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Using entire modern and ancient mitochondrial gen-
omes of Adélie penguins (Pygoscelis adeliae) that are
up to 44000 years old, we show that the rates of evol-
ution of the mitochondrial genome are two to six times
greater than those estimated from phylogenetic com-
parisons. Although the rate of evolution at constrained
sites, including nonsynonymous positions and RNAs,
varies more than twofold with time (between shallow
and deep nodes), the rate of evolution at synonymous
sites remains the same. The time-independent neutral
evolutionary rates reported here would be useful for the
study of recent evolutionary events.
Rates of molecular evolution
Rates of molecular evolution underpin much of modern
evolutionary biology because they can be used, for example,
to estimate the time of divergence between species and/or
lineages and the age of morphological novelties. Molecular
rates have generally been estimated using phylogenetic
comparisons among multiple species, where levels of diver-
gence have been calibrated using points in the fossil record
[1–4] ormajor biogeographic events [5]. Recent studies have
shown a much higher rate of evolution within species than
that obtained using inter-species comparisons [6,7]. On the
basis of on these observations, it has been suggested that
rates of molecular evolution are time-dependent [8,9]. This
apparent time dependency of evolutionary rates is poten-
tially a result of two factors. First, the estimation of inter-
species divergence at neutral sites such as synonymous
positions and the hyper-variable region (HVR) is likely to
suffer from the saturation effects of multiple substitutions.
This would result in an underestimation of molecular rates
over longperiods [10–12]. Second, thepresenceof short-lived
slightly deleterious mutations among populations of a
species would lead to an overestimation of the actual sub-
stitutions over shorter timescales [12–14]. Although rate
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estimations based on within-species comparisons are not
influenced by saturation effects, the presence of short-lived
deleterious mutations still poses an obstacle to obtaining
unbiased estimates of evolutionary rates for single species.
Furthermore, phylogenetic methods cannot be used to infer
intra-species rates owing to the lack of calibration points
within a short timescale.

We have used serially preserved ancient DNA samples
to resolve this impasse by sequencing the mitochondrial
genomes of 12 modern and eight ancient Adélie penguins
from Antarctica, including two samples dating back �44
000 years [7,15]. These sequences enabled us to estimate
precisely the overall mitochondrial genomic evolutionary
rate and specific rates for ribosomal RNAs, transfer RNAs
and synonymous and nonsynonymous positions of the
protein-coding regions. These specific rates enabled us to
examine the effects of time dependency on rates of mol-
ecular evolution. We have used three different analytical
methods to estimate these molecular rates in mitochon-
drial genomes of Adélie penguins.

Estimating genomic rates of evolution using ancient
mitochondrial DNA
We amplified and sequenced mitochondrial genomes using
blood samples of modern Adélie penguins and from the sub-
fossil bones of these birds from Antarctica (Figure 1). The
size of the genome recovered from each of these ancient
samples was 12.5–16.1 kb (Appendix BFigure S1 in the
supplementarymaterial online). The ages of these sub-fossil
bones ranged from 250 to �44 000 years, which were esti-
mated using radiocarbon methods. The phylogenetic
relationship of modern and ancient populations of Adélie
penguins is shown in Appendix Bsupplementary Figure S2.
First, to estimate the neutral evolutionary ratewe analyzed
only the synonymous positions (fourfold degenerate sites) of
the mitochondrial protein-coding regions, which are known
to be largely free from selection [16]. We used a Bayesian
statistics-based Markov chain Monte Carlo (MCMC)
method [17] and maximum likelihood [18] approaches to
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Figure 1. The location of ancient and modern samples of Adélie penguin used in

this study. Ross Sea Coast colonies and Ross and Beaufort Island colonies were

sampled. The red color indicates modern and black indicates the ancient samples.

