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ABSTRACT

A model that describes the evolution of population sequence data can be split conveniently
into two independent parts, a mutation and a reproduction model, as long as it is assumed
that selection and recombination are absent. Here, we investigate the impact of different
mutation or reproduction models on the inference of population history using data from
the hypervariable region (HVR) I of human mitochondrial DNA utilizing a likelihood ratio
statistic based on the mean pairwise differences between DNA sequences and the number
of variable sites in a sample. We conduct statistical inference within classes of reproduction
models that allow for a deterministic change of population size starting at some point back
in time from a population in equilibrium for samples of HVR I sequences from Basques,
Swedes, and Icelanders. An appropriate mutation model for these data was shown to be
the Tamura-Nei model with heterogeneous mutation rates. Comparisons of estimates of
population history parameters obtained under this mutation model to estimation results
under the widely used infinitely many sites model show that the differences between these
estimates are quite irregular. Studying the effects of different demographic scenarios,
namely exponential and sudden change in population size, on the estimates of population
history parameters revealed a tendency to smaller estimates of the amount of growth and
of the time back when the population started to change in size.
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INTRODUCTION

The hypervariable region [ (HVRI) of mitochondrial DNA represents presumably the
most frequently sequenced part of the human genome. The maternal mode of inheri-
tance, the absence of recombination and the high evolutionary rate of HVRI sequences
make them especially suited for intra-specific studies of our own species. The effort of
many groups of molecular geneticists resulted in more than 4,000 sequenced individu-
als from almost all parts of the world (Handt et al., 1998). The analysis of these new
data was greatly influenced by the introduction of ‘coalescent methods’ (Kingman, 1982;
Tavaré, 1984; Donnelly and Tavaré, 1995). By describing the evolution of a sample of
DNA sequences in terms of stochastic processes, coalescent methods allow to incorporate
parametric models of sequence evolution in a population. The appropriateness of these
models can be subject to statistical testing and the relevant model parameters can be
estimated.

With the increasing amount of available HVRI sequence data it became clear that the
evolution of this genomic part is more complex than previously assumed: Transversions are
less abundant than transitions, transitions between pyrimidines are more frequent than
those between purines, and the mutation rate varies extensively among different sites
(Kocher and Wilson, 1991; Tamura and Nei, 1993; Wakeley, 1993). Many data analyses
have been published, that ignored these facts (Harpending et al., 1993; Sherry et al.,
1994; Rogers, 1995; Rogers and Jorde, 1995; Rogers et al., 1996; Wakeley and Hey, 1997).
Instead, the infinitely many sites model (Watterson, 1975) that even does not allow for
back or parallel mutations was used.

Here, we will study the effects of this simplistic assumption on the estimation of
parameters of population history. Furthermore, we will investigate how these estimates are

influenced by models of population history that assume different demographic scenarios.
THEORETICAL BACKGROUND

This section aims to specify the models of population history as well as the mutation
models that will be compared in their effects on the inference of population history pa-
rameters. The inference method (Weiss and von Haeseler, 1997) will also be recapitulated
briefly.
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Figure 1: Two models with changes in population size: (A) sudden change model, (B) exponen-
tial change model. The x-axis represents time back in the past, the y-axis represents population
size.

Models of population history: We will investigate two expansion models where a
Wright-Fisher population at equilibrium change size at a certain time 7 in the past to
the current population size. The two models analysed are distinct in the way population
size alters. The sudden change model (Rogers and Harpending, 1992) assumes that the
population size ‘jumps’ instantaneously at a time 7 to the current population size. Apart
from that it remains constant in the period before and after this event (Fig. 1(A)). The
second model assumes a continuous ezponential change from the population size in the
past to the current population size (Fig. 1(B)).

Both models are defined by three parameters: § = 2Ny is the population parameter
at equilibrium in the past. Here, Ny denotes the initial effective population size and W is
the mutation rate per sequence and generation. 7 is the time when the population size
started to change, where 7 is measured in units of 1/4 from the present. Finally, p defines
the ratio of current to initial population size. A value of p larger than one indicates an
increase in population size looking forward in time, p < 1 is tantamount with a population
size decrease. We get the basic model of constant size as special cases of these models by
setting p equal to one. Then the time parameter 7 remains unspecified.

