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Abstract

Analysis of complete mitochondrial genome sequences is becoming increasingly common in genetic studies. The availability of full
genome datasets enables an analysis of the information content distributed throughout the mitochondrial genome in order to optimize
the research design of future evolutionary studies. The goal of our study was to identify informative regions of the human mitochondrial
genome using two criteria: (1) accurate reconstruction of a phylogeny and (2) consistent estimates of time to most recent common ances-
tor (TMRCA). We created two series of datasets by deleting individual genes of varied length and by deleting 10 equal-size fragments
throughout the coding region. Phylogenies were statistically compared to the full-coding-region tree, while coalescent methods were used
to estimate the TMRCA and associated credible intervals. Individual fragments important for maintaining a phylogeny similar to the
full-coding-region tree encompassed bp 577-2122 and 11,399-16,023, including all or part of 12S rRNA, 16S rRNA, ND4, ND5, ND6,
and cytb. The control region only tree was the most poorly resolved with the majority of the tree manifest as an unresolved polytomy.
Coalescent estimates of TMRCA were less sensitive to removal of any particular fragment(s) than reconstruction of a consistent phylog-
eny. Overall, we discovered that half the genome, i.e., bp 3669-11,398, could be removed with no significant change in the phylogeny
(pay=0.077) while still maintaining overlap of TMRCA 95% credible intervals. Thus, sequencing a contiguous fragment from bp 11,399
through the control region to bp 3668 would create a dataset that optimizes the information necessary for phylogenetic and coalescent
analyses and also takes advantage of the wealth of data already available on the control region.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Mitochondrial DNA; Complete mitochondrial genome sequence; Coalescence; Phylogeny

1. Introduction the HVRI has limited power to construct accurate topolo-

gies of networks and phylogenies (Finnila et al., 2001), to

Within the past few decades, the majority of genetic
research on human evolutionary history has focused on the
small non-coding control region of the mitochondrial
genome, due to its high mutation rate and assumed selec-
tive neutrality. Within this ~1120base pair (bp) region,
most studies have been limited to the small ~400 bp hyper-
variable region I (HVRI, 16,024-16,383 bp, according to
Anderson et al. (1981)), which comprises less than 3% of the
16,568 bp mitochondrial genome. However, because of its
high frequency of homoplasies and relatively short length,
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identify sub-haplogroups in a phylogeny (Palanichamy
et al., 2004), and to determine founder status in a founder
analysis (Bandelt et al., 2003). Even the addition of a few
coding region sites, typically assayed as restriction frag-
ment length polymorphisms (RFLPs), is unable to over-
come these problems as mutation rate varies extensively
between the control and coding regions (Finnila et al.,
2001). The use of RFLPs is also inadequate to provide a
mutation rate estimate necessary for calculating time to
most recent common ancestor (TMRCA) of clades in a
phylogeny (Ingman et al., 2000).

In contrast to the control region, the mitochondrial
coding region is more reliable for phylogenetic analyses
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and dating of evolutionary events as it has been suggested
to conform to a molecular clock hypothesis with a steady
and constant mutation rate (Silva et al.,, 2002). Due to
both its longer length and slower mutation rate, the cod-
ing region has also shown a reduced occurrence of parallel
mutations, or homoplasies, making phylogenetic esti-
mates more reliable (Finnila et al., 2001). Thus, complete
mitochondrial genome sequencing is becoming more fre-
quent in evolutionary studies as sequencing costs decline.
In humans, full coding region sequences have recently
been used to improve phylogenetic resolution and identify
new autochthonous haplogroups in India (Palanichamy
et al., 2004; Sun etal, 2006), to examine the earliest
human expansions throughout Eurasia (Maca-Meyer
et al., 2001; Barnabas et al., 2006), and to describe global
mtDNA diversity while estimating the age of modern
humans (Ingman et al., 2000).

