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The “Traditional” Phylogeny Reconstruction Problem
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The Evolution of Genes Within the Branches of a 
Species Tree

[Source: W.P. Maddison, Syst. Biol. 46(3):523-536,1997.]
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So, What Tree is Being Reconstructed?

Species tree Gene tree
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The Pre-Genomic Era
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The Post-genomic Era

B
A

E
D
C

7



The Post-genomic Era
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The Post-genomic Era

Locus 1 Locus 2 Locus 3 Locus 4 Locus 5 Locus 6

B
A

E
D
C

A B C D E

Species
Phylogeny

?

7



The Post-genomic Era:
I. Gene Tree Incongruence
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The Post-genomic Era:
II. Genome Rearrangements
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The Post-genomic Era:
II. Genome Rearrangements
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The Post-genomic Era:
Incongruence and Rearrangements

• Gene tree incongruence and genome rearrangements pose challenges and 
opportunities:

• Challenges: how to model the events, how to infer the events, how to 
infer species phylogeny while accounting for these events, ...

• Opportunities: resolve very shallow and very deep evolutionary 
relationships, inform about gene function, understand genomic structural 
variations and their role in disease (e.g., cancer), ...
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Outline of the Rest of this Tutorial

• Gene tree incongruence

• Biological causes

• General mathematical frameworks 

• Genome rearrangement

• Rearrangement events

• General mathematical frameworks
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Gene Tree Incongruence
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Three Main Biological Events

Lineage 
sorting 

[Source: W.P. Maddison, Syst. Biol. 46(3):523-536,1997.]

13



Horizontal (or, Lateral) Gene Transfer (HGT/LGT)

[Source: W.P. Maddison, Syst. Biol. 46(3):523-536,1997.]
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Detecting HGT

[Source: http://topicpages.ploscompbiol.org/wiki/Detection_of_horizontal_gene_transfer]
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Detecting HGT

• The explicit phylogeny-based approach for detecting HGT mostly seeks the 
minimum number of tree transformation operations (often, the “subtree prune 
and regraft” operation) that reconciles a gene tree with a species tree.

• This number is taken as a lower bound on the number of HGT events required 
to explain the evolutionary history of the gene under study. 
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Gene Duplication and Loss

[Source: W.P. Maddison, Syst. Biol. 46(3):523-536,1997.]
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Gene Duplication and Loss

[Source: Understanding Bioinformatics]
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Gene Duplication and Loss

[Source: Understanding Bioinformatics]
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Reconcile

Gene Duplication and Loss

Species tree

Gene tree

Reconciled gene tree

[Source: Understanding Bioinformatics]
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Gene Duplication and Loss

• The parsimony approach to the reconciliation problem seeks the minimum 
number of duplications and losses (or a weighted sum thereof) to explain the 
incongruence between the gene tree and species tree.

• Beginning with Goodman et al., 1979

• Probabilistic models of gene duplication/loss are now emerging, allowing for 
probabilistic reconciliations.
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The Gene Evolution Model and Computing
Its Associated Probabilities
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Abstract. Phylogeny is both a fundamental tool in biology and a rich source of fascinating modeling
and algorithmic problems. Today’s wealth of sequenced genomes makes it increasingly important to
understand evolutionary events such as duplications, losses, transpositions, inversions, lateral trans-
fers, and domain shuffling. We focus on the gene duplication event, that constitutes a major force in
the creation of genes with new function [Ohno 1970; Lynch and Force 2000] and, thereby also, of
biodiversity.

We introduce the probabilistic gene evolution model, which describes how a gene tree evolves
within a given species tree with respect to speciation, gene duplication, and gene loss. The ac-
tual relation between gene tree and species tree is captured by a reconciliation, a concept which
we generalize for more expressiveness. The model is a canonical generalization of the classical
linear birth-death process, obtained by replacing the interval where the process takes place by a
tree.

For the gene evolution model, we derive efficient algorithms for some associated probability distri-
butions: the probability of a reconciled tree, the probability of a gene tree, the maximum probability
reconciliation, the posterior probability of a reconciliation, and sampling reconciliations with respect
to the posterior probability. These algorithms provides the basis for several applications, including
species tree construction, reconciliation analysis, orthology analysis, biogeography, and host-parasite
co-evolution.

