FINAL REPORT

DOE Award Number: DE-FG02-06ER25734
Date of Report: March 12, 2014
Period Covered: August 15, 2006 — August 14, 2009

Tools for Accurate and Efficient Analysis of Complex Evolutionary
Mechanisms in Microbial Genomes

Luay Nakhleh

Department of Computer Science
Rice University
6100 Main Street, MS 132
Houston, TX 77005
Phone: (713) 348 3959
Fax: (713) 348 5930

Email: nakhleh@cs.rice.edu



1 Introduction

Microbes are tiny organisms that constitute a large group of all organisms on Earth. Their relation-
ship to humans, animals, and plants is very delicate, and hence large resources have been dedicated
to studying and understanding these organisms. Given the wide array of potential microbial ap-
plications, which include toxic-waste cleanup, carbon management, and energy production, the
DOE Microbial Genome Program was established to sequence and classify microbial genomes (see
http://www.microbialgenome.org).

Discovering the genomic innovations in microbes bears a great significance on understanding
these organisms, the risks that some of them pose, and the contributions that others make. Unlike
Eukaryotic organisms which evolve mainly through lineal (vertical) descent, microbial evolution
is much more complex, and hence mapping and understanding microbial genomes pose a great
challenge. One of the major evolutionary mechanisms that shape genomic innovations in microbial
organisms is horizontal gene transfer (HGT), which is believed to be ubiquitous in bacteria. Despite
the ubiquity of HGT and the main roles it plays in microbial genome diversification, very few tools
have been developed for its detection. Further, most of these tools either have poor performance
or are ad hoc extensions of existing techniques, limiting their applicability to specific datasets.

I proposed to develop computationally efficient tools for accurate detection and reconstruction
of these complex evolutionary mechanisms, thus enabling rapid and accurate annotation, analysis
and understanding of their genomes. To achieve this goal, I proposed to address three aspects.

(1) Mathematical modeling. A major challenge facing the accurate detection of HGT is that
of distinguishing between these two events on the one hand and other events that have similar
“effects.” I proposed to develop a novel mathematical approach for distinguishing among these
events. Further, I proposed to develop a set of novel optimization criteria for the evolutionary
analysis of microbial genomes in the presence of these complex evolutionary events.

(2) Algorithm design. In this aspect of the project, I proposed to develop an array of efficient and
accurate algorithms for analyzing microbial genomes based on the formulated optimization criteria.
Further, I proposed to test the viability of the criteria and the accuracy of the algorithms in an
experimental setting using both synthetic as well as biological data.

(3) Software development. I proposed the final outcome to be a suite of software tools which
implements the mathematical models as well as the algorithms developed.



2 Technical Accomplishments

2.1

Research Work

Horizontal gene transfer (HGT) is a mechanism by which species/organisms transfer genetic mate-
rial to each other, typically across species boundaries, but in some cases also within the organisms
of the same species. The most commonly used method for detecting HGT is the phylogeny-based

one.

In this method, gene trees are compared to the species tree, and incongruence is used to

indicate HGT events. The objectives of our research project is to identify the challenges associated
with this approach, and solving them in order to enable efficient and accurate detection of HGT at
the scale of whole genomes.

In this project, we achieved all the goals we set out to work on in the proposal:

1.

We have extended the RIATA-HGT method so that it accurately handles non-binary trees and
computes multiple solutions. Reconstructed gene trees are often non-binary, meaning that
they are not fully resolved (mainly due to lack of phylogenetic signal). Therefore, methods
for handling non-binary trees appropriately are required. Further, multiple optimal scenarios
of reconciling species and gene trees may exist, and the number may be exponential in the
number of HGT events. We have extended RIATA-HGT so that it computes a large portion
of the solution space, and represents them in a compact manner.

. We have established complexity results for a set of combinatorial problems that related phy-

logenetic networks to their constituent trees and clusters, and provided improved efficient
parameterized algorithms.

. Observing that measures of topological difference between a pair of phylogenetic networks

failed to satisfy the properties of a metric, we have developed the first metric for comparing
phylogenetic networks topologies.

. We have continued the study of the maximum parsimony criterion for phylogenetic networks,

and established new theoretical results on the criterion, as well as new efficient heuristics for
computing the parsimony length of a phylogenetic networks.

