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METHODS

Human mtDNA Site-Specific Variability Values Can
Act as Haplogroup Markers
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Sequencing of entire human mtDNA genomes has become rapid and efficient, leading to the production of a great
number of complete mtDNA sequences from a wide range of human populations. We introduce here a new
statistical approach for classifying mtDNA nucleotide sites, simply by comparing the mean simple deviation
(MSD) of their specific variability values estimated on continent-specific dataset sequences, without the need for
any reference sequence. Excellent correspondence was observed between sites with the highest MSD values and
those marking known mtDNA haplogroups. This in turn supports the classification of 81 sites (23 in Africa, eight
in Asia, eight in Europe, 34 in Oceania, and eight in America) as novel markers of 47 mtDNA haplogroups not
yet identified by phylogeographic studies. Not only does this approach allow refinement of mtDNA phylogeny, an
essential requirement also for mitochondrial disease studies, but may greatly facilitate the discrimination of
candidate disease-causing mutations from haplogroup-specific polymorphisms in mtDNA sequences of patients
affected by mitochondrial disorders. Hum Mutat 27(9), 965–974, 2006. rr 2006 Wiley-Liss, Inc.
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INTRODUCTION

Due to the peculiar features of mitochondrial DNA (mtDNA)
(maternal inheritance, absence of recombination, role in cellular
energy production, and lack of an efficient repair system), analysis
of mtDNA sequence variations has proven to be a powerful tool
for investigating human origins and dispersals [Macaulay et al.,
2005; Thangaraj et al., 2005; Forster and Matsumura, 2005] and
identifying single mutations (or combinations of mutations) that
either cause human diseases or play an important role in their
expression [Howell et al., 2005; Wallace, 2005].

As regards evolutionary studies, the earliest mtDNA work
began by digesting entire mtDNA with a number of restriction
enzymes [Denaro et al., 1981; Johnson et al., 1983; Cann et al.,
1987], sequencing the hypervariable segments (HVS-I and
HVS-II) [Vigilant et al., 1991; Richards et al., 1998] of the
D-loop, the main regulatory region of metazoan mitochondrial
DNA, or using a combination of the two approaches [Torroni
et al., 1993a,b, 1996; Macaulay et al., 1999; Richards
et al., 2000; Quintana-Murci et al., 2004]. In the last few
years, the advent of more advanced molecular techniques has
allowed rapid and efficient sequencing of the entire human
mitochondrial genome, leading to the production of a great
number of mtDNA sequences from a wide range of human
populations [Ingman et al., 2000; Finnilä et al., 2001; Herrnstadt
et al., 2002; Ingman and Gyllensten, 2003; Kong et al., 2003;
Achilli et al., 2004, 2005; Palanichamy et al., 2004; Tanaka et al.,
2004; Friedlaender et al., 2005; Kivisild et al., 2006; Macaulay
et al., 2005; Merriwether et al., 2005; Thangaraj et al., 2005;
Trejaut et al., 2005].

This massive amount of sequence data provides the opportunity
of analyzing sequence variations of human mtDNA with new
approaches, with results which may be considered significant and
reliable only now that the ‘‘raw’’ data are sufficiently plentiful.
These analyses contribute to a more accurate definition of
mtDNA haplogroups, defined by a unique set of variations
acquired from the same ancient common female ancestor. Here,
we introduce a novel statistical approach, based on site-specific
variability estimates, i.e., a measure of how variable a site is, in the
multialigned set of considered sequences. The method allows
identification of nucleotide sites, which are mtDNA haplogroup
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FIGURE 1. a: Number of continent-speci¢c variant sites (site-speci¢c variability value 40) in coding part of mitochondrial genome.
b: Number of variant sites with MSD values greater than zero. c: Number of unique continent-speci¢c sites with MSD values greater
than zero. d: Number of variant siteswithMSDvalues greater than threshold. e: Number of unique continent-speci¢c siteswithMSD
values greater than threshold. f: Numberof ‘‘haplogroup de¢ning’’variant sites (with/without thosewith recurrent or raremutations)
not ‘‘new’’with values greater than threshold.

