From the Department of Genetics and Pathology, Sec-
tion of Medical Genetics, Rudbeck Laboratory, Dag
Hammarskjoldsvag 20, University of Uppsala, S-751 85
Uppsala, Sweden. This work was supported by grants
from the Swedish Natural Sciences Research Council
and Beijer Foundation. We are grateful for the com-
ments of Mark Stoneking on an earlier version of the
manuscript. Address correspondence to Ulf Gyllensten
at the address above or e-mail: ulf.gyllensten@genpat.
uu.se. This paper was delivered at a symposium enti-
tled “Primate Evolutionary Genetics” sponsored by the
American Genetic Association at Town and Country Re-
sort and Convention Center, San Diego, CA, USA, May
19-20, 2001.

© 2001 The American Genetic Association 92:454-461

454

Analysis of the Complete Human mtDNA
Genome: Methodology and Inferences for

Human Evolution

M. Ingman and U. Gyllensten

The analysis of mitochondrial DNA (mtDNA) sequences has been a potent tool in
our understanding of human evolution. However, almost all studies of human evo-
lution based on mtDNA sequencing have focused on the control region, which
constitutes less than 7% of the mitochondrial genome. The rapid development of
technology for automated DNA sequencing has made it possible to study the com-
plete mtDNA genomes in large numbers of individuals, opening the field of mito-
chondrial population genomics. Here we describe a suitable methodology for de-
termining the complete human mitochondrial sequence and the global mtDNA
diversity in humans. Also, we discuss the implications of the results with respect
to the different hypotheses for the evolution of modern humans.

Mitochondrial Genetics

Nucleotide sequences from the mitochon-
drial genome differ from those of the cell
nucleus in a number of characteristics. It
is these attributes, which include high
copy number per cell, lack of recombina-
tion (Olivio et al. 1983), high substitution
rate (Brown et al. 1979), and uniparental
inheritance (Giles et al. 1980; Gyllensten et
al. 1985), that have made mitochondrial
DNA (mtDNA) an attractive source of in-
formation for phylogenetic studies. Mito-
chondria constitute the powerhouse of
the cell and have a key function in the pro-
duction of adenosine triphosphate (ATP).
The synthesis of ATP requires the transfer
of energy across five protein complexes
(I-V), each composed of a series of poly-
peptides encoded either by the nuclear or
mitochondrial genome. The circular mito-
chondrial genome encodes 13 polypep-
tides, and in addition, 22 transfer RNA
(tRNA) genes and 2 ribosomal RNA (rRNA)
genes necessary for transcription and
translation of the mitochondrial genome.
The mitochondrial compartments within
each cell harbor between 0 and 15 copies
of the mtDNA genome, resulting in the en-
tire cell containing 100-1000 copies (Cav-
elier et al. 2000). This multicopy feature
facilitates the analysis of mtDNA sequenc-
es from a wide range of tissue sources, as
well as from the partially degraded mate-
rial found in forensic evidence materials
and archaeological remains (Allen et al.
1998; Krings et al. 1997). Despite the large

number of mtDNA copies per cell and the
presence of mtDNA copies differing at one
or more nucleotide sites within the same
individual (heteroplasmy), recombination
among different mtDNA molecules has not
been convincingly demonstrated. The egg
cytoplasm contains a large number of mi-
tochondrial particles, while the midpiece
of the sperm only carries 5-10 mitochon-
dria. During intraspecific fertilization, pa-
ternal mitochondria are specifically la-
beled and directed toward selective
degradation via the ubiquitin pathway, re-
sulting in an exclusively maternal inheri-
tance of mtDNA (Sutovsky et al. 1999).
The mechanism for identification and deg-
radation of paternal mitochondria can be
inactivated in interspecific crosses, where
mtDNA is inherited in a biparental fashion,
although the paternal mtDNA represents
only a minor portion of the mtDNA in the
zygote (Gyllensten et al. 1991; Kaneda et
al. 1995). The lack of recombination and
the uniparental mode of inheritance in in-
traspecific crosses results in mtDNA mol-
ecules being inherited in a clonal fashion
and that the evolutionary history of ma-
ternal lineages be reconstructed.