However, sequencing the entire coding region may not
be necessary or desirable for all analyses. For instance,
8.8 kilobases (kb), i.e., half of the coding region, has been
shown to capture the same level of diversity as the full
coding region (Silva et al., 2002). Furthermore, working
with large datasets carries an increased potential for
sequencing errors (Sun et al., 2006). Unfortunately, little
research has focused on determining which portions of
the mitochondrial genome are most informative for phy-
logenetic analyses or estimating divergence times. Cum-
mings et al. (1995) showed that individual mitochondrial
genes are insufficient to construct interspecies topologies,
but no comparable research has been performed on intra-
species data. Simulation studies have found that, in the
absence of recombination, extending sequence length
beyond an optimal length does not increase the accuracy
of coalescent estimations of a population genetic parame-
ter like theta (Felsenstein, 2006; Pluzhnikov and Don-
nelly, 1996). However, no study has systematically
determined the minimal amount of mtDNA sequence
length sufficient for obtaining accurate estimates of diver-
gence times.

In the present study, we investigate the relative impor-
tance of different regions of the human mtDNA genome
using two criteria: (1) accurate reconstruction of a phylog-
eny and (2) consistent TMRCA estimates. We also deter-
mine the minimal amount of mtDNA sequence data
necessary to meet these criteria. These criteria were chosen
as they form the basis of most evolutionary studies and
they provide two independent and statistically rigorous
methods for testing the contribution of each region of the
coding genome. For our study, we removed both individual
genes and uniformly sized DNA fragments from the full
coding region. The first criterion was assessed by statisti-
cally comparing phylogenies generated from the deleted
datasets to a phylogeny estimated from the full coding
region dataset (henceforth, the full-coding-region tree). The
second criterion was tested using coalescent methods to
estimate the TMRCA and associated 95% credible intervals
of defined clades.

2. Materials and methods
2.1. Strategy for dataset selection

The dataset for this study consisted of 99 complete
human mitochondrial genome sequences, 94 from India
and western Eurasia (Palanichamy et al., 2004) and five
from Africa (Mishmar et al., 2003). We chose this dataset
because it incorporated a densely sampled population with
a large number of potentially resolvable branch tips. This
phylogenetically challenging dataset, which included many
closely related sequences, provided a more rigorous test of
our methods than would a broader sampling of older
haplogroups with deeper branches that are easier to resolve.
Furthermore, the sequences from India and western Eur-
asia belong to macrohaplogroup N and thus encompass the
majority of haplotypes found outside of Africa (our results
are also applicable to African haplogroups, see Section 4).
Specifically, these sequences were chosen as a broad sample
that represented each Western Eurasian haplogroup,
including the more recent haplogroups of J, W, T, K, and V
as well as the older ones such as U, R, and N (Palanichamy
et al., 2004).

2.2. Sequence sub-datasets

Two series of sub-datasets were created in which the
complete mitochondrial coding region was systematically
reduced by deletions of major genes throughout the coding
region (Dataset 1) and deletions of 10 contiguous 1545 bp
fragments (Dataset 2) (Fig. 1). Genes were chosen as the
unit of measure in the first dataset because a wealth of com-
parative datasets on individual mitochondrial genes
already exists. However, since genes consist of varying
lengths that might confound the analysis, we also chose to
divide the full coding region into ten equal-size fragments.
The control region was not included in these datasets
because its mutation rate differs too greatly from that of the
coding region to allow simultaneous testing in phylogenetic
programs. To allow visual comparison of the various trees,
a HVRI-only tree was also generated.

The 99 full coding region sequences were aligned in Clu-
stalX 1.83 (Thompson et al., 1997), and then adjusted by
hand to ensure proper alignment. This alignment was used
in all subsequent phylogenetic and coalescent analyses. A
general time reversible model of evolution with a propor-
tion of invariable sites and a gamma distribution
(GTR+I+G) was selected using Modeltest 3.06 (Posada
and Crandall, 1998) and used in all phylogenetic and coa-
lescent analyses.

