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Abstract We investigated the frequency of different repeat-length alleles
of the trinucleotide CAG microsatellite repeat in the coding sequence of the
nuclear gene for the catalytic subunit of mitochondrial DNA polymerase
gamma (POLG) in 12 ethnic groups from northern Eurasia. The population
sample consisted of 1,330 individuals from 3 large geographic areas: Europe,
Southwest Asia, and Siberia/East Asia. We found that the 10-repeat allele of
the POLG gene is the most frequent in all analyzed populations, with a
frequency of 88–96%. The heterozygosity level ranges from 22% in Europe
to 13.6% in Southwest Asia with the lowest value of 7.4% in Siberia/East
Asia. The present study provides evidence of clinal distribution of POLG
gene heterozygosity in North Eurasian populations. In general, we found
an extremely low variability of the trinucleotide CAG microsatellite repeat,
suggesting that purifying selection acts against deleterious alleles, although
low mutability of the repeated region cannot be ruled out.

The last decade revealed rapid progress in the investigation of population vari-
ability of the maternally inherited mitochondrial DNA (mtDNA). The accumula-
tion of mutations (deletions, insertions, nucleotide substitutions) in human
mtDNA was suggestive of a defect of nuclear genes responsible for mtDNA
replication and maintenance (Copeland et al. 2003). Among these genes, mtDNA
polymerase gamma (POLG; MIM 174763) has been identified as an enzyme
directly involved in induction of mtDNA mutations (Longley et al. 2001; Van
Goethem et al. 2001; Ponamarev et al. 2002; Del Bo et al. 2003).
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Lestienne (1987) provided the first evidence of a role of POLG in the
replication of human mtDNA, and Ropp and Copeland (1996) cloned the human
POLG genes. Zullo et al. (1997) mapped the POLG gene to 15q24–q26, and
Walker et al. (1997) mapped this gene to 15q25. Most known POLG gene muta-
tions appear to be associated with multiple mtDNA deletions as well as with
nucleotide substitutions, revealed in patients with neuromuscular diseases, such
as progressive external ophthalmoplegia (PEO), mitochondrial neurogastrointes-
tinal encephalomyopathy (MNGIE), and sensory ataxic neuropathy, dysarthria,
and ophthalmoparesis (SANDO) syndrome (Chen et al. 2002; Lamantea et al.
2002; Ponamarev et al. 2002; Di Fonzo et al. 2003; Van Goethem et al. 2003).
Recently, Del Bo et al. (2003) showed that patients with PEO and MNGIE char-
acterized by mutations in the exonuclease domain of the POLG gene have the
highest frequency of individually rare point mutations only in the mtDNA control
region.

Ropp and Copeland (1996) found a potentially unstable CAG repeat in the
second exon of the catalytic subunit of mtDNA polymerase. Rovio et al. (1999)
subsequently investigated the frequency of different repeat-length alleles in pop-
ulations of diseased and healthy individuals. They demonstrated that the common
POLG allele of 10 CAG repeats is found in both Finnish and ethnically mixed
population samples at a uniformly high frequency (approximately 88%), with
homozygosity close to the equilibrium prediction. The number of repeats was
found to vary between 5 and 14, with a mean value of 10 (Rovio et al. 1999,
2004). The number of CAG repeats was not associated with inherited mtDNA
diseases, although a correlation between infertility in men and the absence of the
common 10-CAG repeat was observed (Rovio et al. 2001). In a study of the
variation in the number of CAG repeats in the POLG gene in the Danish popula-
tion, Jensen et al. (2004) found that the absence of one or both 10-CAG alleles
was more frequent among subfertile patients than among fertile control subjects;
however, this finding was not confirmed in a study of infertile patients with dif-
ferent sperm counts and a control group of normospermic men of Italian origin
(Michielotto et al. 2003; Krausz et al. 2004).

Therefore several studies of the variation in the number of CAG repeats in
the POLG gene have shown that the most frequent alleles in the Finnish, Danish,
Dutch, German, Scottish, English, Italian, and French samples of healthy males
are 10-CAG and 11-CAG repeats, with a high prevalence of 10-CAG repeats
(�90%) (Rovio et al. 1999, 2004; Chen et al. 2002; Jensen et al. 2004; Krausz
et al. 2004; Aknin-Seifer et al. 2005). However, the frequency of the 10-CAG
allele was only 0.81 in normal individuals of Italian origin (Krausz et al. 2004).
This result raises a question about the distribution of POLG alleles and genotypes
in different human populations. To address this question, we have studied POLG
CAG variation in a broad range of North Eurasian populations.

