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gence, several taxa have been

found to have sharply increased
molecular evolutionary rates between
the most recently diverged species
studied (reviewed in Peterson and
Masel, 2009). This ‘acceleration of the
molecular clock at short timescales’ has
been considered puzzling, and has been
attributed to changes in mutation rates.
However, it has also been suggested
that this is only an apparent acceleration
caused by the segregation of lineages
present in the ancestral population of
recently diverged species. The common
ancestor of two alleles at a locus existed
before two species became isolated, and
so divergence times between alleles in
two species exceed the species diver-
gence times (Gillespie and Langley,
1979), which ‘would exaggerate the
genetic difference between the popula-
tions” (Nei, 1971). For recently diverged
species, this can add substantially to the
numbers of sites with sequence differ-
ences (Figure 1a). Peterson and Masel
have now studied this possibility thor-
oughly, and show that this effect can
explain the observations.

It is important to define clearly what
is measured when sequence divergence
is estimated between species. Under the
neutral theory of molecular evolution,
substitutions accumulate with evolu-
tionary time. After two populations
become isolated, fixed differences accu-
mulate between them in proportion to
the time since isolation. Limited sam-
ples cannot distinguish fixed differences
between species from sites with poly-
morphisms in one or both species, but
divergence estimates often use just a
single allele per species, and such ‘raw’
divergence estimates include contribu-
tions from within-species polymorph-
isms: ‘...the mean number of site
differences between two [alleles], one
from each population, is equal to
the mean number of differences in
the ancestral population plus 2vt, the
amount of differentiation after separa-
tion” (Li, 1977). If sequences are avail-
able from multiple alleles, a rough

I | sing estimates of sequence diver-

correction for polymorphisms can be
made by subtracting nucleotide diver-
sity estimates from the estimated
divergence to obtain a net divergence’
(Nei, 1987); this correction assumes that
the ancestral population’s diversity
was similar to that in the populations
studied.

If raw divergence values are used to
estimate mutation rates over a known
time from substitution rates at puta-
tively neutral sites, this will clearly
overestimate the rates for short times,
making close relatives unsuited for such
rate estimates (for example, Makova
and Li, 2002). There is no major problem
for species that diverged long ago,
because within-species diversity values
are commonly only around 0.01, making
the correction for ancestral polymorph-
ism minor for the kinds of divergence
values that are usually involved when
fossil datings are used in estimates of
mutation rates (Figure 1b); these cali-
brations are rough and usually involve
large times. The overestimation will be
greatest for neutral sites and less for
deleterious mutations, which rarely rise
to high frequencies within species and
contribute little diversity, so that count-
ing observed inter-species differences as
fixations, ignoring polymorphism, is
less inaccurate. However, one cannot
use amino-acid or non-synonymous
differences to estimate mutation rates,
because some of these substitutions will
have been driven by positive selection
for new variants.

Although the effect of ancestral poly-
morphisms is well known, it was not
clear whether it could account quantita-
tively for the mutation rate observa-
tions. A recent paper shows that it can,
and that no actual acceleration in the
molecular evolutionary rate at short
timescales need be invoked (Peterson
and Masel, 2009). In the models simu-
lated, the estimated numbers of neutral
differences accumulated between se-
quences sampled from two simulated
species increased sharply as the number
of generations since they split de-
creased, converging to the true long-

term rate after a number of generations
equal to 5-10 times the population
sizes. The model was capable of fitting
the observations from two studies.
One from cichlid fishes fitted well, using
plausible effective population sizes.
Results from human data could also,
in principle, be fitted, although the
simulations assumed that the sites were
all unlinked, whereas the data were
from the mitochondrial genome.

Disadvantageous mutations are rarely
fixed, but are nevertheless found as
polymorphisms within species because
they are not instantly eliminated. The
ratio (Ka/Ks) of non-synonymous
(mostly disadvantageous) differences
between species to synonymous differ-
ences (probably often close to neutral)
should therefore also increase as diver-
gence times get smaller (approaching
the ratio for variants within species).
The model shows, however, that neutral
mutations probably cause most of
the observed apparent increase in sub-
stitution rates.

These conclusions apply to the sim-
plest divergence rate estimates (using a
time-calibrated two-species split), but,
clearly, the effects on substitution rates
estimated for different branches in a tree
should be studied—it seems unlikely
that ignoring ancestral polymorphism
will have no effects (Peterson and
Masel, 2009). Highly elevated substitu-
tion (and mutation) rate estimates might
thus arise in cases wherein balancing
selection maintains variants within a
species, perhaps explaining the esti-
mated highly elevated mutation rates
in the mitochondrial genomes of some
plant taxa (Mower et al., 2007). Some
of these taxa, including Silene (Sloan
et al., 2009) and Plantago, have many
gynodioecious species, with female
individuals (male-steriles, owing to
mitochondrial genome mutations), as
well as hermaphrodites (Damme, 1983;
Charlesworth and Laporte, 1998). Mito-
chondrial sequence diversity is indeed
high in some gynodioecious Silene spe-
cies (for example, Touzet and Delph,
2009). If different mitochondrial haplo-
types have been maintained since before
the split of the species studied in these
genera, and have diverged because
of infrequent recombination, then, if
different lineages are sampled for
sequencing, this could potentially lead
to apparently accelerated substitutions
(Figure 1c).

A further possible cause of apparent
acceleration is recombination. This ex-
tends back in time the nodes between
branches of a tree estimated, assuming
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Figure 1 Panel a of the figure shows that the common ancestor of two alleles at a locus, one
from each of two recently diverged species (a and b), existed a considerable time (depending
on the effective population size in the ancestral species) before the two species became
isolated and so divergence times between alleles in two species (T) exceed the species
divergence times (T;py). Sequence divergence values will scale with divergence times, under
neutrality. Panel b illustrates the relatively lesser effect on divergence values if species A and
B diverged longer ago (with T increased by a smaller fraction of the T value).
(c) Ilustrates the potential large effect of long-term balancing selection acting to maintain
alleles at the locus under study. Here, two different lineages evolved before the species split,
and have become diverged in sequence (as will occur if they rarely or never recombine). If
sequences of alleles of such diverged lineages are compared in two species, the divergence
time would appear to be much greater than Ty (whereas two alleles of the same lineage
would more correctly reflect Tgyy). If an analysis uses estimated species divergence times
(or a phylogeny of the species constraining the divergence to have occurred after the studied
species split), the substitution rates could potentially be overestimated.

that the sequences do not recombine
(Schierup and Hein, 2000). If closely
related taxa are analysed, recombination

in the ancestral population might have
substantial effects. Plant mitochondrial
genomes do recombine (McCauley and
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Ellis, 2008), and so this may also
contribute. These potential effects need
to be better understood, so that reliable
conclusions can be drawn from analyses
of closely related taxa, which are be-
coming more common, including the
use of recombining variants.
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