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Mitochondrial DNA sequences are frequently transferred into the nuclear genome, giving rise to numts (nuclear DNA
sequences of mitochondrial origin). So far, the evolutionary history of numts has largely been studied by using single
genomes. Here, we present the first attempt to study numt evolution in a comparative manner by using a pairwise genomic
alignment. The total number of numts was estimated to be 452 in human and 469 in chimpanzee. numts that were found in
both genomes at identical loci were deemed to be orthologous; 391 numts (>80%) were classified as such. The prepon-
derance of orthologous numts is due to the very short divergence time between the 2 hominoids. The rest of numts were
deemed to be nonorthologous. Nonorthologous numts were subdivided into 1) ancestral numts that have lost an ortholog in
one species through deletion (12 in human and 11 in chimpanzee), 2) new numts acquired by the insertion of a mitochon-
drial sequence after the divergence of the 2 species (34 in human and 46 in chimpanzee), and 3) paralogous numts created
by the tandem duplication of a preexisting numt (2 in human). This approach also enabled us to reconstruct the numt
repertoire in the common ancestor of humans and chimpanzees (409 numts). Our comparative approach is also useful

in identifying the exact boundaries of numts.

Mitochondrial DNA sequences are frequently trans-
ferred into the nuclear genome, giving rise to numts (nu-
clear DNA sequences of mitochondrial origin, Lopez
et al. 1994). numts have been described in more than 80
species (Bensasson et al. 2001). For most species, the es-
timate of numt content and abundance is still incomplete.
However, with fully sequenced genomes, it is possible to
obtain an accurate estimate of numt abundance (Richly
and Leister 2004). There is no correlation between the frac-
tion of noncoding DNA and numt abundance (Richly and
Leister 2004). The reason for the variation in numt abun-
dance among genomes is not known. Conceptually, the dif-
ferences might be due to 1) different rates of numt insertion,
2) different rates of numt deletion, and 3) different rates of
numt postinsertional duplication.

All mammalian numt studied to date were found to be
functionless, and it is thought that they became pseudogen-
ized on arrival into the nucleus because of the differences
between the nuclear and mitochondrial genetic codes
(Gellissen and Michaelis 1987; Perna and Kocher 1996).
In yeast, numts are transferred under natural conditions dur-
ing the repair of double-strand breaks (Ricchetti et al.
1999), and it was suggested that this is the cause for the
ongoing colonization of different genomes by numts. The
continuing process of numt integration into the nuclear ge-
nome is evidenced by the finding of numts that have been in-
serted into the human genome after the human—chimpanzee
divergence (Ricchetti et al. 2004). Some of these numts are
variable with respect to genomic presence or absence, in-
dicating that they have only arisen recently in the human
population. Transposition of numts into genes has also been
associated with human diseases (Willett-Brozick et al.
2001; Turner et al. 2003; Goldin et al. 2004).

From human genome data, different estimates of the
number of numts have been put forward in the literature
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(Mourier et al. 2001; Tourmen et al. 2002; Woischnik
and Moraes 2002; Bensasson et al. 2003; Richly and Leister
2004). Additionally, phylogenetic methods have been sug-
gested for dating the insertion of numts into the nuclear ge-
nome (Mourier et al. 2001; Woischnik and Moraes 2002).
Initial results indicated a fairly rapid process of numt inser-
tion, however, some studies ignored the possibility of post-
insertional nuclear duplication (e.g., Bensasson et al. 2000)
resulting in overestimation of numt insertion rates. Hazkani-
Covo et al. (2003) suggested a methodology for dating the
insertion of numts into the nuclear genome by using a single
nuclear genome sequence and a mitochondrial phylogenetic
tree. This methodology had the advantage of being able to
detect numt duplication events. We discovered that the rate
of numt insertion on the branch leading to humans was much
lower than previously reported (Mourier et al. 2001; Woischnik
and Moraes 2002). Most numts turned out to be paralogs of
preexisting numts, rather than new insertions.

Two numts are defined as orthologous if they are de-
rived from a speciation event, but as paralogous if they are
derived from a duplication event. So far, the evolutionary
history of numts has largely been studied by means of pa-
ralogous comparisons within single genomes (Mourier
et al. 2001; Woischnik and Moraes 2002; Hazkani-Covo
et al. 2003). The availability of closely related completely
sequenced genomes has enabled us to use comparative
methods to study directly orthologous numt evolution.
We note that by using the methodology of Hazkani-Covo
et al. (2003), the existence of orthologous numt in species
other than humans was inferred indirectly. That inference,
however, yielded a testable prediction. Thus, for example,
a numt that was inferred to have been inserted in the com-
mon ancestor of human and chimpanzee should possess or-
thologs in both species. However, this prediction could be
wrong if the mitochondrial phylogenetic tree is not the true
tree. In addition, this methodology is only applicable to
long numts that have sufficient phylogenetic signal. With
2 or more genomes, the presence of orthologous numts
can be inferred directly, even when the numts are short.

