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Summary Introduction
The genetic relationships between two Finno-Ugric-
speaking populations, the Finns and the Finnish Saami
(Lapps), were studied by using PCR for six nuclear-DNA
marker loci, mitochondrial restriction-site polymorphism,
and sequence variation of a 360-bp segment of the mito-
chondrial control region. The allele frequencies of each of
the nudear-DNA marker loci and the frequencies of
mtDNA restriction haplotypes were significantly different
between the populations. The Saami showed exceptionally
low variation in their mtDNA restriction sites. The 9-
bp deletion common in East Asian populations was not
observed, nor did the haplotype data fit into the haplo-
group categorization of Torroni et al. The average number
of nucleotide substitutions from the mtDNA haplotype
data indicated that the Finnish Saami may be closer to the
Finns than to the other reference populations, whereas
nuclear DNA suggested that the Finns are more closely
related to the European reference populations than to the
Finnish Saami. The similarity of the Finns to the other
Europeans was even more pronounced according to the
sequence data. We were unable to distinguish between the
Finns and either the Swiss or Sardinian reference popula-
tions, whereas the Finnish Saami clearly stood apart. The
Finnish Saami are distinct from other Circumarctic popu-
lations, although two of the lineages found among the
Saami showed closer relationship to the Circumarctic than
to the European lineages. The sequence data indicated
an exceptionally high divergence for the Saami mtDNA
control lineages. The distribution of the pairwise nucleo-
tide differences in the Saami suggested that this population
has not experienced an expansion similar to what was
indicated for the Finns and the reference populations.
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The present Saami population inhabits the circumpolar
regions of Finland, Sweden, Norway, and Russia (fig.
1), totaling 50,000-80,000 individuals, -6,000 of
whom live in Finland (Lehtivirta and Seurujarvi-Kari
1991). There are -5 million Finns living in today's Fin-
land.
The oldest archaeological evidence of settlement in

Finland dates back to -9,000 years ago. The origin of
these people is not known. The displacement of the
Saami to the north, under pressure by agricultural Finns,
appears to have been slow and to have extended over
the past 3,000-4,000 years (Eriksson 1988).
The Finnish and Saami (Lappish) languages, together

with, for example, Hungarian and Estonian, belong to
the Uralic language group, more specifically to the
Finno-Ugric languages (Ruhlen 1987). The Uralic lan-
guages constitute a major non-Indo-European language
group inside Europe. However, the genetic relationships
of the speakers of the Uralic languages to the sur-
rounding populations, as well as the mutual genetic rela-
tionships of the Uralic speakers, are not well understood.
The present work is a detailed analysis of the genetic
relationship between two Finno-Ugric speaker popula-
tions living in Finland: the Finns and the Finnish Saami.
The Finns and the Saami speak related languages, oc-

cupy partly overlapping areas of habitation, and may
share a partially common history. On the other hand,
fundamental differences in culture and livelihood have
separated them over the past millennia. The origin of
the Saami people is not known. It has been suggested
that they may be an old European population, whose
ancestors survived the last glacial period on the coasts
of Scandinavia (Eriksson 1988; Sajantila et al. 1995).
Alternatively, they might be descended from different
small populations that migrated up to the north, at least
some of whom had unique gene frequencies (Eriksson
1988). Thus their relationships not only to their linguis-
tic cousins the Finns but also to the present-day Circum-
arctic populations are of particular interest.
Knowledge of the origins of the Finnish and Saami

gene pool is based mainly on several studies of polymor-
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Figure 1 Map of approximate principal area inhabited by the
Saami (shaded).

phic protein and blood-group markers (Nevanlinna
1972; Eriksson 1973, 1988; Sistonen 1984). The Finnish
population structure is characterized by homogeneity,
a limited number of "founders," slow settlement and
population growth, and isolation even during historical
times (Nevanlinna 1972). However, strong evidence ex-

ists that there is in the Finns a gene admixture from
Baltic peoples (Estonians, Lithuanians, and Latvians)
(Sistonen 1984). The Saami seem to deviate markedly
from their surrounding populations, including the Finns,
in many genetic characteristics (Eriksson 1973). Ac-
cording to Eriksson, however, there is considerable
Saami admixture in the Finns, as well as Finnish admix-
ture in the Saami. Furthermore, on the basis of calcula-
tions made with polymorphic blood-group and protein
marker frequencies, the genetic distance between the
Saami and the Finns is shorter than the distances be-
tween the Saami and any of 26 other European popula-
tions. On the other hand, the Finns seem to be more

closely related to some other European populations than
to the Saami. Nevertheless, both of these populations
have been termed as "outlying" in the picture of genetic
relationships in Europe (Cavalli-Sforza and Piazza
1993). Classical polymorphisms suggest that the Saami
represent a genetic admixture in which European genes

predominate, whereas genes shared with peoples from
the Uralic region may constitute 20%-50% (Gugliel-
mino et al. 1990).

