All mtDNA site numbers referred to in this study are
in accordance with the scheme introduced by Anderson
et al. (1981). The entire mitochondrial control region
was amplified by use of the primers L15999 (5'-CAC-
CATTAGCACCCAAAGCT-3') and H409 (5-CTGTTA-
AAAGTGCATACCGCC-3'). Amplification reactions
were performed on 10 ng of template DNA in a 20-ul
volume by use of AmpliTag Gold polymerase (PE Bios-
ystems). The cycle profile started with 95°C for 12 min,
followed by 25 cycles of 94°C for 30 s, 55°C for 30 s,
and 72°C for 1 min. Both hypervariable segments were
sequenced by use of the BigDye Terminator Cycle Se-
quencing kit from PE Biosystems on an ABI PRISM 377
(PE Biosystems) DNA sequencer. The primers L15999
(HVS1) and L16498 (HVS2) (5-CCTGAAGTAGGA-
ACCAGATG-3) were used for cycle-sequencing reac-
tions. More than 70% of the samples were sequenced
for both strands of HVS1 (H16498 5-CATCTGGTT-
CCTACTTCAGG-3'), which provided an overlap be-
tween sites 16024 and 16394. The cycle-sequencing pro-
file was 25 cycles of 96°C for 10 s, 50°C for 5 s, and
60°C for 4 min. The sequences were aligned and man-
ually checked in SEQUENCHER 3.1 (GeneCodes). In-
itial sequencing of HVS1 resulted in 55 individuals with
high-quality sequence between sites 16028 and 16394.
Subsequent runs resulted in reliable sequence data for
339 additional individuals, from site 16028, to or be-
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Table 1
mtDNA HVS1 Sequence Diversity in the Icelanders and Other European Populations®
No. of % of
Sample No. of Variable  Gene Private
Population (Reference [r])" Size  Lineages  Sites  Diversity 6, (SD) 0, (95% CI) 6. (SD) Lineages*
Turks (Calafell et al. 1996 [27], Co-

mas et al. 1996 [45]) 72 63 70 995 5.28(2.86) 237.1 (127.9-464.8) 14.44 (4.04)  61.9
Germans (Hofmann et al. 1997 [67],

Lutz et al. 1998 [200], Richards et

al. 1996 [151]) 418 219 104 981 4.07 (2.25) 185.1 (151.4-226.3) 15.73 (3.35) 58.0
Near East (DiRienzo et al. 1991) 4 37 58 994 676 (3.61) 144.8 (65.9-345.8) 13.48 (4.18)  78.4
French (Rousselet and Mangin 1998) 50 42 48 988 4.08 (2.30) 120.9 (62.0-249.3) 10.72 (3.29) 45.2
Norwegians (Opdal et al. 1998) 216 123 87 952 3.68 (2.07) 117.7 (89.3-155.4)  14.62 (3.44)  52.8
Spanish (Corte-Real et al. 1996 [71],

Handt et al. 1998 [11], Pinto et

al. 1996 [18], Salas et al. 1998

[94]) 192 112 88 950 4.04 (2.24) 111.6 (83.2-149.8) 15.09 (3.60) 50.9
British (Piercy et al. 1993 [100],

Richards et al. 1996 [69]) 167 98 81 964 3.84 (2.15) 98.5 (72.0-135.1) 14.23 (3.48) 50.0
Estonians (Sajantila et al. 1996) 26 23 30 988 4.35 (2.47)  91.3 (34.9-266.1) 7.86 (2.83) 30.4
Italians (Francalacci et al. 1996) 49 39 53 967 4.75 (2.62)  86.3 (46.0-169.0) 11.89 (3.62) 64.1
Austrians (Handt et al. 1994 [16],

Parson et al. 1998 [101]) 117 73 73 957 4.21 (2.33) 82.0 (56.4-119.8) 13.68 (3.55) 45.2
Canary Islanders (Pinto et al. 1996) 54 41 49 976 510 (2.79)  75.9 (42.6-139.6) 10.75 (3.25)  65.9
Russians (Orekhov et al. 1999

[103], Sajantila et al. 1995 [29]) 132 74 59 967  4.03(2.24) 68.7 (48.5-97.7)  10.81 (2.82)  44.6
Danes (Richards et al. 1996) 31 25 28 985 5.41(2.98) 57.7 (26.6-133.5) 7.01 (2.46) 32.0
Icelanders (this study [394], Rich-

ards et al. 1996 [14], Sajantila et

al. 1995 [39]) 447 125 71 975 427 (2.34) 572 (45.8-71.3)  10.63 (2.36)  55.2
Portuguese (Corte-Real et al. 1996) 54 37 38 934 3.42 (1.97)  50.5 (29.2-89.0) 8.34 (2.60) 35.1
Sardinian (DiRienzo et al. 1991) 69 43 48 936 4.00 (2.24) 47.8 (29.6-77.7) 9.99 (2.92) 512
Finns (Kittles et al. 1999 [74], Pult

et al. 1994 [23], Richards et al.

1996 [29], Sajantila et al. 1995

[50]) 176 74 64 957 3.61(2.04) 47.6(34.7-64.9)  11.14 (2.78)  37.8
Basque (Bertranpetit et al. 1995

[45], Corte-Real et al. 1996 [61]) 106 53 49 936 2.84(1.67) 41.5(28.1-61.2) 936 (2.57)  32.1
Swedes (Kittles et al. 1999 [28], Sa-

jantila et al. 1996 [32]) 60 37 49 952 424 (2.36) 401 24.1-67.4)  10.51 (3.13)  35.1
Swiss (Pult et al. 1994) 76 42 38 967 3.27 (1.89) 37.8 (24.0-59.6) 7.75 (2.30) 26.2
Bulgarians (Calafell et al. 1996) 30 22 34 977 4.13(2.35)  35.6 (17.1-77.0) 8.58 (2.97)  36.4
Karelians (Sajantila et al. 1995) 83 43 39 963 3.70 (2.09) 35.2 (22.8-54.4) 7.82 (2.29) 32.6
Welsh (Richards et al. 1996) 92 45 47 926 3.14(1.82) 342 (22.5-51.8) 923 (2.60)  44.4
Adygei (Macaulay et al. 1999) 50 30 36 952 4.73 (2.61)  30.7 (17.7-53.8) 8.04 (2.54) 46.7
Druze (Macaulay et al. 1999) 45 26 30 959 420 (2.36) 24 8 (13.9-44.5) 6.86 (2.26)  50.0
Saami (Sajantila et al. 1995) 115 25 29 815 3.79 (2.13) 6 (5.9-15.0) 5.45 (1.61) 40.0

* Populations are arranged in descending order by 6, values.