Categories and Subject Descriptors: J.3 [Life and Medical Sciences]: biology and genetics
General Terms: Algorithms,Theory
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Incomplete Lineage Sorting (ILS)
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Incomplete Lineage Sorting (ILS)

• A gene tree can be reconciled with a species tree under ILS using

• a parsimony approach, which seeks to minimize the amount of “deep 
coalescence” of the gene tree within the branches of the species tree, and

• a probabilistic approach, which seeks to maximize the probability of 
observing the gene tree given the species tree, using the coalescent 
framework.

25



Incomplete Lineage Sorting (ILS)

• The inference problem seeks a species tree from a collection of gene trees (or 
sequence alignments).

• Many approaches have been proposed: parsimony, likelihood, Bayesian, 
distance-based, and summary statistics. 
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Inferring Phylogenetic Relationships in the       
Post-Genomic Era: A New Paradigm

• The increasing availability of multi-locus data is highlighting the extent of 
incongruence between a species tree and its “contained” gene trees, as well 
as among the gene trees themselves, and the need for new methods to 
establish phylogenetic relationships in light of this incongruence 

• The result is the emergence of a new paradigm that simultaneously accounts 
for 

• mutations within a locus (base pair mutations and indels), and 

• incongruence among loci (HGT, dup/loss, and ILS).
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Dup/Loss + ILS

Method

Unified modeling of gene duplication, loss,
and coalescence using a locus tree
Matthew D. Rasmussen1 and Manolis Kellis1

Computer Science and Artificial Intelligence Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139,

USA; Broad Institute, Cambridge, Massachusetts 02139, USA

Gene phylogenies provide a rich source of information about the way evolution shapes genomes, populations, and
phenotypes. In addition to substitutions, evolutionary events such as gene duplication and loss (as well as horizontal
transfer) play a major role in gene evolution, and many phylogenetic models have been developed in order to reconstruct
and study these events. However, these models typically make the simplifying assumption that population-related effects
such as incomplete lineage sorting (ILS) are negligible. While this assumption may have been reasonable in some settings, it
has become increasingly problematic as increased genome sequencing has led to denser phylogenies, where effects such as
ILS are more prominent. To address this challenge, we present a new probabilistic model, DLCoal, that defines gene
duplication and loss in a population setting, such that coalescence and ILS can be directly addressed. Interestingly, this
model implies that in addition to the usual gene tree and species tree, there exists a third tree, the locus tree, which will
likely have many applications. Using this model, we develop the first general reconciliation method that accurately infers
gene duplications and losses in the presence of ILS, and we show its improved inference of orthologs, paralogs, dupli-
cations, and losses for a variety of clades, including flies, fungi, and primates. Also, our simulations show that gene
duplications increase the frequency of ILS, further illustrating the importance of a joint model. Going forward, we believe
that this unified model can offer insights to questions in both phylogenetics and population genetics.

[Supplemental material is available for this article.]

Understanding the way new gene functions arise in genomes is
a fundamental and long-studied question in evolutionary biology.
Gene duplication, in particular, has been recognized as a powerful
way of generating new functions through neofunctionalization
and subfunctionalization (Ohno 1970; Lynch and Conery 2000),
and gene losses can dramatically shape gene families (Niimura and
Nei 2007). ‘‘Phylogenomics’’ (Eisen 1998) is the use of phyloge-
netics to systematically reconstruct the ancestry of thousands of
gene families across many related genomes, and in recent years it
has been pursued in a variety of ways (Zmasek and Eddy 2002; Li
et al. 2006; Huerta-Cepas et al. 2007; Wapinski et al. 2007; Butler
et al. 2009; Datta et al. 2009; Vilella et al. 2009; Mi et al. 2010).

The key idea in many of these approaches is that gene du-
plications and losses lead to incongruence (topological differences)
between two important kinds of phylogenetic trees, the gene tree
and the species tree (Goodman et al. 1979; Page 1994). The gene tree
describes how a set of gene sequences has diverged from one an-
other, while the species tree describes how a set of species has
speciated. The gene tree can be thought of as evolving ‘‘inside’’
the species tree (Fig. 1), and this nesting can be reconstructed by
reconciliation methods, in which the task is to infer the events re-
sponsible for the observed incongruence between two such trees
(Goodman et al. 1979). Building on this idea, many models have
been developed that use phylogenetic incongruence to infer the
number, age, and location of gene duplication and loss events
across several genomes (Page 1994; Arvestad et al. 2004; Durand
et al. 2006; Rasmussen and Kellis 2011).