In recent years both nuclear-DNA and mtDNA analy-
ses have been used increasingly in population genetic
studies. It is known that the human genome is enriched
with highly variable minisatellite loci (Jeffreys et al.
1985) and microsatellite loci (Litt and Luty 1989; Weber
and May 1989). The high degree of polymorphism and

the high heterozygosity rate that result in enhanced in-
formativity make these loci suitable for population ge-
netics (Edwards et al. 1992). On the other hand, the
rapid accumulation of mutations (Brown et al. 1979),
as well as maternal inheritance (Giles et al. 1980;
Hauswirth and Laipis 1986), make mtDNA an excellent
tool for the reconstruction of population history by use
of maternal lineages (e.g., see Johnson et al. 1983; Cann
et al. 1984; Torroni et al. 1993a, 1993b) and for estimat-
ing the degree of mtDNA diversity within populations
(Horai and Matsunaga 1986).
The lack of recombination in mtDNA makes it possi-

ble to follow maternal lineages without the ambiguity
caused by recombination, mutation being the only
source of variation, whereas in nuclear genes the mater-
nal and paternal genetic material is mixed in every gener-
ation. Thus mtDNA variation may be capable of demon-
strating older population history than can nuclear
variation. Since microsatellite loci and mtDNA poly-
morphism may give different perspectives on the evolu-
tion of present-day populations, we have used both these
methods here to explore the genetic relationship be-
tween the Finns and the Finnish Saami, as well as their
relationship to other populations.

Material and Methods

DNA Samples
DNA samples of 125 Finns were obtained for the

mini- and microsatellite study, through routine paternity
cases analyzed at the National Public Health Institute,
Helsinki. mtDNA samples of 32 maternally unrelated
individuals from different parts of Finland, representing
the general Finnish population, were used in the se-
quencing of the control region. These individuals consti-
tuted part of the population sample (n = 112) in a study
by Vilkki et al. (1988). The population sample of 129
unrelated Saami from eastern parts of Finnish Lapland
were obtained from the local public health-care center.
DNA either was extracted from the blood samples by
using the Chelex-resin method (Walsh et al. 1991), as
described by Sajantila et al. (1992a), or was purified by
using the organic extraction method, as described by
Vilkki et al. (1988).

Analysis of the Mini- and Microsatellite Loci
Four minisatellite loci and two microsatellite loci were

analyzed. The minisatellite loci were DlS80 (MCT118)
(Kasai et al. 1990), D17S30 (YNZ22) (Horn et al.
1989), hypervariable regions close to the 3' end of the
apolipoprotein B gene (APOB) (Boerwinkle et al. 1989),
and the collagen 2A1 gene (COL2AI) (Wu et al. 1990).
The microsatellite loci were tetranucleotide repeats lo-
cated in intron 40 of the human von Willebrandt factor
gene (VWA; F8VWF) (Kimpton et al. 1992) and in in-
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tron 1 of the human tyroxine hydroxylase gene (TH)
(Edwards et al. 1991).
PCR amplification.-PCR (Saiki et al. 1985) was car-

ried out in a programmable heat block (MJ Research)
by using 20 nmol of each dNTP, 100 pmol of each
primer, 2.5 units of Taq DNA polymerase (Promega
Biotech) in 100 pl of 50 mM Tris-HCl, pH 8.8, 15
mM (NH4)2S04, 1.5 mM MgCl2, 0.1% Triton X-100,
0.01% gelatin. Aliquots of either 1-5 p1 of Chelex resin-
extracted DNA or 1-20 ng of DNA from organic ex-
tracts were used for PCR. Prior to the first cycle, a "hot
start" (Chou et al. 1992) was performed by initially
heating the samples to 950C for 5 min and then adding
the Taq DNA polymerase when the components of the
PCR were at - 80C. The PCR temperature-time profiles
for mini-/microsatellite loci were as described in the liter-
ature. An additional 10-min incubation was performed
at 720C after the last cycle.

Analysis of the amplified microsatellite alleles.-The
amplified microsatellite alleles were resolved by discon-
tinuous PAGE, by using a LKB 2001 vertical electropho-
resis unit as described by Sajantila and Lukka (1993).
In brief, the composition of the 12 x 14 x 0.075-cm
separation gels varied from 6% T to 10% T and from
1.6% C to 4.8% C, depending on the locus. The compo-
sition of the 4-cm-long stacking gel was 3% T, and the
cross-linker concentration was the same as that in the
separation gel. The gel buffer contained 7% glycerol and
33 mM Trizma-sulfate, pH 4.5, and the electrophoresis
buffer was 90 mM Tris, 90 mM boric acid, 2 mM
EDTA, pH 9.0. Aliquots of 10-15 pl of the PCR prod-
uct with 1 jl of the loading buffer (20% sucrose, 12.5%
Ficoll, 0.2% bromophenol blue) were applied to the gel.
Electrophoresis was performed for 3-5 h at 200 V. In
each gel, several locus-specific allele ladders, constructed
by amplifying a mixture of DNA from individuals with
known alleles in the Finnish population (Sajantila et al.
1992b), was run adjacent to the samples. The silver-
staining procedure was modified from that of Allen et
al. (1989) and is described in detail elsewhere (Sajantila
et al. 1992a).

