RESEARCH ARTICLES

The Genetic Diversity and Structure of
Linkage Disequilibrium of the MTHFR
Gene in Populations of Northern Eurasia

E.A. Trifonova', E.R. Eremina?, F.D. Urnov3, V.A. Stepanov"

'Research Institute of Medical Genetics, Siberian Branch, Russian Academy of Medical Sciences
2Buryat State University

3University of California, Berkley, USA

*E-mail: vadim.stepanov@medgenetics.ru

Received 13.12.2011

Copyright © 2012 Park-media, Ltd. This is an open access article distributed under the Creative Commons Attribution License,which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT The structure of the haplotypes and linkage disequilibrium (LD) of the methylenetetrahydrofolate
reductase gene (MTHFR) in 9 population groups from Northern Eurasia and populations of the international
HapMap project was investigated in the present study. The data suggest that the architecture of LD in the human
genome is largely determined by the evolutionary history of populations; however, the results of phylogenetic
and haplotype analyses seems to suggest that in fact there may be a common “old” mechanism for the formation
of certain patterns of LD. Variability in the structure of LD and the level of diversity of MTHFR haplotypes cause
a certain set of tagSNPs with an established prognostic significance for each population. In our opinion, the re-
sults obtained in the present study are of considerable interest for understanding multiple genetic phenomena:
namely, the association of interpopulation differences in the patterns of LD with structures possessing a genetic
susceptibility to complex diseases, and the functional significance of the pleiotropic MTHFR gene effect. Sum-
marizing the results of this study, a conclusion can be made that the genetic variability analysis with emphasis
on the structure of LD in human populations is a powerful tool that can make a significant contribution to such
areas of biomedical science as human evolutionary biology, functional genomics, genetics of complex diseases,
and pharmacogenomics.

KEYWORDS genome; linkage disequilibrium; populations of Northern Eurasia; methylenetetrahydrofolate re-
ductase; haplotype.

ABBREVIATIONS CD — complex diseases; LD — linkage disequilibrium; MTHFR — methylenetetrahydrofolate re-

ductase; SNP — single nucleotide polymorphism; HC — homocysteine.

INTRODUCTION

Genetic variability underlies the human phenotyp-
ic variation and plays a significant role in explaining
the differences between individuals in their suscep-
tibility to complex diseases (CD) and in determining
the metabolic pathways involved in the development
of pathological processes. Single nucleotide polymor-
phisms (SNPs) represent the most common type of
genome variability. Thanks to the efforts of the In-
ternational SNP Consortium, ~ 10 million SNPs with
an approximate density of 1 polymorphism per 300 bp
have currently been identified [1]. Each new allele of a
polymorphic variant emerges from an already existing
haplotype, the ancestral variant of a particular marker
originally being associated with its alleles. New haplo-
types are formed via the accumulation of new muta-
tions and recombinations. The coinheritance of alleles
in a haplotype manifests itself at the population level
as the linkage disequilibrium (LD).

At the time of writing, the architecture of LD in
the human genome is the subject of active discussions
and research [2—7]. It has been shown in a number of
studies that blocks of associated sites demonstrating
no signs of substantial recombination in the evolu-
tionary history of our species can be distinguished
in the genome. These blocks are delimited by regions
with a higher rate of recombination, the so-called
“hotspots” [8, 9]. The patterns of linkage disequilib-
rium in modern human populations are the result of
complex evolutionary processes, including the demo-
graphic population history (alteration of the effective
population size, structure of population stratification,
and migrations), as well as gene-specific factors, such
as the mutation and recombination rates and selec-
tion pressure. Analysis of the structure of LD enables
to reconstruct the demographic history of modern
populations and plays a key role in the mapping of
the CD genes [10].
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Along with the whole-genome patterns of LD that
have been investigated in modern genome-wide stud-
ies [11—-15], the structure of LD in separate, function-
ally significant genomic sites (in particular, in the ge-
netic loci associated with common human diseases) is
of considerable interest. The importance of the analysis
of the haplotype structure of these genomic regions is
rooted in the necessity of revealing the functionally sig-
nificant variants of these genes which make possible
their participation in their common component of the
inherited susceptibility to CD, on the one hand, and to
the significance of the assessment of the evolutionary
genetic mechanisms of the generation of genetic vari-
ability in these genomic loci, on the other hand. These
mechanisms were presumably formed with allowance
for such factors as natural selection, genetic drift and
migration, as well as via comparison of the genetic-
demographic scenarios obtained by the analysis of the
fine structure of the candidate genes of CD with those
based on the data of conventionally neutral genetic sys-
tems and the results of whole-genome studies.

In this study, the methylenetetrahydrofolate re-
ductase (MTHFR) gene was selected for use as a locus
to investigate the LD structure in populations of vari-
ous ethnic origins. According to the results of numer-
ous studies, the polymorphic variants of this gene are
associated with the development of a number of com-
plex conditions, such as cardiovascular and oncological
diseases, neural tube defects, abnormal pregnancy, as
well as other pathological processes. The enzyme meth-
ylenetetrahydrofolate reductase catalyzes the only in-

tracellular reaction of formation of 5-methyltetrahy-
drofolate, which is required for homocysteine (HC)
conversion into methionine. A decrease in the activity
of this enzyme is frequently caused by mutations in the
MTHFR gene and results in the accumulation of HC and
the development of moderate hyperhomocysteinemia.
A significant number of studies have been devoted to
the role of genetic variability in the MTHFR locus. The
results of these studies attest to the small contribution
of individual SNPs of the MTHFR gene to the structure
of inherited susceptibility to CD; moreover, the data
for many ethnic groups are often contradictory. Since
analysis of the LD structure in the candidate genes and
identification of the haplotypes associated with the dis-
ease and their tagSNPs is considered to be one of the
strategies for identifying the genetic variants under-
lying CD susceptibility with the highest potential [3,
16, 17], the assessment of the genetic variability of the
candidate genes at the level of SNPs and haplotypes in
different population samples is a rather topical task.