Materials and Methods
Population Samples. We analyzed 1,330 individuals from 3 different geo-
graphic regions: 760 individuals from Europe, 166 from Southwest Asia, and
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404 from Siberia/East Asia. Three ethnic groups—Russians (n � 619), Poles
(n � 102), and Bosnians (n � 39)—represented the European sample. The sam-
ple from Southwest Asia was made up of three ethnic groups: Persians (n � 97)
and Kurds (n � 22) from eastern Iran and Tajiks (n � 47) from Tajikistan. Sibe-
rian samples were collected mainly in the Altai-Sayan and Baikal region and
included native peoples of this region: Buryats (n � 102), Shors (n � 33), Altai-
ans (n � 80), and Tuvinians (n � 42). The population sample from East Asia
included two ethnic groups living in Korea (Koreans, n � 103) and Mongolia
(Mongolians, n � 44). The study of Russians (n � 619) from different regions
of the European part of Russia was performed on the subpopulation level. Sam-
ples of Russians were collected in the southern (Stavropol, Belgorod, and Sara-
tov), central (Kaluga, Tula, Vladimir, and Yaroslavl), and northwestern (Pskov,
Velikij Novgorod, and Volot) parts of European Russia. Appropriate informed
consent was obtained from all participants in this study.

CAG Variability Analysis. Genomic DNA was prepared from either blood
(fresh or dried on filter paper) or hair roots by means of cell lysis in the presence
of proteinase K and 1% SDS, followed by phenol/chloroform extractions. All
samples were screened for CAG-repeat polymorphism in the second exon of the
POLG gene through a fluorescent PCR with primers H43-FAM (5�-AGC GAC
GGG CAG CGG CGG CGG CA-3�) and H42 (5�-CCC TCC GAG GAT AGC
ACT TGC GGC-3�), matching positions 388–410 and 456–479, respectively (ac-
cording to the POLG mRNA sequence with GenBank accession number
X98093) (Davis et al. 1996).

PCR amplification was performed using 10–20 ng of genomic DNA in a
50-�l reaction volume containing 1� Promega buffer, 1.5 mM MgCl2, 200 �M
of each dNTP (Promega Madison, Wisconsin), 0.5 �M of each primer, and 1 U
of Taq polymerase (Promega). After a hot start at 95�C for 2 min, samples were
amplified for 30 cycles for 30 s at 94�C, 1 min at 60�C, and 30 s at 72�C
(GeneAmp PCR System 9700, Applied Biosystems, Foster City, California). The
PCR products were separated in a 6% denaturing polyacrylamide gel and sized
on an ABI 377 DNA Sequencer (Applied Biosystems) using size standard CXR
60-400 (Promega). The fragment sizes were analyzed using GeneScan, version
3.1 (Applied Biosystems).

Statistical Analysis. Microsatellite allele frequencies were estimated by di-
rect gene counting. Statistical differences between frequencies of CAG alleles
and genotypes in populations were analyzed by a t-test, as implemented in the
Statistica package (StatSoft Inc., Tulsa, Oklahoma). Gene diversity h, equivalent
to the heterozygosity level for diploid data, was calculated using Nei’s (1987)
equation, as implemented in the Arlequin package (Schneider et al. 2000).

Genetic differentiation between populations was estimated by means of
distance methods based on the number of different alleles of the microsatellite
(FST) and the sum of the squared number of repeat differences between two al-
leles (RST). The measure RST differs from FST in taking explicit account of the
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Table 1. Frequencies of the POLG CAG Alleles in North Eurasian Populations