Restriction-Site Analysis of mtDNA
PCR amplification and restriction-site analysis.- The

mtDNA of each sample was amplified in nine partially
overlapping segments by using the primers published by
Torroni et al. (1992). PCR was performed in a program-
mable heat block (MJ Research) in a total volume of
100 p1 by using 20 nmol of each dNTP, 50 pmol of
each primer, 1.5 units of DynaZyme DNA polymerase
(Finnzymes) in 1 x DynaZyme buffer containing 10mM
Tris-HCl pH 8.8, 1.5 mM MgCI2, 50 mM KCl, 0.1%
Triton X-100. Approximately 100 ng of total DNA was
used for the PCR. Each reaction consisted of 30 cycles,
unless otherwise indicated. An additional incubation, of

4 min at 94°C at the beginning of each reaction and of 5
min at 72°C at the end of each reaction, was performed.
Each of the amplified mtDNA regions was analyzed

by using the restriction enzymes AvaIl, BamHI, HaeII,
HincIIlHindII, HpaI, and MspI, one at a time, to reveal
restriction-site polymorphism in the amplified product.
The samples were further analyzed to determine the
haplogroups A-D, described by Torroni et al. (1992),
by using the enzymes AluI, DdeI, and HaeIII. Fragments
2, 6, and 7 were digested with enzyme AMuI to detect
the site loss at nt 5176 (Anderson et al. 1981) and the
site gains at nt 10397 and nt 13262. Also, fragment 6
was digested with DdeI to detect the site gain at nt
10394, and fragment 9 was digested with HaeIII to de-
tect the site gains at nt 663 and nt 16517. Restriction-
enzyme digestions were performed in accordance with
the manufacturer's recommendations, with use of re-
agents supplied by New England Biolabs. After diges-
tion, the products were run on agarose gel electrophore-
sis using 0.8% or 1.5% Sea Kem LE-agarose or 1%
Sea Kem LE + 1% NuSieve agarose, 0.5 mg ethidium
bromide/ml, 1 x Tris-borate EDTA buffer, according to
the expected fragment size. Boehringer Mannheim DNA
molecular-weight marker VI was used as the fragment-
size standard. The DNA fragments were visualized un-
der UV light. The results were recorded on Polaroid
667 ISO 3000/360 film. In ambiguous cases a further
sequencing was performed, to determine the exact na-
ture of the polymorphism.

Haplotype determination.-The mtDNA haplotypes
and morphs were named according to the protocol of
Vilkki et al. (1988), by using the data obtained with
restriction enzymes AvaII, BamHI, HaeII, HincIIlHin-
dII, HpaI, and MspI. The data obtained by using AluM,
DdeI, and HaeIII were not included in this haplotype
analysis.

Sequence Analysis of mtDNA
A 404-bp segment of the hypervariable region I (HV-

I) (Vigilant et al. 1989) of mitochondrial control region
was amplified for 35 cycles by using the primers L15997
and H16401 (Ward et al. 1991). After purification with
Qiaquick PCR spin columns, the first 360 nt (nt 16024-
16383) of the hypervariable region were directly se-
quenced by using the Sanger dideoxy chain-termination
method (Sanger et al. 1977). The use of all reagents
was as recommended by the manufacturer (United States
Biochemicals). The primers for sequencing were the
same as those used for the PCR. The DNA was labeled
with a-355-dATP (Amersham). Electrophoresis was per-
formed by using IBI Base Runner for 2-5 h at 450C (60
W), with use of a 6% polyacrylamide gel with 7 M urea
in 90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH
9.0. The results were visualized after 16-72 h autoradi-
ography on X-ray film (Fuji Medical X-ray film).

1311



Am. J. Hum. Genet. 58:1309-1322, 1996

Detection of the 9-bp Deletion
To determine the presence or absence of the 9-bp

deletion of a tandem repeat at nt 8272-8289 in the
intergenic region between the genes for COII and
tRNALYs (Cann and Wilson 1983; Wrischnik et al.
1987), a 121-bp segment between nt 8196 and nt 8316
was amplified for 35 cycles under the conditions de-
scribed by Wrischnik et al. (1987). The PCR product
was then run on Mini Protean 7 x 10 cm 6% polyacryl-
amide gel in 90 mM Tris, 90 mM boric acid, 2 mM
EDTA, pH 9.0, at 200 V for -30 min and was visualized
by silver staining as recommended by the reagent sup-

plier (Bio-Rad). Four microliters of DNA and 1 ,ul of
loading buffer (25% Ficoll, 0.25% bromophenol blue)
were applied to the gel. The size of the PCR product
was compared with a fragment-size standard (Stratagene
OXX174/Hinfl DNA marker), and, if the product was of
a length other than the predicted 121 bp, the fragment
was sequenced as described above, to specify the nature
of the difference in length.

Statistical Evaluation
Evaluation of the Hardy-Weinberg equilibrium for

nuclear-DNA markers was based on comparisons of ob-
served and expected heterozygotes and homozygotes by
using the X2 test and G-test (Bishop et al. 1989) and
the likelihood-ratio test (-21n Lo/L1 statistic) based on

genotype permutation (Deka et al. 1991). However,
since all these tests gave essentially identical results, the
G-test was selected for presentation. Comparison of the
allele frequencies between the populations was per-

formed by using %2 tests ofRxC contingency tables with
a correction for multiple testing. Genetic distances for
marker-frequency data were computed by using Nei's
standard distances with a correction for the sampling
size (Nei 1978). Unbiased heterozygosity (H) was calcu-
lated as described by Edwards et al. (1992). Polymor-
phism and variance of between- and within-population
mtDNA sequences consisting of restriction-site data
were estimated according to the method of Nei and
Miller (1990).
mtDNA data was used to calculate intra- and inter-