While these models (which we refer to as dup-loss models) have
been successful in many situations, there still remain several im-
portant challenges in accurately inferring these events (Li et al.
2006; Hahn 2007; Huerta-Cepas et al. 2007; Rasmussen and Kellis
2007). These challenges stem from the fact that incongruence can
occur due to phenomena other than duplications and losses, and
therefore one must use caution when interpreting incongruence.
Several of the more recent approaches have dealt with this com-
plication by expanding their models to incorporate other impor-
tant phenomena. For example, in prokaryotes, horizontal gene
transfer (HGT) is a major cause of incongruence, and developing
models that incorporate HGT is an active area of research (Doyon
et al. 2010; David and Alm 2011; Tofigh et al. 2011). Another
source of incongruence is due to uncertainty in the reconstruction
of the gene tree, and methods that account for this have shown
dramatic improvements (Durand et al. 2006; Åkerborg et al. 2009;
Rasmussen and Kellis 2011).

However, despite such efforts, dup-loss models have yet to
capture an important and potentially prominent effect called in-
complete lineage sorting (ILS) or deep coalescence (Fig. 1D; Wakeley
2009). When a population of individuals undergoes several spe-
ciations in a relatively brief period of time, there can exist poly-
morphisms maintained throughout that time that eventually fix
differently in descendant lineages. This effect alone is enough to
cause a gene tree to be incongruent with its species tree, and it
occurs most frequently in branches of the species tree that repre-
sent small time spans (few generations) or large population sizes
(Pollard et al. 2006; Hobolth et al. 2007). While ILS can be inferred
using coalescent models (Pamilo and Nei 1988; Rosenberg 2002;
Rannala and Yang 2003; Degnan and Rosenberg 2009), these
models have been developed for very different purposes, such as
estimating population sizes, divergence times, or migration rates
(Hey and Machado 2003; Rannala and Yang 2003; Liu and Pearl
2007). Typically, these analyses only require a subset of genes from

1Corresponding authors.
E-mail rasmus@alum.mit.edu.
E-mail manoli@mit.edu.
Article published online before print. Article, supplemental material, and pub-
lication date are at http://www.genome.org/cgi/doi/10.1101/gr.123901.111.
Freely available online through the Genome Research Open Access option.

22:755–765 ! 2012 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/12; www.genome.org Genome Research 755
www.genome.org
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Efficient algorithms for the reconciliation problem with gene
duplication, horizontal transfer and loss
Mukul S. Bansal 1,!, Eric J. Alm 2 and Manolis Kellis 1,3,!
1Computer Science and Artificial Intelligence Laboratory, 2Department of Biological Engineering, Massachusetts
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ABSTRACT
Motivation: Gene family evolution is driven by evolutionary events
such as speciation, gene duplication, horizontal gene transfer and
gene loss, and inferring these events in the evolutionary history
of a given gene family is a fundamental problem in comparative
and evolutionary genomics with numerous important applications.
Solving this problem requires the use of a reconciliation framework,
where the input consists of a gene family phylogeny and the
corresponding species phylogeny, and the goal is to reconcile the
two by postulating speciation, gene duplication, horizontal gene
transfer and gene loss events. This reconciliation problem is referred
to as duplication-transfer-loss (DTL) reconciliation and has been
extensively studied in the literature. Yet, even the fastest existing
algorithms for DTL reconciliation are too slow for reconciling large
gene families and for use in more sophisticated applications such as
gene tree or species tree reconstruction.
Results: We present two new algorithms for the DTL reconciliation
problem that are dramatically faster than existing algorithms, both
asymptotically and in practice. We also extend the standard DTL
reconciliation model by considering distance-dependent transfer
costs, which allow for more accurate reconciliation and give
an efficient algorithm for DTL reconciliation under this extended
model. We implemented our new algorithms and demonstrated
up to 100 000-fold speed-up over existing methods, using both
simulated and biological datasets. This dramatic improvement
makes it possible to use DTL reconciliation for performing rigorous
evolutionary analyses of large gene families and enables its use in
advanced reconciliation-based gene and species tree reconstruction
methods.
Availability: Our programs can be freely downloaded from
http://compbio.mit.edu/ranger-dtl/.
Contact: mukul@csail.mit.edu; manoli@mit.edu
Supplementary information: Supplementary data are available at
Bioinformatics online.