2.3. Phylogenetic analyses

Maximum likelihood (ML) phylogenies were generated
from Datasets 1 and 2 using PAUP* 4.0b10 (Swofford,
2000). The tree-bisection-and-reconnection (TBR) heuristic
search method was used in all analyses. A sliding window
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Fig. 1. Map of the mitochondrial genome. Genes deleted in Dataset 1 are represented by rectangles and the number and percentage of polymorphic sites in
each gene sequence are indicated. Fragments deleted in Dataset 2 are represented by alternating segments of gray and black and include both genes and
intergenic sequences. Transfer RNAs are indicated by boxes. Underlined areas represent regions identified as most informative by the phylogenetic analy-
sis. Numbering is based on the Cambridge reference sequence [CRS] (Anderson et al., 1981) and gene positions are based on Mitomap (http://www.mito-

map.org, 2006).

analysis was also performed on Dataset 2 to test the effects
of removing larger regions of sequence (two to six contigu-
ous fragments were removed). Trees were midpoint rooted.
Seventeen sequences were removed in the phylogenetic
analyses because they each differed from a second sequence
by only one nucleotide, and thus, their phylogenetic loca-
tion was known with near certainty. Haplogroups were
identified based on definitions provided in Palanichamy
et al. (2004). A phylogeny based on the HVRI was gener-
ated using the Bayesian method as implemented in MrBa-
yes 3.1.2 (Huelsenbeck and Ronquist, 2001) because the
PAUP* TBR heuristic search algorithm was unable to
select a single best tree for the HVRI-only dataset.

Phylogenies generated from shortened datasets were sta-
tistically compared to the full-coding-region tree using Shi-
modaira’s Approximately Unbiased (AU), Shimodaira—
Hasegawa (SH), and Kishino-Hasegawa (KH) tests, as
implemented in CONSEL (Shimodaira and Hasegawa,
2001). The AU test is the newest of the three methods and
corrects for specific types of bias present in the KH and SH
tests through use of a novel multiscale bootstrap technique
(Shimodaira, 2002). The AU test is less conservative and
considered more accurate than either KH or SH tests (Shi-
modaira, 2002). When only two trees are compared (as in
our study), the KH and SH tests give identical results and
are represented by a single line in Fig. 2.

2.4. Coalescent analyses
Using Dataset 2, a coalescent analysis in which individ-

ual fragments were deleted and a sliding window analysis in
which two to six contiguous fragments were removed was

implemented in BEAST v1.3 (Drummond et al.,, 2005).
TMRCA dates and 95% credible intervals were calculated
for the root of the tree and for major haplogroups HV, R,
and U in all analyses. All analyses were run under a con-
stant population size model and a strict molecular clock
with a mutation rate of 1.7 x 10~% substitutions/site/year
(Ingman et al., 2000; Pakendorf and Stoneking, 2005). Mar-
kov chains were run for 10,000,000 generations, sampled
every 1000 generations, and the first one million genera-
tions were discarded as burn-in.

3. Results
3.1. Phylogenetic analyses

Thirteen ML phylogenies were generated from Dataset 1
(Fig. 1), in which individual genes were deleted. Compari-
sons with trees lacking COX3, ND4L, ND4, and ND6 pro-
duced p-values near 0.50, implying that the deleted-gene
trees were nearly equivalent to the full-coding-region tree.
Only one tree showed a significant difference when com-
pared to the full-coding-region tree (p,;=0.033, deletion
of 16S rRNA) although a second comparison approached
significance (p,;=0.057, deletion of NDS5) (Fig. 2a). The
two trees that differed most from the full-coding-region tree
were those lacking the two longest genes in the dataset (16s
rRNA—1558 bp and ND5—1811bp). In general, a weak
relationship was observed between the length of the deleted
gene and significance of the AU test as shown by a linear
regression analysis (> = 0.52). Removal of a single outlier in
this analysis (ND4, p,;=0.54, 1400bp) strengthened the
relationship between gene length and significance of the
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Fig. 2. Comparisons of a phylogeny based on the full-coding-region to phylogenies based on datasets with the indicated regions deleted. Any comparison
that falls below p = 0.05 (indicated by the dotted line) means that a tree based on a deleted-region dataset differs significantly from the full-coding-region
tree. Results from the AU test are represented by a solid line with diamonds while results from the SH and KH tests are represented by a single dashed line
with boxes. Fragments are defined in Fig. 1. (a) Individual genes deleted (Dataset 1); (b) individual 1545 bp fragments deleted (Dataset 2); (c) segments of
2 fragments deleted; (d) segments of 3 fragments deleted; (¢) segments of 4, 5, and 6 fragments deleted from the middle of the coding region (between frag-

ments 2 through 7).