population mean pairwise sequence differences and ge-

netic distances and to create phylogenetic trees of mito-
chondrial lineages, on the basis of the neighbor-joining
algorithm implemented in the NEIGHBOR program of
the PHYLIP 3.5 program package (Felsenstein 1993).
The genetic distances for the tree programs were com-

puted by using program DNADIST with a correction
for the transition:transversion ratio bias of 20:1. The
original sequence data were bootstrapped, and either
the genetic distances were used directly in the tree build-
ing or the between population means were estimated by
using the program NEIREP (courtesy of Dr. Lynn B.
Jorde) before the tree construction. The divergence-time

estimates from the mean pairwise sequence differences
were based on the time scale given by Shields et al.
(1993), 1% sequence divergence corresponding to 8,950
years. In the estimation of the compound parameter 6
(2IlNe, twice the mutation rates in the effective popula-
tion size of breeding females), the formula given by
Ward et al. (1991) was used.

Results

Nuclear-DNA Markers
The allele distribution for the six mini-/microsatellite

loci in the general Finnish and the Finnish Saami popula-
tion samples are given in table 1. There were no statisti-
cally significant differences between the observed and
expected heterozygosities for any of the six nuclear-
DNA loci (P values varied between .12 and .88). The
tests for Hardy-Weinberg equilibrium indicated that
both the Finnish and the Finnish Saami populations are
in equilibrium (panmictic) for the markers tested. How-
ever, for each of the six nuclear-DNA marker loci a
statistically significant difference between the Finns and
the Finnish Saami was observed. The differences were
highly significant for five of the marker loci (D1S80,
D17S30, APOB, F8VWF, and COL2A1) and were sig-
nificant for TH. The mean H values were .78, and .75
for the Finns and the Finnish Saami, respectively, and
were not significantly different.

mtDNA Restriction-Site Analysis
The frequencies of Saami mtDNA haplotypes are

given in table 2, together with those of the Finnish hap-
lotypes according to Vilkki et al. (1988). For compari-
son, the frequencies of selected haplotypes (of 76 haplo-
types presented in the papers referred to in table 2) in
several other populations are given. The "heterozygos-
ity" value was extremely low among the Saami (H
= .12). Only four haplotypes were found among them,
one of these being haplotype 1, which is predominant
in most of the human populations studied so far (e.g., see
Vilkki et al. 1988). This haplotype was more common in
the Saami than in the majority of populations studied.
Besides haplotype 1, only haplotype 38S was shared
between the Finns and the Finnish Saami. This haplotype
is defined by a T-+C transition at nt 4336, creating a
new Avail restriction site and the morph AvaII-1SS. We
sequenced the samples carrying haplotype 38 in the pop-
ulation reported by Vilkki et al. (1988) and found them
to be 38S. Haplotype 38, published earlier, has a morph,
AvaIl-15, resulting from a new restriction site at approx-
imately nt 4280 (Bonne-Tamir et al. 1986) or at either
nt 4311 or nt 4336 (Sartoris et al. 1988). Two other
new haplotypes, numbered here as "158" and "159,"
were also found. The morphs HpaI-4 and HincII-3 of
haplotype 158 have previously been found in Orientals
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Table 2

mtDNA Haplotypes in Finns and Finnish Saami, with Published Data on Major Population Groups
Shown for Comparison

FREQUENCYb
(%)

Finns Saami European Oriental African
HAPLOTYPEa (n = 112)C (n = 129) (n = 537)d (n = 334)' (n = 260)f

1 (2-1-1-1-1-2) 77.7 93.8 63.3 73.4 20.0
6 (2-1-2-1-1-2) 1.8 ... 7.4 .6 ...

11 (2-2-3-1-5-2) 3.6 ... 1.7 .3
18 (2-3-1-4-9-2) 2.7 ... 9.1 .6
21 (2-1-1-1-2-2) 7.1 ... 2.4 ... ...

38S (2-1-1-1-15Fin-2) 1.8 .8 ...

47/55 (2-1-1-1-3-2) 1.8 ... 2.0 .6 ...

63 (2-2-12-1-5-2) .9 ... ... ... .4
64 (2-1-1-4-13-2) .9 ... ... ... .8
65 (2-1-1-1-1-15) 1.8 ... ... ... ...

158 (4-1-1-1-1-3) ... 4.7 ... ... ...

159 (2-1-1-1-12P2) ... .8 ... ... ...

Other ... ... 14.1 24.5 78.8
Hg .39 .12 .58 .46 .81

a HpaI-BamHI-HaeII-MspI-AvaII-HincII; only haplotypes found in Finns and Finnish Saami are shown.
b Computation includes 73 five-enzyme haplotypes at least one of which is observed in one of the popula-

tions.
c Source: Vilkki et al. (1988).
d Sources: Johnson et al. (1983), Bonne-Tamir et al. (1986), Santachiara-Benerecetti et al. (1988), De

Benedictis et al. (1989), and Semino et al. (1989). Data are for two to four haplotypes, without HincIl.
' Sources: Johnson et al. (1983), Brega et al. (1986), and Harihara et al. (1986, 1988). Data are for two

to four haplotypes, without HincIl.
f Sources: Johnson et al. (1983) and Scozzari et al. (1988). Data are for two to four haplotypes, without

HincII.
g H here equals the adjusted probability of finding two different mtDNA haplotypes.