FIGURE 2. Site-speci¢c variability trends in various continents obtained by application of Site_Var approach.
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markers, and their discrimination from disease-causing mutations,
thus greatly facilitating identification of the latter in patients
affected by mitochondrial disorders. Indeed, all disease-causing

mutations are either rare or recurrent mutations (ones which are
less rare and are thus found in mtDNAs belonging to different
haplogroups). Instead, haplogroup-specific polymorphisms are

TABLE 1. Mean SimpleDeviation (MSD) of mtDNASite Variability Values inAfricaWith Respect toOther Continents

MSD
Nucleotide
position

Con¢rmed
haplogroup(s)a MSD

Nucleotide
position

Con¢rmed
haplogroup(s)a MSD

Nucleotide
position

Con¢rmed
haplogroup(s)a

1.000 825 L0-L1-L5 0.267 6587 L3e1 0.157 921 L3d1-L3d3
0.805 7521 (Lw/o L3-L4) 0.267 15942 New 0.156 11899 L1c1
0.802 7256 (Lw/o L3-L4) 0.264 14152 L3e1 0.156 5442 L0
0.792 769 (Lw/o L3) 0.261 10086 L3b 0.156 13886 L3d
0.792 3594 (Lw/o L3-L4) 0.252 13101 L3e3 0.154 7424 L3d
0.792 13650 (Lw/o L3-L4) 0.247 5773 L3b 0.154 4454 L1c1a
0.791 4104 (Lw/o L3-L4) 0.239 6071 L1c 0.153 750 L3e3
0.791 1018 (Lw/o L3) 0.239 9072 L1c 0.151 8618 L3d
0.728 13105 L0-L1-L3b-

L3d-New
0.239 14911 L1c 0.151 14034 New

0.683 2352 L1b-L3e-U6b1 0.238 10373 New 0.150 10920 L0k
0.655 9221 L2 0.238 5951 L1c 0.147 15217 L2b-L2c
0.655 10115 L2 0.237 12810 L1c 0.146 3843 L1c1
0.647 8206 L2 0.233 10586 L1c 0.146 9540 L/M
0.632 11944 L2a-L2b-L2c 0.232 5581 New 0.145 10873 L/M
0.597 2416 L2 0.232 3693 L1b-L2d 0.143 1048 L0
0.577 15784 L2a1 0.221 5046 L1b 0.139 1442 L2b-L2c
0.570 2789 L0f-L2a 0.219 10321 L1c1-L1c2 0.139 3200 L2c
0.570 7771 L2a 0.218 5036 L1b 0.138 8701 L/M
0.570 12693 L2a1 0.218 5393 New 0.136 13958 L2c
0.570 13803 L2a 0.218 5655 L1b 0.135 5366 Raremutation
0.569 7175 L2a 0.218 8248 L1b 0.135 5603 L0a-L0f
0.569 7274 L2a 0.218 14203 L1b 0.135 6875 Raremutation
0.562 14566 L2a 0.217 1738 L1b 0.135 8428 L0a
0.553 13590 L2-L0k 0.216 3308 L1b 0.135 15136 L0a-L0f
0.542 10819 L3e-L3i 0.213 6827 L1b 0.134 14182 L0k
0.540 14212 L3e 0.211 15115 L1b 0.134 12720 L0a-L0d
0.536 13914 L3b 0.210 9449 L3b 0.133 11641 L0a-L0f
0.513 11914 L0-L2a 0.210 7867 L1b 0.132 5656 U5b1-New
0.500 8655 L0-L1-L5 0.209 14179 New 0.131 5237 L0a2b
0.500 13506 L0-L1-L5 0.205 15670 New 0.131 12630 L3w-New
0.499 2758 L0-L1 0.203 14769 L1b-L3f1 0.130 1692 Raremutation
0.499 2885 L0-L1 0.202 14905 L3e2 0.128 2000 L3e3
0.498 7146 L0-L1 0.202 6548 L1b 0.128 15431 L0a-L0f
0.498 8468 L0-L1 0.202 6989 L1b 0.127 10667 L3e3
0.494 6221 L1c3-L3b 0.195 8650 New 0.126 7768 U5b
0.483 10688 L0-L1-L5 0.190 15110 L2b-L2c 0.126 6524 L3e3
0.479 14000 L1c 0.190 8566 L0a 0.123 3438 L0d1
0.472 10810 L0-L1-L5 0.188 11800 New 0.122 6680 L3d1-M1
0.404 13880 L1b 0.186 7805 U6a 0.121 8087 L1c1a
0.399 13789 L1 0.184 10915 L0 0.119 15099 Raremutation
0.397 7389 L1 0.184 12519 L1b 0.118 14180 Recurrent
0.395 14178 L1 0.182 9554 L3e3-New 0.117 6150 New
0.382 7055 L1 0.179 12236 L2b-L2c 0.116 15391 Raremutation
0.381 15301 L0-L1-L5 0.175 5331 L2b 0.115 5471 Recurrent
0.377 3666 L1 0.172 2245 L0a-L0f 0.115 7385 U5b1b
0.375 14560 L1 0.172 2768 L1b1 0.113 14088 L1c1a
0.358 15244 New 0.172 15229 New 0.111 5231 L0a
0.345 5285 New 0.170 4312 L0 0.111 10927 U5b1b
0.342 15629 New 0.170 4586 L0a-L0k-L0f 0.106 9098 Raremutation
0.340 3516 Lo 0.170 9042 L0 0.106 9755 L0
0.339 3918 L2a1a 0.170 9347 L0 0.105 14571 Raremutation
0.319 3796 L1c1 0.170 9818 L0a-L0k-L0f 0.104 3197 U5
0.316 12308 U(U6) 0.170 10664 L0 0.104 13617 U5
0.315 11467 U(U6) 0.170 13276 L0 0.104 9477 U5
0.311 3348 U6 0.167 6185 L0 0.104 6164 Raremutation
0.305 7624 L2b-L2c 0.167 11002 New 0.103 12618 U5b1b
0.291 3495 New 0.166 5147 L0a2-L3d 0.103 13980 New
0.281 12372 U(U6) 0.165 10589 L0 0.103 6152 Raremutation
0.270 2332 L2b-L2c 0.162 710 L1b 0.101 12930 New
0.268 3450 L3b 0.162 11176 L0a 0.100 9438 U6b
0.268 13485 L1c 0.159 14148 L1c1 0.100 11204 Raremutation
0.268 15311 L3b 0.157 4655 L3e3 0.100 11257 New
0.268 15824 L3b 0.157 14284 L3d