AU test (*=0.81). In addition to gene length, polymor-
phism within each gene was investigated. The genes tar-
geted as most informative by the phylogenetic analysis did
not contain the highest proportion of variable sites, ie.,
NDS5 and 16S rRNA contained only 4.5% and 3.1% poly-
morphic sites, respectively, while the most polymorphic
genes were NDG6 (6.3%) and ATP6 (5.9%) (Fig. 1). Average
number of pairwise differences and nucleotide diversity was
also calculated for each gene, but neither of these measures
clearly correlated with the most informative genes as identi-
fied by the phylogenetic analysis (data not shown).

A second phylogenetic analysis was performed on a
dataset in which equal-size fragments of 1545bp were
removed from the genome (Dataset 2, Fig. 1). Deletion of
different regions resulted in differential loss of phylogenetic
resolution despite the uniformity of fragment length, dem-
onstrating that phylogenetic information is not uniformly
distributed throughout the mitochondrial genome (Fig. 2b).

Significant loss of resolution occurred with deletion of frag-
ments 1, 8, 9, or 10 (pp;=0.029, pr;=0.0050, p,;=.020,
Ppay =042, respectively), which are the regions encompass-
ing 12S rRNA and part of 16S RNA and the majority of
ND4 plus NDS5, ND6, and cytb.

The results of the sliding window analysis confirmed
that fragments 1, 8, 9, and 10 were most important for
maintaining a phylogeny similar to the full-coding-region
tree. When any of these four fragments was removed from
the dataset, either alone or in combination with contiguous
fragments, trees were generated that showed a significant
difference from the full-coding-region tree (Fig. 2b, ¢, and
d). In contrast, loss of any pair or trio of fragments from
the middle of the coding region (between fragments 2 and
7) did not result in a tree that was significantly different
than the full-coding-region tree (Fig. 2c and d). Not until
four contiguous fragments were removed from the middle
region did a significant change occur and then only with
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loss of one group of fragments, i.e., 24+3+4+5 (p, ;= 0.0070;
Fig. 2e). Removal of five fragments (3+4+5+6+7), which
are equal to half of the coding region, still did not cause a
significant change from the full-coding-region tree
(pay=0.077; Fig. 2e). It is interesting to note that deletion
of fragment 2 only created a significantly different tree
when combined with deletion of fragment 5 (Fig. 2¢). This
can be explained by the loss of two variants defining haplo-
group H, i.e., bp 2706 and 7028, which are located in frag-
ments 2 and 5, respectively. A phylogeny in which
fragments 2+3+4+5 are deleted reveals a significant loss of
substructure within haplogroup HV that can be attributed
to loss of these two haplogroup H-defining variants (data
not shown).

A visual comparison of the trees was also conducted in
order to investigate finer details of the topology and branch
lengths. Haplogroups U, HV, and R were highlighted in
this analysis because they have a broad geographic range
outside of Africa and they form monophyletic clusters in
the full-coding-region tree (Fig. 3a). Phylogenies missing
individual genes (Dataset 1) showed very few topological
differences relative to the full-coding-tree; in fact, three
trees (12S rRNA, COX1, ND2 deleted) were identical to
the full-coding-region tree except for small differences in
branch lengths (data not shown). A comparison of trees
generated from Dataset 2 revealed the most significant
change in the tree lacking fragment 8, with loss of mono-
phyly for haplogroup R and a much shortened branch for
haplogroup U (Fig. 3b). This result is expected, as fragment
8 contains the one defining variant for haplogroup R (bp
12,705) and all three haplogroup-defining variants for
haplogroup U (bp 11,467, 12,308, and 12,372) as defined by
(Palanichamy et al., 2004). The AU, KH, and SH tests also

Full Coding Region Tree
a

Coding Region Missing Fragment 8
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showed the greatest change between a tree lacking fragment
8 and the full-coding-region tree (p,y=0.005 and pygy,
sy = 0.045) (Fig. 2b).

