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A set of 96 complete mtDNA sequences that belong to the three major African haplogroups (L1, L2, and L3) was
analyzed to determine if mtDNA has evolved as a molecular clock. Likelihood ratio tests (LRTs) were carried out with
each of the haplogroups and with combined haplogroup sequence sets. Evolution has not been clock-like, neither for the
coding region nor for the control region, in combined sets of African haplogroup L mtDNA sequences. In tests of
individual haplogroups, L2 mtDNAs showed violations of a molecular clock under all conditions and in both the control
and coding regions. In contrast, haplogroup L1 and L3 sequences, both for the coding and control regions, show clock-
like evolution. In clock tests of individual L2 subclades, the L2a sequences showed a marked violation of clock-like
evolution within the coding region. In addition, the L2a and L2c branch lengths of both the coding and control regions
were shorter relative to those of the L2b and L2d sequences, a result that indicates lower levels of sequence divergence.
Reduced median network analyses of the L2a sequences indicated the occurrence of marked homoplasy at multiple sites
in the control region. After exclusion of the L2a and L2c sequences, African mtDNA coding region evolution has not
significantly departed from a molecular clock, despite the results of neutrality tests that indicate the mitochondrial coding
region has evolved under nonneutral conditions. In contrast, control region evolution is clock-like only at the haplogroup
level, and it thus appears to have evolved essentially independently from the coding region. The results of the clock tests,
the network analyses, and the branch length comparisons all caution against the use of simple mtDNA clocks.

Introduction

It is more than 15 years since Cann, Stoneking, and
Wilson (1987) published their watershed study in which
the divergence of mtDNA molecules in different popula-
tions was used to derive a model for the evolution of
modern humans. They concluded that modern humans
arose in Africa ;200,000 years ago, migrated from there,
and replaced archaic humans without admixture. Many
aspects of this study have been challenged, as well as
defended (a comprehensive analysis and discussion of the
main issues can be found in Relethford [2001]).

A key issue for the approach used by Cann,
Stoneking, and Wilson (1987), and for subsequent studies
of this type, is whether the human mitochondrial genome
has evolved in a clock-like manner. The use of a mtDNA
clock to time the major events in human evolution and
population dispersal has been questioned on several
grounds (Gibbons 1998; Ayala 1999; Glazko and Nei
2003). Recent results support the operation of more
complex, non-clock evolutionary processes in numerous
taxa, including primates (e.g., Zeng et al. 1998; Grissi et al.
2000; Yoder and Yang 2000; Soltis et al. 2002; Yi,
Ellsworth, and Li 2002; Glazko and Nei 2003). The more
general issue of whether human mtDNA evolution fits the
neutral model has also been investigated. The available
evidence indicates that the evolution of most, and perhaps
all, mitochondrial genes has been nonneutral (Gerber et al.
2001; Rand 2001; Mishmar et al. 2003; Moilanen and
Majamaa 2003; Moilanen, Finnilä, and Majamaa 2003;
Nielsen and Yang 2003; Elson, Turnbull, and Howell
2004).

The availability of large sets of complete human
mtDNA sequences (e.g., Ingman et al. 2000; Herrnstadt et
al. 2002) provides the foundation for comprehensive and
critical tests of the molecular clock model. Ingman et al.
(2000) analyzed a set of 53 complete mtDNA sequences of
diverse ethnic origin. They observed that coding region
sequences evolved according to a molecular clock, but that
control region evolution was not clock-like. Torroni et al.



(http://www.mitokor.com/science/560mtdnas.php). In ad-
dition to the 93 MitoKor sequences which are provided in
the Supplementary Material online, the one haplogroup
L2d and the two haplogroup L2c mtDNA sequences
analyzed by Torroni et al. (2001; see their fig. 2) were
included in the present analyses.

These analyses involved 11 African mtDNA haplo-
group L subclades (table 1), and the sequences were
assigned to the different subclades on the basis of the
phylogenetic studies of Salas et al. (2002). L0a sequences
were previously included in paraphyletic haplogroup L1,
but L0 is now considered a separate clade that includes the
ancestral node of modern humans (see the discussion on p.
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a more general model of substitution than the HKY model.
More importantly, clock tests were also performed under the
condition of site variability of divergence rates, because
branch lengths are underestimatedwith uniform substitution
rates and, as a result, molecular clock tests can become too
conservative (Cunningham, Zhu, and Hillis 1998; Zhang
1999; Posada 2001). When rate heterogeneity is incorpo-
rated into the clock test, Tree-Puzzle models substitution
rates as i.i.d. ‘‘draws’’ (changes are independently and
identically distributed) from a discrete gamma distribution
that is parameterized by a, the shape distribution parameter
(Yang 1994). When a approaches infinity, then all sites
evolve at the same rate.