aThe‘‘New’’nucleotide position is a marker of a new predicted haplogroup (see Table 6). The‘‘Rare mutation’’was observed only in one or two haplo-
types in HmtDB,without de¢ning any speci¢c haplogroup.The‘‘Recurrent’’mutation at that nucleotide position is paraphyletic.
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generally quite common in at least one geographic area/ethnic
group, have a deep location in the phylogenetic tree, and have
been subjected to selective pressure for tens of thousands of years.
Therefore, haplogroup markers cannot be disease-causing muta-
tions, at most, they may play a secondary role in disease expression
[Carelli et al., 2006].

The main idea underlying our hypothesis is that mtDNA sites
with high variability values found only in a particular geographic
area may be considered good haplogroup markers of that area.
Variability values satisfying these features are defined here as
‘‘discriminating variability values.’’ A major requirement of this
approach is that, due to the structure of the algorithm used to
estimate variability values, the sample must be sufficiently large for
statistically significant results to be obtained, and sufficiently
heterogeneous to be sufficiently representative of the populations
living in the geographic area of interest. This spurred for the

research group to perform a random simulation sampling
procedure, starting from the original sequence datasets, in order
to assess to what extent the method is dependent on sample
characteristics.

MATERIALSANDMETHODS

The method is based on the Site_Var algorithm [Pesole and
Saccone, 2001], extensively modified in collaboration with the
authors in order to adapt it to human mtDNA data and to obtain
more precise site-specific variability values. The original version
of the algorithm starts from N nucleotide multialigned sequences
and for each i-th site in each j-th pair of sequences estimates the
dij score, which is 1 or 0, depending on the presence or absence of
the substitution event in the site, divided by the j-th genetic
distance calculated according to the stationary Markov model

TABLE 2. Mean SimpleDeviation (MSD) of mtDNASiteVariabilityValues inAsiaWith Respect toOther Continents