Although the HVRI dataset did not contain sufficient
phylogenetic information to successfully create a single best
maximum likelihood tree using PAUP*, a Bayesian tree for
this region was generated for comparative purposes. The
HVRI phylogeny revealed the most dramatic loss of resolu-
tion, in which the majority of the tree was reduced to an
unresolved polytomy and haplogroups U, HV, and R were
no longer visible (Fig. 3c).

3.2. Coalescent analyses

Estimates of TMRCA and associated credible intervals
were investigated via a coalescent analysis of Dataset 2, in
which ten equal-size fragments were individually removed
from the dataset. Haplogroups U, HV, and R were again
the focus in this analysis because they represent a broad
range of coalescent events (~28,000-60,000 years before
present [YBP]) and comparative TMRCA estimates have
been published (Palanichamy et al., 2004; Richards et al.,
2000). Means of TMRCA estimates and 95% credible inter-
vals were plotted for Haplogroups U, HV, and R as well as
the root of the entire tree for all trees generated
using Dataset 2 (Fig. 4a). As a general confirmation of
our methods, it is worth noting that TMRCA estimates
for each haplogroup were in general agreement with previ-
ously published dates generated using non-coalescent meth-
ods (Palanichamy etal, 2004; Richards etal, 2000).
Furthermore, TMRCA estimates of the root of the entire
tree were within the range of published dates for the coales-
cence of human mtDNA, ie., ~100,000-200,000 YBP

HVRI Tree

0

0.001 0.001

AETCER,

W”*"”T”'"“T’

1

o
-

Fig. 3. Phylogenies based on: (a) full coding region dataset (ML); (b) dataset missing fragment 8 (ML) and; (c) HVRI (Bayesian). Haplogroups U, HV, and
R are indicated on the phylogenies in which they are resolved (R has collapsed in 3b to include individuals of other N haplogroups, i.e., W, I1, and Nla).

Scale indicates the number of substitutions.
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fragments.

(Cann et al., 1987; Vigilant et al., 1991; Ingman et al., 2000),
as expected since our dataset includes a wide geographic
range of individuals. Our analysis showed that loss of any
1545bp fragment caused little variation in TMRCA esti-
mates for the three haplogroups and the entire tree, as all
mean dates were within the 95% credible interval of the other
trees, with one exception (Fig. 4a). The exception was the tree
lacking fragment 8, in which the mean TMRCA for haplo-
group U was outside the 95% credible interval of the estimate
from the full-coding-region tree as well as from several
deleted-fragment trees (Fig.4a). This result was consistent
with that of the phylogenetic analysis, in which loss of frag-
ment § also showed the most significant effect on the phylog-
eny (Fig. 3b), and could be at least partially explained by loss
of all three U-defining variants within the deleted region.

A sliding window analysis, in which two contiguous
fragments were removed, resulted in a small but consistent
increase in credible intervals around all TMRCA means
when compared to removal of only one fragment (Fig. 4b).
Loss of two contiguous fragments caused little variation in
TMRCA means, with two exceptions. When fragment pairs