Update Trends in Genetics Vol.25 No.11
estimate evolutionary rates. The Bayesian MCMC analysis
showed that the mitogenomic rate of evolution at synon-
ymous sites (mS) is 0.073 [95% highest posterior density
(HPD) intervals 0.025–0.123 substitutions per site per
million years (s/s/My)] (Figure 2). This rate estimate was
obtained using a general time-reversiblemodel of evolution.
To account for rate variationamongnucleotide positions,we
used a discrete gamma distribution of six rate categories.
The rate was then estimated assuming a constant popu-
lation size and a relaxed uncorrelated log-normalmolecular
clock. The estimates remained almost the same when mod-
ifying a range of prior assumptions. To avoid any methodo-
logical bias, we also estimated the rate of evolution using a
maximum likelihood method, which resulted in a rate of
0.062 s/s/My (CI 0.03–0.09). This rate is slightly less than,
but comparable to, the rate estimated using the Bayesian
MCMC approach (Figure 2). Furthermore, a similar rate
was obtained using a simple distance-based serial UPGMA
method [19] (0.072 s/s/My, CI 0.0–0.317).

Evolutionary rates from modern penguin samples
Next, we estimated the rate of mitogenome evolution in
Adélie penguins using only the modern samples. We cal-
culated the ratio of the mean pairwise divergences for
noncoding sites at the HVR-I (dH) and synonymous sites
(dS) using mitochondrial genomes recovered from 12 mod-
ern Adélie penguins. The rate for synonymous positions
(mS) was estimated as mS = mH. (dS/dH), where mH is the
neutral mutation rate at the HVR-I region, which was
previously estimated as 0.55 s/s/My [20]. Our current
analysis shows that the synonymous sites from modern
Adélie penguin mitochondrial genomes evolve at a rate
(mS) of 0.054 (CI 0.031–0.090) s/s/My (Figure 2). This rate is
not significantly different from those obtained using
ancient DNA methods as the confidence intervals are
almost the same.

Inferring tempo of evolution at constrained sites in the
mitochondrial genome
The estimation of evolutionary rates at constrained sites
(nonsynonymous sites and RNAs) is prone to large stochas-
tic errors owing to the low divergence in population data.
However, the average rate of evolution at constrained sites
can be estimated using the synonymous evolutionary rate.
The neutral theory defines the rate of evolution (K) at
constrained sites as K = m . f0 where m is the mutation rate
and f0 is the fraction of neutral positions (or neutral
mutations) [21]. Because the rate of evolution at synon-
ymous sites (mS) of mitochondrial genes is known to be
similar to themutation rate (m) and the divergence at these
sites (dS) largely reflects the accumulation of neutral
mutations over time [16], the evolutionary rates in the
constrained sites can be estimated as KX = mS . (dX/dS),
where KX and dX are the rate of evolution and divergence
in constrained sites, respectively. The ratio (dX/dS) is actu-
ally the fraction of neutrally evolving positions ( f0). Using
this approach, we estimated that the nonsynonymous rate
of change for the mitochondrial genome of Adélie penguins
is 0.005–0.007 s/s/My.

The synonymous molecular rate (0.054–0.073 s/s/My)
differs from the nonsynonymous rate by more than 10
times (Figure 2). The mitochondrial tRNAs (0.015–

0.020 s/s/My) evolve almost twice as fast as rRNAs
(0.008–0.010 s/s/My). The rate of evolution in the complete
mitochondrial molecule (excluding the control region) is
0.018–0.024 s/s/My, which is 1.8–2.4 times faster than the
classical phylogenetic rate of 0.01 s/s/My that has been
used for several decades [1,22]. A previous study on the
mitochondrial genomes of the extinct mammoth also
suggests that the rate based on internal calibrations
(within mammoths) is �1.6 times higher than that
obtained using the external (i.e. mammoth–elephant) cali-
bration [23].

By contrast, the synonymous substitution rate (0.054–

0.073 s/s/My) estimated here is five to seven times higher
than previous phylogenetic rate estimates [1–4] and sig-
nificantly higher than those based on intra-specific com-
parisons within human (0.048–0.052 s/s/My) [14] and
Neanderthal (0.036–0.042 s/s/My) [24] populations. These
results clearly argue against the use of the classical 1%
rate per lineage (or the ‘2% rule’ as it is commonly known)
to study the evolution or genetics of individual species.