(Denaro et al. 1981; Blanc et al. 1983), but not in the
same combination of six enzymes. Similarly, the morph
AvaII-12Jap of haplotype 159 has been previously re-

ported in the Japanese, by Horai and Matsunaga (1986).
An overall comparison of nucleotide diversity (see table
3) vis-a-vis European, African, and Oriental population
samples indicated that the least variation of restriction
sites exists among the Finnish Saami and the Finns.
The haplogroups A-D, characterized by specific mu-

tations common to each haplotype in the haplogroup,
have been used previously in reconstructing the peopling
of the Americas (Torroni et al. 1992, 1993b). The poly-
morphisms defining the haplogroups A-C were not de-
tected in the present study. The six Saami samples
(4.7%) (table 4) belonging to haplotype 158 also har-
bored the AluI site loss at nt 5176 defining the haplo-
group D. Other "haplogroups" that lack the markers
characterizing the haplogroups A-D are presented in
table 4.
The genetic distances of the nuclear-DNA markers

and the average numbers of net nucleotide substitutions
between the mtDNA haplotypes are presented in table

Table 3

Average Number of Net Nucleotide Substitutions (Nei and Miller
1990) for mtDNA Restriction-Site Data; dA x 100 Estimated as dA
= dy, - (d, + dt)/2 (above the Diagonal) and Genetic Distances
for Six Nuclear-DNA Marker Loci (below the Diagonal) between
Finns, Saami, and Three General Reference Populations, Where
Available

Saami Finns Caucasiansa Orientals Africans

Saami 0Q 6.03 10.03 7.32 32.54
Finns 10.41 .53 13.18 10.71 35.93
Caucasiansa 4.96 11.34 1.08 14.63 39.20
Orientals NA NA NA :75 35.60
Africans NA NA NA NA 2.21

NoTE.-Entries on the diagonal are nr values for mtDNA restric-
tion-site data. NA = not available. For references on mtDNA haplo-
type data, see table 2.

a Sources: Edwards et al. (1992) (TH); Pena et al. (1994) (F8VWF);
and Kadasi et al. (1994) (DlS80, D17S30, COL2A1, and APOB).
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Table 4

Haplogroups Found in Finns and Finnish Saami

FREQUENCY
(%)

Finns Saami
HAPLOGROUPa AND MUTATION (n = 32) (n = 129)

D:
-5176 AluI ... 4.7

Others:
+16517 HaeIII 46.9 1.6
+10394 Dde 3.1 5.4
+16517 Hae1111+10394 Dde 25.0 .8
+16517HaeIIII+10394 Ddel/
+10397AluI ... 1.6

None of the above mutations 25.0 86.0

a As designated by Torroni et al. (1992).

3. The restriction-site frequencies include data with five
enzymes from the three larger population groups shown
in table 2. The mtDNA haplotype data suggested that
the Finnish Saami are closer to the Finns than to the
other populations used for comparison. Both the Finnish
Saami and the Finns show a closer relationship to the
Oriental populations than to the Caucasians.

mtDNA Sequence Analysis
The sequence of the first 360 bp of the HV-I region

of the mitochondrial control region was determined for
32 Finnish and 22 Saami individuals (table 5), revealing
22 and 12 lineages, respectively. These lineages were
defined by 38 polymorphic nucleotide positions. Only
2 of these 34 lineages were shared between the Finns
and the Saami (table 5), and only one was haploidenti-
cal. One of the shared lineages (S34/F34) is also found
among other Europeans (Di Rienzo and Wilson 1991;
Pult et al. 1994), whereas the other (S59/F127) has been
reported both among Europeans (Di Rienzo and Wilson
1991; Pult et al. 1994) and among Circumarctic peoples
(Shields et al. 1993). Eight other sequences (F1, F2, F1,
F23, F25, F36, F98, and F135) found among the Finns
have been found previously in other Europeans and in
two in Asian populations (Di Rienzo and Wilson 1991;
Stoneking et al. 1991; Pult et al. 1994). Two of the
sequences also have been found in Circumarctic peoples
(Shields et al. 1993). The remaining 21 sequences, as far
as we know, have not been reported elswhere.
None of the Saami sequences but four (12.5%) of the

Finnish samples were identical to the published human
reference "Cambridge" sequence (Anderson et al. 1981).
The number of transversions among the Saami was high,
3 transversions among a total of 25 different substitu-
tions. In the Finns, 26 substitutions were observed; all
were transitions.

The mean pairwise sequence differences and genetic
distances of the Finns and Finnish Saami are presented
in table 6. The corresponding values for five reference
populations are given for comparison. Although fewer
lineages were found in the Saami, the sequence differ-
ences were approximately two times as high as those in
the Finns. The genetic distances between the Saami and
the Finns were equal to the distances between the Saami
and the two European reference populations. Further-
more, the genetic distances between the Finns and the
European populations were insignificant.
The frequency distribution of within-population pair-