MSD
Nucleotide
position

Con¢rmed
haplogroup(s)a MSD

Nucleotide
position

Con¢rmed
haplogroup(s)a

0.757 5178 D 0.083 6962 F1
0.552 9824 M7-D4b2 0.083 8563 A1
0.375 4883 D 0.081 2766 D4d1
0.356 1382 D4b2 0.081 5351 M7b
0.344 8414 D4 0.081 9950 B2-B5-M11
0.327 14668 D4-Z2 0.080 12406 F1
0.273 13928 R9 0.080 10345 M7b2
0.259 10400 M 0.079 5601 G2
0.259 14783 M 0.079 5301 D5
0.233 8020 D4b-F4b-M7b2 0.079 1107 D5
0.216 6455 M7 0.078 13563 G2
0.213 15043 M-I 0.076 7853 M7b
0.171 14569 New-G-B4b1b 0.076 15524 D4b2a
0.166 10310 F-B4c1a 0.075 11017 M7a1a
0.151 5108 B4c2 0.075 15518 New
0.140 8701 L/M-D4g@ 0.075 4343 New
0.135 3970 R9 0.075 14200 G2a
0.132 5417 N9 0.074 9180 D5a-D5b
0.131 3206 D4a 0.074 7600 G2a
0.131 14979 D4a 0.073 11969 B4f-C4-M11
0.131 6392 F 0.073 12358 N9a-New
0.130 4386 M7a-N9a1 0.073 11084 M7a1a
0.130 4071 M7b-M7c 0.072 15346 B4c
0.124 4833 G 0.068 14944 A1a1a
0.122 10873 L/M 0.066 9575 G2a
0.120 9540 L/M 0.064 1119 B4c
0.119 9296 D4b2b 0.064 15874 D4e2
0.116 10410 New 0.064 10397 D5
0.114 2626 M7a 0.062 8594 R5
0.114 4958 M7a 0.056 10104 D4b2a
0.110 2772 M7a 0.055 15851 B5b
0.105 8473 D4a 0.055 15662 B5b
0.101 11536 A1 0.054 15508 B5b
0.100 12771 M7a 0.054 827 B4b-B4d-New
0.098 11215 D4e-F1a1a1 0.054 15301 L/M
0.097 709 Recurrent 0.053 10801 A1a1
0.096 10609 F1 0.053 10754 R5
0.095 12405 M7b 0.053 14544 R5
0.095 7684 M7b 0.052 9377 G2a
0.095 13104 D4g-U1 0.052 6026 C4-U1a
0.093 12882 F1 0.051 8684 M8a
0.093 8584 M8-B5-R30 0.051 15954 U1-F1b1a
0.092 14605 New 0.051 13759 F1a-F1c
0.089 4048 M7b 0.051 12811 M7b
0.088 4164 M7b 0.050 15223 B5b
0.087 11647 A1a 0.050 13635 New
0.087 8964 D4b2 0.050 8829 B5b

aThe ‘‘New’’ nucleotide position is a marker of a new predicted haplogroup (see Table 6). The ‘‘Recurrent’’ mutation at that nucleotide position
is paraphyletic.
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[Lanave et al., 1984; Saccone et al., 1990], also known as the
general time reversible (GTR model, PAUP package) [Swofford,
2002]. The variability values are then obtained by summing
these ratios along N(N�1)/2 pairwise sequences in the multi-
alignment

ni ¼
XNðN�1Þ=2

j¼1

dij

Kj
ð1Þ

In the revised version of the algorithm, the dij score is 1 for a
transition, 2 for a transversion, and 0 if the site is unchanged.
Moreover, in sites where an insertion or deletion is present in some
of the multialigned genomes (gapped sites), to variability ui is
added a score of 2/Kj (mean), where Kj (mean) is the mean distance
along all the N(N�1)/2 pairs of sequences.

The genetic distance is now estimated through the Kimura
model [Kimura, 1980], which is more suitable than GTR for

intraspecies analyses and in cases in which different weights are
assigned to transitions and transversions.

Last, site-specific variability values are also normalized (Eq. 2),
relative to the number of all possible pair-wise comparisons, and
divided by the maximum ni value, nmax, thus producing relative
variability gi (Eq. 3), with values ranging between 0 and 1;

niðnormÞ ¼ ni=½NðN� 1Þ=2� ð2Þ

gi ¼ niðnormÞ=niðmaxÞ: ð3Þ

The starting point of our approach is thus a sample of multialigned
mtDNA sequences grouped according to their continental origin,
on which site-specific variability is estimated.

Data resulting from the application of Site_Var are then
automatically processed by introducing the mean simple deviation
(MSD) parameter in order to quantify the concept of ‘‘discrimi-

TABLE 3. Mean SimpleDeviation (MSD) of mtDNASiteVariability Values in EuropeWith Respect toOther Continents

MSD Nucleotide position Con¢rmed haplogroup(s)a MSD Nucleotide position Con¢rmed haplogroup(s)a