® Additional data from Kirgiztan, the US, and the North Atlantic Islands were obtained from Comas et al. (1998), Handt et al. (1998), and

Miller et al. (1996; Mitochondrial DNA Concordance), respectively.

¢ Private lineages are defined as those found only in one of the populations included in the present study.

yond 16519. A total of 346 individuals were sequenced
for HVS2 between sites 1 and 297. Discrepancies in the
numbers of individuals typed for these markers are the
result of a limited supply of DNA from some samples.
Three segments of the mitochondrial coding region, con-
taining sites 7028, 9052, and 12308, respectively, were
amplified for all 401 individuals (these markers are de-
scribed in more detail in Torroni et al. 1996). The
following primer pairs were used: site 7028 L6909 (5'-

AAGCAATATGAAATGATCTG-3) H7115 (§-CGT-
AGGTTTGGTCTAGG-3'), site 9052 1.8845 (5'-CCT-
AGCCATGGCCATCC-3') H9163 (5-GGCTTACTA-
GAAGTGTGAAAAC-3'), and site 12308 L12124 (5-
CTCAACCCCGACATCATTACC-3') H12309 (5'- ATT-
ACTTTTATTTGGAGTTGCACCAAGATT-3'). Each of
the three resulting amplicons were digested with the en-
zyme appropriate to assay the respective site’s character
states (Alul for 7028, Haell for 9052, and Hinfl for
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Table 2
mtDNA HVS2 Sequence Diversity in the Icelanders and Other European Populations®
No. of % of
Sample  No. of  Variable Gene Private
Population (Reference [n]) Size Lineages Sites Diversity 6. (SD) 0, (95% CI) 0, (SD) Lineages®
Turks (Calafell et al. 1996) 27 22 28 .99 3.70 (2.15) 53.1 (23.1-130.5) 7.26 (2.62) 36.4
Germans (Hofmann et al. 1997

[67], Lutz et al. 1998 [197]) 264 82 44 .90 2.54 (1.51) 40.4 (30.5-53.1) 7.15 (1.80) 54.9
French (Rousselet and Mangin

1998) 60 31 26 92 2.34 (1.44) 25.1 (15.1-41.7) 5.58 (1.81) 41.9
Austrians (Parson et al. 1998) 99 40 31 91 2.49 (1.50) 24.5 (16.1-36.9) 6.00 (1.78) 27.5
Italians (Francalacci et al. 1996) 49 26 26 .93 3.06 (1.80) 21.7 (12.4-37.9) 5.83 (1.94) 38.5
British (Piercy et al. 1993) 118 48 4 .90 3.00 (1.75)  20.2 (20.2-43.2)  7.86 (2.18) 39.6
Orkney Islanders (Miller et al.

1996) 44 23 25 .92 2.91(1.73) 18.7 (10.4-33.6)  5.75 (1.96) 17.4
Icelanders (this study) 346 50 32 .89 2.20 (1.35) 15.8 (11.4-21.6) 4.98 (1.30) 28.0
Bulgarians (Calafell et al. 1996) 30 17 16 .94 2.59 (1.59) 15.4 (7.7-31.1) 4.04 (1.56) 17.6
Saami (Delghandi et al. 1998) 58 6 11 .62 1.90 (1.22) 1.5 (.6-3.3) 2.38 (.94) 16.7

* Populations are arranged in descending order by 6, values.

" Private lineages are defined as those found only in one of the populations included in the present study.

12308). The data produced for this study were deposited
in Genbank (under accession numbers (AF236888-
AF237289).

A total of 185 maternal relatives were typed as quality
controls for each marker for 109 of the individuals in-
cluded in the study. A comparison of maternal relatives
for HVS1 (16028-16394, a total of 288 sequences) and
HVS2 (1-297, a total of 266 sequences) revealed five
erroneous single-base calls missed during manual check-
ing in SEQUENCHER 3.1. This amounts to a transcrip-
tion error rate of 2.71 x 107> per base examined. No
transcription errors were observed in a specific check of
the highly polymorphic site 16519 in 273 sequences.

Summary Statistics and Interpopulation Analysis

To maximize the number of other populations in
comparison with the Icelanders, summary statistics and
interpopulation genetic distances were calculated for
HVS1 between sites 16090 and 16365 and for HVS2
between sites 063 and 297. Gene diversity was estimated
as (n/n — 1) 3%, (1 — p?), where # is the total number of
sequences, k the number of distinct lineages, and p, the
frequency of the distinct lineages. This index represents
the probability that two randomly chosen sequences
from a sample would be nonidentical by state.

Mean pairwise differences between sequences (6,)
were calculated as 6, = 3%, 3, p,p,d;, where d; is the
number of mutational differences between lineages i and
j in a sample, k is the number of distinct lineages, and
p; and p; are the respective frequencies of lineages i and
j. 0, provides a good indication of the overall mutational
space covered by a set of genetic lineages.

6, was estimated as 0, = S/ >"_' 1/i, where § is the num-
ber of polymorphic sites in a sample of sequences and
n is the number of sequences. 6, was estimated by use

of the formula E (k) = 6,3"' (1/6, + i), where k is the
number of distinct lineages observed in a sample size of
n. Each of these indices, along with their SDs or 95%
confidence intervals (Cls), were calculated in the soft-
ware package ARLEQUIN 1.1 (Schneider et al. 1997).
Supplementary programs were written to calculate 6,
values for large sample sizes and to generate lists of
expected numbers of lineages, given a specified 6, value
for a range of sample sizes.