A human mtDNA sequence, usually from the L0a
subclade, has been used as the outgroup for the studies
reported here, rather than a nonhuman primate mtDNA
sequence. For comparison, Ingman et al. (2000) used
gorilla and chimpanzee mtDNA outgroup sequences in
their clock tests, whereas Torroni et al. (2001) used an L0a
outgroup sequence. There are two main reasons for our
choice of an intraspecific outgroup. First, a distant
outgroup sequence is more likely to be affected by
mutational saturation and the clock test can become too
conservative as a result (Bromham et al. 2000). There are
longstanding concerns that primate sequences are too
diverged from human sequences to function as informative
outgroups (e.g., Wheeler 1990, Maddison, Ruvolo, and
Swofford 1992). Second, there is evidence that the
substitution process in mtDNA is not homogenous among
different primates (e.g., Excoffier and Yang 1999; Meyer,
Weiss, and von Haeseler 1999; Weiss and von Haeseler
2003). With a nonhuman primate outgroup sequence,
therefore, failure of a clock test could result from failure of
the ingroup sequences (in this case, human) to evolve
according to a molecular clock or from inhomogeneity of
sequence evolution between the two species.

For some mtDNA sequence sets, L1b and L1c
outgroup sequences were used, in addition to an L0a
outgroup. The results of the clock tests, in all cases, were
insensitive to the choice of the outgroup sequence.

LRTs tend to inflate type I error, which for our
analyses would involve a rejection of the null hypothesis
(clock-like evolution) when it is true (Posada 2001), and
a standard Bonferroni correction was used here because
each sequence set was analyzed under multiple con-
ditions. In our tests, the molecular clock model was not
supported if P was less than 0.0050 for any individual
test in order to preserve a ‘‘family’’ significance cut-off
of 0.0500.

Reduced Median Networks

Reduced median networks were constructed, and
reticulations resolved, as described earlier (Bandelt et al.
1995), with Network 3.1 (http://fluxus-engineering.com).
This approach is better suited to analyses of human
mtDNA sequences, especially control region sequences
with their high levels of homoplasy, than standard
phylogenetic approaches that constrain the sequences to
simple bifurcating trees (Bandelt et al. 1995; Posada and
Crandall 2001).

Results
Initial Studies

For our initial tests of an African mtDNA clock,
likelihood ratio tests (LRTs) were carried out with the 56
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were more highly diverged relative to the L2a and L2c
sequences. This possibility was furthered investigated
through analysis of the relative branch lengths of the
haplogroup L quartet puzzling trees (table 4). The branch
lengths of the coding region sequences fit the pattern
observed by Torroni et al. (2001). Thus, the L2a and L2c
coding region sequences showed essentially the same
mean branch lengths, which were shorter than those for the
L2b and L2d sequences. In addition, the L2a control
region sequences were markedly less diverse than those of
the L2b, L2c, or L2d sequences, irrespective of the model
of rate substitution (table 4). The mean branch lengths of
the control regions for the L2c sequences were shorter than
those of the L2b and L2d sequences. Because we lacked
a consistent distinction between the L2a/L2c and L2b/L2d
clade pairs, we subjected four sequence subsets to clock
tests: L2a, L2bcd, L2ac, and L2bd (table 3).

(1) The L2a control region sequences showed clock-
like evolution under conditions of both uniform and site-
variable substitution rates. In the coding region, the

evolution of the L2a sequences showed a significant
violation of the molecular clock under all test conditions.

(2) The L2bcd control region sequences showed
clock-like evolution with a uniform rate of substitution,
but a marked violation with site-variable rates of
substitutions. The fit of the evolution for the L2bcd coding
region sequences to a molecular clock was relatively poor,
but the deviation did not reach statistical significance.

(3) L2ac control region sequences, in contrast to L2a
sequences only, showed a significant departure from
clock-like evolution. This result is in accordance with
the longer branch lengths of the L2c sequences (table 4).
The L2ac coding region sequences showed non-clock
evolution under all test conditions.

(4) The L2bd subset of sequences showed clock-like
evolution in both the control and coding regions.