In the following, we suggest a protocol based on ge-
nome alignment to estimate the number of numits in closely
related species. We apply this approach to the genomes of
human (Lander etal. 2001) and chimpanzee (Pan troglodytes;
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F1G. 1.—(A) numt classification based on genome alignment of homologous loci between human and chimpanzee. (B) Each evolutionary event is

positioned on the inferred branch on the phylogenetic tree.

Mikkelsen et al. 2005), and use the alignment to identify
evolutionary events that may have affected numt composi-
tion in each genome, as well as to reconstruct the numt
makeup in the common ancestor of human and chimpanzee.

Because there are no hot spots for numt insertion
(Zischler 2000), the presence of a numt at a particular locus
in both genomes was taken to imply orthology (fig. 1). Non-
orthologous numts that are present in only one genome are
further classified into insertions, partial or total deletions, or
tandem duplications (fig. 1). Each such event can take place
in either lineage. Nonorthologous numts are identified by
a gap in the alignment. The distinction between insertions
and deletions is based on the fact that there exists no known
mechanism for the precise excision of numts. Thus, if the
gap coincides precisely with the boundaries of the numt, an
insertion is inferred. If the gap is smaller or larger than the
numt in the other genome, we infer the occurrence of a par-
tial or total deletion, respectively. Tandem numt duplica-
tions are characterized by adjacent homologous numts
and a gap coinciding perfectly with the boundaries of the
homolog from the other species. The assumptions used
for numt classifications here were also used in PCR-based
numt recognition (e.g., Lopez et al. 1994; Zischler et al.
1998; Herrnstadt et al. 1999).

Our analyses were based on genomic sequences and
annotations from the University of California at Santa Cruz
(Karolchik et al. 2004) Genome Center. First, Blast was
used to search each of the human and chimpanzee genomes
for regions of similarity with conspecific mitochondrial
sequences (fig. 2, frame 1). Closely spaced mitochondrial
hits were concatenated (fig. 2, frame 2). The distinction be-
tween orthologous and nonorthologous numts (as described
in fig. 1) was accomplished through a comparison of human
and chimpanzee numt preliminary datasets. The compari-
son was based on the University of California-Santa Cruz
genome alignment between human and chimpanzee. The

analysis was performed in a reciprocal manner: comparing
the human genome to the chimpanzee genome and compar-
ing the chimpanzee genome to the human genome. For a de-
tailed description of the methodology, see Supplementary
Material online.

We found a similar number of numts in both genomes:
452 numts in human and 469 numts in chimpanzee (table 1).
The total number of numts in the 2 genomes was found to be
similar to previous estimates in the literature. Unsurpris-
ingly, because of the short time that has passed since the
divergence of the 2 hominoids, 391 numts (87% in human
and 84% in chimpanzee) were classified as orthologous,
that is, were inserted into the nuclear genome before the
divergence between the 2 lineages (table S1 in Supplemen-
tary Material online).

We identified 46 previously undescribed postspecia-
tion numts in the chimpanzee. These ranged in size between
37 and 3,076 bp. In addition, we identified 34 numts in
human. Our study, thus, increases the number of known
human-specific numts (Ricchetti et al. 2004) by 26%, and
identifies the shortest (29 vs. 47 bp) and the longest (5,219
vs. 1,323 bp) new numts. Human and chimpanzee postspe-
ciation numts that were found in this study are listed in table 2.
The common ancestor of human and chimpanzee is estimated
to have lived about 6 Myr ago (Goodman et al. 1998). Thus,
the average rates of numtinsertionare 5.7 insertions per 1 Myr
in human and 7.7 numt insertions per 1 Myr in chimpanzee.
The difference is not statistically significant (P < 0.179).

From among the postspeciation numts, only 2 cases of
tandem duplication were found (both in the human ge-
nome). In the first case, an internal segment of 30 bp within
a numt located on chromosome 10 was duplicated once.
The second case, in chromosome 12, includes 18 tandem
duplications of a 47-bp sequence (fig. 3).

The number of events in which numts were deleted
from the genome is fairly similar between the 2 species.
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Two types of UCSC files were used in the analysis: the nucleotide pairwise

alignment file and the alignment net file. The final numt classification is determined after comparison with the chimpanzee genome (for details see

Supplementary Methods, Supplementary Material online).

