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Abstract

Phylogenetic trees are commonly reconstructed based
on hard optimization problems such as maximum parsi-
mony (MP) and maximum likelihood (ML). Conventional
MP heuristics for producing phylogenetic trees produce
good solutions within reasonabletime on small datasets (up
to a few thousand sequences), while ML heuristics are lim-
ited to smaller datasets (up to a few hundred sequences).
However, since MP (and presumably ML) is NP-hard, such
approaches do not scale when applied to large datasets. In
this paper, we present a new technique called Recursive-
Iterative-DCM3 (Rec-I-DCM3), which belongs to our fam-
ily of Disk-Covering Methods (DCMs). We tested this new
technique on ten large biological datasets ranging from
1,322 t0 13,921 sequences and obtained dramatic speedups
aswell as significant improvementsin accuracy (better than
99.99%) in comparison to existing approaches. Thus, high-
quality reconstructions can be obtained for datasets at least
ten times larger than was previously possible.

1. Introduction

One of the outstanding problems facing biology is the re-
construction of the “Tree of Life,” the evolutionary history
of all organisms on this planet. Fundamental to this recon-
struction is the ability to produce, within reasonable time
constraints, accurate phylogenies for large datasets (tens to
hundreds of thousands of taxa), since the “Tree of Life” it-
self is estimated to contain tens to hundreds of millions of
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taxa. The most commonly used approaches to phylogeny re-
construction are heuristics for two hard optimization prob-
lems, maximum parsimony (MP) and maximum likelihood
(ML). However, despite decades of research and algorithm
development, acceptably accurate analyses that run within
a few days of computation on one processor are not cur-
rently possible much beyond a few thousand taxa for MP
and a few hundred taxa for ML—nor is it clear that in-
creasing the computing power will enable the analysis of
larger datasets, as the accuracy of the heuristics steadily de-
creases with increasing size of datasets. Polynomial-time al-
gorithms do exist (Neighbor-Joining [19] and UPGMA [12]
are the best known examples), but many experimental stud-
ies have shown that such trees are not as accurate as those
produced by MP or ML analyses.

One of the major challenges confronting both MP and
ML heuristics is that the tree space is enormous (there are
(2n-5)!! possible solutions for a dataset with n leaves), and
existing techniques for searching for optimal trees under
both criteria are insufficient for this kind of space. In ad-
dition, ML heuristics have to confront the challenge of how
to score individual trees - a problem which is easy for MP,
but hard for ML. Our research in this paper is focused on
addressing the first problem - how to search through tree
space; improvements we obtain here will be helpful for both
MP and ML analyses.

Whereas 90-95% accuracy is often considered excellent
in heuristics for hard optimization problems, heuristics used
in phylogenetic reconstruction must be much more accu-
rate: in another study [24], we found that solutions to MP
that had an error rate larger than 0.01% (i.e., whose length
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exceeded the optimal length by more than 0.01%) produced
topologically poor estimates of the true tree. Thus, heuris-
tics for MP need at least 99.99% accuracy (and probably
significantly more on very large datasets) in order to pro-
duce topologically accurate trees. Obtaining this level of
accuracy while running within a reasonable time presents
a stiff challenge to algorithm developers.

In this paper, we describe a new technique that makes
it possible to reach that level of accuracy on datasets of
large size—indeed, of sizes at least one order of magni-
tude larger than could be analyzed before. Our technique is
called Recursive-lterative DCM3 (Rec-1-DCM3), a divide-
and-conquer technique that combines recursion and iter-
ation with a new variant of the Disk-Covering Method
(DCM) to find highly accurate trees quickly. Rec-1-DCM3
uses iteration for escaping local optima, the divide-and-
conquer approach of the DCMs to reduce problem size,
and recursion (as pioneered in [22]) to enable further lo-
calization and reduction in problem size. A Rec--DCM3
search not only dramatically reduces the size of the ex-
plored tree space, but also finds a larger fraction of MP trees
with better scores than other methods. We demonstrate the
power of Rec-I-DCM3 on ten large biomolecular sequence
datasets, each containing more than 1,000 sequences (half
contain over 6,000 sequences and the largest contains al-
most 14,000 sequences). Our study shows that Rec--DCM3
convincingly outperforms TNT [5]—the best implemented
MP heuristic—often by orders of magnitude, on all datasets
and at all times during the time period (usually 24 hours) al-
lotted for computation. Although we focused on testing our
technique on MP analyses, our improvements work as well
in ML analyses.