1 INTRODUCTION
Gene families evolve through complex evolutionary processes such
as speciation, gene duplication, horizontal gene transfer and gene
loss. Accurate inference of these events is crucial not only to
understanding gene and genome evolution but also for reliably
inferring orthologs, paralogs, and xenologs (Koonin, 2005; Mi et al.,
2010; Sennblad and Lagergren, 2009; Storm and Sonnhammer,
2002; van der Heijden et al., 2007; Vilella et al., 2009; Wapinski

!
To whom correspondence should be addressed.

et al., 2007); reconstructing ancestral gene content and dating
gene birth (Chen et al., 2000; David and Alm, 2011; Ma et al.,
2008); accurate gene tree reconstruction (Rasmussen and Kellis,
2011; Vilella et al., 2009); and for whole genome species tree
reconstruction (Bansal et al., 2007; Burleigh et al., 2011). Indeed,
the problem of inferring gene family evolution has been extensively
studied. In the typical formulation of this problem, the goal
is to reconcile an input gene tree (gene family phylogeny) to
the corresponding rooted species tree by postulating speciation,
duplication, transfer and loss events. Much of the previous work
in gene tree–species tree reconciliation has focused on either
duplication loss (DL) (Bonizzoni et al., 2005; Chauve et al., 2008;
Durand et al., 2006; Eulenstein and Vingron, 1998; Goodman et al.,
1979; Górecki and Tiuryn, 2006; Mirkin et al., 1995; Page, 1994) or
transfer loss (TL) (Boc et al., 2010; Hallett and Lagergren, 2001; Hill
et al., 2010; Huelsenbeck et al., 2000; Jin et al., 2009; Nakhleh et al.,
2004, 2005; Ronquist, 1995), but not on duplication, transfer and
loss together. However, duplication and transfer events frequently
occur together, particularly in prokaryotes, and the analysis of such
families requires reconciliation methods that can simultaneously
consider duplication, transfer and loss events. This problem of
gene tree–species tree reconciliation by duplication, transfer and
loss simultaneously is referred to as the duplication TL (DTL)
reconciliation problem.
Previous work. The DTL reconciliation problem has a long history
and is well studied in the literature. This is partly due to its close
association with the host–parasite cophylogeny problem (Charleston
and Perkins, 2006) which seeks to understand the evolution of
parasites (analogous to genes) within hosts (analogous to species).
Almost all known formulations of the DTL reconciliation problem
are based on a parsimony framework (Charleston, 1998; Conow
et al., 2010; David andAlm, 2011; Doyon et al., 2010; Gorbunov and
Liubetskii, 2009; Libeskind-Hadas and Charleston, 2009; Merkle
and Middendorf, 2005; Merkle et al., 2010; Ovadia et al., 2011;
Ronquist, 2003; Tofigh et al., 2011) (but see also Tofigh (2009)
for an example of a probabilistic formulation, as well as Csürös
and Miklós (2006) for a probabilistic framework based on gene
content). Under this framework, each duplication, transfer and loss
event is assigned a cost and the goal is to find a reconciliation that
has the lowest total reconciliation cost. Optimal DTL reconciliations
can sometimes violate temporal constraints; that is, the transfers
are such that they induce contradictory constraints on the dates for
the internal nodes of the species tree. We refer to such paradoxical
reconciliations as time-inconsistent (after Doyon et al., 2010). In
general, it is desirable to consider only those DTL reconciliations
that are time-consistent (i.e. paradox-free). Henceforth, we refer
to the problem of specifically computing optimal time-consistent

© The Author(s) 2012. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

 by guest on July 7, 2012
http://bioinform

atics.oxfordjournals.org/
D

ow
nloaded from

 

29



ILS + Hybridization

The Probability of a Gene Tree Topology within a
Phylogenetic Network with Applications to Hybridization
Detection
Yun Yu1, James H. Degnan2,3, Luay Nakhleh1*

1 Department of Computer Science, Rice University, Houston, Texas, United States of America, 2 Department of Mathematics and Statistics, University of Canterbury,