EXPERIMENTAL

Populations

The data presented in this study were obtained via a
molecular genetic DNA analysis of individuals from
nine population groups inhabiting different regions of
Northern Eurasia and belonging to seven ethnic groups
(Table 1). The total sample included 837 individuals. The
populations studied represent two Eurasian race types,
Caucasian and Mongoloid, and speak languages of four

Table 1. Linguistic and anthropological characteristics of the populations

. Linguistic .
E;};Elc Population, community N Locality classification, Lfizzee sl atnﬂgc’pOlOglcal
group family/group yp

Tuvinians Settlement of Bai-Taiga 134 Tuva Republic %3?11{% Mongoloid (Central Asian)
City of Ulan-Ude, 60 . Altaic/ . .
Buryats Settlement of Khuromsha | 60 Buryat Republic Mongolic Mongoloid (Central Asian)
. Altaic/ . .
Yakuts Settlement of Dyupsya 81 Sakha Republic Turkic Mongoloid (Central Asian)
North (Settlements of 85 . .
Kyrgyz Kegety, Taldy-Su), IE{{egubilsi;)rfl %Eﬁ?;é Mongoloid (South Siberian)
South (city of Osh) 111 yrey
Turukhanskii district, Paleo-Asian/ . .
Kets Settlement of Kellog 38 Krasnoyarsk krai Kot Mongoloid (North Asian)
Surgut district, Uit/
Khanty Settlement of Russinskii | 142 Khanty-Mansi Finno-Usric Uralic (transitory)
Autonomous Okrug g
. . Indo-European/ Caucasian
Russians City of Tomsk 126 Tomsk oblast - .
Slavic (East Caucasian)
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Table 2. Characteristics of the MTHFR gene SNPs studied

1 rs3753588 11863904 A/G

3 rs17037397 11862163 A/C

5 rs4846052 11857951 C/T

7 rs6541003 11855867 A/G

9 rs1801131 11854476 A/C

11 rs2274976 11850927

A/G

G Intron 1

C Intron 2

T Intron 4

G Intron 5

A Non-synonymous

G Non-synonymous

(429 Ala /Glu) Exon 8

Exon 12

(594 GIn/Arg)

20,3kb
1537516 ;gf;;‘g,iﬁ 17375901 266462 rs4846052 rs17037397  rs3753588
rs
rs6541003 rs7533315 rs2066470
rs1801131 rs1801133
(A1298C) (C677T)

Fig. 1. Localization of the SNPs studied in the MTHFR gene. The blue color indicates the polymorphisms located in in-

trons and 3’'UTR; red, in exons.

linguistic families (Altaic, Paleo-Asiatic, Indo-Euro-
pean, and Uralic). Only individuals, nonmetisized in at
least three generations, participated in the study. Eth-
nicity, genealogy, and membership of the individuals
in sub-ethnic groups (in some cases) were ascertained
on the basis of questionnaires. The sample of Tuvinians
was collected in the Tuva Republic (settlement of Bai-
Taiga). Two Buryat populations were examined in the
Buryat Republic (the city of Ulan-Ude and settlement

of Khuromsha). The Yakut sample was collected in
the settlement of Dyupsya located in the eastern Ust-
Aldan ulus (district) of Sakha Republic (Yakutia). The
Central Asian populations are represented by Kyrgyz.
Two Kyrgyz samples were made up of northern (the
settlements of Kegety and Taldy-Su) and southern (the
city of Osh) populations of the Republic of Kyrgyzstan;
they belong to different sub-ethnic groups. The Rus-
sian sample was represented by residents of Tomsk.
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The Ket population was collected in the settlement of
Kellog, Turukhanskii district, Krasnoyarsk krai. The
Khanty population was collected in the settlement of
Russkinskii, Khanty-Mansi Autonomous Okrug.

The analysis also included data on the Caucasian
(residents of the state of Utah, USA), Chinese (resi-
dents of Beijing, China), Japanese (residents of Tokyo,
Japan), and Yoruba (residents of Ibadan, Nigeria) pop-
ulations presented in the HapMap database [11].

Polymorphisms

The following 12 SNPs of the MTHFR gene were select-
ed for use as markers to study LD patterns: rs3753588,
rs2066470, rs17037397, rs7533315, rs4846052, rs1801133
(C677T), rs6541003, rs2066462, rs1801131 (A1298C),
rs17375901, rs2274976 (G1793A), and rs1537516 (Fig. 1).
Table 2 briefly characterizes the studied loci of the
MTHFR gene. Ten of 12 SNPs resulted from the transi-
tions (3 A—»G and 7 C-T), two SNPs resulted from the
transversions (A~C). The selected polymorphic variants
are distributed in a relatively uniform manner over the
gene sites (exons, introns, and 3’-untranslated regions);
the minor allele frequency in most loci is at least 5% (ac-
cording to the data from the NCBI database). Genotyp-
ing was carried out in accordance with the previously
described protocols [18—20].

Methods for the statistical processing of the results
Statistical analysis was performed using convention-
al software packages: Statistica 6.0, ARLEQUIN, and
Haploview 4.0. The distribution pattern of the resulting
data was determined using the Kolmogorov—Smirnov
test; haplotype frequencies were determined using the
EM algorithm. The LD between SNP pairs was assessed
using the Levontin’s D’ coefficient and Pearson’s cor-
relation coefficient r% The block structure was deter-
mined using the Solid Spine of the LD algorithm [21]
provided by the Haploview 4.1 software, with the spec-
ified D’ threshold = 0.8. The levels of genetic diversity
and interpopulation differentiation were calculated via
an analysis of the molecular variation (AMOVA). The
selective neutrality of polymorphisms was studied us-
ing the Ewens—Watterson test [22]. The role of selection
pressure in the formation of LD patterns and the level
of genetic diversity in the populations was assessed us-
ing the conventional Tajima’s and Fu’s statistic tests of
neutrality [23, 24].

