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Transfer of mitochondrial DNA(mtDNA) to nu�
clear genome is a natural phenomenon in many eu�
karyotes [1–5]. Although this promiscuous nature of
organellar DNA has been known for long time [6–8],
it is only recently that they are getting serious attention
regarding their structure, evolution and significance in
the nuclear DNA [9–14]. The transfer of mtDNA to
nuclear genome represents a dynamic and continuous
evolutionary process as evident from continued colo�
nization of such DNAs in human chromosomes over
time [15]. A number of loci (about 200) have been
identified in human chromosomes based on BLASTN
searches of the human genome sequence with mtDNA
[16–19]. The lengths of these NUMTs are variable,
some being exceptionally larger (at least five NUMTs
are >10 kb) than majority of the inserts (<2 kb) in the
genome [19]. It has been further suggested that about
two� third of the human NUMTs are derived copies
from pre�existing inserts by degradation and chromo�
somal rearrangements of the original inserts [20]. The
current work highlights the patterns of linkage disequi�
librium (LD), a process of nonrandom association of
alleles of different loci, and explores identification of
tagSNPs that can be useful in genome�wide associa�
tion studies of NUMTs in human diseases. TagSNPs
are select subset of all mutations that can be used as in�
formative markers to tag the loci and are useful for
minimizing cost and time of large scale targeted geno�
typing projects.

EXPERIMENTAL

A total of 54 NUMTs of varying length localized in
different chromosomes (Supplementary table) were

investigated in the present study. These inserts are of
varying sizes (ranging from 591 bp to 18.604 bp) and
are distributed in different (17) chromosomes in the
human genome. These NUMTs were essentially same
set of loci compiled by [19] as mtDNA inserts. The al�
lelic associations of single nucleotide polymorphisms
(SNPs) in the flanking regions (up to 100 kb) were
studied for each NUMT. The flanking SNPs and their
genotypes in different populations of human were ob�
tained from HapMap data (Release 27 Phase II+III;
February 2009; dbSNP b126) annotated on NCBI B36
assembly of human genome. The 54 NUMTs were se�
lected based on quality genotype data in both the
flanking regions (NUMTs were not included if more
than 25% genotypes were undetermined). Based on
these criteria, the ASW (African ancestry in Southwest
USA) population was chosen to study the LD patterns
across each NUMT. 

However, a subset of NUMTs (table) were found
qualify the above criteria and hence were stadied in ad�
ditional populations such as CHD (Chinese in Metro�
politan Denver, Colorado), GIH (Gujarati Indians in
Houston, Texas), LWK (Luhya in Webuye, Kenya),
MEX (Mexican ancestry in Los Angeles, California),
MKK (Maasai in Kinyawa, Kenya) and TSI (Toscans
in Italy). They were chosen based on the fact that the
flanking SNPs of these specific NUMTs were relative�
ly better covered for genotyping in these particular
populations compared to the flanking SNPs of other
NUMTs or other populations. Multiple sequence
alignment and construction of Neighbor joining (NJ)
phylogenetic tree of NUMT sequences were per�
formed using Molecular Evolutionary Genetics Anal�
ysis (MEGA) Version 4 [21]. Bootstrap analysis of
phylogeny was performed with 1000 replicates. The
Kimura�2 parameter was used as a distance measure.
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The linkage disequilibrium among the flanking SNPs
was determined separately for each NUMT by HAP�
LOVIEW software [22]. The ‘Tagger’ program includ�
ed in this software was then used to identify tagSNPs
by pair�wise tagging method [23]. The minimum
threshold limit of correlation coefficient of linkage
disequilibrium (r2) was kept at 0.8 for selecting such
SNPs.