The three 0 indices referred to above use different as-
pects of the genetic data to estimate 2N u (where N,
represents the female effective-population size and u the
mutation rate) and are based on different assumptions.
Because the mtDNA control-region mutation rate should
be the same in all populations, differences in 6 values
reflect differences in female effective-population size
(N;.)—that is, the harmonic mean of the number of
women who have transmitted their mitochondrial DNA
to female offspring during past generations. 6, estimates
the female effective-population size that would have al-
lowed the observed number of pairwise differences be-
tween sequences to arise through mutation events in a
single population. This means that it tends to reflect the
harmonic mean of N, over long periods of time and is,
in such cases, strongly affected by ancient demographic
fluctuations (Rogers and Harpending 1992). The esti-
mators 6, and 6,, based as they are on the relationship
between sample size and the number of polymorphic
sites and the number of distinct lineages, respectively,
are more sensitive to the effects of lineage sorting during
recent demographic history. The validity of these latter
two 6 estimators is dependent on three important as-
sumptions: (1) that selection is not influencing the locus,
(2) that population size has been sufficiently constant to
maintain a steady-state distribution of lineages, and (3)
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that either every new mutation occurs at a unique site—
the infinite-sites assumption (applies to §,)—or that each
new mutation creates a lineage that is distinguishable by
state from all others—the infinite-alleles assumption (ap-
plies to 6,).

Pairwise genetic distances between populations were
calculated by use of ARLEQUIN 1.1 (Schneider et al.
1997) and were represented in two-dimensional space
by use of multidimensional scaling analyses in the SPSS
8.0 software package.

Phylogenetic Analysis

A median-joining network was generated to infer phy-
logenetic relationships between Icelandic mtDNA line-
ages, by use of the program NETWORK 2.0 (Bandelt
et al. 1995; Rohl 1997). To maximize the precision of
phylogenetic reconstruction, we used the 297 Icelandic
samples sequenced, between sites 16028 and 16519 for
HVS1 and between sites 1 and 297 for HVS2, and typed
for the three coding region sites at positions 7028, 9052,
and 12308. These latter sites have been identified as
informative for resolution of the subclusters of lineages
defined as haplogroups H, K, and U, respectively (Tor-
roni et al. 1996). No sites were dropped from the anal-
ysis (see Macaulay et al. 1999), although insertions and
deletions were ignored. Because of the presence of mu-
tation-rate heterogeneity in the control region, a weight-
ing scheme was used whereby sites were divided into
three groups—fast, average, and slow—in accordance
with the findings of Wakeley (1993) and Hasegawa et
al. (1993) and as used by Richards et al. (1998). Seven
sites were given low weight (0.5): 16093, 16192, 16311,
16362, 146, 150, and 152, and the three coding-region
RFLP markers were given a high weight (2). The re-
maining sites were assigned a weight of 1.

Results

mtDNA Diversity in Iceland and Europe

Summary statistics for HVS1 lineages in the Icelanders
and other European populations are presented in table
1. A total of 125 different HVS1 lineages, characterized
by 71 polymorphic sites, were observed in the sample
of 447 Icelanders. The standard indices of genetic het-
erogeneity provide an ambiguous picture of European
mtDNA diversity and the relative position of the Ice-
landers therein. In almost all cases, potential estimation
errors due to sampling variance are too great to allow
any real confidence in apparent differences between pop-
ulations. However, if the observed values are taken at
face value, it emerges that, in terms of both gene-diver-
sity and mean base-pair differences between sequences
(6,), the Icelanders are among the more diverse popu-
lations in Europe. In contrast, a comparison of 6 values
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based on the number of segregating sites (,) and on the
observed number of different lineages (,) indicates that
the Icelanders have recently had a relatively small female
effective-population size. In this regard, they group with
populations such as the Finns, Basques, Welsh, and
Saami.

Table 2 shows the same summary statistics for HVS2
lineages for the Icelanders and a restricted number of
European populations. Here we observe 50 different
lineages, defined by 32 polymorphic sites, in a total sam-
ple of 346 Icelanders. Again, the potential sampling error
is great, and few of the observed differences between
populations are statistically robust. There are, however,
a number of interesting differences between the summary
statistics for the two hypervariable segments of the con-
trol region. First, the Icelandic HVS2 lineages are more
obviously homogeneous for all diversity indices. Second,
the 0, and 6, values are substantially lower for all the
populations included in both tables (8, is roughly four
times smaller, and 0, is roughly two times smaller). This
suggests, as others have previously observed, that HVS2
has a lower average mutation rate than HVS1 (Fran-
calacci et al. 1996).

We note that the three 6 values exhibit considerable
disparity in European populations. 6, shows little cor-
relation with either 6, or 6, for HVS1 sequences (r =
.45 and .21, respectively) but shows higher correlations
for HVS2 (r = .70 and .70, respectively). Whereas 6, and
6, exhibit a strong correlation for both HVS1 and HVS2
(r=.78 and .75, respectively), there is a considerable
difference in their magnitudes. This discrepancy, which
is high for HVS1 in European populations and is slightly
lower in the case of HVS2, indicates the existence of
mutational hotspots in the mtDNA control region. The
occurrence of back mutations invalidates the infinite-
sites assumption that applies to 6, but only to a lesser
degree than it invalidates the infinite-alleles assumption
that applies to 6,. This is because, although back mu-
tations do not add to the number of polymorphic sites,
they do generate new identifiable lineages when occur-
ring on a novel genetic background created by mutations
at other sites. Consequently, in the case of the control
region, 6, is likely to provide the more reliable estimate
of recent female effective-population size. However,
since violations of the assumptions about the mutational
process in the control region apply equally to different
populations, 0, and both 6, should be valid for inter-
population comparisons.

The populations in tables 1 and 2 are arranged in
descending order by their 6, values. It is notable that the
populations for which HVS1 and HVS2 data are avail-
able appear in a similar order in both tables. Thus,
whereas the only clear discontinuity is between the
Saami and all other populations, the Turks, Germans,
French, British, Italians, and Austrians seem to have
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had relatively large female effective-population sizes,
whereas the Icelanders, Bulgarians, and Saami consis-
tently exhibit lower values.

The frequency spectrum of Icelandic mtDNA HVS1
and HVS2 lineages differs from that observed in the nine
European populations with sample sizes large enough to
allow a reasonable comparison (7 > 100). After adjust-
ment for sample size, there are fewer lineages in the
Icelanders, of which a relatively large proportion are
unique. Of the 125 Icelandic HVS1 lineages, only 56 are
found elsewhere in Europe, and 29 of these lie outside
the European frequency range (as defined when com-
parative populations were grouped according to the
regions indicated on the map in fig. 1). Out of the 36
Icelandic HVS2 lineages shared with other populations,
15 are outside the observed European frequency range.