There are 12 deletion events in human, of which 11 are total
deletions and 1 is a partial one. In chimpanzee, there are 11
deletion events, of which 7 are total deletions and 4 are par-
tial. As far as the total deletions are concerned, one can dis-
tinguish between 2 separate groups: most of the numts seem
to have been deleted from the genome as part of a much
larger segment. However, in a few cases, the numt deletion
included only a limited flanking region.

The number of nonorthologous numts is not large
enough to be able to detect differences in numt evolutionary
dynamics (insertion, deletion, or tandem duplication) be-
tween the 2 lineages. Still, we are now able to reconstruct

the numts constitution in the common ancestor of the 2
hominoids. The number of numts in the common ancestor
of human and chimpanzee is estimated at 409. This number
includes 391 numts that are still found in the 2 genomes,
and a total of 18 numts that were lost from 1 of the 2 ge-
nomes. Given the very low rate of numt deletion, the pos-
sibility that a numt has been lost in both genomes seems
negligible.

We suggest that in comparison to single genome anal-
yses, our methodology resulted not only in a more accurate
estimate of the number of numts but also in a more pre-
cise identification of their boundaries. First, this protocol
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Table 1

Numbers and Total Sizes (in Parentheses) of Different numt Types within the Genomes of Human and Chimpanzee

Nonorthologous numts

Tandem
duplications

Orthologous numts New insertions

Evidence for

numt deletions” Ignored numts Total Number of numts

Human
Chimpanzee

391 (395,530-437,048 bp)
391 (395,530-437,048 bp)*

34 (10,536 bp)
46 (8,442 bp) 0

1 (1) (846 bp)

7 (4) (1,005 bp)
1T (1) (2,620 bp)

20 (25,834 bp)
21 (11,691 bp)

452 (433,751-475,269 bp)
469 (418,283-459,801 bp)

 The total size of orthologous numts in chimpanzee was calculated according to human coordinates (see Supplementary Methods, Supplementary Material online). In
order not to run into the risk of classifying the same numt twice, the size of partially deleted numts and very small tandem duplications (wWhose number appears in parentheses)
was added to orthologous size. In addition, tandem duplications and evidence for partial deletion are not counted in the total number of numts. Underlined numts were used to

estimate the repertoire of the common ancestor.

® Human numis are listed as evidence for deletions in the chimpanzee genome; chimpanzee numts are listed as evidence for deletions in the human genome.

distinguishes between orthologous and nonorthologous
numts. Second, by using genome alignment, we identified
orthologous numts that escaped detection by the usual
Blasting of mitochondrial sequences against the nuclear ge-

Table 2

nome. In 145 out of 391 cases, numts were identified in only
one of the genomes when the Blast analysis was used. How-
ever, in the majority of cases, alignment of those numts to
the corresponding fragment in the second genome revealed

Postspeciation (New) numts in the Human and Chimpanzee Genomes. Coordinates of the numts within the Chromosomes and
the Mitochondria Are Shown as well as the numt size. Chromosome Names That Contain “Random” Include Unmapped

Sequences from the Chromosome

Chromosome Numt Start Numt End Mitochondria Start Mitochondria End Size
Human
1 1 37505010 37505083 8935 9008 74
2 1 212729637 212729675 9564 9602 39
3 2 33967073 33967125 1768 1820 53
4 2 81868148 81868389 7863 8104 242
5 2 149850064 149850195 613 744 132
6 3 25483960 25483998 10986 11024 39
7 3 68652747 68652775 12613 12641 29
8 3 97656933 97658255 1398 2720 1323
9 4 12392801 12393142 9339 9680 342
10 4 47689831 47689923 14982 15074 93
11 4 56109869 56109999 964 1094 131
12 4 79388079 79388310 2227 2458 232
13 4 163920153 163920320 12251 12418 168
14 5 73155790 73155830 10803 10843 41
15 5 134335215 134340433 10270 15488 5219
16 5 165938322 165938361 12148 12187 40
17 7 67613632 67613737 12962 13067 106
18 7 145086167 145086262 1615 1710 96
19 8 100464681 100464764 14862 14945 84
20 11 72948014 72948176 6643 6805 163
21 11 122411966 122412037 14661 14732 72
22 12 40043704 40043792 3792 3880 89
23 13 39140488 39140558 9524 9594 71
24 13 54343769 54343891 5109 5231 123
25 13 107774473 107774728 984 1239 256
26 17 42550249 42550316 10144 10211 68
27 17 51657732 51658384 6819 7471 653
28 17 79291501 79291541 6904 6944 41
29 18 2832230 2832352 14382 14504 123
30 18 43631604 43631795 7976 8167 192
31 20 9144571 9144612 2182 2223 42
32 20 13142959 13143001 3501 3543 43
33 20 56324532 56324601 12963 13032 70
34 22 34553532 34553578 6182 6228 47
Chimpanzee