RESULTS

The pair�wise tagging of flanking single nucleotide
polymorphisms (SNPs: HapMap Project) within
100 kb on either side of each of the 54 NUMT loci (fig. 1,
Supplementary table (http://www.molecbio.com/
downloads/2012/1/supp_susanta.k.behura_en.pdf))
shows striking contraction in the patterns of linkage
disequilibrium (LD) around these transferred loci. Us�
ing tagSNP prediction approach [23], it was found
that no (or only few) such tagSNP pairs were identifi�
able that revealed a strong allelic association [with co�
efficient (r2) of LD > 0.8] between the left and right
flanking chromosomal DNAs of any NUMT. On the
other hand, the tagSNP pairs were found in excess ei�
ther within the 100 kb�left or within the 100 kb�right
flanking region of each NUMT (fig. 1). The data in ta�
ble shows that about 50% of the NUMT loci showed
no LD extension (with r2 of LD > 0.8) across the inser�

tions. In the contrary to this, SNPs within the flanking
DNAs showed strong LD among each side. Although
extended LD across the mtDNA inserts were observed
for the other NUMT loci (Supplementary table (http://
www.molecbio.com/downloads/2012/1/supp_susanta.
k.behura_en.pdf)), the SNPs showing such LD exten�
sion between the left and right flanking DNAs was
much less in number than such SNPs within the left or
within the right flanking DNA.

It was further found that the observation of rarity of
tagSNPs across the NUMTs was not specific to the ge�
nome within the ASW population (African ancestry in
Southwest USA). These SNPs were consistently rare
across the NUMTs in different human populations
(table). This was based on analysis of a subset of
NUMTs (ID# 6, 7, 9, 11, 14 and 25 see Supplementary
table for genome position) in additional five human pop�
ulations (see Experimental) where a total of 299 common
SNP markers were compared among the left� and right�
100 kb of these NUMT loci in these specific popula�
tions (the common markers were chosen based on
availability of quality genotype data in different popu�
lations for the NUMT flanking regions as well as based
on the captured SNP sets by the Tagger program in
predicting tagSNPs).

Furthermore, our analysis also indicates that the
length of NUMT seems to be a good indication of pat�
tern of LD across them (fig. 2). This was evident from

Consistent pattern of rarity in the number of tagSNPs across NUMTs among human populations*

NUMT L/R ASW CEU CHB CHD GIH JPT LWK MEX MKK TSI YRI

6 L 19 19 19 19 19 19 19 19 19 19 19

6 R 19 18 19 19 19 19 19 19 19 19 19

6 L..R 0 0 0 0 0 0 0 0 0 0 0

7 L 12 12 10 11 11 11 12 11 12 11 12

7 R 26 26 26 10 26 10 25 26 26 26 26

7 L..R 0 0 1 16 1 16 1 0 0 0 0

9 L 3 2 0 0 3 0 3 3 3 3 3

9 R 26 26 26 26 26 25 26 26 26 26 26

9 L..R 0 0 3 3 0 3 0 0 0 0 0

11 L 29 27 26 26 29 27 29 27 29 29 26

11 R 44 44 41 41 41 43 46 46 46 41 45

11 L..R 2 4 8 8 5 5 0 2 0 5 0

14 L 45 45 45 45 45 43 45 45 45 45 44

14 R 40 41 40 38 41 39 41 41 41 40 40

14 L..R 1 0 0 3 0 2 0 0 0 1 1

25 L 9 9 6 6 9 7 9 9 9 9 6

25 R 23 23 23 23 23 23 23 23 21 23 23

25 L..R 0 0 3 3 0 2 0 0 0 0 1

*A randomly selected six NUMTs (NUMT IDs # 6, 7, 9, 11, 14 and 25, see table for genome position of these NUMTs) were analyzed
for tagSNPs within left (L) and right (R) 100 kb flanking sequences as well as between them (L�R; i.e. across NUMT). The headings on
1st row shows abbreviation of different populations.
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analyzing NUMTs those are of different lengths but
show sequence homologies among each other and to
an overlapping origin in the mtDNA. Among these
NUMTs, extension of strong LD was observed in the

case of smaller NUMTs and no such LD pattern was
observed across the larger NUMTs. The negative cor�
relation was statistically significant (p < 0.05) among
the NUMTs that showed sequence homologies to same
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Fig. 1. Comparison of number of tagSNPs (y�axis) in the flanking sides of NUMTs (x�axis) in human genome. The dotted line
represents the number of tagSNP pairs within the left 100 kb region, the solid thin line shows the number of tagSNP pairs within
the right 100 kb region and the solid thick line shows the number of tagSNP across (between left and right flanking region) of each
NUMT.