CAG Allele

Population (2N) 6 7 8 9 10 11 12 13

Koreans (206) 0 0 0 0 202 3 0 1
Mongolians (88) 0 0 0 1 83 4 0 0
Shors (66) 0 0 0 0 64 1 1 0
Altaians (160) 0 0 0 0 151 9 0 0
Tuvinians (84) 0 0 0 0 82 1 1 0
Buryats (204) 0 0 0 0 195 9 0 0
Tajiks (94) 0 0 0 1 87 6 0 0
Persians (194) 0 0 0 1 181 11 1 0
Kurds (44) 0 0 1 0 40 2 1 0
Bosnians (78) 0 0 1 0 74 3 0 0
Poles (204) 0 0 0 0 181 17 6 0
Russians (1,238) 1 2 8 11 1,084 112 20 0

Stavropol (118) 0 0 0 1 100 15 2 0
Belgorod (126) 1 0 1 1 110 11 2 0
Tula (132) 0 0 0 2 112 15 3 0
Kaluga (130) 0 0 1 1 115 12 1 0
Vladimir (134) 0 1 1 0 117 15 0 0
Yaroslavl (92) 0 0 1 0 81 7 3 0
Saratov (134) 0 0 2 2 114 13 3 0
Velikij Novgorod (126) 0 1 1 0 111 10 3 0
Pskov (118) 0 0 0 1 107 8 2 0
Volot (128) 0 0 1 3 117 6 1 0

Total (2,660) 1 2 10 14 2,424 178 30 1
Total (%) 0.04 0.08 0.38 0.53 91.12 6.69 1.13 0.04

mutation process at microsatellite loci, for which a generalized stepwise mutation
model appears appropriate (Slatkin 1995). Calculations of between-population
differentiation measures, including random permutation procedures (10,000 per-
mutations) to assess statistical significance, were performed using the Arlequin
package (Schneider et al. 2000).

Results and Discussion

The POLG gene region with the CAG microsatellite sequence was ampli-
fied from genomic DNA prepared from blood or hairs of 1,300 healthy individu-
als of North Eurasian origin. The results (Table 1) show that the CAG allele with
10 repeats appears to be the most common allele in different populations. This
allele was found at a uniformly high frequency, varying from 88% in Russians
to 98% in Koreans. The number of CAG repeats in the studied populations varied
from 6 to 13.

The second most frequent allele was one codon longer than the most fre-
quent 10-CAG allele. This 11-CAG allele is present in North Eurasians at an
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average frequency of 6.7% (Table 1). Its frequency was significantly greater in
Europe (P � 0.05, t-test) than in Southwest Asia (8.7%) and Siberia/East Asia
(5.7% and 3.3%, respectively). The 12-CAG allele is rare in all populations stud-
ied, and its highest frequency of 3% was observed in Poles.

The shortest alleles, with 6 and 7 CAG repeats, were observed only in
Russians, whereas the longest allele, with 13 CAG repeats, was found in only 1
of the 206 chromosomes sampled in Koreans. We should note that the 6-CAG
allele has not been described previously. The allele with 7 CAG repeats was
found earlier as a rare allele in samples from Scotland, England, Italy, and China,
whereas the 13-CAG allele was present rarely in samples from Finland, Scotland,
and England (Rovio et al. 1999, 2004; Krausz et al. 2004).

In general, our study demonstrates that the frequency of alleles longer than
10 CAG repeats (7.86%) is markedly higher than that of shorter alleles (1.03%):
3.71% versus 0.12% in Siberian/East Asian populations, 6.33% versus 0.9% in
Southwest Asian populations, and 10.39% versus 1.51% in European popula-
tions. These data are completely consistent with previous studies of CAG varia-
tion in humans, mostly of European origin [11.4% versus 2.2%, according to
Rovio et al. (2004) data].

Out of 14 observed POLG genotypes, only 6 were in common among re-
gional groups of the studied populations (Table 2). Five genotypes (POLG*6/
*10, *7/*10, *9/*9, *9/*12, and *8/*11) were private (seen only in a single ethnic
group) in Russians; genotypes *10/*13 and *9/*11 were observed as private in
Koreans and Mongolians, respectively, and genotype *11/*12 was revealed only
in Russians and Poles. As a measure of genetic variation within a population, we
have used gene diversity h, which is equivalent to the expected heterozygosity
for diploid data. As can be seen in Table 2, the heterozygosity values range from
3.8% in Koreans to 26.8% in several Russian populations. In Siberian/East Asian
populations, the heterozygosity varies from 3.8% to 11%, with an average value
of 7.4% (Table 3). In Southwest Asian populations the heterozygosity level
ranges from 12.7% to 17.4% (13.6% on average). In European populations its
values vary from 10% to 26.8% (21.6% on average). The highest values of heter-
ozygosity were found in Russian subpopulations, and the lowest values (16–17%)
were found in northwestern Russians from Pskov and Volot (Table 2). In general,
the present study provides evidence for a clinal distribution of POLG gene heter-
ozygosity in North Eurasian populations. The average heterozygosity ranges
from more than 20% in Europe and more than 13% in Southwest Asia to its
lowest value of 7.4% in populations of Siberia/East Asia (Table 3).