Christchurch, New Zealand, 3 National Institute of Mathematical and Biological Synthesis, Knoxville, Tennessee, United States of America

Abstract

Gene tree topologies have proven a powerful data source for various tasks, including species tree inference and species
delimitation. Consequently, methods for computing probabilities of gene trees within species trees have been developed
and widely used in probabilistic inference frameworks. All these methods assume an underlying multispecies coalescent
model. However, when reticulate evolutionary events such as hybridization occur, these methods are inadequate, as they
do not account for such events. Methods that account for both hybridization and deep coalescence in computing the
probability of a gene tree topology currently exist for very limited cases. However, no such methods exist for general cases,
owing primarily to the fact that it is currently unknown how to compute the probability of a gene tree topology within the
branches of a phylogenetic network. Here we present a novel method for computing the probability of gene tree
topologies on phylogenetic networks and demonstrate its application to the inference of hybridization in the presence of
incomplete lineage sorting. We reanalyze a Saccharomyces species data set for which multiple analyses had converged on a
species tree candidate. Using our method, though, we show that an evolutionary hypothesis involving hybridization in this
group has better support than one of strict divergence. A similar reanalysis on a group of three Drosophila species shows
that the data is consistent with hybridization. Further, using extensive simulation studies, we demonstrate the power of
gene tree topologies at obtaining accurate estimates of branch lengths and hybridization probabilities of a given
phylogenetic network. Finally, we discuss identifiability issues with detecting hybridization, particularly in cases that involve
extinction or incomplete sampling of taxa.

Citation: Yu Y, Degnan JH, Nakhleh L (2012) The Probability of a Gene Tree Topology within a Phylogenetic Network with Applications to Hybridization
Detection. PLoS Genet 8(4): e1002660. doi:10.1371/journal.pgen.1002660

Editor: Joseph Felsenstein, University of Washington, United States of America

Received October 10, 2011; Accepted March 5, 2012; Published April 19, 2012

Copyright: ! 2012 Yu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by NSF grant CCF-0622037, NSF grant DBI-1062463, grant R01LM009494 from the National Library of Medicine, and an
Alfred P. Sloan Research Fellowship to LN. JHD was funded by the New Zealand Marsden Fund and the National Institute for Mathematical and Biological
Synthesis, an institute sponsored by the National Science Foundation, the U.S. Department of Homeland Security, and the U.S. Department of Agriculture through
NSF Award EF-0832858, with additional support from the University of Tennessee, Knoxville. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: nakhleh@cs.rice.edu

Introduction

A molecular systematics paradigm that views molecular
sequences as the characters of gene trees, and gene trees as
characters of the species tree [1] is being increasingly adopted in
the post-genomic era [2,3]. Several models of evolution for the
former type of characters have been devised [4], while the
coalescent has been the main model of the latter type of characters
[5,6]. However, hybridization, a process that is believed to play an
important role in the speciation and evolutionary innovations of
several groups of plant and animal species [7,8], results in
reticulate (species) evolutionary histories that are best modeled
using a phylogenetic network [9,10]. Further, as hybridization may
occur between closely related species, incongruence among gene
trees may also be partly due to deep coalescence, and
distinguishing between the two factors is hard under these
conditions [11]. Therefore, to enable a more general application
of the new paradigm, a phylogenetic network model that allows
simultaneously for deep coalescence events as well as hybridization

is needed [12]. This model can be devised by extending the
coalescent model to allow for computing gene tree probabilities in
the presence of hybridization. In this paper we focus on gene tree
topologies and analyze the signal they contain for detecting
hybridization in the presence of deep coalescence.

Applications of probabilities of gene tree topologies given
species trees include determining statistical consistency (or
inconsistency) of topology-based methods for inferring species
trees [13–15], testing the multispecies coalescent model [13,16],
determining identifiability of species trees using linear invariants of
functions of gene tree topology probabilities [17,18], delimiting
species [19], designing simulation studies for species tree inference
methods [20–22], and inferring species trees [23,24]. We expect
that similar applications may be useful for probabilities of gene
tree topologies given species networks. In particular, it will be
useful to be able to evaluate the performance of methods that infer
species trees in the presence of hybridization as well as the
performance of methods for inferring species networks. Knowing
the distribution of gene tree topologies could also be useful for