These results confirm that subclades L2b and L2d
have a similar pattern of evolution and that evolution was
clock-like in both the control and coding regions. Subclade
L2c sequences also seem to have undergone ‘‘clock-like’’

Table 2
Molecular Clock Tests of Haplogroup L mtDNAs

Sequences Outgroup/Modela Regionb Ts/Tvc ML(nc/c)d Deltae Pf

African (55)g 149/HKY/UNI Control 10.33 22977/23013 73.87 0.0365
African (55) 149/HKY/GAM Control / 0.02 11.67 22852/22937 168.18 ,0.0001
African (55) 149/HKY/UNI Coding 23.76 224377/224409 62.79 0.1681
African (55) 149/HKY/GAM Coding / 0.08 24.24 224433/224469 70.45 0.0547
African (92)h 149/HKY/UNI Control 12.20 23647/23719 142.77 ,0.0001
African (92) 149/HKY/GAM Control / 0.04 14.10 23276/23354 157.17 ,0.0001
African (92) 149/HKY/UNI Coding 22.03 225920/225992 142.56 0.0004
African (92) 149/HKY/GAM Coding / 0.09 22.56 225761/225826 129.72 0.0039
L11 L3 149/HKY/UNI Control 8.93 22681/22716 68.82 0.0260i

L11 L3 149/HKY/GAM Control / 0.02 10.15 22582/22629 93.76 0.0001i

L11 L3 560/HKY/UNI Control 7.88 22737/22781 88.68 0.0003
L11 L3 560/HKY/GAM Control / 0.02 9.63 22574/22608 67.41 0.0337
L11 L3 585/HKY/UNI Control 7.82 22728/22760 64.86 0.0527
L11 L3 585/HKY/GAM Control / 0.02 9.48 22567/22601 67.70 0.0319
L11 L3 586/HKY/UNI Control 9.03 22775/22823 95.10 0.0001
L11 L3 586/HKY/GAM Control / 0.02 10.28 22592/22634 82.80 0.0013
L11 L3 587/HKY/UNI Control 7.82 22723/22755 64.66 0.0546
L11 L3 587/HKY/GAM Control 0.02 9.48 22571/22605 67.36 0.0340
L11 L3 149/HKY/UNI Coding 29.51 223827/223851 46.73 0.5250i

L11 L3 149/HKY/GAM Coding / 0.07 29.52 223798/223821 46.57 0.5314
L11 L2bd1 L3 149/HKY/UNI Control 10.14 23107/23163 111.39 ,0.0001i

L11 L2bd1 L3 149/HKY/GAM Control / 0.02 12.34 22819/22877 115.59 ,0.0001i

L11 L2bd1 L3 149/HKY/UNI Coding 24.46 224704/224735 60.37 0.3208i

L11 L2bd1 L3 149/HKY/GAM Coding / 0.08 24.83 224663/224693 60.18 0.3269i

a The outgroup sequence is shown first. The numbers 149, 560, 585, 586, and 587 refer to L0a outgroup sequences, whereas 158 and 173 refer to L1b and L1c outgroup

sequences, respectively. The model of substitution is shown next, followed by the model of rate heterogeneity (UNI¼uniform; GAM¼ site variable under the assumption of

a gamma distribution of rates).
b For those clock tests that incorporated rate heterogeneity in the model of evolution, the estimated shape distribution parameter (a) is shown after the mtDNA

region analyzed.
c Ratio of transitions to transversions.
d



evolution, but the sequence divergence in both coding and
control regions is less than the values for the L2bd
sequences. The L2a sequences yield distinct and complex
results. Sequence divergence in the coding region shows
a departure from clock-like evolution. In contrast, di-
vergence in the control region did not show a violation of
clock-like evolution. However, during the analyses of the
L2a sequences, it was noted that the topologies of the
coding region and control region quartet puzzling trees
were different (data not shown). Clock tests are generally
insensitive to tree topology, but a high level of homoplasy
in the control region might lead to markedly erroneous tree
topologies and, as a result, to biased clock tests. Therefore,
we supplemented these clock tests with reduced median
network analysis (Herrnstadt et al. 2002).

Reduced Median Network Analysis of Haplogroup L2
mtDNA Sequences

The coding region sequences were used to construct
a reduced median network of the entire haplogroup L2
sequence set (fig. 1) in which informative sites were used
to derive the topology (see also Herrnstadt et al. 2002).
Other than an unresolved reticulation at the most ancestral
node, the topology of this network is straightforward and
there are three noteworthy results.

(1) Salas et al. (2002), who used the HVS1 segment
of the control region to construct African haplogroup L
phylogenetic trees, found that the L2d1 and L2d2

subclades branch from a common L2d ancestor (see their
fig. 2). In contrast, our coding region network shows that
these two subclades are separate branches off the L2
ancestral node. A similar branching pattern was noted in
the quartet puzzling trees (data not shown) and these
results suggest that they are distinct L2 subclades.