Gene diversity analysis indicates that all the study populations are charac-
terized by a high level of homozygosity for CAG alleles because of the presence
of mainly one high-frequency allele, CAG-10 (see Tables 2 and 3). This suggests
that either balancing selection or the presence of an advantageous allele can ex-
plain the observed pattern of variation; however, the basis of selection acting at
the POLG microsatellite in humans remains unclear (Rovio et al. 2004). One
should note, however, that a prevalent length allele is also present in African
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Table 3. Gene Diversity and Genetic Differentiation of North Eurasian Regional Groups

Regional Group Gene Diversity (h) Europe West Asia Siberia/East Asia

Europe 0.216 � 0.014 0.00148 0.00218 0.00895a

�0.00084
West Asia 0.136 � 0.025 0.0061a �0.01019 �0.0001

�0.00804
Siberia/East Asia 0.074 � 0.013 0.0272a 0.00737a �0.00558

0.00214

The boldface diagonal shows RST (top value) and FST (bottom value).
a. Value of genetic differentiation was significant (P � 0.05).

great apes, but a different length variant appears to have been selected in chim-
panzees than in humans and gorillas (Rovio et al. 2004). This finding suggests
that a selective sweep for an advantageous allele of POLG or a nearby gene could
underlie the phenomenon (Rovio et al. 2004). The low degree of length diversity
of the POLG microsatellite region in Siberians/East Asians compared to Europe-
ans could reflect either that purifying selection had a more pronounced effect in
Siberia/East Asia or that evolution of the POLG gene in Europeans was acceler-
ated (new CAG alleles were accumulated) because of relaxation of selective con-
straints on this gene. However, the present data do not allow resolution of these
alternatives.

The values of two measures of genetic differentiation, FST and RST, esti-
mated for the three regional groups of populations are shown in Table 3. Both
measures yield a low level of between-population differentiation for the com-
bined sample, but it is noteworthy that the FST estimate is substantially higher
than the RST estimate (1.96%, P � 0, versus 0.65%, P � 0.002, respectively).
The same result follows from the pairwise comparisons when regional groups of
populations are compared: FST values differ significantly (P � 0.05) from 0 in all
between-region comparisons, whereas a single significant RST value is present
only in a comparison of European and Siberian/East Asian regional groups (Table
3).

This discordance between the two measures of genetic differentiation may
be due to distinctive features of microsatellite variation. The RST measure takes
into account differences in microsatellite allele size, but the FST measure is based
on the number of different alleles of microsatellite loci in populations (Slatkin
1995). Therefore the low RST values found between regional groups of popula-
tions may suggest that demographic processes (such as human migrations and
genetic drift), and not mutation, are the dominant force creating population dif-
ferentiation for the microsatellite sequence of the POLG gene. Meanwhile, the
low level of between-population differentiation (reflected by both RST and FST

values) suggests that balancing or purifying selection may favor the maintenance
of the low allelic diversity seen in North Eurasian populations. Only two alleles,
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Figure 1. Major allelic variants of the POLG microsatellite region in human (H), chimpanzee (C-
W, C-V, C-X, and C-Z), and gorilla (G-A, G-B, and G-C) sequences [from Rovio et al.
(2004)]. Glutamines encoded by CAA and prolines encoded by CCG are underlined.
Other prolines are encoded by CCT (Rovio et al. 2004).

10 CAG repeats and 11 CAG repeats, with a high prevalence of the 10-CAG
allele, have been distributed in different human populations, suggesting that mu-
tations in this microsatellite region of the POLG gene might have some functional
effect on mtDNA replication.