PLoS Genetics | www.plosgenetics.org 1 April 2012 | Volume 8 | Issue 4 | e1002660
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Inferring duplications, losses, transfers and incomplete
lineage sorting with nonbinary species trees
Maureen Stolzer1,!, Han Lai1, Minli Xu2, Deepa Sathaye3, Benjamin Vernot4 and
Dannie Durand1,3

1Department of Biological Sciences, 2Lane Center for Computational Biology, 3Department of Computer Science,
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ABSTRACT
Motivation: Gene duplication (D), transfer (T), loss (L) and incomplete
lineage sorting (I) are crucial to the evolution of gene families and
the emergence of novel functions.The history of these events can
be inferred via comparison of gene and species trees, a process
called reconciliation, yet current reconciliation algorithms model only
a subset of these evolutionary processes.
Results: We present an algorithm to reconcile a binary gene tree
with a nonbinary species tree under a DTLI parsimony criterion. This
is the first reconciliation algorithm to capture all four evolutionary
processes driving tree incongruence and the first to reconcile non-
binary species trees with a transfer model. Our algorithm infers all
optimal solutions and reports complete, temporally feasible event
histories, giving the gene and species lineages in which each event
occurred. It is fixed-parameter tractable, with polytime complexity
when the maximum species outdegree is fixed. Application of our
algorithms to prokaryotic and eukaryotic data show that use of an
incomplete event model has substantial impact on the events inferred
and resulting biological conclusions.
Availability: Our algorithms have been implemented in Notung,
a freely available phylogenetic reconciliation software package,
available at http://www.cs.cmu.edu/"durand/Notung.
Contact: mstolzer@andrew.cmu.edu

1 INTRODUCTION
The phylogeny of a gene family evolving by vertical descent
will agree with the associated species tree. Gene duplication,
gene loss, horizontal gene transfer (HGT) or incomplete lineage
sorting (ILS) can result in a gene tree that differs from the
species tree (Maddison, 1997). The history of such events can be
inferred through topological comparison of gene and species trees,
a process called ‘reconciliation’. Reconciliation encompasses two
related problems: event inference and tree inference. Given rooted
gene and species trees, a mapping from extant genes to extant
species, and an event model, the goal of ‘event inference’ is to
infer the association between ancestral genes and species and the
optimal event history with respect to a combinatorial or probabilistic
optimization criterion. A complete solution must include the specific
events and the gene and species lineages in which those events
occurred. Given a set of gene trees, ‘tree inference’ seeks the species
tree that optimizes the combined events resulting from reconciliation
with each gene tree in the input set.

Here, we address the event inference problem for a model
that captures all four evolutionary processes contributing to gene
tree incongruence. Whole genome sequencing data are revealing
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an ever growing number of cases where all four processes are
active (e.g., Andersson, 2009; Serres et al., 2009; Zhaxybayeva and
Doolittle, 2011), leading to calls for algorithms that model multiple
evolutionary processes (Degnan and Rosenberg, 2009; Edwards,
2009). Algorithms lacking a model of incongruence due to ILS
will overestimate the number of duplications and/or transfers. For
example, a recent analysis, based on a model that did not consider
ILS, reported an inexplicable but dramatic increase in duplications in
recently sequenced mammalian genomes (Milinkovitch et al., 2010).
For large-scale analysis of multigenome phylogenetic datasets,
reconciliation algorithms that allow ILS to be distinguished from
other sources of incongruence are essential.

1.1 Related work
Gene tree incongruence has been considered from two perspectives.
Multispecies coalescent models focus on ILS as a source of
incongruence (reviewed in Degnan and Rosenberg, 2009). The basic
assumption underlying this work is that gene tree incongruence
arises from ILS due to genetic drift, although some methods also
take hybridization and/or recombination into account (reviewed in
Degnan and Rosenberg 2009; Edwards 2009). The multispecies
coalescent explicitly relates the probability of an incongruent gene
tree to the time between species divergences and the effective
size of the ancestral population. In the context of tree inference,
these parameters can be inferred from a collection of gene trees.
Event inference, however, requires prior estimates of population
parameters because only one tree is under consideration.