7+8 and 8+9 were deleted, the TMRCA mean for haplo-
group U fell outside the 95% credible interval for the full-
coding-region tree. This result was also consistent with the
previous analyses, in which loss of fragment 8 caused a
change in the TMRCA estimate and in the phylogeny.
When windows of three fragments were removed, deletion
of fragments 8+9+10 had a strong effect on TMRCA esti-
mation for haplogroup HV; the 8§+9+10-deleted TMRCA
mean occurred outside the credible intervals for all other
TMRCA means and had a credible interval that was twice
that of the full-coding-region estimate. Although individual
loss of fragment 8, 9, or 10 caused little change in the
TMRCA estimates for haplogroup HV, loss of all three
fragments would be expected to affect the TMRCA esti-
mate because the defining variants for haplogroup HV are
located in fragments 8 (bp 11,719) and 10 (bp 14,766) (as
defined by Palanichamy et al., 2004). Thus, only when both
fragments 8 and 10 were removed from the dataset did the
branch leading to haplogroup HV collapse, thereby incor-
porating many more sequences into the TMRCA calcula-
tion and pushing back the date for this haplogroup. Aside
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from this exception, loss of any other three fragments
caused little change in TMR CA means or credible intervals.
Furthermore, loss of four contiguous fragments had mini-
mal effect on TMRCA estimates, although the importance
of combined fragments 8+10 for haplogroup HV remained
evident (data not shown). Similarly, loss of five contiguous
fragments from the middle of the coding region
(3+4+5+6+7) maintained overlap of TMRCA credible
intervals for all analyses and TMRCA means were nearly
equivalent to full-coding-region means for haplogroup HV
and the entire tree (Fig. 4b). Thus, half of the mitochondrial
genome could be removed with no significant effect on
TMRCA estimation in our dataset.

4. Discussion

The availability of full genome datasets enables an anal-
ysis of the information content throughout the mitochon-
drial genome in order to optimize the research design of
future evolutionary studies. The goal of our study was to
identify informative regions of the human mitochondrial
genome using two computationally distinct measures: accu-
rate reconstruction of a maximum likelihood phylogeny
and coalescent-based estimates of TMRCA. These mea-
sures are relevant to most evolutionary studies as a well-
resolved phylogeny is a prerequisite to many subsequent
analyses and accurate TMRCA estimation with minimal
credible intervals is crucial to allow discrimination between
hypotheses involving different time frames. We find that
sequencing a contiguous fragment from bp 11,399 through
the control region to bp 3668 optimizes the information
necessary for phylogenetic and coalescent analyses and also
takes advantage of the wealth of data publicly available on
the control region.

Two datasets were created so that we could study the
information content of particular genes as well as the distri-
bution of information in equal-sized fragments throughout
the genome, i.e., individual genes were deleted in Dataset 1
and ten contiguous 1545bp fragments were deleted in
Dataset 2. In general, deletion of equal-size fragments had a
greater effect on the phylogenetic analysis than deletion of
single genes, most likely because haplogroup-defining vari-
ants often occur between genes. Specifically, phylogenetic
resolution of our dataset was significantly affected by dele-
tion of fragments 1, 8, 9, or 10 (bp 577-2122 and 11,399-
16,023), which encompassed all or part of 12S rRNA,16S
rRNA, ND5, ND6, and cytb (Fig. 2). Deletion of fragments
2 and 5, in combination, also resulted in a phylogeny that
was significantly different than the full-coding-region tree.
In contrast, deletion of fragments 3 through 7, which is
equivalent to half the mitochondrial genome, maintained a
phylogeny that did not differ significantly from the full-cod-
ing-region tree. In comparison to the phylogenetic analysis,
the coalescent estimations of TMRCA were less sensitive to
deletion of portions of the mitochondrial genome. In fact,
no deletion, even of multiple fragments, produced a
TMRCA estimate that did not overlap with the full-coding-

region estimate. Deletion of fragment § (individually and in
some combinations) was the only analysis that produced a
TMRCA mean outside the full-coding-region credible
interval, although both sets of credible intervals still over-
lapped. Deletion of fragments 3 through 7 resulted in little
change in TMRCA estimation and, in fact, TMRCA means
for haplogroup HV and the entire tree were virtually identi-
cal to the full-coding-region estimates (Fig. 3).

