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Reply to Macauley et al.
To the Editor:

We wish to respond to the comments of Macauley et al.
(1997) that address our recent report on the rate of
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human mtDNA mutation and evolution. In that report
(Howell et al. 1996), we observed a high rate of diver-
gence within the D-loop among the members of a matri-
lineal pedigree, and we explored possible explanations
for the disparity between phylogenetic and empirically
determined pedigree divergence rates for the human
mtDNA D-loop, the 1.1-kb noncoding control region.
There was no intention to suggest that the pedigree rate
of divergence should be used, instead of phylogenetic
rate estimates, as a clock for timing events during human
evolution. Macauley et al. (1997) note that our empiri-
cally determined D-loop divergence rate is almost nine-
fold higher than what they term the “conventional,” or
phylogenetic, divergence rate for the first hypervariable
region (HVR1) of the D-loop. However, there is no gold-
standard clock for the rate of mtDNA divergence, partic-
ularly within the D-loop. Standard phylogenetic esti-
mates of the rate of human mtDNA divergence vary
widely, and they are associated with high degrees of
statistical uncertainty (e.g., see Adachi and Hasegawa
1996; Howell et al. 1996; Parsons et al. 1997), in part
because of the different models of mtDNA evolution
that have been used by different investigators. In addi-
tion, a different pattern of human evolution is often
obtained after analysis of nuclear genes (in addition to
the references in the article by Howell et al. [1996], see,
for more recent studies, the reports by Cavalli-Sforza
and Minch [1997], Harding et al. [1997], and Hey
[1997], as well as the response by Richards et al. [1997]
to Cavalli-Sforza and Minch). Furthermore, Tajima
(1993, table 7) showed that the molecular-clock hypoth-
esis was not supported among all subsets of hominoid
mtDNA sequences that were analyzed with his statistical
tests.

A high pedigree divergence rate in the D-loop has been
supported by two other studies. Parsons et al. (1997), in
a much larger study of normal matrilineal pedigrees,
observed an empirical D-loop divergence rate of 1 sub-
stitution/33 generations, which is very similar to the rate
that we obtained. In addition, Mumm et al. (1997) ana-
lyzed a matrilineal pedigree with an X-linked disorder,
similar in size to the subset of TAS2 family members
that we studied, and they observed one new HVR1
D-loop mutation, a result that also supports a rapid
pedigree rate of divergence. Therefore, two possible lim-
itations to the general significance of our results—that
is, the relatively small number of family members that
we analyzed and the presence of a pathogenic mtDNA
mutation in the TAS2 pedigree—do not appear to have
biased our estimate of the D-loop divergence rate
(Howell et al. 1996).

Macauley et al. (1997) suggest that the high pedigree
rate of D-loop divergence is due to the fact that the
two new mutations in the TAS2 LHON pedigree arose
within the second hypervariable region (HVR2) of the