In contrast, reconciliation focuses on incongruence that arises
from processes that change the number of loci in a gene family;
i.e. duplication, loss and transfer. Most event inference algorithms
consider either gene duplication or HGT (Doyon et al., 2011;
Nakhleh, 2010; Nakhleh et al., 2009), but not both. Exact algorithms
with exponential time complexity have been presented for the
duplication-transfer (DT) (Tofigh et al., 2011) and duplication-
transfer-loss (DTL) models (David and Alm, 2011), under a
parsimony criterion. Event inference with transfers is NP-complete
(Hallett et al., 2004), but can be solved in polynomial time under
a restricted model where only transfers between contemporaneous
species are considered. This model (reviewed in Doyon et al., 2011;
Huson and Scornavacca, 2011) requires estimates of speciation
times, which are frequently not known. In addition, algorithms for
this restricted model may fail to recognize transfers if they involve
a taxon missing from the dataset (Huson and Scornavacca, 2011;
Nakhleh, 2010).

Reconciliation implicitly assumes that inter-speciation times are
sufficiently long that genetic drift and incomplete lineage sorting
may be safely excluded from consideration. This assumption breaks
down when the species tree contains polytomies or very short
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Keep In Mind...
• In practice, gene trees are estimated from sequence data.

• Gene tree estimates may be inaccurate.

• These inaccuracies in the gene tree estimates give rise to incongruence 
similar to that caused by true evolutionary events.

• It is important to recognize this and account for errors in the gene tree 
estimates before or during the species phylogeny inference process. 
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Genome Rearrangements
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Genome Rearrangements

• In addition to HGT and dup/loss, other “large” mutational events act on the 
genome:

• transpositions

• translocations

• inversions

• fusions

• ...
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Genome Rearrangements

[Source: Bourque et al., Genome Research, 12(1):26-36,2002.]
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Genome Rearrangements

Rearrangements in the 
MCF-7 breast cancer 

cell line

[Source: Hampton et al., Genome Research, 19(2):167-177,2009.]
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Genome Rearrangements

• Genome representation: The molecular sequence information of genes is 
abstracted out, and the genome is turned into a list of signed numbers, where 
each element in the list corresponds to a gene, and the sign corresponds to 
the direction (strand) on the genome. 

• Under this representation, a genome is viewed as a single character with a 
very large state space (all possible permutations of the list), and the evolution 
of this character is sought for a set of species. 
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Genome RearrangementsRearrangements: viewpoints
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Double-cut-and-join makes two cuts in the genome, then reglues the ends.

With one cut on each of two chromosomes, translocation and fusion can occur.
With two cuts on the same chromosome, inversion and fission can occur.
Two successive DCJs, one with fission, one with fusion, cause a block exchange.

Nantes, 6/8/09 – p. 27

[Source: Slides on Comparative Genomics, by B.M.E. Moret, PSB 2010]
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Genome Rearrangements

• Evolutionary models for genome rearrangements include

• parsimony: minimize the number of “allowed” rearrangement events that 
transform one genome into another

• “weighted”: 

• The Nadeau-Taylor and Generalized Nadeau-Taylor models

• The double-cut-and-join (DCJ) model
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Genome Rearrangements

• Computational problems include:

• Computing the distance between two genomes

• Ancestral reconstruction of genomes

• The “median problem” (given three genomes, find a genome that 
minimizes the sum of distances to all three genomes)

• Multiple alignment of genomes

• Phylogeny reconstruction from genomes
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• Currently, our best understanding, from a modeling perspective, is in the area 
of incomplete lineage sorting (thanks to the coalescent model). There is need 
for similar models for the other events. 

• The holy grail: a model that captures all events simultaneously! 

• Ultimately, we are interested in inference. Most methods currently employ the 
parsimony principle. There is need for probabilistic inference. 

• Scalability: Current methods, even if accurate, are too slow to analyze large 
data sets. There is need for efficient algorithms and high-performance 
computing techniques. 

Challenges
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Summary
• Phylogenomic analyses often involve dealing with incongruent gene trees 

and/or genome rearrangements. 

• It is important to infer the evolutionary mechanism, or mechanisms, that gave 
rise to the incongruence.

• Inferring species phylogenies (trees or networks) in the post-genomic era 
requires accounting for “evolution within a gene” (e.g., nucleotide evolution) 
and “evolution within and across the branches of the species phylogeny” (i.e., 
gene tree incongruence). 

• The evolution of networks should be tied to the evolution of genes/genomes!
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