An investigation of gene characteristics revealed that
neither gene length, level of polymorphism, nucleotide
diversity, nor average pairwise differences was correlated
with phylogenetic informativeness. One factor that did con-
tribute to maintenance of a phylogeny was inclusion of
fragments that contained defining variants for specific
haplogroups. Many of the informative fragments identified
by our analysis contain variants that were previously recog-
nized as haplogroup-defining variants (Palanichamy et al.,
2004). As expected, removal of fragments containing these
variants caused loss of phylogenetic resolution. For exam-
ple, we observed that loss of fragment 8, containing the sole
R-defining variant, led to loss of monophyly of haplogroup
R (Fig. 2). However, these few haplogroup-defining vari-
ants were not entirely responsible for maintaining a phylog-
eny as demonstrated by the same tree missing fragment 8§,
in which the three defining variants for haplogroup U were
lost, but monophyly was maintained (although the branch
leading to haplogroup U was shortened) (Fig. 3).

This analysis can be extended to additional sequences,
such as those from macrohaplogroup L in Africa and mac-
rohaplogroup M in Africa and Asia. As described above,
our analysis points out the importance of including at least
one unique defining site to ensure monophyly of a haplo-
group. It is significant that our recommended region of
analysis (bp 648-3668 and 11,399-16,033, plus the control
region) includes at least one haplogroup-defining variant
for haplogroups LO (bp 3516, 13,276), L1 (3666, 13,789,
14,178), L2 (bp 13,590, 16,311, 16,390), L3 (bp 769), L4
(16,362) and M (bp 14,783, 15,043) (Kivisild et al., 2004,
2006). In fact, nearly half of the defining variants for these
haplogroups (12, as listed above, out of a total of 25) are
included in our recommended region. Furthermore, recon-
struction of a phylogeny with deeper branches, e.g., a data-
set including macrohaplogroups L and M, is theoretically
less challenging than our dataset of densely sampled N hap-
lotypes. Thus, our recommendation to sequence the half of
the mitochondrial genome that encompasses fragments 1, 2,
8,9, 10 and the control region can be extended to the study
of all major human haplogroups.

Our analysis demonstrates that accurate phylogenetic
reconstruction is more sensitive than coalescent TMRCA
estimation to loss of mitochondrial sequence data. This
result reflects the fact that small changes in tip topology
may introduce significant differences between phylogenies,
but would not necessarily affect TMRCA estimates that
focus on interior or basal nodes. Additionally, uncertainty
in tree structure is explicitly accounted for when estimating
population genetic parameters in coalescent analyses,
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meaning that coalescent TMRCA estimates are generally
more robust to changes in topology or loss of phylogenetic
resolution. For example, in our dataset, loss of fragments 2
and 5 removed two haplogroup H-defining variants, which
caused loss of monophyly for haplogroup H within haplo-
group HV. This resulted in a significant difference in phy-
logenies and haplogroup HV topology (compared to the
full-coding-region tree, see Fig. 2e), but virtually no differ-
ence in TMRCA estimation for haplogroup HV (see
Fig. 4b). Thus, as expected, more sequence data were
needed to maintain accurate construction of a phylogeny
than were necessary for consistent TMRCA estimation.

Our study suggests that the optimal dataset for mito-
chondrial DNA evolutionary studies includes fragments 1,
2, 8,9, and 10 (bp 648-3668 and 11,399-16,033) based on
the fact that deletion of fragments 3 through 7 caused no
significant change in the resulting phylogeny and minimal
variation in estimates of TMRCA. Conveniently, fragments
142 and 8+9+10 are adjacent to the control region. Thus,
sequencing a contiguous fragment from bp 11,399 through
the control region to bp 3668 would create a dataset that
optimizes the information necessary for phylogenetic and
coalescent analyses and also takes advantage of the wealth
of data publicly available on the control region. Further-
more, our results demonstrate that only half the genome is
necessary for maintaining an accurate phylogeny and con-
sistent TMRCA estimates, suggesting that researchers
could potentially cut their sequencing length in half. Given
the recent report that adding loci contributes much more
information to a study than increasing sequence length or
adding samples (Felsenstein, 2006), our findings are consis-
tent with a recommendation for reduced mitochondrial
sequence length and analysis of additional loci.
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