Time dependency of molecular rates
It has previously been suggested that rates of molecular
evolution are time-dependent and that rates estimated
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Figure 2. Mitogenomic rates of evolution in Adélie penguins. Using synonymous positions (fourfold degenerate sites) of the mitochondrial genomes of eight ancient and 12

modern Adélie penguins, the evolutionary rate at synonymous sites (mS) was estimated by Bayesian statistic-based MCMC (red column) and a maximum likelihood

approach (yellow column). In addition, using only the modern genomes the synonymous rate was also inferred using the ratio of the average pairwise divergence in the

synonymous positions (dS) to that in the HVR (dH) and using the mutation rate (mH) of the latter, as mS = mH (dS/dH) where mH = 0.55 (0.32–0.92) substitutions/site/million years

as reported from a previous study [20] (blue column). The evolutionary rates in different mitochondrial regions (KX) are estimated as KX = mS (dX/dS) where dX is the average

pairwise distance obtained for the given region X (e.g. tRNA). The error bars show 95% HPD intervals.
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over short timescales are higher than long-term evolution-
ary rates [6,9]. To detect any time dependency, we first
determined the coalescence times of shallow and deep
branches of modern Adélie penguin populations. Previous
studies have shown the presence of two distinct lineages of
Adélie penguins (i.e. Antarctic (A) and Ross Sea (RS)
lineages) [7,15]. Using the complete mitogenomic evol-
utionary rate, we estimated the coalescence time between
the lineages (A/RS) to be 62 000 years (62 Ky) and the
coalescence time within individual lineages 18 Ky and 19
Ky for A and RS, respectively. We then estimated the root
heights of the most recent common ancestor (mtMRCA,
substitutions per site) of A, RS and A/RS lineages using
synonymous (third codon) positions and constrained (non-
synonymous sites + tRNAs + rRNAs) positions. The
mtMRCAs were estimated using the program MCMCcoal
[25], and then using coalescence times the rate of evolution
at constrained and synonymous sites for inter- and intra-
lineages of Adélie penguins were computed.

Our examination of the UPGMA trees (Appendix Bsup-
plementary Figure S3) revealed that the node heights of A
and RS lineages are much longer (with respect to the inter-
lineage–A/RS height) for constrained sites (Appendix BFi-
gure S3b) than those constructed using synonymous sites
(Appendix BFigure S3a). The rate of evolution at con-
strained sites is more than twofold higher within A
(0.02 s/s/My, HPD 0.014–0.033 s/s/My) and RS (0.017 s/s/
484
My, HPD 0.011–0.034 s/s/My) lineages compared with that
obtained for between A and RS lineages (0.008 s/s/My,
HPD 0.007–0.01 s/s/My) (Figure 3). However, the evol-
utionary rates at synonymous sites estimated for intra-
and inter-lineages are similar (Figure 3). In a recent study,
a comparable pattern was observed in human populations
[14]. The rate of evolution at third codon positions was
found to be similar to that recorded within human popu-
lations (0.052 s/s/My) and between humans and chimpan-
zees (0.048 s/s/My). By contrast, the nonsynonymous rate
of evolution within human populations (0.013 s/s/My) was
3.4 times higher than that estimated between humans and
chimpanzees (0.0038 s/s/My). The rate difference (3.4
times) recorded for the hominid data is higher than that
reported in this study (two times, Figure 3) because the
hominid comparison is on a much deeper timescale (be-
tween species) than our comparison involving two lineages
of the same species. Becausemultiple substitutions are not
an issue for comparisons within a species or for closely
related species (particularly for synonymous sites), there is
no reason to expect a significant variation in the rate of
neutral evolution at different timescales. These results
suggest that the time dependency of evolutionary rates
holds true only for the sites under selection and not for the
neutral synonymous sites.

Furthermore, we examined the effect of time depen-
dency on the rate for the mitochondrial HVR, which is also



Figure 3. The rate of evolution for within and between the two lineages of modern

Adélie penguins. The evolutionary rates were estimated using synonymous (third

codon) positions and constrained positions (nonsynonymous sites + tRNAs +

rRNAs). The coalescence times for within and between lineages were estimated by

the program BEAST [17] using the rate obtained for the complete mitochondrial

genome. The evolutionary rates for A and RS lineages and those between them (A/

RS) were obtained using the respective coalescence times and root heights of the

most recent common ancestor (mtMRCA), which was estimated by MCMCcoal [25]

using synonymous and constrained sites. The error bars are based on the 95% HPD

intervals obtained from coalescence time estimation.
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known to evolve under neutrality. The rate of evolution
between lineages (A/RS) (0.496 s/s/My, HPD 0.399–0.615 s/
s/My) was not significantly different from that within the A
lineage (0.413 s/s/My, HPD 0.288–0.675 s/s/My), but the
rate within the RS lineage (0.798 s/s/My, HPD 0.511–