Fig. 2. Relationship between LD extension with the length of NUMTs. a – Neighbor�joining phylogenetic tree of NUMTs those
originated from same region of mtDNA. The three grouping in the tree are illustrated in b. The dotted line in b shows the chro�
mosomal DNA, the thicker line shows the extent of LD (r2 > 0.8) and the thickest line shows the NUMT length (with I.D. on the
left). The numbers on both ends of NUMTs show the positions in mtDNA to which the NUMT show sequence homologies. The
numbers on the LD extension show the length (in kb) between the farthest tagSNP pairs across the mtDNA insertion. Note that
the drawing is not in scale.
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region of the mtDNA. However, the relationship was
not significant when unrelated NUMTS (sequence ho�
mologies to different regions of mtDNA) were consid�
ered together (data not shown). The absence of strong
LD extension across the flaking regions of the larger
NUMTs suggest that these inserts are associated with
chromosomal sites those may be relatively more prone
to recombination. Low LD and high recombination
across these large inserts are necessary for disintegra�
tion to smaller NUMTs that are present in large excess
not only in human genome but other eukaryotes as
well. The disintegrated smaller NUMTs are associated
with regions with extended LD where recombination
events are less active. This indicates that strong linkage
disequilibrium between the flanking regions of mtD�
NA insertion sites may be associated with the stability
of NUMT sequences in the chromosomal DNA.

DISCUSSION

The linkage disequilibrium patterns around mtDNA
insertions are investigated in the human genome. The
strong LD structure around NUMT insertion sites
may be common in humans as revealed from genotype
data of flanking SNPs in different ethnic populations.
It further indicates that such LD structure may be an�
cestral in human genome and population structuring
has little or no effect in breaking these patterns. Re�
combination events across these loci are responsible for
breaking up ancestral LD that may eventually restore
equilibrium between flanking chromosomal regions.
The presence of extended LDs within the left and right
flanking DNAs suggests that these flanking regions
may be less prone to the recombination events. This
allows the inserted mtDNA to sustain for a long evolu�
tionary time in nuclear genome. This pattern of LD
structures most likely contributes to the extent of ‘fossil�
ization’ of mtDNA inserts in the human chromo�
somes. The result of this investigation signifies the role
of linkage disequilibrium in the evolutionary process
of parasitization of human chromosomes by such
transferred organellar genetic materials. Apart from
that, we think the important message from this study
should be in relevance to genetically tagging of mtD�
NA inserts using HapMap data. The analysis clearly
shows that HapMap genotyping data is not adequate
or appropriate to generate tagSNPs to carry out large
scale genotyping experiments of these loci. Even un�
reliability of HapMap data, particularly at the
NUMT loci, can’t be ruled out [24]. This study [24],
by re�sequencing a mtDNA insertion site in chromo�
some 1, showed that the HapMap data for that region
was probably misassembled. It was suggested that the
SNP data was actually representation of the mtDNA
rather than the nuclear DNA. Nevertheless, in the
current study, we deal with SNPs in the flanking re�
gions that are non�mtDNA sequences. However, the
current study as well as study presented in [24] high�
lights the problems of using HapMap data particular�

ly in connection to genotyping of NUMT insertion
sites by tagSNP approach. While studies have been
pointing association of NUMTs in some human dis�
eases [25, 26], efforts are necessary to develop sizable
number of tagSNPs in order to carry out affordable
and reliable genome�wide association studies targeted
towards these loci.
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