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1. Introduction

All methods of phylogenetic inference make assump-
tions about the underlying evolutionary process of their
characters and it is these assumptions that determine
their relative successes and failures in the estimation of
the true phylogeny for a group (Hillis, 1995). This depen-
dency of phylogenetic accuracy and robustness on evo-
lutionary assumptions has been most extensively studied
for the classic case of Felsenstein (1978) and its four-
taxon phylogeny with two long, unrelated, terminal
branches interspersed with two short ones (Fig. 1A).
Given this model phylogeny, “long branch attraction”
can occur and thereby lead to the convergence of a phy-
logenetic method onto an incorrect tree with the two
long and two short terminal branches directly connected
rather than interspersed. The extent to which a particu-
lar phylogenetic method is susceptible to this problem
depends on what assumptions it makes about the evolu-
tion of the characters and data themselves.

Recently, Kolaczkowski and Thornton (2004)
extended this classic problem of long-branch attraction
to the more complex situation of partitioned sequences
(ie., those with two separate subsets of sites that are
evolving under two opposing sets of long and short ter-
minal branches; Fig. 1B). Their simulations emphasized
the most extreme bi-partitioning of the sites (an even
50:50 split). Under these conditions, maximum parsi-
mony (MP) generally outperformed its likelihood-based
counterparts (maximum likelihood (ML) and Bayesian
phylogenetics) in terms of its phylogenetic accuracy.
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Thus, in contrast to the classic Felsenstein case, Kolacz-
kowski and Thornton identified a situation where MP
can be generally preferred over ML and Bayesian phylo-
genetic approaches.

Simulation studies are most powerful and informative
when they compare the relative performances of differ-
ent methods under a broad continuum of conditions
(Huelsenbeck, 1995; Huelsenbeck and Hillis, 1993). In
light of this fact, our study now presents additional sim-
ulations that focus on the relative performances of ML
versus MP as one shifts from the simpler Felsenstein het-
erogeneity to the more complex Kolaczkowski/Thorn-
ton heterogeneity. Specifically, our simulations evaluate
the robustness or phylogenetic accuracy of different
approaches when one or more of their underlying
assumptions is violated. With these additional simula-
tions, ML is shown to generally outperform MP even for
partitioned sequences. In concert with other theoretical
and empirical considerations, these results support a
preference for the further development, implementation,
and application of likelihood-based approaches even
when evolution is heterogeneous.

2. Methods

In contrast to Kolaczkowski and Thornton (2004),
the classic Felsenstein (1978) case is referred to herein as
“heterogeneous,” rather than “homogeneous,” in recog-
nition of the fact that at least two major rate shifts have
occurred across its model phylogeny (Fig. 1A). Thus, our
current use of heterogencous follows the definition of
Lopez et al. (2002, p. 1) for “heterotachy” as “within-site
rate variations...throughout time.” Furthermore,
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Fig. 1. (A) Felsenstein heterogeneity as illustrated by its model phylog-
eny with two long versus two short, unrelated, terminal branches. (B)
Kolaczkowski/Thornton heterogeneity as illustrated by its two model
trees with opposing long and short terminal branches. (C) The homo-
geneous situation as represented by its model tree with equal terminal
branches. p, ¢, and r refer to the branch lengths for the long terminal,
short terminal, and internal branches, respectively.

although Kolaczkowski and Thornton evaluated both
ML and Bayesian phylogenetic methods, only ML is
considered here in light of their nearly identical results
for both of these likelihood-based approaches.

Otherwise, our evolutionary simulations, phyloge-
netic analyses, and terms followed the general proce-
dures and terminology of these authors. DNA sequences
of 10,000 bases each were simulated under the Jukes and
Cantor (1969) model with the Evolver program in
PAML, version 3.14 (Yang, 1997). Sites were simulated
on the two opposing trees in Fig. 1B in proportions of
50:50, 60:40, 70:30, 80:20, 90:10, and 100:0. In these sim-
ulations, the lengths of the two long terminal branches
were fixed at p=0.75 substitutions/site, whereas those
for the short terminal branches were set at ¢ =0.05, 0.15,
0.25, or 0.375 substitutions/site. The length of the inter-
nal branch (r) was first set at 0.000, 0.0125, and 0.025,
and then varied to 0.400 in increments of 0.025. For the
critical 60:40, 70:30, and 80:20 splits, additional simula-
tions were conducted for other values of 7 to increase the
density of data points around their BLs, inflections (see
below). All conditions were replicated 200 times.