The substitution rate in the mtDNA ge-
nome amounts to 5-10 times that of nucle-
ar DNA (Brown et al. 1982). The high sub-
stitution rate has been attributed to the
lack of mitochondrial histones and a high
concentration of oxidative radicals. This
higher substitution rate provides in-
creased resolution of more recent evolu-
tionary events as compared to the infor-

220z 1snbny 9| uo1senb Aq 6.1 2812Z/¥S1/9/26/2191e/palayl/woodno-ojwepeoe//:sdiy wolj papeojumoq



Generate 24 PCR fragments / genome

Labelled primer

— sequencing
000000000000
LI Sogies000siose
A ¢ blute &S r[850880050550
ay TN s & o
—— '000'000!
fragments < Joleleleteleleteletelele!
'l(—‘ —_— || —_— A G T T
« ~ / £ 000000000000
Y s ~ o, 000000000000
3, 7 % 000000000000
\ S 0000000000
. / \ e S [000000000:000
AL e
— Isleeleleletelelerelee)
A G [ T
Pool reactions from
two aenomes into Genome #1 | Genome #2
36 well piate |53359385952
one well plate 8885888 8885888 Analyze on a
—_— . . —_—
OO0 000|000 ABI 377 or ABI
OCO000I0OOO00 3700
lelelelelele] sloleYele’e)
lslelelelele) sloleNelel®)

s F— T
Forward \Reverse ,Forward,Reverse

Figure 1.

mation provided by nuclear gene studies.
For example, in our recent study of 53 in-
dividuals, a total of 657 segregating sites
were identified in the 16,500 bp mitochon-
drial genome (Ingman et al. 2000), as com-
pared to 33 sites in 10,200 bp of sequence
from Xq13.3 of 69 globally distributed in-
dividuals (Kaessmann et al. 1999).

Methodology for Rapid
Sequencing of the Complete
mtDNA Genome

To facilitate the expedient analysis of com-
plete mtDNA genomes, we optimized the

Overview of the methodology used for expedient sequencing of the complete human mtDNA genome.

sample flow as outlined in Figure 1. We
used a set of 24 pairs of primers (Rieder
et al. 1998) to polymerase chain reaction
(PCR) amplify the entire human mitochon-
drial genome into fragments ranging from
765 to 1162 bases long and overlapping by
about 200 bases. PCR products were ex-
amined on a 1% agarose gel and, depend-
ing on the amount of product obtained,
were diluted between 1:2 and 1:6 for direct
sequencing. It has not been necessary to
purify the PCR products prior to sequenc-
ing. The forward and reverse PCR primers
were synthesized with the universal M13
(-21) forward primer or M13 reverse prim-
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Figure 2. Mean pairwise synonymous and nonsynonymous distances with standard error bars for each of the
13 protein coding genes and 3 gene complexes based on comparisons among the 53 human mtDNA genomes. Mean
pairwise distance with standard error bars for the two rRNA genes and the combined (22) tRNA genes.

er, respectively, allowing for BigDye prim-
er (Applied Biosystems, Foster City, CA)
cycle sequencing. Cycle sequencing pro-
tocols were as recommended by the man-
ufacturer for 0.5X reactions. Extension
products were pooled, precipitated using
ethanol, and air dried before rehydrating
in loading buffer. Electrophoresis was per-
formed on an ABI377 96-lane machine,
loading only every second lane. Thus a
complete genome (24 forward products
and 24 reverse) is analyzed on one 4.5%
29:1 polyacrylamide gel. More recently the
reactions have been analyzed on an
ABI3700 capillary sequencer, enabling an
even higher throughput of samples. Frag-
ment assembly was performed by the pro-2
gram Sequencher (GeneCodes Corpora-=
tion, Ann Arbor, MI), using a complete%
mtDNA genome sequence as a template. =
The template sequence was then removed S
and the contig checked and edited. Finally,
the template sequence was again import-32