Interpopulation Differences

One way to quantify the distinctiveness of the fre-
quency distribution of Icelandic mtDNA lineages is to
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calculate pairwise genetic distances between populations
that are based solely on lineage-frequency differences.
Figure 2A and 2B shows multidimensional scaling plots
for HVS1 and HVS2, respectively, where genetic distance
matrices are represented in two-dimensional space. To
make sample sizes comparable for these analyses, pop-
ulations were grouped into the geographical regions dis-
played in figure 1. For both hypervariable segments of
the control region, the peripheral position of the Ice-
landers highlights the considerable difference between
the Icelandic frequency spectrum of lineages and those
found in neighboring regions. The Saami exhibit a much
larger deviation from the general European distribution
of lineages but are excluded from the multidimensional
scaling plots, to ensure that the distances between other
populations are discernible.

Another way to summarize genetic differences be-
tween populations, based on the analysis of molecular
variance (AMOVA) method (Excoffier et al. 1992),

Iceland
Scandinavia
British Isles
Finland/Estonia
NW Europe
SW Europe
Russia

SE Europe/Near East

DEUAENDN

Not sampled

TG
o s

(h“#\ it ]

Figure 1

Map of Europe, showing the populations included in this study. The colors show a classification of sampled populations into

larger geographic regions. This grouping scheme is used in a number of analyses presented in this paper. The arrows show presumed routes of
settlement from Scandinavia and the British Isles to Iceland between 870 and 930 AD. The North Atlantic Islands are situated between Iceland,
Scotland, and Norway and are (from right to left on the map) the Shetland Islands, the Orkney Islands, and the Faroe Islands.
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Representations in two-dimensional space of genetic distances between European geographic regions based on HVS1 and HVS2
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makes use of the average base-pair differences between
the lineages from two populations, corrected for intra-
population variation. Because this method is slightly less
sensitive to lineage-frequency differences, we performed
the analyses at the level of individual populations. Ge-
netic distances based on the AMOVA method provide
a summary of the differences in the phylogeographic
configuration of lineages from a given set of popula-
tions—to the extent that pairwise base differences be-
tween lineages reflect the actual distance in substitutions
between the lineages on the true phylogenetic tree. For
HVS1, 98.4% of the genetic variance observed in Europe
is contained within individual populations (99.3% if the
Saami are excluded), with the same proportions for
HVS2 being 97.6% and 99.3%, respectively. These high
percentages indicate the absence of phylogeographic
structure of mtDNA lineages in the current data set of
European populations.

Taken at face value, figure 3A indicates that the Ice-
landers’ closest genetic neighbors are the Welsh and Brit-
ish populations, whereas the more limited HVS2 data
in figure 3B identify the Austrians and Germans as ge-
netic neighbors. In both cases, the Icelanders remain Eu-
ropean outliers, although there is a less marked differ-
ence in figure 2A and 2B.

Phylogenetic Portrait of Icelandic mtDNA Lineages

Figure 4 shows a median-joining phylogenetic net-
work of the 135 Icelandic lineages in the 297 individuals
typed for HVS1 (16028-16519), HVS2 (1-297), and

sites 7028, 9052, and 12308. No less than 52 of the
116 sites in the network are represented as having mul-
tiple mutation hits, of which sites 152, 16519, 16362,
16093, 195, 16192, 16311, 150, 204, and 073 each
require five or more recurrent mutations.

Although our network conforms broadly to those sug-
gested by previous studies (Torroni et al. 1996; Richards
et al. 1998; Macaulay et al. 1999), a number of new
details emerge. A loss of an Haell restriction site at po-
sition 9052, usually taken to indicate a lineage’s mem-
bership within haplogroup K, is in our data shown to
be present on two lineages within haplogroup I. Hence,
it is inadvisable to rely solely on the 9052 RFLP marker
to assign lineages to haplogroup K. Site 073 in HVS2,
another position widely typed as a stable phylogenetic
marker, is shown by the network to have undergone five
separate mutations (similar results are reported by Iza-
girre and de la Raa 1999). This goes against the use of
site 073 to assign haplogroup H membership (see Rich-
ards et al. 1998). A transition at site 072 in HVS2 is
shown to be the founder motif of haplogroup V, of which
16298C identifies only a subcluster of lineages (see Rich-
ards et al. 1998; Torroni et al. 1998).

A number of researchers have identified the 16519
site as being too hypervariable to include in phylogenetic
analyses (e.g. Forster et al. 1996; Torroni et al. 1998;
Macaulay et al. 1999). Curiously, however, both Forster
et al. (1996) and Brown et al. (1998) observed that site
16519 was invariable in haplogroups B and X, respec-
tively. Although our data suggest that site 16519 has
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Representations in two-dimensional space of genetic distances between European populations based on an AMOVA. For both

A and B, the correspondence between the distances on two-dimensional plots and those in the distance matrices is ~80%.

undergone multiple mutations, it nonetheless seems to
be largely fixed for most haplogroups. Thus, with only
a few exceptions, all sequences belonging to haplogroups
K, U4, U3, I, X, and T in the Icelanders have 16519C,
whereas haplogroups V, J, and US have 16519T. The
only haplogroup with which site 16519 seems to be at
variance is H, where roughly half of the lineages have
16519C. An examination of the data presented in Tor-

roni et al. (1996) and Macaulay et al. (1999) reveals the
same pattern of association between 16519 and the
aforementioned haplogroups. Our data show that many
of the lineages with 16519T, which would previously
have been classed in haplogroup H, are found in separate
clusters supported by additional substitutions: 16304C
in lineage cluster H1 and 16311C+7028 in cluster HV2.
Lineages belonging to H1 are curiously rare in other
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Figure 4 Median-joining network of Icelandic mtDNA lineages for HVS1 (16028-16519), HVS2 (1-297), and the RFLP markers 7028, 9052, and 12308. Circles are proportional to lineage
frequencies, in which the smallest circles represent single-copy lineages and the largest circle represents 21 copies of the same lineage. Bold circle outlines indicate lineages unique to the Icelanders,
according to the comparative HVS1 data set described in table 1. Lines represent substitutions and are proportional to the number of substitutions between lineages. Transitions are indicated on the
lines by site number; transversions are indicated by site number and base. Reticulations in the network, in which it has been impossible to resolve a recurrent mutation at one or more sites, are
represented by parallelogram-like shapes. In such cases, the parallel lines represent possible mutations at the same site. Dotted lines indicate unlikely mutational routes. The haplogroup membership
of lineages is indicated by labels at the edges of the network and by the color-coding of circles. The position of the Cambridge reference sequence is indicated by an asterisk.