wise sequence differences in the Saami, the Finns, and
the reference populations is presented in figure 2. The
frequencies of pairwise sequence differences in the Saami
deviate strikingly from the unimodal distribution shown
both by the Finns and by the reference populations.
According to Harpending et al. (1993), the type of
within-population sequence-difference distribution ob-
served in the Saami could be a result of an extended
period during which the population size remained con-
stant. On the other hand, the distributions in the other
populations could indicate a population expansion dur-
ing the past. The distribution of the within-population
differences in the Saami has a major peak at the leading
edge of the distribution, representing the most ancient
population history. In each comparison the between-
population distribution peak for the Saami tends to be
shifted right with regard to the corresponding within-
population peak of the other population. This could
signify isolation of the Saami from the other populations
compared. The distributions of within-population pair-
wise differences in the Finns and the Europeans coincide
with each other and with between-population distribu-
tion, indicating that the expansion wave has probably
occurred at the same time in these populations. In con-
trast, the between-population sequence-difference distri-
bution in the Finns and the Circumarctic populations as
compared with the within-population distributions
leads the within-population distributions by several
steps. This could be interpreted as indicating a time dif-
ference in the expansion waves for the two populations
(Harpending et al. 1993), the expansion for the Circum-
arctic being more ancient than that for the Finns (or
other Europeans).
A tree constructed from individual lineages (fig. 3)

revealed two major Saami lineages that had very long
branch lengths and that appeared to have the closest
relationship to lineages representing the Circumarctic
and Altai populations. These included the lineages S12
and S94, constituting 27% of the sequenced Saami sam-
ples. Although the statistical support for this relation-
ship remained insufficient, it was further strengthened
by the fact that the same samples belonged to haplotype
158 harboring the AluI site loss that defines haplogroup
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Table 5

Control-Region Sequence of 360 nt in 32 Finns and 22 Saamni Representing All Haplotypes Observed

POLYMORPHIC NUCLEOTIDE POSITIONS IN SEQUENCE (16024-16383)a

0 1 11 111 11 11 1 11 122222 2 2222 222222 33 33 3 33 No. OF IDENTICAL
6 122344 56 7 88 8 89 11223 566 77 9 99999 0 13 56 66 SEQUENCES
9 46 9 64 83622 3 592 6 734 4 60 10 1 12456 84 1 54026 WITHIN

HAPLOTYPE

Cambridge CCTGTTCGAT AACTCATCTC CCCCTCCCCC TTTACCTC

Finns (haplotype):
F25 (1) - --------------- ----3
F1 (1) - ----------- ---------C -------1
F127 (1) - ------------------------------------ -- 1
F34 (1) - ---------------------- --- --C-----1
F23 (1) - ---------- ---------------- T--- 1
F2 (1) - -------------------- -T - -T ------------ --- 1
F24 (1) T --------------------- -T --------------- - 1
F35 (1) -----C------- C--------- -T ------------ --- 1
F135 (6) - ----------------- -C- ---- ------C-----1
F93(6)- -------------- T- --C-------------C-----1
F126 (11) - - - A ------------- -T-------------------- -4
F90 (18) - -C----------------- ----------------- -- - 1
F98 (18) - - C ------- ------- -T - T - C ------2
F51(21)- ---------- --------- 1
F36(21)------------------T -------- T-----------2
F39(21)------------------T - T ------ T-----------1
F11(21)------------------T -------- T- T---------2
F74(38S)---------G----------------------C------ 1
F112(38S)-----------------c -------------- ------ 1
F4 (47/55)----------- -----T---- -------- 1
F72 (47/55) T-C- ---------------------------------T 1
F149 (63) - - - A----- C------- T- -------------C-----1
F14 (65)----------- -----G ------T-------C -------2

Saami (haplotype):
S34 1- -C - -1
SS(1) -------A-- ----------- ---------C -------2
S511(1) - -------------C ---------T ---------------1
S20 (1) - ----------- C-C ---------T ---------------1
S18 (1) -----CT------C------------------------- 1
S3 (1) -----CT ------ C --------- T --------------2
1 (1) -----CT- -----C --------- T -C------- 5

S14 (1) - - -A -------- T -- - - TC----------------- -- 1
S5938S)----------- ---------C----- -- 1
S94 (158) - - C- ------CC-C- --T ------ - ----------TC-1
S12 (158) - - C -C- ----CC-C- --T ------ - ----------TC-5
S19 (159) -A------------ T----- T- - TC- -T --------- - 1

a Transversions are underlined; and sequences common to both populations are boxed.

D (Torroni et al. 1992). For the rest of the Saami lineages
a more close relationship to the European lineages was
likely.

Figure 4 represents a summary tree of the genetic dis-
tances of 320 DNA lineages in the seven populations
analyzed. The tree indicates close relationship between
the Finns and the two European reference populations;
in contrast, the Finnish Saami represent outliers in this

phylogenetic tree, whereas the Altai and
populations consistently group together.