987

D-loop, which has been reported by Aris-Brosou and
Excoffier (1996) to have a higher proportion of rapidly
mutating sites than is seen in HVR1. However, their
study examined a subpopulation of African mtDNAs,
and their findings may not apply to the HVR2 region
in other mtDNA haplogroups. Furthermore, the other
pedigree analyses have observed newly arisen mutations
at a number of different sites that are spread throughout
HVR1 and HVR2. Parsons et al. (1997) thus detected
10 D-loop substitutions, 3 of which were in HVR1, as
was the newly arisen mutation observed by Mumm et
al. (1997). Phylogenetic analyses also point toward a
relatively even distribution both of hypervariable sites
and of overall mutation rates. Thus, Torroni et al.
(1996) identified five hypervariable D-loop sites that had
mutated in three or more European haplogroups, two
occurring in the first hypervariable region and three in
the second. Kocher and Wilson (1991) observed that
60% of all D-loop mutations in their sample of se-
quences arose in HVR1. Finally, one may use the analy-
sis of Hasegawa et al. (1993), which explicitly incorpo-
rates site variability, to derive a phylogenetic HVR1
divergence rate of ~1 substitution/1,300 generations
(T. J. Parsons, personal communication). That rate is an
order of magnitude slower than the pedigree HVR1 rate
of 3 substitutions/327 generations (Parsons et al. 1997),
results that yield the same disparity between the two
types of divergence rates. Overall, these results do not
support a simple explanation for the high pedigree diver-
gence rate in which HVR2 hypermutational hot spots
“swamp out” a slower overall rate of D-loop divergence.
On the other hand, failure to correct for site heterogene-
ity of mtDNA mutation rates confounds phylogenetic
analysis and produces serious biases in estimates of the
overall mutation rate, the time of the last common an-
cestor, the transition-transversion ratio, population ge-
netic parameters, and Tajima’s D statistic for neutrality
(e.g., see Hasegawa et al. 1993; Wakeley 1993; Berto-
relle and Slatkin 1995; Aris-Brosou and Excoffier 1996;
Yang 1996; Wakeley and Hey 1997). These problems
are especially acute with highly diverged sequences.
Macauley et al. (1997) discuss their previous analysis
of twin pairs (Bendall et al. 1996), which yielded an
HVR1 divergence rate of 1 transition/2,000-20,000
years. Their original study concluded that the estimated
divergence rate, when sampling error was included, was
1 transition/2,500-55,000 years (Bendall et al. 1996,
pp. 1283 and 12835). It is not clear why the rate estimate
is now expressed differently, but the approach of Bendall
et al. (1996) entailed assumptions of the number of mi-
tochondrial units of segregation, the detection threshold
of their direct-sequencing approach, and the proportion
of newly arisen mutations that will be fixed, presumably
at the level of the pedigree. On the basis of these assump-
tions, whose validity and general applicability remain
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to be established, Macauley et al. (1997) note that their
divergence rates were skewed toward more-rapid val-
ues.

In these twin pairs, all seven of the newly arisen muta-
tions occurred at sites with “higher than average” muta-
tion rates, when the results of Hasegawa et al. (1993)
were used, and Macauley et al. (1997) suggest that the
higher pedigree rate of divergence thus reflects the
greater influence of rapidly mutating sites. This conclu-
sion merits closer scrutiny, however. Hasegawa et al.
(1993) analyzed a set of highly diverged (mainly African)
HVR1 sequences that spanned 385 bp. Their maximum-
parsimony analysis yielded a total of 465 substitutions
at 166 sites: 143 moderately variable sites (1-35 substitu-
tions at each) and 23 highly variable sites (6—15 substi-
tutions at each). Only two of the sites in the study by
Bendall et al. (1996) fell into the latter category. The
term “higher than average” mutation rate, used by Ma-
cauley et al. (1997), is misleading because it is based on
all sites, the majority of which do not mutate. In fact,
the spectrum of mutational changes observed by Bendall
et al. (1996) is unremarkable, and there is no over-
whelming contribution by the most highly variable sites.
Second, Bendall et al. (1996) omitted the results for twin
pair 1, in which two sites were heteroplasmic, from their
divergence calculations. Inclusion of those data (e.g., as
an eighth heteroplasmic individual) would further in-
crease their divergence rate. Neither Bendall et al. (1996)
nor Macauley et al. (1997) discuss the multiple observa-
tions of individuals who have undergone two D-loop
mutations within a short period of time (also see Comas
et al. 1995; Howell et al. 1996; Parsons et al. 1997).
Those observations support a high pedigree divergence
rate. Overall, one could conclude that the results of Ben-
dall et al. (1996) support our suggestion (Howell et al.
1996) that it is the phylogenetic-divergence-rate esti-
mates that are biased, possibly because they fail to ade-
quately incorporate the effects of site variability in muta-
tion rates.