=

ed to verify all positions found to be var-z
iable. 8
&
3
Sampling Strategy and mtDNA §
Sequences ©
]

In our initial study we analyzed 53 individ-3
uals representing 14 of the major linguistic 3
phyla in an attempt to assess the globalg
genetic diversity in humans while limitingg
the number of samples (Ingman et al.%
2000). This sampling strategy attempts tog
avoid the bias inherent in selecting indi-&
viduals based on current world demo—cE
graphics, such as current population sizer
or geographic location (Maddison et al.&
1992). From nearly 900 kb sequenced, ﬁve}:o‘
heteroplasmic sites were confidently iden- g
tified. A total of 657 segregating sites (141a
in the D-loop; 516 outside) were identified
among these 53 individuals, of which 2833
(80 in the D-loop; 203 outside) showed the 2
same polymorphism in at least two indi- >
viduals (Ingman et al. 2000). The pairwise2
sequence distances between mtDNAs, cor-%
rected for multiple substitutions (TamuraJ
and Nei 1993), vary from 6.0 X 10-5 sub-"
stitutions per site between two South
American Indians (Warao) to 6.8 X 1073
substitutions per site between two Afri-
cans (Mbenzele pygmy and San). The av-
erage distance between mtDNA genomes
is 3.8 X 1072 substitutions per site.

Pattern of Selection

The pattern of selection acting on individ-
ual mtDNA coding regions was examined
by a comparison of the rate of synony-
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mous (dS) and nonsynonymous (dN)
changes per such site. The substitution
rates in mitochondrial protein coding
genes, calculated using the chimpanzee as
an outgroup and assuming a human-chim-
panzee split of 5 million years, vary from
0.81 (for NADH dehydrogenase 4L) to 1.79
X 10~# (for NADH dehydrogenase 2) sub-
stitutions per site per year (Table 1). All
individual coding regions showed an ex-
cess of synonymous substitutions, consis-
tent with the operation of conserving
(purifying) selection (Figure 2). The sig-
nificance of the difference between dS and
dN for each protein coding gene was ana-
lyzed with a one-tailed z test. Although it
is inappropriate to place too much empha-
sis on these test results due to the low
number of observed changes, all compar-
isons showed a trend toward significance,
with z scores in genes ranging between
1.542 (P = .063) and 4.421 (P < .001) (Ta-
ble 1). Since the proteins encoded by
mtDNA constitute parts of four different
complexes, it is of interest to examine
whether these complexes differ with re-
spect to the type and degree of selection.
Between all complexes, the same pattern
of an excess of synonymous relative to
nonsynonymous change was evident. This
analysis of the selection pressure acting
on human mtDNA peptides based on a set
of complete human mtDNA genomes
shows that purifying selection is maintain-
ing the structure of mitochondrial pro-
teins in humans.

The substitution rate in protein coding
genes was generally found to be higher
than in the rRNA and tRNA genes (Table
1). The mean rate for the protein coding
regions (1.46 X 10-%) is 3-fold, 1.7-fold, and
3-fold higher than for the 12s, 16s, and
tRNA genes, respectively. The mean pair-
wise distance for the rRNA and tRNA
genes is similar to that for the nonsynon-
ymous changes in the coding regions (Fig-
ure 2), implying that purifying selection is
preserving the structure of the rRNA and
tRNA molecules. At present, the available
dataset is insufficient to address the issue
of whether the rRNA and tRNA genes are
more highly conserved than the protein
coding genes.

Footprints of Recombination?