RESULTS AND DISCUSSION
Genetic diversity and haplotype structure
at the MTHFR locus in populations

The gene pool of modern human populations was
formed as a result of sequential evolutionary demo-
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graphic processes: continuous evolution of genetic di-
versity in Africa and population variance as modern
humans migrated, with partial isolation and reduction
of the gene flow in inverse proportion to the migration
distance. In different geographic areas, the populations
have both a common and unique evolutionary history;
the “fingerprints” of these histories can be observed in
the modern human genome as LD patterns [3, 25—27].
The distribution of genotypes and the allele fre-
quency, the observed heterozygosity, and the signifi-
cance of goodness-of-fit of the MTHFR gene SNPs to
Hardy—Weinberg proportions are presented in Ta-
ble 3. All 12 loci appeared to be polymorphic in almost
all the populations analyzed (with the exception of
rs2066470 in the Ket population). The minor allele fre-
quency varied from 0 to 39%; seven SNPs (rs3753588,
rs7533315, rs4846052, rs1801133, rs6541003, rs1801131,
and rs1537516) were identified in all the populations
with a frequency higher than 5%. The resulting data
lie within the range of variations of allele frequencies
and genotypes of MTHFR polymorphisms which had
been previously published and listed in the databases
of the Caucasian and Mongoloid populations. In all the
samples, the distribution of the genotype frequencies
of almost all markers fitted into the Hardy—Weinberg
proportions (with the exception of loci rs17375901,
rs2066470, rs3753588, rs2274976, and rs1537516 in the
Buryat subpopulation from the settlement of Khurom-
sha). Low and medium heterozygosity values were ob-
served in the majority of cases, which was consistent
with the world data. The highest heterozygosity for the
loci combination was detected in the Yakut population
(0.28); the lowest heterozygosity value was recorded in
the residents of the settlement of Khuromsha (0.18). It
is obvious that these values do not represent the SNP
heterozygosity level of the populations examined, since
the number of the loci taken into account was too small.
These values are of some interest as they provide infor-
mation pertaining to the degree of polymorphism in the
MTHFR gene. As for the deviation from the Hardy—
Weinberg proportions observed in this study, it could
be a result of the shift in the estimated frequency val-
ues due to the small size of the sample. On the other
hand, the cases of a reliable deviation of the distribu-
tion from the expected one may represent the specifi-
city of population-genetic processes in the population,
which can be associated both with the parameters of
the genetic-demographic structure of the population
and with the linkage with a functionally significant lo-
cus. We consider the latter reason to be more plausible.
The C677T (rs1801133) polymorphic variant is one of
12 SNPs in the MTHFR gene which has been best stud-
ied. The missense mutation in C677T (substitution of
cytosine by thymine at position 677) results in alanine
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Table 3. Distribution of genotypes and minor alleles of the polymorphic variants of the MTHFR gene in the samples under study

rs3753588

rs2066470

3 rs17037397

4 rs7533315

5 rs4846052

rs1801133
(C677T)

7 rs6541003
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Table 3 (Contd.)
1 2 3 3 6 7 8 9 10 11 12
CcC 94 88 93 89 97 97 89 74 94
CT 6 12 7 11 3 3 11 26 6
8 rs2066462 T 3 6 3 5 2 2 6 13 3
H_ 0.06 0.12 0.07 0.10 0.05 0.05 0.11 0.23 0.06
p 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.13 1.00
AA 44 62 34 58 60 58 46 51 40
AC 35 35 54 37 36 35 48 38 48
9 rs1801131 CC 21 3 12 5 4 7 6 11 12
(A1298C) C 38 20 39 24 21 24 30 30 36
H_ 0.38 0.33 0.49 0.37 0.33 0.38 0.43 0.42 0.47
p 0.79 0.56 0.25 1.00 1.00 0.73 0.29 0.32 0.69
cC 98 96 89 97 98 94 94 94 91
CT 2 4 11 3 2 3 6 6 9
TT 0 0 0 0 0 3 0 0 0
10 rs17375901 T ] 5 5 1 1 5 3 3 4
H, 0.02 0.04 0.11 0.03 0.03 0.11 0.07 0.06 0.09
P 1.00 1.00 1.00 1.00 1.00 0.003 1.00 1.00 1.00
AA 0 0 0 0 0 3 3 1 0
AG 10 30 11 8 17 4 17 23 13
11 rs2274976 GG 90 70 89 92 83 93 80 76 87
(G1793A) A 5 15 5 4 8 5 13 13 6
H_ 0.11 0.26 0.11 0.10 0.17 0.11 0.20 0.23 0.12
p 1.00 0.12 1.00 1.00 1.00 0.003 0.24 1.00 1.00
CC 84 85 80 89 83 92 80 69 82
CT 16 14 20 11 17 5 17 29 17
19 rs1537516 TT 0 1 0 0 0 ) 3 2 1
T 8 8 10 5 8 6 13 16 10
H_ 0.15 0.16 0.18 0.13 0.17 0.013 0.20 0.27 0.18
p 1.00 0.53 1.00 1.00 1.00 0.007 0.24 0.53 0.34
Average H_across 12 loci 0.21 0.24 0.27 0.19 0.21 0.18 0.28 0.27 0.27
Average H_across 12 loci 0.23 0.23 0.26 0.19 0.21 0.20 0.27 0.27 0.23

Note: N — the number of individuals per sample; H_ — expected heterozygosity; H — observed heterozygosity;
p — significance of goodness-of-fit to Hardy—Weinberg proportions. The statistically significant differences are indicated

in bold.

replacement for valine in the enzyme catalytic domain.
In individuals homozygous and heterozygous for the
polymorphic allele, the in vitro activity of the enzyme
is reduced by 70% and 35%, respectively. The 677T mu-
tant allele frequency in world populations varies from
total absence in the Dendi tribe to 55% in Spanish pop-
ulations [28—30]. In Russia, the frequency of the 677T
allele is 29% in residents of the Moscow region and 32%
in residents of Siberia [31, 32]. In the examined popula-
tions, the frequency of this allele varies from 12% in the
Ket population to 31% in the Russian sample.

The A1298C transition (rs1801131) resulting in the
replacement of a glutamic acid residue by alanine in
the enzyme regulatory domain is the second common
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polymorphism in the MTHFR gene. The enzymatic
activity is reduced in individuals carrying the 1298C
allele, although this reduction is not as significant as
that in the ones carrying the 677T allele. According to
some studies, MTHFR activity falls by 40—50% and a
biochemical profile similar to that in homozygous car-
riers of the 677T allele is observed in compound het-
erozygous individuals [33]. The lowest frequency of the
1298C allele was detected in residents of Senegal (4%),
whereas the highest frequency was detected in the Is-
raeli and New Guinean populations (41%) [34, 35]. In
Russians, the frequency of this allele varies from 24 to
38% [31]. In the populations under study, allele C occurs
with a frequency ranging from 20% (in the southern
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Russians

Khanty

Yakuts

Buryats, settlement
of Khuromsha

Buryats, city of Ulan-Ude

Kets

Northern Kyrgyz

Southern Kyrgyz

Tuvinians

0 20 40

ATACTCGCCCAT
ATACTCGTCCAT
GCCCCCACACGC
GCCCCCGCACCC
GCCCCTACACGC
GCCCCTACCCGC
GCCCTCGCCCCC
GCCCTTGCCCCC
GCCTTCGCACGC
GCCTTCGCCCGC
GCCTTTGCCCGC
ACACTCGTCCAT
GCCCCCACACAC
GCCCCCACCCGC
GCCTTCACCCGC
Other haplotypes

60 80 100 %

Fig. 2. The distribution of haplotypes in the populations studied.