(2) The L2a sequences form two star-like subclusters
(see below) that we designate L29 and L2a0. The L2a0
sequences descend from nodal sequence #563 and carry
coding region polymorphisms at nucleotides 3918, 5285,
15244, and 15629. These subclusters appear to have arisen
early during L2a evolution. On the basis of network



analyzed (fig. 2). The topology becomes slightly more
complex with the incorporation of the control region
substitutions, but the overall structure of the network
remains the same. In marked contrast, incorporation of the
control region sequences yielded a complex L2a network
with multidimensional hypercubes (data not shown). A
complex pattern of reticulations was also obtained by Salas
et al. (2002) in their L2a networks (see their fig. 6).
Bandelt et al. (2002) have shown that networks with
hypercubes can result from errors in the sequences ana-
lyzed, and we had removed a number of errors from our se-
quence database prior to the present studies (Herrnstadt,
Preston, and Howell et al. 2003). For some of the control
region ‘‘hot spots’’ we inspected the sequencing electro-
pherograms for both strands to confirm the allele status
and that the sites were not heteroplasmic. Finally, the con-
trol regions for eight L2a, one L2b, and one L2c mtDNA
were sequenced independentlywith adifferent approach (the
manual dideoxy chain termination method; see Herrnstadt
et al. 2002 and references therein). In all 10 instances, the
two sequencing approaches yielded identical results, and
we conclude that the complex network topology was due to
homoplasy, not to sequence errors.

We sought another approach that would provide
phylogenetic information on control region evolution,
especially at highly variable sites.. As a first step, we
assumed that the topology of the coding region tree was





especially with the TN (rather than the HKY) model of
substitution. In contrast, the evolution of the L1 coding
region sequences fits very well with a molecular clock
model. The results for the haplogroup L3 sequences are



the branch lengths are more sensitive to the model of
substitution rate, a result in accordance with the high levels
of homoplasy in the control region. Second, in contrast to
the coding region, there is a clear trend for control region
branch lengths in which L1 . L2 . L3 when site-variable
rates are incorporated into tree construction.

Discussion

The results presented here reveal a complex pattern of
evolution in the African haplogroup L mtDNAs. Evolution
in the haplogroup L1 and L3 coding regions has been
largely clock-like, although the L2 sequences showed
a marked deviation from clock-like evolution for both the

coding and control regions. In contrast, clock-like evolu-
tion cannot be discerned for the control region beyond
the haplogroup level of phylogeny. Thus, L1 and L3
control region sequences show clock-like evolution when
analyzed separately, but when analyzed as a single set of
sequences, the fit to a molecular clock r9.7(4)-251.T L3



regard, further analysis of larger sequence sets should be
informative.

(2) Contemporaneously sampled mtDNA sequences
were analyzed and, as a result, clock violations will not
have been detected if the rate of divergence changes equally
and simultaneously in all lineages (Drummond and
Rodrigo 2000; Seo et al. 2002). Such an evolutionary
scenario is plausible when all lineages occur in a single
population and if population size changes at some point in
time (thereby changing the efficiency of selection against
slightly deleterious mutations). The evolutionary history of
African mtDNAs is complex and not yet well understood
(Salas et al. 2002, 2004), but there might have been such
condi7(cy)-3gubst



evolution is more often clock-like. The rapid sequence
divergence of the control region is often seen as evidence
for a lack of selection in this segment of the mitochondrial
genome, but perhaps selection has acted directly on the
control region. The marked site variability of substitution
rates in the control region (e.g., Excoffier and Yang 1999;
Meyer, Weiss, and von Haeseler 1999) suggests the
operation of selection, at least on a large fraction of the
sites. However, there is also evidence both of asymmet-
rical mutation rates in the forward and reverse directions
and of nonindependence of mutations, so one might need
to consider a scenario where non-clock evolution in the
control region is not caused by, or not solely by, the effects
of selection. Thus, thismight be a situationwhere themodels
of evolution tested here are inadequate for the complex
evolutionary processes in the control region. A major
challenge for future studies is to tease out the factors that
underlie the complex process of control region evolution.

Phylogeographic analysis of mtDNA sequences is
widely used to study human evolution and population
dispersal. For example, it has been used to study the
peopling of the Americas (reviewed in Eshleman, Mahli,
and Smith 2003) and the spread of agriculture and
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