Recently, based on an analysis of the cor-
relation between linkage disequilibrium
(LD) and distance between variable sites,
it was claimed that mtDNA sequences
show signs of recombination (Awadalla et
al. 1999; Eyre-Walker et al. 1999). These
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Figure 3. Neighbor-joining cladograms reconstructed from (a) 53 mitochondrial genomes minus the D-loop, and
(b) 53 D-loop sequences. The bifurcating cladograms on the left of each figure show bootstrap values (1000 rep-
licates) on the nodes. The trees on the right are identical except that all branches with less than 80% bootstrap

support have been collapsed.

analyses were criticized for the method-
ology employed (Kumar et al. 2000), par-
ticularly for the use of an LD measure (Hill
and Robertson measure, r2) that doesn’t
take allele frequency into account. Also,
the datasets initially used consisted of ei-
ther D-loop sequences or of a limited se-
lection of restriction fragment length poly-
morphism (RFLP) sites; both types of data
may be unsuitable for these purposes. We
examined LD among all informative sites
in our set of complete mtDNA genomes
(including the D-loop) using a standard es-
timate (D’), which allows for all variable
positions to be examined independent of
their allele frequency (Lewontin 1964). In
this analysis, African and non-African se-
quences were studied separately. There is
no correlation between D’ and nucleotide
distance between sites in the 53 sequenc-

es (African R? = 1 X 1073 non-African R?
=5 X 107%) (Ingman et al. 2000). Also, no
evidence of a correlation was seen be-
tween r2 and distance in this dataset (R?
= 2.23 X 107% and 1 X 103, respectively).
Based on these results (Ingman et al.
2000), and those of others (Elson et al.
2001), we maintain that there is no evi-
dence that recombination contributes to
the evolution of human mtDNA.

Homoplasy in the Human
Mitochondrial D-Loop

Among the 53 sequences examined, nearly
30% of the polymorphic sites are confined
to the D-loop, which represents a mere 7%
of the genome. However, previous analy-
ses have indicated the existence of hot-
spots for substitutions in the D-loop (Mad-
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Figure 3. Continued

dison et al. 1992; Tamura and Nei 1993; 51, P = .095), while the hypothesis of con-

Wakeley 1993), rendering this particular
sequence less suitable for evolutionary in-
ferences.

Since the molecular clock hypothesis
assumes that DNA sequence evolution is
approximately constant over time for all
evolutionary lineages, we performed tests
to assess the suitability of D-loop data to
the assumption of clocklike rates. A test
comparing the log likelihood of trees re-
constructed with and without the molec-
ular clock assumption was used to exam-
ine the supposition that the mtDNA
lineages evolve at “clocklike” rates within
humans (Strimmer and von Haesseler
1996). The human mtDNA sequences, ex-
cluding the D-loop, have evolved at ap-
proximately constant rates (8 = 64.7, df =

stant rates is rejected for the D-loop (3 =
107.98, df = 51, P < .001). A relative rate
test (Sarich and Wilson 1973), using a go-
rilla sequence as an outgroup, further
shows that there is no significant differ-
ence between the evolutionary rate of
mtDNA on the lineages leading to human
and chimpanzee, excluding the D-loop (P
= .123). In contrast, the D-loop has not
evolved at a constant rate across human
lineages (P < .001), and is consequently
less suitable for dating evolutionary
events.

Given that the D-loop did not conform
to clocklike behavior, we examined the
substitution pattern in this part of the ge-
nome, using the unique opportunity pro-
vided by having access to an evolutionary