1 1 94875580 94875730 2368 2518 151
2 1 167557915 167557996 14438 14519 82
3 1 178753526 178753594 309 377 69
4 1 212351158 212351245 8419 8506 88
5 2 53678271 53678368 3042 3139 98
6 2 82799067 82799512 15690 16132 446
7 2 146514792 146514841 6710 6759 50
8 2 168762978 168763014 15223 15259 37
9 2 193113054 193113149 8920 9015 96
10 2 198849924 198849997 1753 1826 74
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Table 2
Continued

Chromosome Numt Start Numt End Mitochondria Start Mitochondria End Size
11 2_random 50499996 50500065 11120 11189 70
12 3 113480884 113483978 7168 14547 3095
13 3 186259921 186259958 13880 13917 38
14 4 88229437 88229473 13473 13509 37
15 4_random 36403746 36403863 2142 2259 118
16 5 28122132 28122213 1268 1349 82
17 5 68511847 68511970 14670 14793 124
18 6_random 21154919 21154985 15098 15164 67
19 6_random 28204787 28204866 2175 2254 80
20 7 126455472 126455640 8260 8428 169
21 7 137974486 137974549 15611 15674 64
22 8 138224221 138224364 10786 10929 144
23 9 42240545 42240626 7950 8031 82
24 9 93119352 93119472 1828 1948 121
25 10 72885336 72885405 10088 10157 70
26 10 104435941 104436168 3540 3767 228
27 10_random 22373731 22374046 6709 7020 316
28 12 103361584 103361668 14582 14666 85
29 12_random 30969217 30969432 7824 8039 216
30 13 15766920 15767029 7433 7542 110
31 13 17844524 17844652 10950 11078 129
32 13 103738537 103738696 9982 10141 160
33 13 109897352 109897539 12157 12344 188
34 13_random 14479481 14479533 13246 13298 53
35 14 18106476 18106545 11189 11258 70
36 14 95292747 95292931 3795 3979 185
37 15 23943932 23944001 1328 1397 70
38 15 42692145 42692448 4778 5081 304
39 16 62752970 62753052 14596 14678 83
40 17 65338553 65338608 15361 15416 56
41 18 14965901 14966085 14448 6415 185
42 18_random 29158839 29158872 11943 11976 34
43 18_random 32760196 32760238 3393 3435 43
44 19_random 23568693 23568762 16025 16094 70
45 20 15505542 15505603 9864 9925 62
46 23 32703341 32703583 14372 14614 243

a cryptic or quasi-cryptic ortholog. In 15 cases, the exis- protocol enables a more precise identification of the geno-
tence of orthologous numts in chimpanzee was inferred mic coordinates of numts. The comparative method allows
on the basis of a small stretch of Ns similar in size to concatenation of fragments that may otherwise be identified
the human numt in the homologous position. Finally, our as independent numits.

Hs numt 5' GGATTAATTAGTATGGGAAGGATGTAACCAGCATTTTCGGGGTATGGGCTCGATGGCTTAT]
Hs numt Dup_1
Hs numt Dup 2
Hs numt Dup 3
Hs numt Dup 4
Hs numt Dup 5
Hs numt Dup 6
Hs numt Dup 7
Hs numt Dup 8
Hs numt Dup 9
Hs numt Dup 10
Hs numt Dup 11
Hs numt Dup 12
Hs numt Dup 13
Hs numt Dup 14
Hs numt Dup_15
Hs numt Dup_16
Hs numt Dup_17
Hs numt Dup_18
Hs numt 3'

Pt numt

Hs mitochondria
Pt mitochondria

oo e

ITTAGCCGACCTTATTTTAGGACGTGGTGTAATAGGT
ITTAGCCGACCTTACTTTAGGACGTGGTGTAATAGGT
ITTAGCTGACCTTACTTTAGGATGGGGTGTGATAGGT
ITTAGCTGACCTTACTTTAGGATGGGGTGTGATAGGT

Fic. 3.—Multiple sequence alignment of 18 tandemly repeated numts in human chromosome 12 (positions 125, 420, 954125, 422, 037) and the
homologous locus on chimpanzee chromosome 10. The alignment to human and chimpanzee mitochondria is also shown. Each repeat is 47 bp in length
and aligns to mitochondrial coordinates 4418-4464 (box). The flanking regions of the human internally repeated numt align to human mitochondrial
coordinates 44784382 and can also be aligned to a single chimpanzee numt. Duplications (Dup_) are numbered in order of their appearance from 5’ to 3".
Identical nucleotides in the alignment columns are indicated by a dot; dashes indicate gaps. Hs, Homo sapiens; Pt, Pan troglodytes.
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Supplementary Material

Supplementary data and tables are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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