Kyrgyzes) to 39% (in the northern Kyrgyzes).

It has recently been ascertained that another MTH-
FR gene SNP, rs2274976 (G1793A), impacts the HC
level. This locus has been subjected to less investigation
in comparison with C677T and A1298C. It is a known
fact that the frequency of missense mutation G1793A
varies from 1.3% in the Ashkenazi Jewish population to
26.6% in the Indonesian populations of Java [36]. It has
been demonstrated that G1793A homozygosity results
in an increase in the blood HC level by 40% [37, 38]. In
the populations under analysis, the minimum frequency
of allele A was observed in the Ket population sample,
whereas the maximum frequency of the allele (15%) was
observed in the southern Kyrgyz population.

A total of 160 haplotypes were detected in our sam-
ples; the theoretically possible number was 4,096. The
maximum number of haplotypes was revealed in the
Tuvinian population (47); the minimum number was
revealed in the Ket population (11). A high level of
haplotype diversity was observed in most samples, bar
the Ket, Buryat, and southern Kyrgyz populations. If
each mutation that resulted in the formation of a fixed
polymorphic variant is assumed to be a unique event,

and the mutation rate is assumed to be negligibly low,
it should be postulated that only 12 haplotypes could be
formed as a result of the mutation process. In this case,
a considerable part of the haplotype diversity even in
such a physically small genome region as an approxi-
mately 20-thousand-bp long MTHFR locus should have
been formed due to the recombination events (see be-
low).

The distribution of haplotypes occurring in the popu-
lations studied with a frequency of over 2% is presented
in Fig. 2. The haplotypes with a frequency of more than
5% are referred to as the major ones. Three major hap-
lotypes, GCCCCCACACGC, GCCCCTACACGC, and
GCCTTCGCCCGC, were detected in all the popula-
tions studied, bar the Russian sample; the sum of their
frequencies is more than 83% of the chromosomes ob-
served in the Ket and Buryat populations, and more
than 61% in the other samples. The degrees of haplo-
type diversity detected in the populations studied were
different; nevertheless, all the samples contained iden-
tical major haplotypes, attesting to the fact that there
can indeed be a common mechanism for the formation
of the LD patterns.
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Russians Tuvinians

Southern Kyrgyz Northern Kyrgyz

Buryats, Buryats,
settlement of Khuromsha  city of Ulan-Ude

Yakuts Kets

Khanty

Caucasians (HapMap) Chinese (HapMap) Japanese (HapMap) Yoruba (HapMap)

Fig. 3. The structure of linkage disequilibrium in the MTHFR gene in the populations studied. The color scheme shows
the strength of adhesion between SNPs: bright red — a strong link (D’=1, LOD>2), red and pink — a significant link
(D’<1, LOD>2), white — poor link (D’<1, LOD<2). The lilac cell denotes the impossibility to calculate the linkage dise-
quilibrium due to the low frequency of the minor allele polymorphism (D’=1, LOD<2). Localization of SNPs for each pop-
ulation is as follows (from left to right): 1 —rs3753588, 2 — rs2066470, 3 —rs17037397, 4 —rs7533315, 5 — rs4846052,

6 —rs1801133, 7 —rs6541003, 8 — rs2066462, 9 —rs1801131, 10 —rs17375901, 11 —rs2274976, 12 —rs1537516

(there is no polymorphism rs3753588 in the populations from the HapMap project). In the Yoruba population, marker
rs17375901 was excluded from the analysis because of its monomorphicity.

Architecture of linkage disequilibrium for the

MTHFR gene in certain Eurasian populations

The structure of LD between the investigated loci of
the MTHFR gene in 13 population samples is shown in
Fig. 3. The maximum linkage between the SNPs stud-
ied was demonstrated for the southern Kyrgyz, Ket,
Chinese, and Japanese populations. In these samples,
all the allelic variants of the MTHFR gene under analy-
sis belong to the same haplotype block. A single block
was also observed in the Caucasian individuals from
the HapMap project; however, it did not contain the
rs2274976 and rs1537516 markers. Two blocks were
detected in the northern Kyrgyz population: the first
one comprising three SNPs (rs2066470, rs17037397, and
rs7533315), the second one encompassing a 10-thou-
sand-bp-long region and containing eight SNPs. Two
blocks were also revealed in the Khanty population:
the first one containing rs3753588, rs2066470, and
rs17037397; the second one, identical to block Ne 2 in
the northern Kyrgyz population. Strong linkage be-
tween the first nine SNPs belonging to the first block
(9-thousand-bp long), as well as that between rs2274976
and rs1537516 forming the second small block were re-
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vealed in the Buryat population of the settlement of
Khuromsha. A significant linkage between many poly-
morphic variants was also detected in the Buryat popu-
lation of the city of Ulan-Ude; however, two different
blocks (3- and 8-thousand-bp long) were represented in
the LD structure of this population. Three blocks were
observed for the Russian population: the first block was
made up of two closely located SNPs (rs3753588 and
rs2066470), the second block comprised five polymor-
phisms (rs7533315, rs4846052, rs1801133, rs6541003,
and rs2066462), whereas the third block was made up
of four SNPs (rs1801131, rs17375901, rs2274976, and
rs1537516).

Four small haplotype blocks consisting of two or
three neighbouring SNPs can be detected in the Tuvin-
ian and Yakut populations. Two blocks were observed
in the Yoruba populations: the first one consisted of
2 thousand bp and contained rs2066470, rs17037397,
and rs7533315; the second block was appreciably long
(7 thousand bp) and comprised four loci (rs2066462,
rs1801131, rs2274976, and rs1537516). Thus, the hap-
lotype blocks (with lengths varying from 847 bp to 16
thousand bp) were represented by several (3—6) major



RESEARCH ARTICLES

haplotypes, the sum of which provided more than 90%
of the chromosomes observed. The composition and size
of the blocks varied depending on the population struc-
ture. It is particularly remarkable that the functionally
significant C677T and A1298C polymorphisms were not
linked in all the populations, bar the southern Kyrgyz
and Ket samples, as well as populations from the Hap-
Map project. It should also be noted that close linkage
between the SNPs that form the second block in the
Yoruba population was observed in many populations.