tree constructed from linked, but indepen-
dent, DNA sequences in the coding re-
gions of the mtDNA genome. We first re-
constructed neighbor-joining (Saitou and
Nei 1987) trees for the mitochondrial ge-
nome sequences without the D-loop (Fig-
ure 3a; left tree) and for the D-loop se-
quences only (Figure 3b; left tree). The
tree reconstructed from the D-loop se-
quences alone has considerably less sta-
tistically supported branching than the
tree reconstructed from the rest of the ge-
nomes. This difference is particularly evi-
dent when branches with less than 80%
bootstrap support are collapsed in both
trees (Figure 3a,b; right trees). In order to 5
study the pattern of substitution at indi-2
vidual nucleotide sites in the mitochon-Z
drial D-loop, we inferred the number of§
changes that must have occurred for the=
D-loop data to fit a phylogenetic tree con-S
structed from the coding region of these=
genomes. This approach depends on com-5
plete linkage between the control region 3
sequences and the rest of the mtDNA ge-g
nome. The nucleotide sites in the D-loop @
range between those that perfectly fit thes
inferred phylogeny (no homoplasy) andg
those that appear to have changed inde-g
pendently in up to 10 parallel lineages3
(Figure 4). Of the 80 parsimony informa-3
tive sites in the control region, 57 are pre-g
sent independently on more than oneg
branch of the tree, representing parallel%
substitutions or back mutations. The sites G
in the D-loop with parallel changes appear &
to cluster in groups. Regions that have§
been previously identified as “conservedrs
sequence blocks” (CSBs) and those asso-%
ciated with certain functions, such as ter-gno‘
mination associated sequences (TAS)z
(Doda et al. 1981) and possible control el<a
ement (CE) (Ohno et al. 1991), contain no §
sites with parallel changes (Figure 4).
Given the high number of parallel sub- 3
stitutions at many nucleotide sites in theg
D-loop, we determined the relative influ-<2
ence of each of the parsimony informative‘f—)
sites on tree reconstruction by calculating 3
a ratio of the minimum number of changes ™
required for them to fit the inferred phy-
logeny and the frequency of lineages car-
rying the particular variant at that site
(Figure 4). Sites with a higher ratio are
considered to be in greater conflict with
the data from the rest of the mitochondri-
al genome than sites with a low ratio. Sites
having more than two nucleotide variants
were first removed from the D-loop data-
set, and conflicting sites were then se-
quentially removed, beginning with the
sites showing the highest ratio. With the

uo
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Table 1. Statistics for the different parts of the human mitochondrial genome

Component Lengthe S* Inform.c  Sub. rate? dS-dNe SE/ 28 P
ATP8 207 8 6 1.33 X 108 0.0087 0.0058 1.542 .063
ATP6 681 30 14 1.52 X 10 0.0042 0.0021 1.977 .025
CoI 1542 49 21 1.05 x 108 0.0050 0.0013 3.755 <.001
col 684 23 8 1.33 X 108 0.0038 0.0013 3.015 .002
comr 783 29 10 1.25 X 10 0.0069 0.0021 3.332 <.001
ND1 957 27 13 1.33 x 10 0.0058 0.0022 2.769 .003
ND2 1043 42 15 1.79 X 108 0.0037 0.0011 3.220 <.001
ND3 345 13 6 1.55 X 10 0.0033 0.0018 1.745 .042
ND4L 297 10 5 0.81 X 10 0.0102 0.0045 2.274 .012
ND4 1377 54 25 1.78 X 108 0.0073 0.0016 4.421 <.001
ND5 1811 74 28 1.55 X 10 0.0051 0.0015 3.435 <.001
ND6 524 25 11 1.20 x 10 0.0065 0.0023 2,711 .004
cytb 1140 42 16 1.76 X 108 0.0060 0.0020 2.840 .003
12s rRNA 954 23 7 0.62 X 108 — — — —
16s rRNA 1560 32 13 0.87 X 10 — — — —
tRNAs 1512 37 12 0.50 X 108 — — — —
ATP 888 38 20 1.47 X 10 0.0050 0.0020 2.460 .008
Cco 3009 101 39 1.16 x 10 0.0052 0.0010 5.451 <.001
ND 6357 245 103 1.54 X 108 0.0060 0.0010 7.633 <.001

< Length in base pairs.
® Number of segregating sites.

<Number of phylogenetically informative sites.
4 Substitution rate (substitutions per site per year).
¢ Difference between mean pairwise synonymous and nonsynonymous distance.