1008

European populations, given their abundance in the Ice-
landers. Although lineages with 16304C are found in a
number of populations, only motifs 16304-16274 (Ger-
many) and 16304-16305 (Faroe Islands) show any over-
lap with the Icelandic H1 cluster.

In general, then, almost all the European haplogroups
identified and defined by recent studies (Torroni et al.
1996; Richards et al. 1998; Macaulay et al. 1999) are
present in the Icelanders, with the exception of U1, U2,
U3, and U6. Table 3 shows the frequencies of haplo-
groups in Iceland and Europe, along with information
about their geographic distribution in Europe. The Ice-
landers exhibit a typically European pattern of haplo-
group frequencies, notwithstanding a relative scarcity of
haplogroup H and the slight abundance of haplogroups
I,J,and T.

Geographic Origin of Icelandic mtDNA Lineages

A number of Icelandic lineages appear to be geograph-
ically informative. The subcluster of haplogroup J in the
top left corner of figure 4 (J1b1 according to the ter-
minology of Richards et al. 1998) occurs at a surpris-
ingly high frequency in the Icelanders. In addition to the
22 Icelanders bearing lineages that belong to this cluster,
this HVS1 motif has so far only been observed in
Northern Ireland (1), the Hebrides (1), England (3),
Wales (3), Norway (1), France (1), Germany (1), the

Table 3

Am. J. Hum. Genet. 66:999-1016, 2000

United States (7), and Kirgizistan (1). Given the high
frequency of this subcluster in Iceland, its unusually re-
stricted northern European geographic distribution, and
its prevalence in the British Isles, it is possible that line-
ages belonging to this subcluster arrived in Iceland 1,100
years ago with females of British origin. The fact that
J1b1 lineages with the substitution 16192T have, to
date, only been found in Iceland, Northern Ireland, the
Hebrides, and the United States lends even more support
to this interpretation. The J1b1 lineages from the United
States are likely to be descended from Irish, British, and
Scandinavian settlers. Another lineage that also supports
the historical evidence of gene flow from the British Isles
or Scandinavia occurs within haplogroup K and is de-
fined by the substitution 16320T. Although 11 Iceland-
ers carry lineages with this motif, it has, to date, been
found only in Norway (2), England (1), Germany (1),
and the United States (2).

Interestingly, we find two copies of a lineage from the
non-European haplogroup C in the Icelanders. Haplo-
group C is common in Asia and South America, but this
particular lineage has also been found in Spain—
probably as a result of that population’s contact with
the New World after the 15th century. However, it seems
likely that the Icelandic haplogroup C lineages arrived
from Asia via Scandinavia. The single haplogroup-Z
lineage also has Asian ties and is not widely observed

Frequency and Geographic Distribution of European Haplogroups

% of Icelandic

Approximate % of European

Highest
Sequences  Lineages Sequences® Lineages® Frequencies
Haplogroup  (n=325) (n=135) (n=946/n=365)" (n=396/n=205) in Europe®
H* 394 43.7 50.0 38.0 All
I 5.5 5.2 2.0 3.0 Nw
] 13.5 12.6 11.0 8.3 All
K 7.7 7.4 7.0 7.1 All
T 11.7 8.1 8.0 9.1 All
U3’ .0 .0 1.0 1.0 S
u4® 2.8 2.2 1.0 2.9 S
us 8.3 10.4 7.0 10.4 NW and SW
ue® .0 .0 1.0 1.0 SW
\Y% 2.2 3.0 4.0 3.9 N and SW
\\4 3 7 1.0 1.8 All
X 1.5 7 2.0 3.0 All
Other 74 59 17 40
Total 100.0 100.0 96.7 93.5

* This information was adapted from an analysis of 942 sequences by Richards et al. (1998).

N = north, W = west, and S = south.

> Because of the difficulty of assigning lineages to haplogroups on the basis of HVS1 sequences
alone, Richards et al. (1998) used a restricted set of 365 sequences (typed for site 73 of HVS2)
to determine lineage membership of haplogroups H, V, U3, U4, and Ué6. This is most probably
the reason why the sums of columns 4 and 5 do not add up to 100.

¢ Richards et al. (1998) did not report the no. of distinct lineages in the full and restricted data
sets. However, according to our estimates, the full European data set of 942 sequences contained
396 lineages and the restricted data set of 365 sequences contained 205 lineages.
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in Europe (see Schurr et al. 1999). Potential European
ancestors of this lineage are only found in the Norwe-
gians, Saami, and Russians (but without the 16362C
substitution).

A more quantitative means to assess the possible ge-
ographic origins of the lineages currently observed in the
Icelanders can be achieved by way of an analysis of
lineage sharing. On the basis of the range of published
mitochondrial control-region mutation rates (Parsons et
al. 1997; Jazin et al. 1998), it is expected that most of
the mtDNA lineages presently found in the Icelanders
will be identical by state to those carried by female an-
cestors who arrived at the time of settlement. Icelandic
lineages that are not found in putative parental popu-
lations can be accounted for by one of the following
explanations: (1) they were in the parental population(s)
at the time of settlement but have since been lost, (2)
they were generated by mutational events in Iceland dur-
ing the past 1,100 years, or (3) they currently exist in
the parental population(s) but have not yet been sam-
pled. We determined the number of Icelandic lineages
shared with at least one other European population
(hereafter referred to as “shared lineages”). For this anal-
ysis, we grouped FEuropean populations into eight
regions (as shown in fig. 1). An equivalent analysis was
performed to account for Icelandic “private” lineages
(those that so far have not been observed in other pop-
ulations), in which potential founder lineages were iden-
tified as those differing by the fewest number of substi-
tutions from the Icelandic private lineages. These
analyses are based on HVS1 sites 16090-16365 and
HVS2 sites 063-297.