At the time of writing, the degree of haplotype di-
versity and length of linkage blocks in various genome
regions have been identified in many human popula-
tions [39, 40]. A considerable variability of the haplo-
type structure was revealed; it was considerably differ-
ent when passing from one genome region to another
and frequently alternated with the regions with a low
LD level. The length of haplotype blocks varied from
1 to 100 (and more) thousand bp [9]. Some researchers
have reported on the consistent spatial distribution of
the haplotype blocks in several human genome regions,
referring to the common mechanism of formation of
these blocks in various populations as the possible rea-
son for this phenomenon [3, 41]. An African versus
non-African dichotomy was also described in several
segments of the human genome [42, 43], the haplotype
blocks with the greatest length in non-African popula-
tions (> 44 thousand bp) in comparison with those in
African populations (> 22 thousand bp) [9]. Patterns
of meiotic recombination were revealed, attesting to
the fact that the haplotype blocks are confined by the
regions with a low LD level corresponding to those
with high recombination indices [10, 44]. The relation-
ship between the recombination frequency, chromatin
structure, and the various structural and functional
components of the nucleus were also assessed within
the framework of intense research relating to the re-
combination in the human genome. It was demonstrat-
ed via this analysis that various potential factors, both
local (DNA nucleotide sequence, chromatin structure)
and the ones unrelated to the structure of the recombi-
nation site directly, may affect the recombination indi-
ces of a specific chromosome segment. An assumption
was made that recombination is the major causal fac-
tor accounting for the formation of the linkage blocks
resulting from the disintegration of long haplotypes in
chromosome regions with a comparatively high recom-
bination level. This hypothesis was confirmed by the
fact that several genome regions in various populations
possess an identical LD structure [45—47]. Meanwhile,
data have been obtained attesting to a significant in-
terpopulation variation in the degree and pattern of
LD within the same genome region [10, 48—50]. These
results attest to the fact that the pattern of LD revealed

for a specific population or sample presumably cannot
be automatically extrapolated onto other populations,
at least in particular genome regions. It is unlikely that
one common map of linkage disequilibrium in the ge-
nome will appear to be useful for the selection of ge-
netic markers for performing association studies in a
number of populations, since the interaction between
various population-specific factors and genome-specif-
ic mechanisms upon the formation of the LD structure
cannot be neglected.

The population-specific nature of the formation of
LD patterns was confirmed in this study. The strongest
linkage (all SNPs belong to the same block) between
the loci under study was detected in the Ket, south-
ern Kyrgyz, Chinese, and Japanese populations. Close
linkage was also observed in the Buryat populations.
Two explanations to the observed retention of block
structure and length can be proposed: either common
ancestors or positive selection; the latter frequently
resulting in an increase in the length of the block con-
taining a useful allele [51]. Since the minimum number
of haplotypes among all the populations investigated
was revealed in the Ket and Buryat samples, there is a
probability that the ancestral effect could have taken
place in this specific case. However, a number of oth-
er factors also affect the increase in the LD structure
[49]; namely, genetic isolation, population subdivision
or mixing, balancing selection, the bottleneck effect,
small population size, and other reasons. The influence
of the aforementioned factors on certain populations
cannot be ignored.

It has been demonstrated that the length of LD pat-
terns in the human genome determines the potential
and design of association studies that use SNPs for
the mapping of the genes underlying complex indices.
According to the current estimations, the number of
markers required for a LD-based genome scan of dif-
ferent populations varies from 120, 000 to several mil-
lions and is attestable to the following facts: the cost of
genotyping is tremendous, and there can be problems
with the validity of the statistical conclusion. An as-
sumption was made that the number of markers re-
quired for CD mapping will be considerably lower in
populations with a high degree of LD [52].

Selection of tagSNPs in the MTHFR gene

According to the estimations made by different re-
searchers, the human genome contains more than
7.5 million common SNPs with a minor allele frequen-
cy (MAF) of at least 5% [21, 53], which are partly re-
sponsible for the inherited risk of developing many
CDs. Today, tagSNP selection aimed at broadening
the genetic coverage is one of the most efficient strat-
egies for designing a genetic marker panel for ana-
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lyzing the association with CD [54]. In this case, the
gene coverage is defined as the percentage of the set
of all common SNPs with MAF of 5% that demonstrate
threshold correlation with at least one SNP from the
specified polymorphism array [55]. The tagSNP ap-
proach has advantages due to knowledge of the LD
block structure of the human genome. Moreover, this
strategy considerably reduces effort and cost in geno-
typing [53, 56]. Because of the undeniable potential
benefit of tagSNP selection for association studies,
a proposition was made that tagSNPs be efficiently
identified using various algorithms.

Two methods (namely, STAMPA and Tagger) were
used in this study for tagSNP identification. The geno-
type data are used in the STAMPA method, whereas
no data on the haplotypes and block architecture of the
genome region under study are required [57]. This al-
gorithm is based on the hypothesis that the correlation
between SNPs tends to decrease as the physical dis-
tance between them increases; the allelic SNP variant
can be determined based on knowledge of the allelic
variants of the nearest tagSNPs from each side. A prog-
nostic significance of more than 90% is achieved in all
populations already when two tagSNPs of the MTHFR
gene are selected (Fig. 4). This is presumably because
the gene is small and the polymorphic sites are located
physically close to each other. However, to achieve a
prognostic significance of 99—100%, the number of tag-
SNPs needs to be considerably high. In our opinion, this
fact is a significant drawback of this algorithm.

The tagSNPs in the MTHFR gene were also identi-
fied in this study using the Tagger algorithm provided
by the HaploView software [21]. An aggressive tagging
algorithm based on tagSNP identification in two- and
three-marker haplotypes, within which all the poly-
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morphic variants should be closely linked with one
another (LOD > 3), was used in this method [26]. The
tagSNPs detected using the aforementioned algorithm
are listed in Table 4.