2. Our Datasets

In our experiments, we used a large variety of biological
datasets and simulations. In this paper, we present our re-
sults on the ten largest biological datasets we used: because
of their large size, all but one are RNA data, ranging from
a smallest set of 1,322 sequences to a largest of 13,921 se-
quences, all with sequence lengths between 800 and 1,600.
Seven of these ten sets have over 4,500 sequences and thus
are not, in practice, accurately analyzable with existing MP
heuristics.

1. A setof 1,322 aligned large subunit ribosomal RNA of
all organisms (1,078 sites) [25].

2. A set of 2,000 aligned Eukaryotes ribosomal RNA se-

quences (1,326 sites) obtained from the Gutell Lab at

the Institute for Cellular and Molecular Biology, The

University of Texas at Austin.

A set of 2,594 rbcL DNA sequences (1,428 sites) [9].

4. A set of 4,583 aligned 16s ribosomal Actinobacteria
RNA sequences (1,263 sites) [11].

et

5. Asetof 6,590 aligned small subunit ribosomal Eukary-
otes RNA sequences (1,661 sites) [25].

6. A set of 7,180 aligned ribosomal RNA sequences
(1,122 sites) from three phylogenetic domains ob-
tained from the Gutell Lab at the Institute for Cellu-
lar and Molecular Biology, The University of Texas at
Austin.

7. A set of 7,233 aligned 16s ribosomal Firmicutes (bac-
teria) RNA sequences (1,352 sites) [11].

8. A set of 8,506 aligned ribosomal RNA sequences
(851 sites) from three phylogenetic domains, plus or-
ganelles (mitochondria and chloroplast), obtained
from the Gutell Lab at the Institute for Cellu-
lar and Molecular Biology, The University of Texas at
Austin.

9. A set of 11,361 aligned small subunit ribosomal Bac-
teria RNA sequences (1,360 sites) [25].

10. A set of 13,921 aligned 16s ribosomal Proteobacteria
RNA sequences (1,359 sites) [11].

3. Maximum Parsimony

Let S be a set of n sequences, each of length n, over a
fixed alphabet X. Let T be a tree leaf-labelled by the set S
and with internal nodes labelled by sequences of length n
over X.. The length (or parsimony score) of 1" with this la-
belling is the sum, over all the edges, of the Hamming dis-
tances between the labels at the endpoints of the edge. (The
Hamming distance between two strings of equal length is
just the number of positions in which the two strings differ.)
Thus the length of a tree is also the total number of point
mutations along the edges of the tree. The Maximum Parsi-
mony (MP) problem seeks the tree 1" leaf-labelled by .S with
the minimum length. While MP is NP-hard [4], construct-
ing the optimal labeling of the internal nodes of a fixed tree
T can be done in polynomial time [3].

3.1. lterative Improvement Methods

Iterative improvement methods are some of the most
popular heuristics in phylogeny reconstruction. A fast tech-
nique is used to find an initial tree, then a local search mech-
anism is applied repeatedly in order to find trees with a bet-
ter score. The most commonly used local move is called
Tree-Bisection and Reconnection (TBR) [10]. In TBR, an
edge is removed from the given tree T, thereby creating two
subtrees, ¢ and T' — ¢; the two subtrees are then reconnected
by subdividing two edges (one in each subtree) and adding
an edge between the newly introduced nodes.

Heuristics for MP are implemented in many software
packages, but the most popular package is PAUP*[21].
The software package TNT, however, provides a faster im-
plementation of local search and also implements search

YF]',F.

COMPUTER
SOCIETY

Proceedings of the 2004 IEEE Computational Systems Bioinformatics Conference (CSB 2004)
0-7695-2194-0/04 $20.00 © 2004 IEEE

