Another factor that may explain the discrepancy be-
tween pedigree and phylogenetic divergence rates is the
rate process for fixation of mtDNA mutations. The fixa-
tion of mtDNA mutations becomes entangled with sev-
eral thorny issues, including a semantic one. The term
“fixation,” as defined for classical or diploid genetic
systems with recombination, describes the process
through which a new allele completely replaces the pre-
vious allele in a population (e.g., see Li and Grauer, p.
238). In contrast, human mtDNA is a high-copy-number
genetic system that shows strict maternal inheritance
and an apparent lack of recombination (Howell 1997).
Some investigators use the term “fixation” when a newly
arisen mtDNA sequence change becomes homoplasmic
within an individual or within a pedigree (e.g., see Ben-
dall et al. 1996; Howell et al. 1996), whereas others

Letters to the Editor

limit the use of the term to fixation of mtDNA sequence
changes at the level of the species (e.g., see Templeton
1996).

The probability that a new allele will become fixed
within the population, according to standard popula-
tion-genetic theory, is a function of the initial frequency
of the new variant, its selective value, and the effective
population size (Li 1997, p. 47). In the case of mtDNA,
however, effective population size will encompass both
the number of mtDNA molecules in the germ line (which
varies widely according to the developmental stage and
which is influenced by the sequestration of mtDNA
molecules into small membrane-bound clusters, or
nucleoids; Howell 1996, 1997) and population demo-
graphics and history. Analyses of the mtDNA coding
region indicate that a strictly neutral model of evolution
is violated (e.g., see Ballard and Kreitman 1995, and
references therein; Templeton 1996, and references
therein), but relatively little is known about selection
coefficients for D-loop mutations (e.g., see Aris-Brosou
and Excoffier 1996). Furthermore, it is not yet clear
at what level selection acts (replication, segregation, or
phenotypic expression) or to what extent random drift
predominates over selection, particularly during oogen-
esis (e.g., see Jenuth et al. 1996).

We suggested that the high pedigree D-loop divergence
rate, relative to phylogenetic rates, may reflect the failure
of a substantial proportion of new D-loop mutations to
become fixed at the population level (Howell et al. 1996).
Although definitive data are not available, it seems safe to
posit that the fixation probability is <1 (unless one makes
the unlikely assumption that all new mutations will be-
come fixed). It then follows that the pedigree divergence
rate must exceed the phylogenetic rate, because of the
different time scales (see the further discussion below). An
example of how the segregation of heteroplasmic alleles
might affect fixation of new D-loop mutations is shown
in figure 1, which combines data from figure 1 and table
1 of the article by Howell et al. (1996) and previously
unpublished results. Female IX-240 was triplasmic and
carried approximately equivalent proportions of three
mtDNA genotypes: the preexisting genotype, one mtDNA
subpopulation with an additional newly arising mutation
at nucleotide 152, and a third subpopulation with a new
mutation at nucleotide 195. Seven of her grandchildren
showed varying proportions of the three genotypes, but
XI-18 was close to homoplasmic for the mutation at nucle-
otide 195, whereas XI-21 was apparently homoplasmic
for the original genotype (incorrectly designated “X-21”
in the original publication), and XI-17 had a high propor-
tion of the mutation at nucleotide 152. On the basis of
these results, it appears that these three females will estab-
lish three different genotypes. However, the results ob-
tained for XII-1, the son of family member XI-18, revealed
that the segregation toward the homoplasmic state for
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1X-240

(40/33126)
X-144 X-145

(14153/33)

X117 XI1-18 Xi-19 X1-20 X121 Xi-22 X1-23
(7/60114)  (07/93)  (0/57/43) (13/41/47)  (100/0/0) (34/6/60) (94/3/3)

X4
(2/17/89)