Frequency-based admixture analyses are not appro-
priate in the current study of mtDNA control-region
lineages in the Icelanders. Such methods have been
shown to provide misleading results in cases in which
(1) the parental populations are not easily distinguished
with respect to lineage frequencies and (2) the lineage
frequencies of one or more of the admixed or parental
populations has been subject to stochastic change
through genetic drift (Bertorelle and Excoffier 1999).
Our results suggest that both of these criteria apply in
the case of the Icelanders. Methods that incorporate in-
formation about the differences between lineages at the
molecular level (e.g., Bertorelle and Excoffier 1999) are
no more appropriate, because they assume a more
marked phylogeographic structure of mtDNA lineages
than can be observed in Europe (see Richards et al.
1998).

Of the 125 HVS1 lineages observed in the Icelanders,
56 are shared with other European populations. In the
case of HVS2, the Icelanders share 36 of their 50 lineages
with other European populations. Figure 5 shows the
pattern of lineage sharing between the Icelanders and
these populations grouped into geographic regions,
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which are ordered in accordance with geographic prox-
imity and historical evidence about participation in the
settlement of Iceland. Thus, the fifth column in figure 5
indicates that, although the combined regions of Scan-
dinavia, British Isles, Finland/Estonia, and that of the
Saami account for 44 of the 56 shared lineages, an ad-
ditional 9 shared Icelandic lineages are found in the
northwestern Europeans (Germans, Austrians, and the
Swiss).

The results of this analysis do not seem to fit the simple
model of admixture between Scandinavian and British
populations. On the basis of the lineage sharing alone,
it would be reasonable to postulate that the Icelandic
population was founded by a random collection of 9th-
century Europeans. When the cumulative increase in the
number of accounted lineages is examined, however, it
emerges that this is mainly due to the prevalence of a
number of common lineages in almost all European
regions. However, even with the more parsimonious cu-
mulative approach (see fig. 5 legend), the potential range
of source populations for Icelandic lineages remains sur-
prisingly large. Although just <80% of the 56 shared
Icelandic HVS1 lineages can be accounted for in Scan-
dinavia, the British Isles, and Finland/Estonia, it is still
necessary to look at northwest and southwest Europe
to account for them all. For HVS2 lineages, we have a
more restricted set of comparative population data, but
the pattern is similar.

What of the 69 HVS1 and 14 HVS2 lineages that are
found only in the Icelanders? In this case, we are looking
for lineages that are ancestral to Icelandic private line-
ages or, in other words, the lineages that differ by the
fewest number of base substitutions. In almost all cases,
ancestral lineages were identified that differed by only
one substitution. For HVS1, there were six Icelandic pri-
vate lineages that differed by two substitutions from
their nearest ancestral lineages. For HVS2, there was
only one such private lineage. In general, more than one
different ancestral lineage was identified for any one Ice-
landic private lineage. These were regarded as equally
probable ancestors. We included the Icelanders as a po-
tential source of ancestral lineages, since it is possible
that a portion of the private lineages arose through mu-
tation events in Iceland. Figure 6 shows the results of
this analysis. Although similar proportions of HVS1 an-
cestral lineages can be found all over Europe, 57 of the
69 Icelandic private lineages can be accounted for by
putative ancestral lineages present in the Icelanders. For
15 of these, potential ancestral lineages are found only
in the Icelanders, suggesting perhaps that they are true
private lineages, generated by mutation events in Iceland
during the past 1,100 years. Of the few ancestral lineages
that cannot be found in Iceland, most are found in Scan-
dinavia and the British Isles, although it is still necessary
to turn to northwest and southwest Europe, and even
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Figure 5 Bar chart showing the pattern of lineage sharing between the Icelanders and other European populations, classed into eight

geographic regions. The full height of each column represents the number of Icelandic lineages that are found in the specified region. The
blackened area represents the cumulative increase in the number of Icelandic lineages accounted for when regions are combined sequentially
according to geographic proximity to Iceland (from left to right on the figure). This amounts to not counting a shared lineage found in a region
after the same lineage has been found in a previous region. Finally, the diagonally shaded area represents the number of Icelandic lineages that

are shared only with a single region in the current data set.

to the Near East, to account for all 69 Icelandic private
lineages.

A different picture emerges in the case of Icelandic
HVS2 private lineages. Almost all of these lineages can
be accounted for in any one of the European regions.
Iceland does not provide a greater number of potential
ancestor lineages, and none are exclusive to Iceland or
any other region. Almost any combination of two
regions provides ancestral lineages for all 14 of the HVS2
lineages found only in the Icelanders.

How Many European mtDNA Lineages Have Yet to Be
Sampled?

The reliability of our analysis of admixture that is
based on lineage sharing is dependent on the assumption
that putative parental populations have been adequately
sampled. The index of 6, models the relationship be-
tween a given sample size and the observed number of
different lineages. This relationship makes it possible to
use the observed values of 6, for different populations
to predict the expected number of additional lineages
that could be identified if the sample size were increased.

The relationship between sample size and the expected
number of distinct HVS1 lineages was examined for the
10 European populations with sample sizes >100 (others
were excluded, to minimize the effect of errors in the
estimation of 6,).

It is reasonable to ask this question: given our ob-
served 6, values, how many more individuals from each
of the populations would we need to sample before we
have an adequate picture of the variation contained in
its mtDNA gene pool (see Ward et al. 1993; Francalacci
et al. 1996)? The criterion for when to stop sampling is
necessarily arbitrary. Ewens’s (1972) sampling formula,
used to calculate 6,, dictates that the relationship be-
tween sample size and the expected number of lineages
will be one of diminishing returns. We define the sample-
size cutoff point as that when, for repeated incremental
increases in sample size of 10, we obtain less than one
new lineage. The adjusted sample sizes and expected
number of lineages obtained from applying these as-
sumptions to the observed 6, values are shown in table
4.