ML and MP analyses of the simulated data sets were
conducted with PAUP#*, version 4.0b10 (Swofford, 1998).
Optimal trees were obtained by exhaustive searching,
with the ML analyses relying on the Jukes/Cantor

model. The performances of both methods were summa-
rized by their phylogenetic accuracy (i.e., proportion of
times out of 200 replicates that the true tree was
uniquely recovered). From plots of this metric versus r
(Fig. 2A), estimates of the internal branch lengths at 50%
accuracy (BLs)) were obtained and then statistically
compared between ML and MP for the critical 60:40,
70:30, and 80:20 simulations with the PROBIT proce-
dure of SAS/STAT, version 8.00 (SAS Institute Inc.,
1999). The additional simulations for these critical splits
focused on other values of r taken from around their
BLs, estimates (e.g, r=020625 021250, 0.21875,
0.22500, 0.23125, and 0.23750 for the 70:30 split, g =0.05,
and ML).

3. Results and discussion

As previously documented by Kolaczkowski and
Thornton (2004), MP approached 100% phylogenetic
accuracy faster than ML in all four simulations with a
50:50 partition of sites (Fig. 2A). As ML averages the
different p and ¢ branch lengths for the two partitions, it
underestimates (not overestimates contrary to their
assumed typo on page 982) the internal branch lengths
of the true trees and thereby their full support. MP is less
sensitive to this heterogeneity since branch lengths are
not considered in its phylogenetic evaluations. However,
this greater performance was transitory as ML and MP
performed similarly in all four simulations with a 70:30
split, with ML then outperforming MP in all of the
80:20, 90:10, and 100:0 trials. The greater performance
by ML for the 100:0 simulations is expected as this split
corresponds to the classic case of Felsenstein (1978) het-
erogeneity where the well-known problem of long-
branch attraction constitutes less of a concern for ML
than for MP. For this same reason, ML also outper-
formed MP in the 80:20 and 90:10 simulations.

Increasing ¢ from 0.05 to 0.375 resulted in improved
performances by both ML and MP (Fig. 2A). These
improvements are due to reductions in both Felsenstein
and Kolaczkowski/Thornton heterogeneity as ¢
approaches p, thereby converging onto a homogeneous
condition (Fig. 1C).

ML outperforms MP over more of the parameter
space examined in this study (Fig. 2B). This overall
greater performance by ML raises the question as to
what extent real sequences are partitioned. Although few
such studies exist to answer this question, Kolaczkowski
and Thornton cited an intriguing case in which the degree
of sequence partitioning appears to be greater than 80:20
(Inagaki et al., 2004). This estimate of >80:20 is derived
from a cross comparison of those sites for elongation fac-
tor 1o that supported an incorrect tree of Microsporidia
with Archaea versus those positions that were evolving
significantly faster in either “short-branch” eukaryotes or
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Archaea, but not both (their Figs. 3 and 4). ML analysis
by Inagaki et al. (2004) of their “Micro*” data set recov-
ered this incorrect tree, but at a low bootstrap score of
only 34% (their Fig. 2A). In contrast, our MP analysis of
their Micro* sequences resulted in the same incorrect
tree, but with a much greater bootstrap score of 95%
(results not shown). Thus, although both ML and MP
recover the same incorrect tree as optimal, the former is
not as strongly biased as the latter according to their
bootstrap scores. This improvement in the relative per-
formance of ML versus MP is expected given that a
>80:20 split falls in a region of our parameter space that
favors ML over MP (Fig. 2B).

However, perhaps an even stronger reason to con-
tinue emphasizing likelihood-based approaches is that
they offer the rigorous statistical framework to develop,
test, and apply phylogenetic methods intended to cap-
ture biologically relevant modes of sequence evolution
(Felsenstein, 2004). Included here would be the covarion
process (Fitch and Markowitz, 1970) and other recent
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models of heterotachy as introduced by Tuffley and Steel
(1998), Galtier (2001), Penny et al. (2001), Susko et al.
(2002), Huelsenbeck (2002), inter alia (for review see
Gaucher et al.,, 2002). Along these lines, Kolaczkowski
and Thornton presented a new mixture model to
account for their partitioned sequences, one that worked
extremely well in their simulations. Despite its success,
these authors nevertheless were conservative in their
promotion of mixture models because of concerns about
estimating the most appropriate number of partitions
for real sequences and the computational burdens of
implementing more complex evolutionary models. How-
ever, these concerns can be accommodated in a likeli-
hood-based analysis by, e.g., Bayes factors or likelihood
ratio tests for partition estimation and by, e.g., Markov
chain Monte Carlo sampling for tractability (Lartillot
and Philippe, 2004; Pagel and Meade, 2004). For these
multiple reasons, we conclude by calling for once again
mixture models and likelihood-based approaches even
when evolution is heterogeneous.
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