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DNA sequences extracted from ancient remains are increasingly used to generate large population data sets, often
spanning tens of thousands of years of population history. Bayesian coalescent methods such as those implemented in the
software package BEAST can be used to estimate the demographic history of these populations, sometimes resulting in
complex scenarios of fluctuations in population size, which can be correlated with the timing of environmental events,
such as glaciations. Recently, however, Axelsson et al. (Axelsson E, Willerslev E, Gilbert MTP, Nielsen R. 2008. The
effect of ancient DNA damage on inferences of demographic histories. Mol Biol Evol 25:2181-2187.) claimed that many
of these complex demographic trends are likely to be the result of postmortem DNA damage, a problem that they
investigate by removing all sites involving transitions from ancient sequences prior to analysis. When this solution is
applied to a previously published data set of Pleistocene bison, they show that the demographic signal of population
expansion and decline disappears. Although some apparently segregating mutations in ancient sequences may be due to
postmortem damage, we argue that discarding the data will result in loss of power to detect patterns of population
change. Instead, to accommodate this problem, we implement a model in which sequences are the result of a joint process
of molecular evolution and postmortem DNA damage within a probabilistic inference framework. Through simulation,
we demonstrate the ability of this model to accurately recover evolutionary parameters, demographic history, and DNA
damage rates. When this model is applied to the bison data set, we find that the rate of DNA damage is significant but low

and that the reconstruction of population size history is nearly identical to previously published estimates.

Introduction

The development of techniques to extract and amplify
DNA sequences from fossil remains has provided a novel per-
spective to molecular evolutionary analyses. Large ancient
DNA (aDNA) data sets spanning nearly 60,000 years of pop-
ulation history have revealed dramatic fluctuations in genetic
diversity across time and space, making it possible to test hy-
potheses about, for example, the long-term effects of climate
change on large mammals (Shapiro et al. 2004; Drummond
et al. 2005; Bamnes et al. 2007; Debruyne et al. 2008) and
the timing and nature of domestication bottlenecks (Edwards
et al. 2007; Finlay et al. 2007; Ho et al. 2008). To infer
demographic history, each of these analyses used the software
package BEAST (Drummond and Rambaut 2007), which
provides a flexible framework for hypothesis testing with
time-structured molecular sequence data. In BEAST, changes
in effective population size through time are inferred accord-
ing to the assumptions of coalescent theory (Kingman 1982;
Griffiths and Tavare 1994), using parametric or nonparametric
models of variable population size. Because BEAST employs
Bayesian Markov chain Monte Carlo (MCMC) to average
over all possible evolutionary histories, the results of demo-
graphic analyses can be summarized as plots of effective
population size through time (Drummond et al. 2005).

All phylogenetic methods make simplifying assump-
tions about the evolutionary process. Throughout the his-
tory of phylogenetics, violations of these assumptions
have invariably arisen, eventually leading to the develop-
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ment of more sophisticated models that more accurately re-
flect the evolutionary process. In this way, the field has
evolved to deal with difficulties such as unequal base fre-
quencies (Felsenstein 1981), variation in nucleotide substi-
tution rates (Lanave et al. 1984), and violations of the
molecular clock (Thorne et al. 1998). In their recent paper,
Axelsson et al. (2008) discuss a source of violations that is
both specific to and ubiquitous in aDNA data sets: postmor-
tem DNA damage. They correctly argue that DNA damage,
which manifests as extraneous mutations along lineages
leading to “ancient” specimens, has the potential to con-
found evolutionary and demographic analyses. Axelsson
et al. then demonstrate through simulation how high rates
of DNA damage can cause the inference of artifactually
complex demographic histories where none are required.
The dominant form of postmortem single-base modifications
are C to T changes, which will be indistinguishable from G to
A changes because damage can occur on either strand. Thus,
Axelsson et al. investigate removing all sites containing tran-
sitions from alignments of aDNA sequences. Perhaps unsur-
prisingly, when all segregating transitions, regardless of their
frequency in the population, are removed from a data set of
Pleistocene and modern bison (Shapiro et al. 2004), the pre-
viously reported demographic signal disappears.