However, low mutability of the repeated region together with drift or other
nonselective factors might also explain the low allelic diversity. The only argu-
ment against such low mutability is high mutability of microsatellite sequences
in human genes (Chakraborty et al. 1997; Jodice et al. 1997; Andres et al. 2002;
Kondrashov and Rogozin 2004) and high variability of the (CAG)n repetitive
sequence in primate POLG genes (Rovio et al. 2004). Aligned sequences of the
POLG microsatellite region in human, chimpanzee, and gorilla from Rovio et al.
(2004) are shown in Figure 1. There is a likely duplication of the PQQ sequence
in chimpanzee and gorilla lineages (Figure 1). The (PQQ)2 variant may have
emerged in the last common ancestor of human, chimpanzee, and gorilla and has
been maintained for 5–8 million years [for a detailed discussion of divergence
times of primates, see Glazko et al. (2005)]. This would be an unusual case of
ancient polymorphism because the incidence of ancestral polymorphism is low
or absent on the time scale of chimpanzee-human divergence, indicating that the
PQQ/(PQQ)2 polymorphism is maintained by natural selection (Asthana et al.
2005).

Another possibility is that the PQQ duplication occurred independently in
two lineages; however, this scenario would imply several independent insertions
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or deletions of Q’s, indicating that the POLG microsatellite region is highly vari-
able on the time scale of gorilla-chimpanzee-human divergence and suggesting
that there were selectional restrictions on the microsatellite length (see Figure 1).
Both scenarios do not support the hypothesis that the observed distribution of
POLG microsatellite alleles is due to low mutability of the repeated region com-
bined with drift and/or other nonselective factors. In general, Figure 1 suggests
that a model implying natural selection acting on the repeated region combined
with high mutability of the repeated sequence is the current model of choice.

Earlier analyses of the repeated regions in the POLG gene suggested that
the mutant genotype (absence of the common 10-CAG allele) is found at an
elevated frequency in infertile individuals, specifically in infertile men with mod-
erate oligozoospermia (Rovio et al. 2001). It was suggested that variant POLG
alleles are somehow deleterious to sperm function or differentiation but have no
phenotypic effects in other tissues (Rovio et al. 2001). We found an extremely
low frequency of alleles other than the 10-CAG and 11-CAG alleles (�2.2%; see
Table 1). A similar narrow distribution of (CAG)n alleles was found in the SCA2
gene (22 and 23 repeat alleles being greater than 95% of the total of human
normal alleles); in another seven (CAG)n-containing genes a much wider distribu-
tion of alleles was found (Andres et al. 2002). This is compatible with purifying
selection acting against deleterious (CAG)n alleles. Spelbrink et al. (2000) found
that deletion of the POLG (CAG)n repeat did not affect enzymatic properties but
modestly up-regulated expression in cultured human cells. In addition, cells with
mutant POLG enzyme containing the polyglutamine repeat deletion had a rela-
tively low mtDNA content compared to cells containing the wild-type or exo-
nuclease-defective POLG enzymes (Spelbrink et al. 2000).

However, recent study of the clinical significance of (CAG)n alleles has
failed to confirm any influence of POLG polymorphism on the efficiency of sper-
matogenesis (Krausz et al. 2004; Aknin-Seifer et al. 2005). More important, con-
sidering that the homozygous mutant genotype has been found in normospermic
fertile men, the analysis of the CAG repeat tract of the POLG gene does not
appear to have any clinical diagnostic value (Krausz et al. 2004). These conclu-
sions were based on comparisons of normal individuals and infertile men. The
frequency of POLG*10/*10 normal individuals studied by Rovio et al. (2001)
(0.81) and in our data set (0.84; see Table 1) is similar. In contrast, the frequency
of *10/*10 normal individuals of Italian origin studied by Krausz et al. (2004)
was only 0.66. The difference between this group and our data set is statistically
significant according to Fisher’s exact test (P � 6.6 � 10�8). A low frequency
of *10/*10 normal individuals (0.72) was found in France (Aknin-Seifer et al.
2005); the difference between this group and our data set is also statistically
significant (P � 8.9 � 10�3). In general, such a low frequency of *10/*10 indi-
viduals was not found in any other studied human population [see Table 2 and
Rovio et al. (1999, 2001, 2004)] and requires further investigation. Should this
observation be supported by further, more extensive studies, this would be a case
of a high genetic heterogeneity of European populations.
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