0.937 15452 J-T 0.118 15833 H5a1
0.892 2706 H 0.118 7864 W1
0.887 7028 H 0.114 1888 T
0.798 11719 pre-HV 0.099 6365 New
0.768 14766 HV 0.099 14793 U5a
0.520 3010 H1-J1 0.092 930 T2b
0.468 4216 J-T 0.090 4769 H2
0.467 11251 J-T 0.087 1719 N1-X2-New
0.461 14798 K-J1c 0.087 15924 I-New
0.337 12308 U 0.086 5004 H4
0.334 11467 U 0.084 14582 H4
0.314 15904 pre�V2-V 0.084 4024 H4
0.303 12372 U 0.084 4793 H7
0.301 4580 V 0.084 3992 H4
0.290 12612 J 0.082 9150 New
0.283 6776 H3 0.081 8869 V1
0.251 709 Recurrent 0.080 14365 H4
0.250 1811 U2-U3-U4-U9-U7-U8 0.080 5495 W1a-New
0.249 9698 U8 0.078 7768 U5b
0.243 9055 U8b-K 0.077 14470 H10-X
0.242 8697 T 0.074 13780 I
0.239 14167 U8b-K 0.073 12669 W1a
0.236 15928 T 0.073 4639 V
0.236 15884 W 0.070 5046 N2
0.236 10463 T 0.069 9899 T1a
0.235 4917 T 0.068 9716 K2
0.234 3480 K 0.065 11377 J2a
0.213 11299 K 0.065 4561 K2a
0.211 13368 T 0.064 8271 New
0.211 10550 K 0.061 12501 N1
0.185 12633 T1 0.061 5263 V1a
0.183 1189 K1 0.060 15218 U5a1-HV1
0.174 11812 T2 0.060 10034 I
0.173 14905 T 0.058 8269 J1b-H4a
0.164 14233 T2 0.057 8705 X2c
0.159 3197 U5 0.056 10044 New
0.158 8251 W-I 0.055 13966 X
0.155 13708 J-X2b 0.055 5656 U5b1
0.153 13617 U5 0.054 10394 New
0.153 9477 U5 0.054 9380 H6a1
0.146 4529 I 0.053 3915 H6a
0.140 4336 H5a 0.050 9066 H1f
0.138 3505 W 0.050 7309 H1f
0.137 11674 N2 0.050 4452 H1f
0.135 11947 W 0.050 15223 B5b
0.128 8994 W 0.050 13635 New
0.121 1243 W 0.050 8829 B5b

aThe ‘‘New’’ nucleotide position is a marker of a new predicted haplogroup (see Table 6). The ‘‘Recurrent’’ mutation at that nucleotide position
is paraphyletic.
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nating variability values’’ of the starting hypothesis. MSD is
defined as:

MSDi;k ¼
X5

j¼1

ðgk
i � gj

iÞ=4 for j 6¼ k; ð4Þ

where MSDi,k is the discriminating value of the i-th site in
continent k, gk

i indicates the variability value of the i-th site in
continent k, and gj

i is the variability value of the other four
continents (indicated as j, for j6¼k) in the same nucleotide position.

The MSD values—estimated for each site in each continent—
are a measure of the degree of difference in variability values

TABLE 4. Mean SimpleDeviation (MSD) of mtDNASiteVariabilityValues inOceaniaWith Respect toOther Continents

MSD Nucleotide position Con¢rmed haplogroup(s)a MSD Nucleotide position Con¢rmed haplogroup(s)a

0.967 6719 B4a1a 0.168 3203 P2
0.949 5465 B4a 0.167 15300 New
0.927 9123 B4a 0.166 15852 New
0.919 12239 B4a1a 0.166 12879 New
0.918 15746 B4a1a 0.166 1438 P2
0.883 10238 B4a 0.165 4122 P2
0.862 15607 P 0.164 15885 New
0.832 14022 B4a1a1 0.162 8577 Raremutation
0.584 8404 S 0.161 13479 Raremutation
0.489 12705 N/M/L 0.160 14070 Raremutation
0.472 5843 Q 0.159 5086 Raremutation
0.466 4117 Q 0.159 5483 Raremutation
0.464 13500 Q 0.159 6083 Raremutation
0.462 6366 P1a 0.159 5563 New
0.457 10118 P1 0.157 10700 New
0.456 6077 P1 0.156 7681 Q1a
0.453 12940 Q 0.155 9103 Raremutation
0.438 8790 Q 0.153 2263 Raremutation
0.404 15937 P3 0.152 10786 New
0.380 5460 Q1-Q2-New 0.152 15664 New
0.366 14025 Q1 0.150 5302 New
0.322 8964 Q1 0.150 9938 New
0.320 6167 New 0.149 591 Raremutation
0.319 2380 New 0.147 4025 Raremutation
0.274 6905 New 0.145 13135 Raremutation
0.274 13641 Recurrent 0.144 8269 New
0.263 3438 New 0.144 5105 Raremutation
0.245 593 Raremutation 0.143 15172 Q3
0.234 9140 New 0.142 11151 New
0.234 14502 New 0.141 10914 P4
0.234 4733 New 0.141 11288 P4
0.233 12346 New 0.140 5492 New
0.230 6755 New 0.140 8152 Raremutation
0.229 13145 New 0.140 10933 Raremutation
0.208 9812 B4a2 0.140 15204 New
0.207 8842 Raremutation 0.137 15663 New
0.202 3645 P3 0.137 15317 New
0.202 15748 P3 0.137 10192 Raremutation
0.202 13269 Raremutation 0.134 12750 Raremutation
0.196 4823 B4a2a 0.133 5177 M27a-Q3b
0.196 14338 P3 0.131 2768 Q3
0.192 5330 Raremutation 0.130 14385 Raremutation
0.191 6734 P3 0.129 8525 Raremutation
0.189 14384 Raremutation 0.129 14449 Raremutation
0.189 12519 New 0.129 14954 Raremutation
0.188 3351 Raremutation 0.128 14290 Raremutation
0.185 4335 Q3 0.127 13681 Q3b
0.183 15924 New 0.125 11963 Q3b
0.183 6620 B4a2 0.123 4769 Raremutation
0.180 11016 P4-New 0.123 5894 Raremutation
0.179 3394 Raremutation 0.121 15043 M
0.179 6878 Raremutation 0.121 4023 Raremutation
0.179 14890 P2 0.115 1692 M27c
0.179 15443 Raremutation 0.114 11992 Raremutation
0.178 8859 P2 0.113 12366 Raremutation
0.178 1375 New 0.112 9254 Q3a
0.174 3882 P2 0.110 13651 New
0.171 8572 New 0.107 6131 Raremutation
0.170 13927 Raremutation 0.103 4892 Raremutation
0.170 3699 New 0.100 5090 Raremutation
0.169 10400 M 0.100 9866 Raremutation
0.169 14783 M