Standard error of note e.
¢ Result of one-tailed z test.
' P value of note g.

removal of 44 of the 80 phylogenetically
informative sites in the D-loop, “clocklike”
behavior was achieved, as determined by
a test (Strimmer and von Haesseler 1996)
that compares the log likelihoods of trees
constructed with and without the molec-
ular clock assumption (Figure 5). A neigh-
bor-joining tree (Saitou and Nei 1987) was
then reconstructed for the D-loop se-
quences with these 44 sites removed. The

D-loop tree based on these sites (tree not
shown) not surprisingly showed very little
bootstrap-supported resolution in the
branching pattern. For the purpose of
comparison, a second neighbor-joining
tree was reconstructed from the entire mi-
tochondrial genomes, but with these 44
sites removed. When branches of less
than 80% bootstrap support are collapsed
(Figure 6; left tree), this tree gives some
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Figure 5. Graph indicating how the D-loop becomes
“clocklike” as sites are removed. The critical signifi-
cance level is shown on the y-axis and the percentage
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x-axis. In reference to Figure 4, the data points on the
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(>0.25), 55% (>0.24), and 60% (>0.2). Clocklike behav-
ior is reached with the removal of 55% (44 of 80) of the
informative sites (72, 93, 95, 143, 146, 150, 151, 152, 182,
185, 189, 194, 198, 200, 204, 456, 16111, 16126, 16145,
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16234, 16249, 16265, 16270, 16271, 16291, 16293, 16304,
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improvement in resolution when com-
pared to a tree reconstructed with the
complete genomes (Figure 6; right tree),
even in one deep African branch (group of
Ibo, Mbenzele, Biaka, Mbenzele, and Ki-
kuyu). The tree reconstructed from the mi-
tochondrial sequences with 44 D-loop
sites removed also has some improvement
in terminal branching resolution when
compared to the tree constructed from
the sequences with the D-loop completely
removed. For example, more resolution is
evident for the group of Saami, Tatar,
Dutch, French, and English. Thus with the
removal of sites showing the highest num-
ber of parallel changes, the D-loop contrib-
utes a small but useful amount of infor-
mation for the construction of a robust
mtDNA tree.

In summary, there is at least a 10-fold
difference in the number of inferred
changes between sites, indicating a pro-
nounced variation in substitution rate
among sites in the D-loop. More than 70%
of the informative sites in the D-loop have
undergone parallel substitution. The D-
loop can be forced to conform to a state
of constant evolutionary rate across
branches, but this requires the removal of
more than 50% of the parsimony informa-
tive sites. Exclusion of these sites from a
dataset of complete mitochondrial ge-
nomes results in a small improvement in
the stability and resolution of the mtDNA
tree.
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Figure 6. Neighbor-joining trees reconstructed from 53 mitochondrial genomes. All branches with less than 80%
bootstrap support (1000 replicates) have been collapsed. The cladogram on the left represents the complete
mitochondrial sequences with removal of the 42 D-loop sites showing the highest degree of homoplasy; and the
right tree is reconstructed from complete genomes. The branch marked with an asterisk on the left tree highlights
a supported branch that is unsupported on the right tree.

The mtDNA Genome Diversity and
Origin of Modern Humans

Much of the discussion regarding the ori-
gin of modern humans has focused on two
main competing hypotheses on the origin
of modern humans. The “multiregional”
hypothesis proposes that the transforma-
tion to anatomically modern human forms
occurred in different parts of the world in
parallel from a widely distributed progen-
itor species, such as Homo erectus (Wol-
poff 1989; Wolpoff et al. 2001). Support for
this hypothesis has come mainly from fos-
sil evidence, where reports have claimed
evidence of cultural and morphological
continuity between archaic forms and
modern humans outside of Africa (Wolpoff
1989). The alternative “recent African ori-
gin” hypothesis states that anatomically
modern humans originated in Africa
100,000-200,000 years ago and subse-