The prognostic significance of this set of tags with
respect to the entire polymorphism array under study
is equal to 100%. According to the results obtained, un-
equal tagSNP sets were observed in different popula-
tions at the specified threshold of prognostic signifi-
cance, which was presumably caused by the variation
of the LD structure and the haplotype diversity of the
MTHFR gene within the samples. This fact was con-
firmed by the statistically significant correlation be-
tween the haplotype diversity and the variability of the
number of tagSNPs (r? = 0.85; p < 0.01). The problem of
the possible transfer of tagSNPs from one population
to another is rather significant due to the considerable
topicality of association analysis using tagSNPs identi-
fied on the basis of the HapMap project data. An ap-
preciably high prognostic significance of tagSNP sets
in several genome regions selected for CEU, CHB, and
JPT with regard to the Caucasian and Mongoloid popu-
lations has been recently shown in a series of experi-
ments [58—60]. Nevertheless, it has been determined
that the extrapolation level of tagSNP decreases when
the set of tagSNPs established for CEU populations is
used in association studies in the African and several
isolated Caucasian populations [26, 61, 62]. At the same
time, it has been demonstrated that the most universal
tagSNPs providing maximum genetic coverage in the
other populations are found in the Yoruba population
because of the minimum strength of LD in this sample
[53]

A comparative analysis of the efficiency of STAM-
PA and Tagger algorithms depending on the level of
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Table 4. MTHFR gene tagSNPs identified using the Tagger algorithm

Russians

Northern Kyrgyz 11

Southern Kyrgyz 8

Tuvinians 11
Kets
Khanty
Yakuts 10
Buryats, city of Ulan-Ude

Buryats, settlement of Khuromsha

Note: The following SNP numeration is used: 1 — rs3753588, 2 —rs2066470, 3 —rs17037397,
4 —rs7533315, 5 —rs4846052, 6 —rs1801133, 7 —rs6541003, 8 —rs2066462, 9 —rs1801131, 10 —rs17375901,
11 —rs2274976, 12 —rs1537516. The MTHFR gene tag SNPs are shown in bold type at grey background.

Table 5. Comparative characteristics of STAMPA and Aggressive tagging algorithms for tagSNP determination

S N B N R T N T B K B

S B 20 B T N B B YT A
S 7 B B O T N B I 7N B

Buryats, settlement of Khuromsha 2 6 2

0.55 2

prognostic significance was carried out in this study.
It is clear from Table 5 that the minimum number of
tagSNPs at a prognostic significance of 90—95% is de-
termined using the STAMPA algorithm, whereas the
Tagger method is more efficient at a prognostic signifi-
cance of 98—100%.

TagSNPs are widely used in various genetic studies
as a tool that efficiently represents genetic diversity.
Nevertheless, the quality of the selected tagSNPs de-

pends on the original array in which they were char-
acterized. If the original marker density was low, the
selected tagSNP will “capture” less information than is
required for the analysis. The required marker density
in the initial data array varies within different genome
regions depending on a number of factors, such as the
recombination level, LD structure, SNP frequencies,
mutation character, and the demographic history of a
population [17].

VOL.4 Ne1(12) 2012 | ACTA NATURAE| 63



RESEARCH ARTICLES

Cluster C

Tuvinians

Southern Kyrgyz
Northern Kyrgyz

Kets

Buryats, city of Ulan-Ude
Buryats, settlement
Vakuts of Khuromsha
Khanty

Russians

Caucasians (HapMap)
Chinese (HapMap)
Japanese (HapMap)
Yoruba (HapMap)
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1234567891011
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10 CCCTCGCACGC
Cluster A 11 CCTTTGCCCGC
12 CCCCCACACAC
13 TCCTCGTCTGT
14 CCCCTACCCGC
15 CACTCGTCCAT
16 TCCTCGCCTGT
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18 CACCCACACGC
19 CCTCCACACGC
20 TCCTCGCCCAT
21 CCCCTACACAC
22 CACTCGCCCAT
23 CCCCTGCACGC
24 CCTTCACCCGC
25 CCTTTGCACGC
26 TACTCGCCCGT
27 CATTCGCCCGC
28 CCTTCACACGC

0

Cluster B

OCoOo~NoOOR~WNRERZ

Fig. 5. The median tree of the haplotypes occurring with a frequency of more than 0.1% in the total sample. Mutant al-
leles are shown in bold letters; ancestral haplotype is denoted as Ne10. Node diameter represents haplotype frequency
in the total sample. Numeration of SNPs in haplotypes is as follows: 1 —rs2066470, 2 —rs17037397, 3 —rs7533315,

4 —rs4846052, 5 —rs1801133, 6 —rs6541003, 7 — rs2066462, 8 —rs1801131, 9 —rs17375901, 10 — rs2274976,

11 —rs1537516.

Phylogenetic analysis of the relationships

between haplotypes at the MTHFR locus and

the assessment of the selective neutrality

of the polymorphisms under study

The phylogenetic analysis of the relationships between
the haplotypes, which are determined on the basis of
diallelic markers and characterized by a frequency of
occurrence in the total sample of more than 0.1%, were
carried out by constructing phylogenetic trees (net-
works) of haplotypes using the median network algo-
rithm implemented in the Network software. The hap-
lotype consisting of ancestral alleles was used as the
ancestral haplotype (the data was taken from the NCBI
database). The results obtained attest to the fact that
all the haplotypes observed in the human populations
under analysis originated from a common ancestral
variant, which occurs in the Yoruba population (with
a frequency of approximately 12%) and in the Russian
and southern Kyrgyz populations (with a frequency
of 1%) (haplotype 10 in Fig. 5). This fact supports the
hypothesis of the Recent African Origin of modern hu-
mans. The fact that haplotypes Ne 4 and 7, which are
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the closest ones to the ancestral variant, occur in the
Yoruba population with a significant frequency pro-
vides further potency to this hypothesis.

All the haplotypes observed lie within six mutation
steps from their common ancestor and can be subdi-
vided into three major clusters, A, B, and C, which are
formed from the CCTTCGCACGC, CCCTCGCCCGC,
and CCCTCACACGC haplotypes (Ne 4, 5, and 7, re-
spectively; Fig. 3). Cluster A is represented by 10 hap-
lotypes, two of which (Ne 1, 2) are the most widespread
(their total frequency being more than 50% of the fre-
quency of all haplotypes in the total sample) and were
revealed in all the populations studied. It should be not-
ed that the tree structure in this cluster is of a strongly
pronounced star-shaped character, which obviously
indicates a sudden population expansion in the demo-
graphic history. Cluster B contains eight haplotypes,
including haplotype Ne 3, which is the third most fre-
quently occurring haplotype and is represented in all
the populations, bar the Yoruba sample. It is worthy
of note that haplotypes Ne 8, 12, 17, 18, 21, 14, 23, 27,
11, 24, 19 of clusters A and B located at the branch tips



RESEARCH ARTICLES

of the phylogenetic tree occur only in northern Eura-
sian populations and presumably emerged relatively
recently. Haplotypes belonging to cluster C contain a
large number of mutant alleles; they are likely to have
been formed as a result of recombination events.