Circumarctic

Analysis of the 9-bp Deletion
The COII/tRNALys intergenic 9-hp deletion at nt

8272-8289 (Cann and Wilson 1983; Wrischnik et al.
1987), originally detected in East Asian populations
and, later, also in Africa (Chen et al. 1994), was not
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Table 6

Mean Pairwise Sequence Differences (above the Diagonal) and Corresponding Genetic-Distances
(100 x D; below the Diagonal) Within and Between Finnish Saami, Finns, and Five Reference
Populations

Saami Finns Swiss Sardinian Altai Circumarctic !Kung

6.56 6.40 6.17 6.46 7.45 9.09 11.83
3.80 3.77 4.08 5.04 7.05 10.44

Saami 1.87 3.63 3.96 5.10 7.22 10.28
Finns .35 1.07 4.21 5.43 7.53 10.24
Swiss .30 .02 1.02 5.51 6.61 11.62
Sardinian .30 .02 .01 1.19 2.69 13.08
Altai .41 .11 .15 .16 1.56 4.13
Circumarctic 1.28 1.08 1.16 1.16 .72 .76
!Kung 1.88 1.86 1.84 1.74 1.97 2.80 1.17

NoTE.-The corresponding within-population figures are separated by a diagonal space. The between-
population genetic distances were estimated as D = DXY- (D. + Dy)/2, where DX,, D,, and DY are the
average genetic distances between lineages and within populations x and y, respectively. For the reference
populations, see references cited in figure 2. The total number of the lineages was 320.
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Figure 3 Phylogenetic neighbor-joining tree of 173 mtDNA lineages of six of the populations analyzed in this study. The tree was
constructed by using the NEIGHBOR program (PHYLIP program package; Felsenstein 1993). A !Kung lineage (identified as lineage "1" in
Vigilant et al. 1989) was used as an outgroup for the tree. The symbols at the tips of the tree denote populations as follows: SR = 46 Sardinian
lineages (Di Rienzo and Wilson 1991); CR = Circumarctic populations (33 lineages; Shields et al. 1993); F = 22 Finnish lineages; SW = 44
Swiss lineages (Pult et al. 1994); AL = 16 Altai lineages (Shields et al. 1993); and S = 12 Finnish Saami lineages. The Finnish and Saami
lineages, highlighted by boldface lettering, are identified. A star at the node indicates that the lineages including the Finns or the Saami to the
right of the branching point were present (though not necessarily in the order given for the actual tree) in a'50% of trees constructed from
500 times bootstrapped data.
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211

Altai

Sardinians Swiss

Circumamcic

Figure 4 Phylogenetic neighbor-joining tree of mean genetic dis-
tances (table 6) between the Finns, the Finnish Saami, and the five
reference populations. The figures at the branches of the tree indicate
the times at which the structure below the point in the actual tree

shown was obtained from 500 bootstrap replicates, by use of the
majority-rule and strict-consensus-tree program. The tree was rooted
to !Kung.

found in the present study. One Finnish individual had
a 9-bp deletion at nt 8270-8278, partially overlapping
the region in question. This deletion has not been re-

ported elsewhere.

Discussion

PCR for nuclear mini-/microsatellites, mtDNA haplo-
typing, and mtDNA sequencing have not been pre-

viously used in the same study in human population
genetics. Here these three different types of polymor-
phisms were employed to elucidate the genetic back-
ground and relationship of the Finns and the Finnish
Saami, in the light of their known population history.
From the sequence data, four main conclusions emerge.

First, the results do not indicate a close genetic relation-
ship between the Finnish Saami and the Finns. Second,
the Saami are genetically distinct from all other popula-
tions tested so far, which is in line with the results of
earlier studies of nuclear markers. Third, the Finns seem

to be genetically indistinguishable from the European
reference populations, contradicting previous data on

blood groups and other classical markers. Fourth, our

results suggest that the Finnish Saami and Finns have
divergent population histories.

Genetic distances calculated from mtDNA sequence

data indicate that the Saami are genetically approxi-
mately equally separated from the Finnish, the other
two European, and the Altai populations. The distances
between the Saami and the other Circumarctic popula-
tions are three times as high. The high divergence and
ensuing long branch lengths of the Saami lineages sug-

gest a very ancient coalescence (fig. 3). On the other
hand, it also could be interpreted as a result of admixture
(e.g., of the lineages S94 and S12) with the long branch

lengths, indicating that the event must be far in the past.
The lineages closer to the European ones may represent
admixture between the Saami and surrounding (most
likely Finnish) populations. Again, a rather long diver-
gence time is indicated for some of those lineages (lin-
eages S19 and S1 in the well-supported group including
S3, S18, and the Finnish lineage F35). On the contrary,
the Finns seem to be closely related to the two European
populations, suggesting that these populations have a
common primary gene pool. This is in disagreement with
earlier results, based on classical marker data, according
to which both the Finns and Finnish Saami (and also
the Sardinians) are distinct outliers, the Finns being the
closest relatives of the Saami (Cavalli-Sforza and Piazza
1993).
The disagreement between earlier, classical marker

data and our mtDNA sequence data may be explained
by several factors, including the different patterns of
inheritance. mtDNA sequence variation may reflect
more reliably a deep time perspective less confounded
by the factors affecting the gene frequencies of classical
markers. mtDNA lacks recombination, and, thus, old
maternal lineages are preserved through generations,
mutation and admixture being the only sources of new
variation, whereas, in nuclear DNA, maternal and pater-
nal DNA are mixed in every generation. Also, selection
may affect these types of DNA polymorphisms differ-
ently, especially selection of polymorphic marker sys-
tems that apply to polymorphisms based on the classical
marker frequencies. Furthermore, it is likely that the
infinite-allele model most often assumed introduces
some bias when marker frequencies are considered (i.e.,
the presumed allelic identity may not hold). The differ-
ence between the results of mtDNA haplotypes and se-
quence analyses may be due to the different resolution
power of the methods. It is likely that more than five
enzymes (available for comparison here) should be used
in the haplotype analysis, to obtain reliable results.

