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Reconstructing phylogenetic trees when sites are dependent

Simon Tavaré and Yinsuo Feng
Department of Mathematics, University of Southern California, Los
Angeles, CA 90089-1113

Introduction

Classical methods for reconstructing phylogenetic trees from DNA se-
quence data assume that the sites have evolved independently of one an-
other; cf. [5]. This assumption is clearly at odds with the data in many
cases [1, 13]. The natural question is: Does the dependence matter? Several
authors [9, 10, 11, 12] have modeled the evolution of sequences subject to
constraints induced by secondary structure. Our work goes in a different
direction: We have developed a class of models for sequence evolution for
which the stationary distribution at a typical node in the tree can be essen-
tially any probability distribution over sequence space. The familiar models
with independent sites are special cases.

The new process is based on a putative DNA repair mechanism [6] that
corrects potential mutations in such a way as to produce the required sta-
tionary distribution. This mechanism is related to the Markov chain Monte
Carlo method [7]. For some special cases of the model, we have assessed the
effect of the dependence in reconstructing trees of four species when using
methods designed for independent sites. For these cases, the existing meth-
ods perform well except in the notoriously difficult case of widely different
rates in different branches of the tree. Felsenstein’s ‘long branches attract’
phenomenon (2] is further accentuated in this case.

The model

We describe a simple version of a reversible Markov model for sequence
evolution that has an arbitrary stationary distribution. We assume the
(aligned) sequences are s nucleotides long, and denote a typical sequence
by ¢ = (%1,...,%5). Let m(2) > 0 be the stationary probability of sequence
t. To model the evolution of the sequence along a branch of the tree, sup-
pose that potential mutations occur at rate A, a site being chosen uniformly
to change according to a transition matrix P = (p(¢,7)). This produces
a new sequence j that differs from 2 in at most a single coordinate. The



probability that ¢ changes to 7 we denote by m(%,7). Define the Hastings
ratio by h(,3) = min(1,7(3)m(g,2)/m(2)m(s,7)) if 7(2)m(s,5) > 0, and
= 1 otherwise. The error correction mechanism then corrects j back to i
with probability 1 — A(%,3), and otherwise accepts the candidate mutation
J. The distribution = (-) is taken to reflect the structure of the sequences in
the present day sample. For example, such sequences often appear to behave
like low order homogeneous Markov chains [1, 13], for which

7!'(2) = 71'0(2.1)7'(1:1, 12) e r(is—l 3 is),
for some (strictly positive) transition matrix R = (r(, j)).

An example

We are particularly interested in the behavior of maximum likelihood
methods [3] for reconstructing phylogenetic trees. We consider the model
where P has identical rows with elements mo(:), and R = al + (1 — a)P, for
some 0 < a < 1. The marginal distribution of any particular site in a given
sequence is mo(-). The strength of the dependence along a given sequence is
measured by a: when a = 0 the sequences behave as though the sites evolve
independently (and the model then reduces to the one developed in [3]), and
as a — 1, the sequences become more and more dependent.

We simulated 500 sets of sequence data evolving along a four-taxon tree
according to this model using a variety of different branch lengths (cf. [8]).
For each run, we used the maximum likelihood method of [3] to estimate the
underlying tree topology, and recorded how many times the correct tree was
chosen. Note that the reconstruction method assumes independent sites, and
its assumptions are precisely those of the model with o = 0. This value serves
to calibrate the behavior of the method for other values of the dependence
parameter a. In [4] the simulation results are described in detail. Suffice it
to say here that when the central branch and one branch on either side of
it are short and the other two branches being relatively very long (cf. [2]),
then the dependence makes the error rate even larger than when a = 0. On
the other hand, for other tree shapes the effect of dependence is to improve
the reliability of the independent sites method for a range of values of a.
Much of this phenomenon can be attributed to the way in which the error
correction mechanism reduces the real rate of substitutions in the tree.

Discussion



It should be clear that the model outlined above can be generalized in
many ways by altering the candidate mutation mechanism and the stationary
distribution as required. Further details are given in [4], together with a vari-
ety of simulation results. It is not yet clear what general effects such complex
models have on phylogeny reconstruction methods that assume independent
sites. A challenging area for research is the development of computationally
feasible maximum likelihood methods that take account of the dependence.
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