According to table 4, the current sample sizes for
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the Icelanders and Saami are close to reaching levels
of lineage saturation with respect to the criterion spec-
ified above. All other populations appear to require
200%-300% increases in sample size to reach equiva-
lent levels of saturation. This finding is supported by
Pfeiffer et al.’s (1999) report that the rate of detection
of new distinct lineages from a single German village
showed no sign of decline, even when 700 individuals
had been sampled. Thus, given the number of lineages
that presumably have yet to be sampled from the British
Isles and Scandinavia, these populations may be suffi-
cient to account for all the lineages currently observed
in the Icelanders.

Discussion

Origin of the Icelanders and Their Recent Population
History

The analysis of Icelandic mitochondrial lineages in the
context of European mtDNA variation provides impor-
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Table 4

Additional HVS1 Lineages Estimated for Increases in
Sample Size on the Basis of §, Values

Adjusted  Adjusted

Population (6,) n k® n k¢
Germans (185.25) 418 219 1,680 428
Norwegians (117.73) 216 123 1,070 273
Spanish (111.56) 192 112 1,010 258
British (98.52) 167 98 900 229
Austrian (81.99) 117 73 750 190
Russian (68.73) 132 74 630 160
Basque (41.51) 106 53 380 97
Finns (47.55) 176 74 440 111
Icelanders (57.25) 447 12§ 530 134
Saami (9.55) 115 25 100 24

* Actual sample size.

® No. of observed lineages.

¢ On the basis of the observed value of 6,, sample size was
iteratively increased by 10, and the no. of expected lineages
was estimated. The number in this column represents the
sample size at which <1 new lineage was detected.

4 No. of expected lineages based on the observed value of
0, and the adjusted sample size.
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Figure 6 Bar chart showing the geographic distribution of putative ancestral lineages to Icelandic private lineages. The full height of each

column represents the number of Icelandic private lineages that can be accounted for by ancestral lineages sampled from the specified region.
The blackened area represents the cumulative increase in the number of Icelandic private lineages that can be accounted for by ancestral lineages
when regions are combined sequentially according to geographic proximity to Iceland (from left to right on the figure). Hence, once an Icelandic
private lineage has been accounted for by an ancestral lineage in one region, it is excluded from the blackened area of columns for subsequent
regions. The diagonally shaded area represents the number of Icelandic private lineages that can be accounted for only by an ancestral lineage

from a single geographic region in the current data set.
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tant information about the genetic history and ancestry
of the population. Our findings suggest that the Icelandic
mtDNA gene pool contains relatively fewer distinct line-
ages than most other European populations and that the
frequencies of a number of these lineages deviate con-
siderably from those found elsewhere in Europe. This is
consistent with current knowledge about Icelandic pop-
ulation history. The Icelanders have been a small and
isolated population throughout their history (relative to
most European populations). It is also known that var-
iance in fertility was unusually high during recent Ice-
landic history (Vasey 1996), a factor that would have
served to further decrease the female effective-popula-
tion size and thereby increase levels of genetic drift and
the potential for founder effects. This would not only
have altered the frequencies of Icelandic mtDNA line-
ages, it would also have resulted in the extinction of a
proportion of the founding lineages from the Icelandic
gene pool.

The last 1,100 years of mtDNA evolution in Europe
have principally been a history of lineage redistribution,
within populations because of drift and between pop-
ulations because of migration. The settlement of Iceland
was equivalent to a migrational sampling event of ex-
isting genetic diversity at one or more locations in Eu-
rope. The subsequent genetic history of the Icelanders
has primarily involved stochastic sampling of these foun-
der lineages between generations (interspersed with a
small number of mutation events)—the outcome of
which is well reflected by the values of 6, and 6,. Icelandic
HVS1 sequences are characterized by a smaller-than-av-
erage number of polymorphic sites and a relatively small
number of distinct lineages, reflected in small 6, and 6,
values, respectively. An examination of these indices in
European populations (where sample sizes are >99, to
minimize the effect of sampling error) revealed that the
Icelanders are grouped with the Saami, Basques, and
Finns—European populations with relatively small, re-
cent female effective-population sizes. A similar pattern
emerged from the HVS2 data set, although a lower
HVS2 mutation rate results in lower values for all 6
estimators and a higher proportion of Icelandic lineages
shared with other European populations.

Nonetheless, the Icelanders do harbor a considerable
amount of mtDNA diversity, as is indicated by their
gene-diversity and mean pairwise-difference (6,) values,
which are among the highest in Europe for HVS1. Al-
though this appears to conflict with the fact that many
of the populations with smaller values for these indices
have 50-300-fold larger current and historical popula-
tion sizes, Pfeiffer et al. (1999) have demonstrated that
gene-diversity values for HVS1 sequences in a German
population were underestimated in sample sizes <200.
Since most of the comparative population samples used
in this study are well below this number, many of the

Am. J. Hum. Genet. 66:999-1016, 2000

gene-diversity values for HVS1 in European populations
could be underestimated.

As regards 6., it is important to bear in mind that the
bulk of the mtDNA substitutions in the Icelandic data
set arrived in Iceland on the lineages carried by female
settlers, and many are likely to have existed even before
most present European populations were established. As
a result, 0, values primarily provide information about
female demographic history at a time long before Iceland
was settled. All that the unusually high Icelandic 6, value
really tells us is that this population’s lineages occupy a
relatively large proportion of the mutational space in the
overall European phylogeny, implying that the founding
females did not carry a homogeneous set of mtDNA
lineages with them to Iceland. This could be taken as
evidence against the idea that the Icelanders are exclu-
sively descended from a localized region of one popu-
lation (such as the west coast of Norway). However,
more-extensive regional sampling from Scandinavia and
the British Isles is required before any such inferences
can be reliably made. Given the number of lineages that
have yet to be sampled from each of these regions, it is
possible that either might contain a configuration of line-
ages sufficient to account for almost all of those currently
observed in the Icelanders.