Mutation models: The Tamura-Nei model with I-distributed rates (TN+T) (Tamura

and Nei, 1993) classifies mutations into transversions, pyrimidine transitions and purin
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parameter identifier mean

base frequency of A A 32.7%
base frequency of C Tc 33.8%
base frequency of G TG 11.4%
base frequency of T T 22.1%
transition/transversion K 15.5
pyrimidine/purine trans. ¢ 1.85
rate heterogeneity a 0.26

Table 1: Estimated parameters of the Tamura-Nei model with I-distributed rates for HVRI
sequences of human mtDNA (Weiss and von Haeseler, 1997).

transitions. It allows for site-to-site rate variation according to a I-distribution. Since
the scaling of the mutation rate is done with the population parameter § = 2Ny in our
context, this mutation model can be described by six parameters (three base frequencies,
a transition/transversion parameter k, a pyrimidine/purine transition parameter & and
the shape parameter o of the I-distribution). Thereby, the second parameter of the I'-
distribution is set equal to o yielding a distribution with expectation equal to one. Then,
1 can be regarded as the mean mutation rate of a HVRI sequence. It has been shown
that this model is superior to simpler models to describe the evolution of HVRI sequences
(Weiss and von Haeseler, 1997). Using the large amount of available HVRI data (Handt
et al., 1998), the parameters of the TN+I'-model were estimated by exploiting the max-
imum likelihood routines implemented in the tree reconstruction package PUZZLE 3.1
(Strimmer and von Haeseler, 1996). Table 1 summarizes the estimation results.

Due to its mathematical simplicity, the so-called infinitely many sites model (co-sites)
(Watterson, 1975) is widely used to describe the generation of different sequences in a
population. This model does not allow for parallel or back mutations, since it assumes
that a new mutation takes place at a position that has not mutated in any other sequence
before. The number of sites that mutate per generation is a random variable that follows
a Poisson distribution with mean p, where pu denotes the mutation rate per sequence
and generation. While the infinitely many sites model serves as a useful approximation
when substitution rates are low and the probability that a mutation occurs twice at a

particular nucleotide site in any sequence is negligible, it is inappropriate to model the
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complex mutation mechanism of HVRI sequences. Actually, almost every HVRI data set
from a single human population violates the assumptions of this model.

Inferring population history parameters: Recently, a simulation based method to
estimate population history parameters under complex mutation models was introduced
(Weiss and von Haeseler, 1997). Here, we will briefly describe the rationals of this method.
Given a mutation model (TN+I" or oco-sites) and a class of population histories (expo-
nential or sudden change), the evolution of a sample of sequences is fully characterized
by the three parameters 6, 7, and p. In principle, these parameters could be estimated by
maximising the likelihood function given the full data D, i.e. lik(6, 7, p|D). Here, D con-
sists of the alignment of the n sequences. Unfortunately, it is difficult to write down this
likelihood function explicitly, even under simple models. In addition, the elegant Markov
chain recursion method (Griffiths and Tavaré, 1994a, 1994b) to approximate the likeli-
hood requires enormous computation time when applied to complex models of sequence
evolution. Therefore, we replace the data D by two simple summary statistics, the mean
pairwise sequence difference in the sample k£ and the number of variable positions s, and
evaluate the likelihood lik(6, 7, p|k, s) by simulations based on coalescent theory (Weiss
and von Haeseler, 1997). The relationship between k£ and s (implicitly used here and ex-
plicitly exploited in Tajima’s D-statistic (Tajima, 1989)) proved to be useful to detect
demographic signals (Aris-Brosou and Excoffier, 1996; Watson et al., 1996; Weiss and von
Haeseler, 1997), if neutrality of evolution in the genomic region studied (Kimura, 1983)
is accepted a priori.