Here, we argue that simply removing data is an inap-
propriate response, as it will remove the majority of genuine
signals of changes in effective population size so that the
retrieved demographic will be governed mostly by the
prior. Therefore, although the reconstruction of a population
growth and crash for the bison data set is superficially sim-
ilar to the artifact identified by Axelsson et al., this does
not mean damage is the cause. Indeed, changes in fossil
abundance and diversity throughout the Late Pleistocene
as well as modern molecular evidence of a recent, severe,
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Table 1
The Result of the Simulation Study

Substitution Rate (x 10~ Subst/Site/Year) Kappa Damage Rate (x 107 Errors/Site/Year)

Simulated value 1.5 10.0 0.7
No-damage model

Mean [mean HPDs] 2.44 [1.95, 2.96] 23.2 [14.9, 32.6] n/a

Type I error” 84.0% 99.5%
Damage model

Mean [mean HPDs] 1.51 [1.14, 1.90] 10.5 [6.4, 15.1] 0.71 [0.58, 0.83]

Type I error” 7.0% 5.5% 5.0%

# The proportion of simulations where the true simulated value fell outside the 95% HPD intervals.

population bottleneck provide strong corroborating evi-
dence of such an evolutionary history; it was the timing
of such events that was being investigated by Shapiro
et al. (2004). Furthermore, as we will show here, when
the process of postmortem damage (PMD) is modeled ap-
propriately, the signal of growth and decline remains.

To avoid, or identify and correct, miscoding lesions in
aDNA sequences, a variety of experimental protocols have
been developed, most focusing on sequence replication. In
producing the bison data set, overlapping fragments were am-
plified, cloned, and multiple polymerase chain reaction prod-
ucts were sequenced for >100 specimens. Replication of the
entire extraction and amplification process was undertaken for
nearly 15% of specimens at laboratories in Oxford, London,
and Copenhagen. These measures will not necessarily avoid
every incidence of PMD, but the results of these replication
experiments all suggest remarkable preservation of the major-
ity of specimens (as might be expected for permafrost-
preserved remains), and thus, most of the observed segregating
transitions are more likely to be real than the result of PMD.

To account for DNA damage in the bison and other
aDNA data sets, we implemented in BEAST the model that
Axelsson et al. (2008) used to simulate their test align-
ments, which we will refer to as the PMD model. This
model allows each observed state in an alignment to prob-
abilistically be the result of a PMD event. As DNA damage
will accumulate through time, we assume that it is more
likely for sequences derived from older specimens to have
miscoding lesions. To model this, the probability that any
given nucleotide remained undamaged is assumed to decay
exponentially with sample age. This assumption can be ad-
justed to more accurately reflect preservation, for example,
by parameterizing the damage model with the thermal ages
of the samples, rather than radiocarbon ages.

Table 1 provides the results of a simulation study with
200 replicates (see Methods for details). Not accommodating
damage when it is present results in overestimation of pa-
rameter values for the rate of evolution and the transition—
transversion bias. As shown by Axelsson etal., PMD will also
result in artifacts in demographic reconstruction (fig. 1a),
where damage manifests as a period of steep population
growth followed by decline. However, when the same simu-
lated data are analyzed using the PMD model, the evolution-
ary parameters (table 1) and demographic reconstruction
(fig. 1b) are recovered correctly.