Since the SNP mutation rate and their diversity ob-
served in the modern populations can be assessed, it
is possible to calculate the time of origin of this hap-
lotype lineage. It has been known that diversity as-
sessments based on the phylogeny of DNA nucleotide
sequences are independent of demographic processes
[63] and suitable for determining the evolutionary age
of genetic lineages. The term “age” is understood as the
coalescence time (coalescence to the common ancestor);
i.e., as the generation time of the diversity observed.
With allowance for these facts, the variation of the al-
leles of the same SNP in the same locus was considered
to be a mutation step in order to assess the haplotype
coalescence time. An identical mutation rate (1*¥1078
mutations per locus per generation) was set for all the
polymorphic variants [64]. The generation time was
assumed to be equivalent to 20 years. The haplotype
coalescence time was assessed using the Network soft-
ware. In general, the age of diversity generation deter-
mined on the basis of 12 SNPs in the MTHFR gene was
equal to 314,000%=135,000 years. The median haplotype
trees obtained by dividing the MTHFR gene into two
blocks (the first one comprising rs3753588, rs2066470,
rs17037397, rs7533315, rs4846052, rs1801133, rs6541003;
and the second one comprising rs2066462, rs1801131,
rs17375901, rs2274976, rs1537516) were analyzed in
order to assess the accuracy of the results. This analy-
sis was performed because of the fact that the speci-
fied regions of the MTHFR gene occur in different LD
blocks in most populations, including the Yoruba sam-
ple. Therefore, an independent phylogenetic analysis
of two blocks of the MTHFR gene may be less prone
to the possible errors added because of recombination.
Finally, the coalescence time for the first block turned
out to be equal to 350,000+188,000 years; the age of the
ancestral haplotype of the second block was assessed as
306,000+188,000 years.

Although the phylogenetic analysis that was per-
formed is an appreciably powerful and efficient tool to
characterize the evolutionary relationships between
the haplotypes, it should be noted that particular care
needs to be taken when interpreting the absolute as-
sessments of the coalescence time (i.e., time expressed
in years), since the key parameters underlying these
assessments include the mutation rate and the absence
of recombination within the genome region under anal-
ysis.

According to the results of a number of studies [65,
66], a relatively recent and rapid expansion of human

populations from Africa left a considerable footprint
on our genome by forming a structure of genetic varia-
tions in human populations, which is of biomedical sig-
nificance, among other factors. It should be noted that
the genomic variability causing the phenotypic differ-
ence between two individuals is only 0.1%. In fact, most
of these variations in DNA should be evolutionary neu-
tral; however, a great number of polymorphisms af-
fecting the phenotype have been revealed, which can
serve as selection objects or can be subjected to subse-
quent selection [65].

When analyzing the selective neutrality of MTHFR
gene polymorphisms using the Ewens—Watterson test,
neutrality deviation was detected only at rs4846052
and rs6541003 in the Russian samples (the F criterion
observed for the Ewens—Watterson test was equal to
0.99 (p = 0.039) and 0.84 (p = 0.041), respectively) and
the Caucasian populations from the HapMap project
(F=10.79 (p = 0.021) and F = 0.98 (p = 0.030), respec-
tively). All three functionally significant SNPs causing
an increase in the HC blood level turned out to be se-
lectively neutral. This can presumably be attributed to
the fact that even a certain variation in phenotype can
be selectively neutral, provided that it does not affect
reproductive efficiency [67]. Nevertheless, data con-
cerning the selection of the 677T allele in the Spanish
population have been reported. They were based on the
study of the variation of the distribution of the frequen-
cies of genotypes of alleles of the C677T polymorphism
during the XX century. An increase in the number of
individuals with the 677TT genotype has been noted
in the population. This increase was caused by the fact
that many women took folic acid during the second and
third trimesters of pregnancy, resulting in an increase
in the viability of the carriers of the 677T allele dur-
ing early stages of embryogenesis [68]. Furthermore,
the selective significance of the T allele was supported
by the results of the analysis of the distribution of the
frequencies of alleles, genotypes, and haplotypes of
the C677T and A1298C polymorphisms in the MTHFR
gene in the Israeli, Japanese, and African populations.
According to these data, the 677T allele is found in the
haplotypes with a selective advantage [69].

It is a known fact that the 677T allele frequency
in world populations is very heterogeneous, vary-
ing from complete absence in the representatives of
African tribes to 55% in Spanish populations [28—30].
Moreover, the allele frequency gradient is observed
in Europe in the north—southward direction [70]. It
has been demonstrated that the frequency of 677TT
homozygous individuals in North America increases
in the direction from Western Canada (Alberta) to
the Southeastern United States (Atlanta), reaching
a peak in Mexico [71]. The mechanisms of gradient
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generation have not as yet been reliably ascertained,
however, there are at least three hypotheses, which
are based on the assumption that the high 677T al-
lele frequency is caused by the action of natural selec-
tion. The first hypothesis postulates that a decrease
in MTHFR activity during the famine reduces ho-
mocysteine remethylation, thus saving monocarbon
radicals in the tetrahydrofolate metabolism for essen-
tial DNA and RNA synthesis. According to the second
hypothesis, the carriers of the mutant gene are less
likely to develop colon cancer; therefore, the mutation
frequency in the population may gradually increase
[18]. The third hypothesis considers the gene—medium
interactions between MTHFR and the folic acid con-
tent as the major factor for the accumulation of 677TT
homozygous individuals in the population. Evidence
supporting the latter theory was obtained in a number
of experimental studies [34, 70, 71].