. To assess the confidence of an inferred HGT event by the RIATA-HGT method in partic-

ular, and topology-based HGT detection methods in general, we have developed two novel
approaches, one based on the bootstrap values of the gene tree branches, and the other based
on integrating the maximum parsimony criterion with the topology-based inference. The
results are very promising, as we have shown on multiple biological data sets.

. We have developed a novel two-stage approach for identifying the bacterial strain or species

tree. The first phase is an efficient identification of candidate strain/species tree topologies,
using a novel computation based on maximal cliques, and the second is a novel estimation
of strain/species tree divergence times based on a mixed integer linear programming (MILP)
approach. Inferring an accurate strain/species tree has a significant impact on the quality
of inferred HGT events, since these are inferred based on comparing the topologies of the
strain/species tree against the gene trees.

Finally, we have incorporated all the results in the PhyloNet software package, for which we
have developed an extensive user’s manual, with sample files, and submitted a manuscript
the describes the tool).



Some of the developed methods have also been implemented in the NEPAL software tool and
is available publicly on our website (the website URL is provided below). Further, all these results
have been published in international journals and conference proceedings (listed below), and have
been presented at various universities and conference meetings.

2.2

Research Findings

Our research produced several findings:

1.

2.3

While comparing the topologies of species/gene trees may result in a high percentage of false
positive predictions of HGT events, incorporating the bootstrap values computed for the
branches of the species and/or gene trees result in significant improving in the predictions,
significantly eliminating false positives, while maintaining the true ones.

. While we established in the previous period of the project that accuracy of the maximum

parsimony criterion in a standalone setting, we have demonstrated that a careful integration
of the criterion with RIATA-HGT does combined the accuracy of the former with the speed
of the latter, thus achieving a new fast and accurate technique for inferring HGT events.

. We have found that careful resolution of non-binary gene trees, by using the topology of the

species tree as a basis for the resolution, significantly improves the quality of HGT detections
from non-binary trees. It is important to note that most software tools for estimating HGT
events based on species/tree topology comparison do not handle non-binary trees, which is
a limiting factor, since in real applications, it is often the case that the trees are non fully
resolved. Therefore, our work in this area presents a novel advancement.

. While we had established that the number of optimal HGT scenarios may be exponential

in the number of HGT events in an optimal scenario, we have observed that these multiple
scenarios have great sharing (intersections) among each other. We have shown how to exploit
this sharing to efficiently and compactly compute and represent these solutions.

. While existing methods for establishing the species tree rely heavily on searches of the huge

tree space and an expensive probabilistic evaluation of each tree, we have shown that by
using the coalescent times computed for the internal nodes of the gene trees, one can obtain a
species tree, along with its divergence times, much more efficiently by combining the concepts
of maximal cliques of a compatibility graph with mixed integer linear programming.

. On the data analysis side, we have analyzed twelve genomes of the Staphylococcus aureus

bacteria and established, for the first time, the rate of homologous recombination in bacteria.

Software Development

Our research results have been implemented in two software packages, PhyloNet and NEPAL; the
websites of both tools are given in Section 4.

2.3.1 PhyloNet

PhyloNet is a suite of software tools, written in JAVA, for reconciling species/gene trees and
evaluating phylogenetic networks. It contains many utilities, including;:



e GENCPLEX and GENST: utilities for inferring the strain/species tree (topology and times)
from a collection of gene trees, given by their topologies and coalescent times.

e MAST: a utility for computing maximum agreement subtree (MAST) of a pair of trees. Beside
its central role in our own heuristic for computing species/gene tree reconciliation scenarios,
it is also useful as a standalone utility, since the MAST of two trees has been long used as a
metric for comparing tree topologies in estimating the performance of phylogenetic methods.

e RF: a utility for computing the Robinson-Foulds (or, symmetric difference) distance between
a pair of trees. This metric is the most commonly used one for comparing phylogenetic trees,
and we use it as a building block in one of our own measures for comparing phylogenetic
networks.

e RIATAHGT: a utility that implements our heuristic for reconciling species/gene trees and
reconstructing phylogenetic networks. The method is extended to handle non-binary trees,
multiple solutions, and to compute confidence values of inferred HGT events.