aThe‘‘New’’nucleotide position is a marker of a new predicted haplogroup (see Table 6). The‘‘Rare mutation’’was observed only in one or two haplo-
types in HmtDB,without de¢ning any speci¢c haplogroup.The‘‘Recurrent’’mutation at that nucleotide position is paraphyletic.
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necessary to identify a site as a defined continent associated site.
Data with MSD values higher than a certain threshold are most
probably haplogroup markers.

Here, analysis was performed on the coding region of
1,694 mtDNAs of different ethnic/geographical origin, all belong-
ing to healthy subjects: 104 from Africa, 496 from Asia, 977 from
Europe, 54 from Oceania, and 63 Native Americans. These
sequences and their variability data are available in the HmtDB
human mitochondrial genomic resource (www.hmdb.uniba.it)
[Attimonelli et al., 2005]. To test if the inclusion of the D-loop
in the analyzed sequences could affect site-specific variability
value estimation in the coding part of the mitochondrial genome,
we also applied our method to the 1,134 sequences for which both
coding and D-loop regions were available. We did not observe any
drastic change in the variability values of the coding region: it was
simply generally lowered, because of the influence of the higher
variability of the D-loop sites (data not shown).

Simulated data were generated randomly by selecting 100
different datasets for each continent [Attimonelli et al., 2005] on
which site-specific nucleotide variability values and their mean
and standard deviations, were estimated (data not shown,
available in HmtDB by clicking on site variability values available
in the genome card or downloading variability value tables through
the HmtDB downloading function).

RESULTSANDDISCUSSION

We analyzed a total of 15,447 sites in the coding region, but only
a fraction of these were informative, for two major reasons: first,
only about 10% were variant (with a site-specific variability value
greater than zero); second, MSD values lower than a certain value
were not able to show already known continent-specific nucleotide
positions as the corresponding site specific variability values were
very similar in the various continents. This last observation
highlighted the need to address the issue of threshold choice—i.e.,
the choice of the minimum MSD value to be considered
significant enough to identify a potential continent-specific
mtDNA mutation—and guided our choice in order to adapt it
to the peculiar variability features of each geographic area. As
shown in Figure 1, the number of sites with variability greater than
zero is not constant in the five continents, as Asia and Europe are
the most variable continents when the number of variant sites is
considered (see below). However, as the great majority of Asian
and European variant sites have very low variability values (see
variability trend in Fig. 2), often being very similar to these of
other continents, they are not sufficiently informative for our goal.
If unique sites—those with variability values greater than zero only
in one particular continent—are examined (histogram in Fig. 1),
the situation improves slightly, in the sense that a certain number

TABLE 5. Mean SimpleDeviation (MSD) of mtDNASiteVariabilityValues inAmericaWith Respect toOtherContinents

MSD Nucleotide position Con¢rmed haplogroup(s)a MSD Nucleotide position Con¢rmed haplogroup(s)a