1.59 s/s/My) was higher than the inter-lineage rate. Since
the rate of evolution within the RS lineage is based on only
three sequences (Appendix Bsupplementary Figure S3) as
opposed to nine sequences for the A lineage, the higher rate
for the RS lineage could be simply because of stochastic
errors. Furthermore, the well-known mutational hot spots
in the HVR might also influence the rate estimation. For
instance, Howell et al. [26] have recently shown that, while
the rate of evolution of a large proportion of the HVR is
comparable to that for synonymous sites, other sites
mutate an order of magnitude faster than the remainder.
Therefore, the rate difference observed within A and RS
lineages is most likely to be a result of mutational pro-
cesses and not frompurifying selection or the effects of time
dependency.

Concluding remarks
For decades, phylogenetic estimates of rates of molecular
change have been widely used in evolutionary studies, but
the field has recently been characterized by debates about
the use of intra-specific rate estimates [6,7]. Previous
studies of mitochondrial HVRs suggested much higher
intra-specific evolutionary rates compared with classical
phylogenetic rates estimated using multiple species. How-
ever, HVR rates cannot be used to infer molecular rates for
mitochondrial genomes because this region evolves much
faster than rest of the genome [12,27]. By contrast, the
evolutionary rate for synonymous positions reported here
is useful to infer the rates of constrained protein coding
sites, tRNAs and rRNAs, which will help us understand
the patterns of purifying selection acting at the population
level.We have shown that the high neutral rate reported in
this study is similar for shallow and deep branches. There-
fore, this time-independent rate can be used to study the
recent evolutionary histories of many avian species.
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Letters
Detecting new neurodegenerative disease genes: does
phenotype accuracy limit the horizon?
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Neurodegenerative diseases present a major health chal-
lenge to the ageing population, and most are thought to
arise through a complex interplay between inherited
genetic variation and environmental triggers. Although
rare monogenic forms of common neurological disorders
exist, these account for <5% of the total number of cases.
Large-scale genome-wide association studies (GWAS) are
starting to have some success in identifying the major risk
alleles involved in several common neurodegenerative dis-
orders [1]. However, as researchmoves to the next phase of
GWAS, one needs to ask whether more emphasis should be
placed on phenotypic accuracy, rather than simply increas-
ing sample sizes.

The diagnosis of a late-onset neurological disease gener-
ally relies heavily on the clinical description provided by an
experienced neurologist. Specific diagnostic tests are rare,
and several autopsy case series have demonstrated a
diagnostic error rate approaching �10%, even in expert
hands [2,3]. Diagnostic revision also occurs in�1/3 of cases
[4,5]. Phenotypic misclassification reduces the power to
detect a statistical association between a phenotype and
specific allele for a given sample size [6–9]. Although this is
primarily a clinical issue, the genetics community should
be concerned; it is also relevant for any human disease
where the clinical classification is not 100% accurate [8,9].
There have been several approaches to try and deal with
the issue of diagnostic inaccuracy in neurodegenerative
diseases (Box 1). In silico modelling has shown that
increasing the sample size counterbalances diagnostic
error [10], but that the relationship between statistical
power and diagnostic accuracy is not linear; in addition,
the sample size required to generate reasonable power
increases dramatically with reduced diagnostic accuracy
[10]. For strong genetic effects, the precise diagnosis might
not be a key issue. For example, evenwhen 15% of cases are
incorrectly classified as Alzheimer disease, a study of 500
cases and 500 controls would have >70% power to detect
the well-established association with the e4 APOE allele
(Online Supplementary Material Figure S1). However, the
detection of hitherto unknownmodest disease associations
at the whole-genome level presents a greater challenge
[11]. For common genetic variants exerting a modest effect
[where the genome relative risk (GRR) is 1.3], a diagnostic
error rate of �2% has little effect on statistical power
(Figure 1a). However,>2% diagnostic error has a dramatic
effect on power, especially when attention is drawn to
lower-penetrance alleles (i.e. GRR �1.1), as proposed for
many complex traits. This is further compounded when
less frequent but equally plausible genetic variants (with a
minor allele frequency �10%) are considered, which are
highly sensitive to diagnostic errors (Figure 1b). Studies of
rarer disease phenotypes (affecting <1 in 1000 adults)
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