e LCA: a utility for computing the least common ancestor (LCA) of a set of taxa in a give
tree. This is a central utility in our RIATAHGT heuristic, but is also very useful for other
applications, and hence the decision to make it a standalone utility.

e RECOMP: a utility that implements our methods for detecting interspecific recombination
in a sequence alignment, based on the parsimony criterion and a sliding window.

e CHARNET: a utility that computes the clusters, trees, and tripartitions defined by a phylo-
genetic network.

e CMPNETS: a utility that implements our three measures for comparing phylogenetic net-
works.

e NETPARS: a utility that computes the parsimony score of a set of sequences labeling the
leaves of a given phylogenetic network.

e COUNTCOAL: a utility for computing the number of coalescence scenarios that reconcile a
pair of species/gene trees.

2.3.2 NEPAL

NEPAL is a suite of software tools, written in C++4, for inferring and evaluating phylogenetic
networks based on our extensions of the maximum parsimony and maximum likelihood criteria.
Further, the NEPAL method has been extended so as to have an implementation of the RIATA-
HGT/MP integrated approach.



3 Project Personnel

Two of my graduate students, Cuong Than and Hyun Jung Park worked extensively on the
algorithmic parts of this research, as well as on developing the software tools. Both of them
successfully defended their Master’s and PhD theses, as follows:

e Cuong Than. Computer Science, Rice University.
Joined my group: January 2006.
Date of Master’s defense: May 2008.
Master’s thesis title: Reconstruction of Phylogenetic Networks and Their Relationships with
Trees and Branches.
Date of PhD defense: October 2009.
PhD dissertation title: Inference of Parsimonious Species Phylogenies from Multi-locus Data.
First position: Post-doctoral fellow, University of Michigan, Ann Arbor. (Start date: Nov 1,
2009. Mentor: Prof. Noah Rosenberg.)

e Hyun Jung Park. Computer Science, Rice University.
Joined my group: Aug 2007.
Master’s thesis: waived (prior MSc degree).
Date of PhD defense: Mar 2012.
PhD dissertation title: Towards Accurate Reconstruction of Phylogenetic Networks.
First position: Post-doctoral fellow, Baylor College of Medicine. (Start date: May 1, 2012.
Mentor: Prof. Wei Li.)

In addition I have collaborated with Dr. Guohua Jin, who was a research scientist at the
Department of Computer Science, Rice University. Dr. Jin’s expertise is in high-performance
computing, a discipline whose integration in this project I valued as essential, if we were going to
be able to scale the performance of methods to genome-wide data (which we did).

To develop the stochastic framework that distinguishes among the various factors that cause
species/gene tree incongruence, I had argued that an integration of phylogenetics and population
genetics methodologies would be essential. To achieve that, I collaborated with Prof. Hideki
Innan and his group at the Graduate University for Advances Studies in Japan. Their area of
expertise is evolutionary population genetics.

To establish theoretical properties of problems related to horizontal gene transfer, I collaborated
with Dr. Iyad Kanj, from DePaul University, and Dr. Ge Xia from Lafayette College on proving
NP-hardness of some problems, as well as introducing efficient parameterized algorithms.

Last but not least, Dr. Sagi Snir from University of Haifa and Dr. Tamir Tuller from Tel
Aviv University, and my group have collaborated on establishing computational complexity results
for the parsimony and likelihood criteria for phylogenetic network reconstruction and evaluation.
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“From Gene Trees to Phylogenetic Networks: Computational Approaches.” Symposium on
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Websites

. http://bioinfo.cs.rice.edu/phylonet

. http://bioinfo.cs.rice.edu/nepal

Software Tools

We have developed two major software packages that incorporate all developed algorithmic tech-
niques in them.

1.

The PhyloNet software package.

A package of software tools to compare phylogenetic trees, reconstruct phylogenetic networks
and metrics for their topological comparisons. A user’s manual and executable are currently
available at http://bioinfo.cs.rice.edu/phylonet

. The NEPAL software package.

A package of software tools for reconstructing and evaluating phylogenetic networks based
on our proposed extension of the maximum parsimony and maximum likelihood criteria. A
user’s manual and executable are currently available at http://bioinfo.cs.rice.edu/nepal