0.959 3552 C 0.234 15301 L/M
0.926 7196 M8 (C) 0.228 4977 B2
0.926 15487 M8 (C) 0.228 6473 B2
0.723 5178 D (D1-D2) 0.226 11177 B2
0.721 663 A (A2) 0.226 3547 B2
0.721 1736 A (A2) 0.225 6260 Raremutation
0.721 4248 A (A2) 0.214 6491 Raremutation
0.721 8794 A (A2) 0.206 9950 B2
0.700 12007 A2 0.202 7697 New
0.693 4824 A (A2) 0.199 12978 Raremutation
0.691 8027 A2 0.176 5054 Raremutation
0.540 9545 C 0.176 13590 B4b
0.487 2092 D1 0.174 4970 Raremutation
0.480 14318 C 0.173 6216 New
0.475 13263 C 0.173 13855 Raremutation
0.462 4715 M8 (C) 0.168 11314 Raremutation
0.439 8584 M8 (C) 0.168 6308 New
0.421 10400 M 0.167 6413 B4b1a
0.421 14783 M 0.163 961 Raremutation
0.374 15043 M 0.161 6023 B4b1a
0.371 8414 D4 (D1-D2) 0.154 12317 Raremutation
0.368 1888 New 0.148 15670 Raremutation
0.363 4883 D (D1-D2) 0.144 12642 Raremutation
0.353 14668 D4 (D1-D2) 0.144 3010 D4
0.349 7724 Raremutation 0.139 11147 C1b
0.343 12468 New 0.139 9591 Raremutation
0.341 4820 B4b 0.138 3316 D4e1
0.340 15535 B4b 0.134 9449 Raremutation
0.335 827 B4b 0.131 14463 Raremutation
0.308 14364 New 0.126 6261 Raremutation
0.290 15930 New 0.124 12811 Raremutation
0.285 11593 Raremutation 0.118 11884 Raremutation
0.283 7112 New 0.116 4315 Raremutation
0.282 9540 L/M 0.111 15499 Raremutation
0.282 10873 L/M 0.109 15439 Raremutation
0.276 11914 C 0.106 10007 Raremutation
0.274 8701 L/M 0.103 10398 M
0.234 15301 L/M 0.100 5964 Raremutation

aThe ‘‘New’’ nucleotide position is a marker of a new predicted haplogroup (seeTable 6). A ‘‘Rare mutation’’ means that the mutation was observed
only in one or two haplotypes inHmtDB,without de¢ning any speci¢c haplogroup.
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of sites certainly not involved in continent-specific site variability
can be ignored, but there are still many of sites whose variability is
not sufficiently ‘‘discriminating.’’ Overall, when deciding the MSD
threshold, it is necessary to take into account the general
variability trend of the continent in question, thus avoiding over-
or underestimation of the number of continent-specific nucleotide
positions. For this purpose, we decided to fix the threshold value
by taking into account the general variability trend observed in
each continent. The Asian case is explicative. Variability values in
Asia are generally low (although numerous) and only a very sites
have a high MSD value, so that, if a given prefixed threshold is

chosen, only a few will exceed it. This would obviously lead to
underestimation of the number of continent-specific sites, missing
the large majority of them. As a guide for fixing the threshold in
the case of the Asian-specific variability trend we used the
published haplogroup classification (and thus the number of
already defined haplogroup-specific sites). On this basis, a
threshold value of 0.05 was chosen for Asian and European data
and 0.1 for the other continents.

The results are shown in five continent-specific tables (Tables
1–5), built using MSDgen script. This script was developed in our
laboratory and, after estimating MSD values, allows sorting of
nucleotide sites by their MSD value, and thus by their capacity to
discriminate one geographic area from the rest of the world. After
application of the MSDgen script, the resulting sites are searched
in the haplogroup classification of HmtDB; if the search produces
positive results, the site is assigned to the corresponding most
suitable haplogroup.