quently spread to other parts of the world,
eventually replacing the archaic human
forms with little or no genetic mixing
(Cann et al. 1987; Vigilant et al. 1989). A
number of mtDNA studies have provided
support for a recent African origin of mod-
ern humans (Horai et al. 1995; Ruvolo et
al. 1993; Vigilant et al. 1991; Zietkiewicz et
al. 1998). However, these results have
been criticized for their lack of statistical
support for tree topology, especially the
deep African branches (Nei 1992; Temple-
ton 1992). Evidently, lacking sufficiently
strong empirical data, it is impossible to
confidently place the root of modern hu-
man mtDNA lineages in sub-Saharan Afri-
ca. The neighbor-joining (Saitou and Nei
1987) tree reconstructed from our com-
plete mtDNA sequences, excluding the D-
loop, has a strongly supported basal
branching pattern, with the three deepest

branches leading exclusively to sub-Sahar-
an mtDNAs and the fourth branch contain-
ing both Africans and non-Africans (Figure
7). The deepest statistically supported
branch (bootstrap = 100) provides com-
pelling evidence of a human mtDNA origin
in Africa.

In order to date the most recent com-
mon ancestor (MRCA) for human mtDNA,
the substitution rate was estimated from
the mean genetic distance between all hu-
mans and the one chimpanzee sequence
(0.17 substitutions per site) and the as-
sumption, based on paleontological (An-
drews 1992) and genetic (Kumar and
Hedges 1998) evidence, of a divergence g
time between humans and chimpanzees of 2
5 million years, to be 1.70 X 10-8 substi-Z
tutions per site per year. The MRCA based%
on the maximum distance between two2
humans (5.82 X 10-? substitutions per siteg
between the Africans: Mkamba and San) is =
then estimated to be 171,000 = 50,0003
years before present (YBP) (95% CI). This 5
estimate of genetic distance was calculat—g
ed with the Tamura and Nei (1993) model%D
for nucleotide substitution and gammad
rates. Due to the relatively close relation—é
ship of these sequences, the use of gamma g
rates may provide an overestimate of ge-3
netic distance and return an inflated stan-3g
dard error. If the same replacement modelg
is used, but without gamma rates, theg
deepest split becomes 5.67 X 10-3 substi-%
tutions per site, yielding an estimate ofg
167,000 = 18,000 YBP. We can also esti-&
mate the age of the MRCA for the youngestcE
clade that contains both African and non-5
African sequences (Figure 7; node marked &
“#") from the mean distance of all mem—é‘
bers of that clade to their common nodegz
(8.85 X 107 substitutions per site), asQ
50,000 = 27,500 YBP (95% CI). Without
gamma rates this becomes 49,000 = 4SOOg
YBP. Since genetic divergence is expected 3
to precede the separation of populations,g
this date can be considered as the lowerg2
bound for an exodus from Africa. These‘f—)
dates evidently depend on the assumedJ
divergence time of chimpanzee and hu-"™
man.

RFLP Haplogroups and Genome
Sequence Variation

Mitochondrial DNA phylogenies have long
been based on fragments of the mtDNA ge-
nome: either D-loop sequences or data
from small sets of RFLPs distributed
across the genome (Torroni et al. 1998,
2000; Wallace et al. 1999). The drawbacks
of relying solely on the D-loop have been
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Figure 7. Neighbor-joining phylogram (Saitou and Nei 1987) based on 53 complete human mtDNA genome se-
quences (but excluding the D-loop), constructed using PAUP*4.0 Beta (Sinauer Associates, Sunderland, MA) and
bootstrapped with 1000 replicates (bootstrap values shown on nodes). The population origin of the individual is
given at the twigs. Individuals of African descent are found exclusively below the dashed line and non-Africans
above. The node marked “}” refers to the MRCA of the youngest clade containing both African and non-African
individuals. The boxed areas define previously described haplogroups (Torroni et al. 1998, 2000; Wallace et al.
1999) that can be found within our dataset. The sites that define these haplogroups are M, 10394+ Ddel and
10397+ Alul; L, 3592+ Hpal; L1, 10806+ Hinfl, L1(0); 10319+ Alul; C, 13262+ Alul; D, 5176 Alul; H, 7025- Alul; and
J, 13704- BstNI. Several lineages are defined with D-loop sites, but these are uninformative in our dataset with the
exception of an Hinfl site gain at 16389 defining lineage L2, which groups the Mandenka, 2 Effik, and 2 Mbuti

sequences.