The role of selection pressure in the formation of LD
patterns and the level of genetic diversity in popula-
tions was assessed using the standard statistical tests of
neutrality proposed by Tajima and Fu [23, 24]. The val-
ue of Tajima’s D test turned out to be negative in all the
populations studied; however, it was statistically insig-
nificant. The value of the Fu’s Fs test was negative and
statistically significant in the populations of Tuvinians
(Fs = —11.28, p < 0.01), northern Kyrgyz (Fs = —24.15;
p < 0.00001), Yakuts (Fs = —19.76, p < 0.00001), and
Khanty (Fs = —10.31, p < 0.01), attesting to either a pos-
sible effect of negative selection on a specific genome
region in these populations or population expansion.
However, the mixing of these populations with neigh-
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Fig. 6. The
overall genetic
differentiation of
the total sample
studied over the
polymorphisms
of the MTHFR
gene. Note: *
indicates a sta-
tistically signifi-
cant difference
(p<0.05).
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boring ones could have also resulted in an increase in
DNA diversity and the F's test.

In general, the data obtained attest to the fact that
stabilizing selection has an impact on the rs4846052 and
rs6541003 loci in the Caucasian populations from the
HapMap project and that the negative selection pos-
sibly affects specific haplotypes of the MTHFR gene in
the populations of Tuvinians, northern Kyrgyz, Yakuts,
and Khanty. It should be noted that these four popula-
tions are characterized by a higher level of haplotype
diversity (more than 70%) and low LD level among all
the groups under analysis.

Genetic differentiation and relationships
between the populations under study
The data relating to the degree of gene differentia-
tion (F_) in the total sample with respect to each of
the markers selected are presented in Fig. 6. It should
be noted that all the polymorphic variants studied
demonstrated a reliable differentiation. It has been
shown that the differences in allele frequencies at the
rs4846052, rs1801133, rs6541003, rs2066462, rs1801131,
and rs2274976 loci contribute most to interpopulation
diversity. The lowest degree of interpopulation diver-
sity is typical of rs17375901. The level of genetic differ-
entiation of the populations under study with respect to
the allele frequencies of the 12 MTHFR gene SNPs un-
der investigation was equal to 0.015, and equal to 0.017
with respect to haplotype frequencies. The assessment
was carried out using the F coefficient.

The phylogenetic analysis of the genetic relation-
ship between the populations was carried out based on
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a data array for 13 populations. The resulting dendro-
gram showing the genetic relationships between the
populations is presented in Fig. 7. Two major clusters
can be isolated in the phylogenetic tree. The first cluster
comprises the Yoruba, HapMap Caucasians, northern
Kyrgyzes, Tuvinians, and Yakuts; the second cluster
consists of the Khanty, Ket, Buryat, southern Kyrgyz,
Japanese, and Chinese populations. This approach re-
veals the considerable differences between the gene
pools of the Caucasian (Russians, HapMap Caucasians)
and Mongoloid (Japanese, Chinese, Buryats, southern
Kyrgyzes) populations, as well as the close genetic re-
lationship between the Yoruba and HapMap Caucasian
populations, and the Chinese and Japanese populations.
It is of interest that the northern and southern Kyrgyz
are located in different clusters at a significant genetic
distance. The resolution capacity of the tree construct-
ed based on only 11 loci is insufficient to make any defi-
nite conclusions relating to the details of the genetic
relationships between the populations under study and
only attests to the degree of genetic variations between
them with respect to the MTHFR locus.

CONCLUSIONS

This investigation of the architecture of linkage dis-
equilibrium of the MTHFR locus in nine populations
inhabiting northern Eurasia was based on a conception
assuming that the human genome has a block struc-
ture. The data relating to the Caucasian, Chinese, Japa-
nese, and Yoruba populations obtained in the HapMap
project were used as a basis for population compari-
sons.

A population-specificity of the LD structure of the
MTHFR gene in various ethnoterritorial groups inhab-
iting northern Eurasia was revealed in this study. In
addition, similarity in LD architecture was detected
for certain populations, attesting to the role of evolu-
tionary history in the organization of the block struc-
ture of LD.

Different degrees of haplotype diversity were es-
tablished for the populations under study; neverthe-
less, identical major haplotypes were identified in all
the samples with the exception of the Yoruba popu-
lation, attesting to the fact that there may have been
a common mechanism of formation of LD patterns in
the MTHFR gene. The phylogenetic analysis of haplo-
types showed that all the haplotypes observed in the
populations under study originated from a common an-
cestral variant, thus attesting to the significant role of
recombination in the generation of genetic diversity in
the MTHFR locus and the possibility of a sudden popu-
lation expansion. The age of generation of the diver-
sity with respect to 12 SNPs of the MTHFR gene was
314,000%=135,000 years.

Japanese
Southern Kyrgyz

Buryats, settlement
of Khuromsha

Buryats, city 990 Chinese
of Ulan-Ude 773
548
347
Kets
700
Khanty 627 Yakuts
791
374 Tuvinians
762
Yoruba 764 Northern Kyrgyz
C . Russians
aucasians
100

Fig. 7. Dendrogram of the genetic relationships between
the populations studied. The length of the branches of the
phylogenetic tree corresponds to genetic distances.

Data supporting the impact of stabilizing selection
on the rs4846052 and rs6541003 loci in HapMap Cau-
casian populations and that of negative selection on
certain haplotypes of the MTHFR gene in populations
of Tuvinians, northern Kyrgyz, Yakuts, and Khanty,
which are characterized by the highest level of haplo-
type diversity (over 70%) and a low level of LD among
all the groups under study, were also obtained in this
work. All the investigated SNPs of the MTHFR gene
showed reliable differentiation. Data on separate loci
demonstrated that the variations with respect to al-
lele frequencies at loci rs4846052, rs1801133, rs6541003,
rs2066462, rs1801131, and rs2274976 contribute most
to the interpopulation diversity. The lowest degree of
interpopulation diversity is typical of the rs17375901
marker, which is monomorphic in the Yoruba popula-
tion.

Thus, the architecture of LD in the human genome,
and in the MTHFR locus in particular, is of a population-
specific character and is to a significant extent deter-
mined by the evolutionary history of the population. It
is obvious that the ethno-specific variability of haplo-
type blocks should be taken into consideration when
analyzing the structure of LD and selecting tagSNPs
during genetic mapping of common diseases both at the
whole-genome level and for association studies, when a
disease-associated variant is detected on the basis of its
linkage with the nearest sites in a relatively narrow ge-
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nome region. Subsequent investigation of the character
of the genetic diversity and linkage disequilibrium in the
genome of specific geographical, ethnic, or population
groups will enable to reconstruct the genetic history of
populations and detect the footprints of the natural se-
lection associated with the adaptive variability. ®
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