Axelsson et al. suggest that the findings of Shapiro
et al. (2004) and Drummond et al. (2005) are due to the
artifact induced by PMD. However, the PMD model ap-
plied to these data gives nearly identical results to those pre-

viously published, both in terms of estimated parameter
values (datanotshown) and the reconstructed demographic his-
tory (fig. 2). The estimated rate of damage was 1.96 x 10®
damaged sites per year (95% highest posterior density
[HPD] interval: 0.90 x 10~% 2.99 x 10~*) about a factor of
3lessthanthe level used in the simulation studies. This provides
an expectation that the oldest (hence most damaged) sequences
contain only 0.74 damaged sites. This level of PMD produced
no qualitative change in the demographic reconstruction or our
conclusions from it (fig. 2). Although PMD should, and now
can, be accommodated in aDNA analyses, extensive, addi-
tional sequence replication as proposed by Axelsson et al. is
not necessary if standard aDNA protocols are followed. In
addition to accurately accommodating damage, the PMD
model can be used to estimate the extent of damage in a data
set so as to determine whether additional replication is required.
The PMD model has been implemented in BEAST and is
freely available from http://beast.bio.ed.ac.uk/.

Methods

Previous studies investigating the effects of PMD in the
context of coalescent analyses (Ho et al. 2007; Mateiu and
Rannala 2008) modeled this process as a fixed amount of ex-
tra evolution on each external branch in the tree. Here, we
implement a model that allows the observed sequence to
probabilistically be the result of a PMD event. This makes
use of the fact that for the standard nucleotide likelihood for-
mulation (Felsenstein 1981), it is necessary to specify the
probability of the four nucleotide states for each site on an
external node in the tree. Assuming the sequence is known
without error, the probability for the observed state is 1
and for the other states is 0, but uncertainty can be included
in the actual state observed at each site. This approach has
been previously proposed as a mechanism to accommodate
errors in the process of sequencing (Felsenstein 2004).

To model PMD, we assume the probability that a site
is undamaged decays exponentially with rate r. For each
site in each sequence, the probability that the site, S, is nu-
cleotide state j given the observed state is i is given as

P(S = jlobs = i)
e " if i =],
=<¢ 1 — e~ if i and j differ by a transition,
0 if ¢ and j differ by a transversion.

Within the Bayesian MCMC framework, BEAST
(Drummond and Rambaut 2007), the rate of damage, r,
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Fic. 1.—Reconstructed demographic histories for 25 alignments
simulated under a constant population size model with PMD at a rate of
0.7 x 1077 errors per site per year (see Methods for details).
Reconstructions were performed @) assuming no postmortem DNA
damage and b) incorporating the effect of PMD using the PMD model.
The dashed lines show the “true” simulated demographic history.

is sampled to obtain an estimate of the marginal posterior
probability density for this parameter.

Conditioned on the sampling times assumed by Axelsson
et al. (2008), we generated genealogies using a constant-
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Fic. 2—The effect on the reconstructed demographic history of
bison using the PMD model. The dashed lines show the mean Bayesian
Skyline reconstruction and 95% HPD intervals assuming no PMD. The
solid line and intervals show the equivalent reconstruction including the
PMD model.
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size coalescent process (with the product of effective
population size and generation time set to 10°). For each,
sequences (of length 606 nucleotides) were simulated un-
der a Kimura substitution model (Kimura 1980) with the
transition—transversion parameter, kappa, set to 10. The
rate of substitution was set to 1.5 x 10~ substitutions/
site/year. The process of PMD was simulated by inducing
a transition at each site with a probability 1 — e, where
t is the age of the sequence and the damage rate, r, was
assumed to be 0.7 x 1077 errors per site per year.
Although the parameter values for the bison simulations
are not reported by Axelsson et al. (2008), the values used
here match those used for their figure 5 (Axelsson E,
personal communication). The simulated data were ana-
lyzed using BEAST v1.5, both with and without the
PMD model. For the PMD model, a uniform prior be-
tween 0 and 1 was assumed for the damage rate
parameter. The demographic function was modeled as a
Bayesian  Skyline with 10 sampling intervals
(Drummond et al. 2005). All other priors and settings match
the defaults for BEAST 1.4.8.
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