discussed previously. RFLP analysis on
the other hand is limited by the recogni-
tion sequences of available enzymes.
Since only a fraction of the genome is an-
alyzed, many informative polymorphisms
may not be detected, potentially resulting
in ambiguities in tree topology and diffi-
culty in resolving differences between
closely related sequences. The extent to
which data obtained from D-loop sequenc-
ing and RFLP analysis have affected phy-
logeny reconstruction has not been
known, but we are now in a position to
assess these influences using our dataset
of 53 complete human mtDNA sequences
from diverse genetic backgrounds. We
compared the information obtained from
the dataset of complete mtDNA genomes
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with that from the RFLP sites used to de-
fine major mtDNA lineages. A number of
continent- and population-specific mtDNA
variants have been described on the basis
of published RFLP data (Wallace et al.
1999) and are summarized on the website
“MITOMAP A human mitochondrial ge-
nome database” (http://infinity.gen.emory.
edu/mitomap.html). From the position of
restriction sites and the enzyme used, we
inferred the position of these nucleotide
changes and superimposed these onto our
data outside the D-loop. Due to differences
in sampling strategy, we were unable to as-
similate some of these previously identi-
fied haplogroups with our data. However,
we would have expected our Mbuti pyg-
mies to have contained the sites antici-

pated for haplogroup L2(y), which are de-
scribed as population-specific for the
Mbuti. These sites were not present in the
Mbuti we examined. In general the RFLP
sites identified as lineage specific repre-
sent only a portion of the informative sites
present in the complete sequence data.
The RFLP sites define some of the major
clades, such as those with the deepest
branches. The complete genome data pro-
vide stronger support for the haplogroups
and, more importantly, distinguish a num-
ber of entirely new haplogroups. For ex-
ample, the clade including the six individ-
uals previously discussed (Figure 7;
sequences 33-38) was not identified by
the RFLP sites. Phylogenetic trees recon-
structed from RFLP data typically lack sta-
tistical support for major branches, re-
sulting in ambiguous internal and external
structure. Also, estimates of substitution
rates obtained from RFLP data are based
only on the sites examined, and therefore
are less reliable. In contrast, the topology
of the tree based on the entire mtDNA ge-
nome (excluding the D-loop) is very ro-
bust and the substitution pattern more
suited to evolutionary analysis, leading to
more firm conclusions (Ingman et al.
2000). Technological advances in recent
years have facilitated large-scale DNA se-
quencing, and further possibilities exist
for automation using a DNA chip (Chee et
al. 1996). In light of this, reconstruction of
human evolutionary history based on frac-
tions of the mtDNA genome may no longer
be necessary and, in fact, give an incorrect
view of human evolution.

In summary, our results shows that
whole mtDNA genome analysis will pro-
vide important information for studies of
human evolution, signaling the advent of
the field of mitochondrial population gen-
omics. All these complete genome se-
quences are available on our website,
which is intended as a resource for phy-
logenetics and evaluation of disease as-
sociated polymorphisms (http://www.
genpat.uu.se/mtDB).  Nevertheless, it
should noted that mtDNA is only one lo-
cus and the information is therefore lim-
ited in that it only reflects the genetic his-
tory of females. Comparative studies of
different genetic systems are needed for a
balanced view. For nuclear DNA, the re-
gions studied will have to span at least 100
kb in order to include a similar number of
informative sites as in the 16.5 kb mtDNA
genome. While determining 100 kb for
100-200 chromosomes may seem a daunt-
ing project, the technology for DNA anal-
ysis continues to develop and such stud-
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ies are likely to be performed shortly,
providing us with an ever more detailed
understanding of our genetic history.
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