As it stands, our analysis of lineage sharing supports
the idea that both Scandinavian and British populations
could have contributed the majority of the mtDNA line-
ages that are currently observed in the Icelandic gene
pool. Given the present comparative data set, however,
it is impossible to identify the parental populations with
certainty or to quantify admixture proportions between
them. These results are at variance with a recent study
of the phenylaline hydroxylase gene in 17 Icelandic phe-
nylketonuria (PKU) patients (Guldberg et al. 1997). That
study concluded that a large number of founders from
Ireland and Scotland was unlikely, since three of the most
common PKU mutations in Ireland and Scotland were
not among the nine observed in the Icelandic PKU pa-
tients. In fact, an examination of PKU mutation data
presented in Eiken et al. (1996), Guldberg et al. (1997),
Zschocke et al. (1997), and Tyfield et al. (1997) reveals
that the most common Norwegian PKU mutation is not
found in the Icelanders. Moreover, although seven of the
nine Icelandic mutations are found in Scotland and Ire-
land (eight if southwest England is included), only five
are found in the Norwegians. If mutation frequencies
are compared, the Norwegians appear to be more similar
to the British populations than either are to the Ice-
landers. Here again, we are most likely observing the
effects of drift on the Icelandic gene pool. Indeed, Guld-
berg et al. (1997) note that drift is likely to be responsi-
ble for the high frequency of one PKU mutation
(Y377fsdelT, 42%) that has, to date, been found only
in the Icelanders. The PKU data, then, seem to be as
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inconclusive as the other studied genetic systems about
the relative proportions of admixture between Scandi-
navians and Britons.

It is important to bear in mind that our analysis of
mtDNA lineages can provide information only about the
geographic origin of the females who colonized Iceland
and who have matrilineal descendants in the present
population. If historical reports are to be believed and
a disproportionate number of the founding females were
not Scandinavian (relative to the proportion of founding
males), then a moderate discrepancy between autosomal
markers and mtDNA lineages is to be expected. In this
case, one would expect a disproportionate number of
mtDNA lineages to be shared with individuals from the
British Isles (and perhaps other European populations).
Further studies of autosomal and Y-chromosome mo-
lecular markers will have to be undertaken in the rele-
vant populations before firmer assertions can be made
about such discrepancies.

Implications for Studies of mtDNA in European
Populations

Our phylogenetic analysis of the full Icelandic mtDNA
data set revealed one of the most extensive phylogenies
of mtDNA lineages presented for a single human pop-
ulation. The character states of HVS1 and HVS2 se-
quences are phylogenetically well correlated in the Ice-
landic data, and both regions provide important
resolution in the network. We have clarified the phy-
logenetic context of the highly variable site 16519, which
is generally stable in mtDNA haplogroups. The only
exception is haplogroup H, which is split in two by this
site. On the basis of these findings, it is interesting to
speculate whether further analyses of other parts of the
mtDNA genome will reveal that haplogroup H is in fact
a composite of two or more smaller haplogroups. We
have also demonstrated that sites 073 and 9052 are less
stable than was suggested by previous studies. Overall,
our results lead us to advise against the selective exclu-
sion of sites in phylogenetic analyses with respect to
preconceptions about their hypervariability but instead
to recommend the use of maximum sequence length in
such analyses.

We have demonstrated that there are likely to be nu-
merous mtDNA lineages that have yet to be sampled in
most European populations. This deficiency in the Eu-
ropean data set presents a problem in the use of mtDNA
to address many important questions relating to the con-
tinent’s population history. It seems clear, for example,
that sample sizes from candidate parental populations
would need to be increased substantially to provide a
more accurate assessment of the geographic origin of
Icelandic mtDNA lineages.

Methods that are based on the identification of foun-
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der lineages in parental populations are also affected,
such as the use of p to date the time frame of genetic
divergence between populations (see definition in Forster
et al. 1996). In the Icelandic case, p would be defined
as the average mutational distance between Icelandic
lineages and the nearest putative founder lineages ob-
served in Europe. Valid interpretation of this index re-
quires the assumption that all ancestral founding line-
ages have been observed in the European data and that
all novel lineages found in Iceland have been generated
by mutations that occurred subsequent to settlement.
The parameter p provides an average mutational differ-
ence of .46 substitutions between Icelandic HVS1 line-
ages and putative European founder lineages (for the
region defined by sites 16090-16365). Given a mutation
rate of one transition every 20,186 years (as used by
Forster et al. 1996 and Richards et al. 1998), this implies
that Icelandic-specific genetic diversity has accumulated
over a period of ~9,646 years—a figure that is almost
nine times larger than the historically and archaeologi-
cally supported date of 1,100 years. For this estimation,
we defined a “founder lineage” as the European lineage
that was nearest to a novel Icelandic lineage in terms of
observed base-pair differences. Although these muta-
tional differences should be calculated on the basis of a
phylogenetic tree (Forster et al. 1996), recurrent muta-
tions at a number of HVS1 sites make this a near-im-
possible task for such a large data set of nearly 3,000
relatively short European sequences (see Wakeley 1993;
Meyer et al. 1999). However, since phylogenetic-based
mutation differences can only be larger than raw base-
pair differences, our calculations can be viewed as min-
imum estimates of p.

A time frame of 9,646 years for the divergence of the
Icelanders from neighboring European populations is
clearly a considerable overestimate, presumably because
of the large number of founding lineages that have yet
to be sampled from European populations. An alter-
native, but less plausible, explanation for this inflated
figure is that the HVS1 average mutation rate has been
severely underestimated (see Parsons et al. 1997; Jazin
et al. 1998). Either way, this finding has implications for
other studies that use estimators like p to date genetic
divergence between populations. Thus, for example, the
paleolithic dates suggested by Richards et al. (1996,
1998) and Sykes (1999) for the separation of the Eu-
ropean mtDNA gene pool from that of the Near East
may likewise be overestimates. The number of individ-
uals sampled from the Near East is still relatively small,
compared with most European populations, particularly
given that populations from this region appear to have
higher 0, values than any European population (see table
1). Judging from this, there should be a substantial num-
ber of unsampled mtDNA lineages in the Near East.
Even a small increase in the number of lineages shared
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with European populations is liable to have the effect
of reducing the age estimates of haplogroups calculated
by Richards et al. (1998). Indeed, a modest increase in
sample size (from <100 to 284) from Near Eastern pop-
ulations has already resulted in a drastic reduction in
the supposed European mutational time frame for most
of these haplogroups (Sykes 1999). It is clear that a much
more extensive sampling of large Eurasian populations
is required before any precise and reliable conclusions
can be drawn about the genealogical relationships be-
tween their mitochondrial gene pools.
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