Distributions of pairwise differences (fig. 3) suggest
that the Finns and the Finnish Saami have different pop-
ulation histories. The pairwise differences in the Finns as
well as in the two European populations could indicate
a population expansion-for example, the spread of
Neolithic farmers to Europe some 40,000 years ago
(Harpending et al. 1993). On the other hand, the pair-
wise differences in the Saami deviate drastically. Since
the Saami do not show a unimodal pattern, and since
comparison shows a consistent tendency for the differ-
ence distribution between the Saami and the reference
populations to be shifted to the right vis-a-vis the within-
difference distributions, the Saami might have a long
history of being independent from the other European
populations. Furthermore, the distribution in the Saami
does not indicate a bottleneck effect with a following
period of exponential growth in the population's size.
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The formula given by Ward et al. (1991) can be used
for estimation of the compound parameter 0, the prod-
uct of effective population size and mutation rate (2INe
for haploid inheritance). In fact, sequence data should
be ideal for this kind of estimation, since each ancestor
lineage can be considered to consist of a single indepen-
dently evolving population. The sequence data from the
Saami samples resulted in a 0 value of 10.0, whereas
that for the Finns gave an estimated 0 value of 29.8.
Given a generation length of 25 years and the mutation
rate of 1% in 8,950 years (ji = 1.4 x 10-5; Shields
et al. 1993), this would result in an effective female
population size of 1,000 for the Saami (12 lineages; total
census size 50,000-80,000 and, for the Finnish Saami,
-6,000) and 3,000 for the Finns (22 lineages; census

size -5 million). The estimates are on the low side when
compared with the total census sizes (the estimate should
be approximately one-sixth of this). Such a deviation
could be due either to several reasons violating the basic
equilibrium assumptions used (constant population size,
panmixia, no admixture, etc.), a sampling error (e.g.,
lineages are not presented in correct proportion to the
sampling size), or both. The Finns, and particularly the
Saami, have shown a strong tendency to much smaller
geographical breeding isolates (see Nevanlinna 1972;
Eriksson 1988) than the total extent of their inhabited
area, which has led to discontinuities in their population
structure and to microdifferentiation and, consequently,
to violation of at least the panmixia rule.
The Finnish Saami inhabit Arctic regions, and there

is some evidence of remote genetic relationship with the
other Circumarctic populations. This conclusion is to
some extent supported by the restriction-site data (table
3), and the findings of haplotype and sequence analysis
lend some evidence in favor of the interpretation. One
of the Finnish Saami mtDNA haplotypes, excluding type
1, has been found in the other Circumarctic peoples.
This is haplotype 158, which forms part of haplotype
28 which has been found in the Evenks (Torroni et al.
1993b). The same haplotype also has been found in
Native Americans (Torroni et al. 1993a). The sequences

associated with this haplotype also showed a relation-
ship, although a remote one, to the Circumarctic lin-
eages used in comparison.

The Finns and the Finnish Saami do not fit well into
the A-D haplogroup categorization of Torroni et al.
(1992), haplotypes that are predominant in Native
Americans but also in Siberian populations (Torroni et
al. 1993b). Neither did the Finnish Saami, Finns, Euro-
peans, or the Circumarctic populations have the 9-bp
deletion (Shields et al. 1993), common in East Asian
populations and also among Native Americans.

According to Torroni et al. (1994), the majority of
Caucasians can be classified into four (H-K) mtDNA
haplogroups defined by mutations that are rarely seen

in Africans and Orientals. The mutations characterizing
these four groups were not screened in the present study.
However, on the basis of our earlier study (Vilkki et al.
1988) 4.5% of the Finnish population sample belonged
to one of the Caucasian haplogroups (haplogroup I)
(Torroni et al. 1994).

Heterozygosity values obtained by using nuclear
markers do not deviate much between the Finns and the
Finnish Saami (table 1), even though the populations do
have markedly different allele frequencies. Very likely
the similar heterozygosities could be due to the high
mutation rate for the repeat DNA marker loci, implying
reduced resolving power in studies of population ances-
try. On the other hand, the "heterozygosity" value for
mtDNA haplotypes in the Saami (H = .12; degree
of within-population mtDNA diversity (x) = .09
± .08) indicates even less variation than in the Finns (H
= .39; x = .53 + .45), a population also very homoge-
neous compared with other major population groups (H
= .46 - 0.81; x = [.75 ± .32] - [2.21 ± 1.27]). Devia-
tions between these values obtained by using the nuclear
marker data versus mtDNA restriction-site polymor-
phisms may indicate selection or differences in the popu-
lation history of males and females or merely may reflect
the chance effects that are due to small population size
and that are exacerbated by haploid inheritance re-
stricted to one sex.
To conclude, our data show a considerable difference

between the genetic background of the Finns and that
of the Finnish Saami. On the basis of genetic distances
for our marker data, the Saami are not closely related to
their linguistic or geographical neighbors. Considering
their common historical and linguistic background with
the Finns, the degree of admixture is surprisingly low.
The two populations seem to have a separate genetic
background, the Finns being more closely related to the
European populations. Thus far, no close genetic rela-
tions have been found for the Saami. In the light of
the present data their population history and genetic
background might be interpreted to conform to an early
isolation from other populations in Europe, with an
equally ancient admixture from the Circumarctic popu-
lations.
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