The parameter set (é, 7, p) that maximises the likelihood serves as a point estimate. By
comparing the maximum likelihood value, i.e. lik(d, 7, j|k, s), to the likelihood value of a
different parameter set, say (00,‘70, o), one can additionally discriminate between plausible
population scenarios by using the likelihood ratio: lik(8o, 7o, po|k, s)/lik(8, 7, plk, s).

THE IMPACT OF THE CHOICES OF MODELS

To illustrate the effects of different models of DNA sequence evolution on the infer-
ence of population history we applied our method to HVRI data from three European
populations, namely the Basques (Bertranpetit et al., 1995), the Swedes (?), and the Ice-
landers (Sajantila et al., 1995). Sample sizes n, mean pairwise sequence differences &, and
numbers of variable positions s of these data sets are given in Table 2. For each of these
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Population n k s
Basques 45 3.24 32
Swedish 32 4.57 38
Icelander 39 5.03 32

Table 2: Sample sizes n, mean pairwise sequence differences k, and numbers of variable positions
s of the analysed data sets.

Population Model 6 T p  max lik
TN+T & exp. change 1.0 225 100 0.0156
oo-sites & exp. change 0.5 225 100 0.0165

Basque
TN+T & sudden change 0.5 1.5 100 0.0164
oo-sites & sudden change 2.0 1.25 10  0.0103
TN+T & exp. change 1.0 2.5 1000 0.0153
oo-sites & exp. change 1.0 25 100 0.0121
Swedes
TN+T & sudden change 1.0 2.0 100 0.0155
oo-sites & sudden change 3.0 1.5 10  0.0077
TN+T & exp. change 0.5 4.25 100 0.0120
Ieelander oo-sites & exp. change 2.0 35 10 0.0095

TN+T & sudden change 2.0 2.5 10  0.0113
oo-sites & sudden change 1.5 2.75 10  0.0113

Table 3: Parameter estimates under different models for the Basque, Swedish, and Icelandic
data. See text for explanation.
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data we determined the likelihood values on a grid of parameter combinations, whereby 6
was set equal to multiples of 1/2, 7 to multiples of 1/4 (mutational units), and p equaled
integer powers of 10.

Table 3 show the most probable parameter sets (6,7, p) we inferred by this method
under the four different evolutionary models resulting from the combination of one of
the mutation models with one of the models of population history. The estimation results
between models of exponential and sudden change differ mainly in the estimate of 7, which
is always less in the case of a sudden expansion scenario. The differences between the two
mutation models are more irregular. The estimation results deviate in one, two, or even all
three parameters with a tendency to smaller estimates of 7 and p under the co-sites model.
Interestingly, comparison of the maximal likelihood values under the two mutation models
show that with one exception (Basques + exp. change) the TN+I-model gets equal or
more support from the data. This observation indicates that the TN+I'-model is more
appropriate to model the evolution in HVRI sequences in agreement with earlier results
based on phylogenetic tree reconstruction (Weiss and von Haeseler, 1997).

DiscussioN

A careful model selection is essential to the estimation of parameters. While it is difficult to
judge whether a model of exponential or sudden expansion is more realistic (or better less
unrealistic), it is clear that the TN+I-model is more appropriate to model the evolution
in HVRI sequences than the infinitely many sites assumption. It has been argued that the
“error introduced by the infinite sites model” (Rogers, 1992) is of minor importance to the
estimation of population history parameters, because “mitochondrial mismatch analysis is
insensitive to the mutational process” (Rogers et al., 1996). In contrast, substantial effects
of different mutation processes on various genetic diversity measures have been reported
(Lundstrom et al., 1992; Bertorelle and Slatkin, 1995; Aris-Brosou and Excoffier, 1996;
Tajima, 1996). Here, we showed that the effects of a oversimplified mutation mechanism
on the estimation of population history parameters from HVRI sequence data are quite
irregular and therefore difficult to correct. If one would use the full data rather than two
summary statistics as proposed here, these effects are expected to be even more severe.
Therefore, the analysis of HVRI sequence data using the TN+I-model is recom-

mended, even though this analysis is computationally more expensive compared to those
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using simpler mutation models.
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