Figure 1 Transmission of three mtDNA genotypes in a sub-

branch of the TAS2 LHON matrilineal pedigree. Family members are
designated with the numbering system used by Howell et al. (1996,
fig. 1). The blackened symbol indicates a male who has been visually
affected. The numbers in parentheses denote the percentages of the
three mitochondrial genotypes in each family member, which are (left
to right) the TAS2 genotype, the TAS2 genotype with the new muta-
tion at nucleotide 152, and the TAS2 genotype with the new mutation
at nucleotide 195. Because of rounding, some of the totals differ
slightly from 100%.

the mutation at nucleotide 195 had stopped and that this
individual has shifted back to a triplasmic state. The results
for this family member thus exemplify the unpredictability
of mtDNA segregation and underscore the danger of over-
reliance on simple models.

One must be cautious, even skeptical, pending further
analysis, but selection may explain the observation, by
Parsons et al. (1997), that some newly arisen D-loop
mutations occur at sites with below-average levels of
polymorphism within the population. One would pre-
dict, purely on statistical grounds, that pedigree analyses
should provide a relatively unbiased indication of the
most rapidly mutating sites (e.g., see Piibo 1996) and
that these sites should match the most rapidly mutating
sites revealed by phylogenetic analyses, if selection is
not a major determinant. The discrepancy observed by
Parsons et al. (1997) may reflect the action of negative
selection on some D-loop sequence changes, which mu-
tate at high frequency and which are fixed, in the sense
of becoming apparently homoplasmic at the level of the
individual, but which subsequently fail to be fixed at the
level of the population or species. Pedigree analysis may
be more heavily dominated by random drift, whereas
phylogenetic analyses may be more influenced by selec-
tion, because of the greater time spans inherent to phylo-
genetic analysis.

Macauley et al. (1997) use a set of Polynesian se-
quences to show that our D-loop pedigree divergence
rate gives a coalescent time that provides a less satisfac-
tory fit to the archaeological data than does their HVR1
“conventional mutation rate” (two rates are used in
Sykes et al.’s [1995] table 3, depending on whether
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HVR1 or a subfragment thereof is analyzed). On the
basis of this analysis, Macauley et al. (1997) conclude
that the phylogenetic divergence rate is appropriate for
times as recent as 1,000 years ago. It is difficult to assess
this conclusion, because of the lack of experimental and
analytical details. For example, it is unclear which set
of 224 Cook Islands sequences (Sykes et al. 1995, table
1) were analyzed—and whether the authors used coales-
cent or relative-branch-length methods to derive the di-
vergence rate (for a discussion of the difference between
the two methods, which becomes substantial for short
nucleotide fragments of low diversity, see the report by
Ruvolo [1996]). Furthermore, Macauley et al. (1997)
note that this lineage group is spread uniformly across
Polynesia. As a result, it is not clear whether the Cook
Islands sequences are an appropriate set for an analysis
of this type. For example, one also needs to know the
estimated origin times for this haplogroup, relative to
the archaeological data, both among all Polynesians and
among other Polynesian subgroups. Despite these con-
cerns, we agree with Macauley et al. (1997) that the
analysis of less highly diverged datasets is a fruitful ave-
nue of investigation.

As Macaulay et al. (1997) mention, one expects that
there should be a decline in divergence rates as the time
depth increases, presumably as a failure of newly arisen
mutations to become fixed, but there is not yet suffici-
cent information for us to expect the monotonic decline
that they suggest. It is premature to make, as they do,
these comparisons between phylogenetic analyses and
pedigree studies. At this stage, further pedigree analyses
should be undertaken to address the issues that have
been raised by Macauley et al. (1997). However, there
is sufficient data to suggest that there is a real discrep-
ancy, in terms of evolutionary biology, between pedigree
and phylogenetic rates of D-loop divergence (which per-
haps extends also to the coding region, as discussed by
Howell et al. [1996]). There is clearly a lot of work to
be done in order to understand the basis of this discrep-
ancy and to elucidate the details of mtDNA evolution.
We look forward to further debate and discussion of
these important issues.
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