The continent tables show that those sites with the highest
MSD values generally match the already known continent-specific
mtDNA haplogroup defining sites [Finnilä et al., 2001; Herrnstadt
et al., 2002; Ingman and Gyllensten, 2003; Kong et al., 2003;
Achilli et al., 2004, 2005; Palanichamy et al., 2004; Friedlaender
et al., 2005; Kivisild et al., 2004, 2006; Macaulay et al., 2005;
Merriwether et al., 2005; Salas et al., 2004; Thangaraj et al., 2005;
Trejaut et al., 2005]. This finding is supported by the observation
that ‘‘real’’ and ‘‘simulated’’ variability values are generally
comparable, indicating that the quality of the dataset is good
enough to obtain statistically significant results. Consequently, we
may assume that the frequency of substitutions and the final result
have not been influenced. For instance, Table 2 shows the
distribution of haplogroups in Africa, obtained by the application
of MSDgen script. Of the 188 sites classified in the analysis
(stopping at an MSD value of 0.1), 165 mark known African-
specific haplogroups, and 23 were defined as ‘‘novel’’ because they
have not yet been reported in the literature as haplogroup-defining
sites. Evaluation of the five continents revealed a total of 81
variant nucleotide positions (23 in Africa, eight in Asia, eight in
Europe, 34 in Oceania, and eight in America) with a high MSD
value, despite the fact that they were not reported in the literature
as haplogroup-defining sites. Therefore, they represent very good
candidate markers of novel mtDNA haplogroups or subha-
plogroups (Table 6). It is worth pointing out that all the new
haplogroup markers detected in this study had not been previously
revealed by a classic phylogeographic approach [Finnilä et al.,
2001; Herrnstadt et al., 2002; Ingman and Gyllensten, 2003; Kong
et al., 2003; Achilli et al., 2004, 2005; Palanichamy et al., 2004;
Friedlaender et al., 2005; Kivisild et al., 2004, 2006; Macaulay
et al., 2005; Merriwether et al., 2005; Salas et al., 2004; Thangaraj
et al., 2005; Trejaut et al., 2005], although the analyzed sequence
datasets were the same. In fact, the possibility of analyzing such a
great number of genomes all together is one of the intrinsic
advantages of our approach (and thus of this study), revealing
information which would otherwise be hidden in the data.
Obviously, the new predicted sites were less abundant in those
continents where mtDNA phylogeny has recently been studied in
greater detail, such as Asia [Kong et al., 2003; Tanaka et al., 2004;
Palanichamy et al., 2004] and Europe [Herrnstadt et al., 2002;
Achilli et al., 2004, 2005; Palanichamy et al., 2004]. In addition,
taking into account the shared patterns of mutations observed in
the available complete sequences of these new 81 sites and the
already defined phylogeny reported in the literature, we propose
that these sites define a total of 47 mtDNA haplogroups (16 in
Africa, seven in Asia, seven in Europe, 11 in Oceania, and six in

TABLE 6. Novel PredictedHaplogroups on EachContinent

Haplogroup
code Nucleotide position(s)

Africa
L0a2a1 9554
L1b1a 5393
L1b1a1 13980
L1c1a1 11257,12930,14034
L1c2a 6150
L2a1a 5285,15244,15629
L2a1d 5581,15229
L2a1e 3495,12630
L3b1 10373
L3b1a 11002
L3b1a1 11800
L3e1c 15670,15942
L3e1c1 8650
L3e2a 13105
L5a1a 5656
U6a1 14179

Asia
U7a 14569
D4a1 10410
D4b2b1 14605
D4b2b2 12358
D4g1 4343,15518
G1a1a 827
R5a 13635

Europe
H1a1 6365
H1a2 8271
H1c1 9150
H4a1 10044
H7a 1719
H16 10394
U5a1a1 5495,15924

Oceania
P1a1 3699,8269,12346,12879
P2a 1375,8572
P3a 13651
N23 6755,9140
N23a 5460,5563,10700,15300,15852,15885,15924
S2 2380,3438,6167
S2a 14502
S3 5302,5492,9938,10786,11151,15204,15317,

15663,15664
B4a1a2 4733,12519
B4a1a1a 6905
M42a 11016,13145

America
A2a 6308
A2b 7112
A2c 12468,14364
B4b1a2 6216
C1a 7697
C1c 1888,15930
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America) which have not been previously identified by phylogeo-
graphic studies (Table 6).

In conclusion, this study provides a new method for discrimi-
nating geographic-specific patterns of mtDNA mutations by
employing nucleotide continent-specific variability values and
without having to examine any reference sequence. We found an
extremely good fit between our results and the mtDNA
haplogroup classification currently reported in the literature. Our
algorithm was able to identify totally about half all the known
haplogroups, although the current literature classification is the
result of years of research on a great variety of samples.
This supports the reliability of prediction method in reco-
gnizing geographically defined patterns of mutations, and
validates the identification of a large number of new variant
sites which are most probably markers of mtDNA haplogroups not
yet identified by phylogeographic studies. This information not
only allows refinement of mtDNA phylogeny, an essential
requirement for mitochondrial disease studies [Bandelt et al.,
2005; Salas et al., 2005], but also facilitates discrimination of
candidate disease-causing mutations from haplogroup-specific
polymorphisms in mtDNAs from patients affected by mitochon-
drial diseases.
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dell’Università e Ricerca: Fondo Investimenti Ricerca di Base
2001, ‘‘Bioinformatica per la Genomica e la Proteomica’’; Progetti
Ricerca Interesse Nazionale 2003 (to M.T.-P.) and 2005 (to A.T.),
and Fondazione Cariplo (to A.T.).

REFERENCES

Achilli A, Rengo C, Magri C, Battaglia V, Olivieri A, Scozzari R,
Cruciani F, Zeviani M, Briem E, Carelli V, Moral P, Dugoujon
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