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Abstract.—PhyloNet was released in 2008 as a software package for representing and analyzing phylogenetic networks. At
the time of its release, the main functionalities in PhyloNet consisted of measures for comparing network topologies and
a single heuristic for reconciling gene trees with a species tree. Since then, PhyloNet has grown significantly. The software
package now includes a wide array of methods for inferring phylogenetic networks from data sets of unlinked loci while
accounting for both reticulation (e.g., hybridization) and incomplete lineage sorting. In particular, PhyloNet now allows
for maximum parsimony, maximum likelihood, and Bayesian inference of phylogenetic networks from gene tree estimates.
Furthermore, Bayesian inference directly from sequence data (sequence alignments or biallelic markers) is implemented.
Maximum parsimony is based on an extension of the “minimizing deep coalescences” criterion to phylogenetic networks,
whereas maximum likelihood and Bayesian inference are based on the multispecies network coalescent. All methods allow
for multiple individuals per species. As computing the likelihood of a phylogenetic network is computationally hard,
PhyloNet allows for evaluation and inference of networks using a pseudolikelihood measure. PhyloNet summarizes the
results of the various analyzes and generates phylogenetic networks in the extended Newick format that is readily viewable by
existing visualization software. [Bayesian inference; incomplete lineage sorting; maximum likelihood; maximum parsimony;
multispecies network coalescent; phylogenetic networks; reticulation.]

With the increasing availability of whole-genome and
multilocus data sets, an explosion in the development
of methods for species tree inference from such
data ensued. In particular, the multispecies coalescent
(Degnan and Rosenberg 2009) played a central role in
explaining and modeling the phenomenon of gene tree
incongruence due to incomplete lineage sorting (ILS), as
well as in devising computational methods for species
tree inference in the presence of ILS (e.g., Liu 2008; Heled
and Drummond 2010).

Nevertheless, with the increasing recognition that
the evolutionary histories of several groups of closely
related species are reticulate (Mallet et al. 2016), there
is a need for developing methods that infer species
phylogenies while accounting not only for ILS but also
for processes such as hybridization. Such reticulate
species phylogenies are modeled by phylogenetic networks
(Huson and Bryant 2005; Huson et al. 2010; Nakhleh
2010; Morrison 2011). A phylogenetic network extends
the phylogenetic tree model by allowing for horizontal
edges that capture the inheritance of genetic material
through gene flow (Fig. 1a). While the phylogenetic
network captures how the species, or populations, have
evolved, gene trees growing within its branches capture
the evolutionary histories of individual, recombination-
free loci (Fig. 1b). The relationship between phylogenetic
networks and trees is complex in the presence of
ILS (Zhu et al. 2016). Mathematically, the topology of
a phylogenetic network takes the form of a rooted,
directed, acyclic graph. In particular, while gene flow
involves contemporaneous species or populations, past
extinctions or incomplete sampling for taxa sometimes
result in horizontal edges that appear to be “forward
in time” (Fig. 1). It is important to account for such an

event, which is why acyclicity, rather than having truly
horizontal edges, is the only constraint that should be
imposed on rooted directed graphs, in practice, if one is
to model reticulate evolutionary histories.

For inference of phylogenetic networks from
multilocus data sets, the notions of coalescent histories
and the multispecies coalescent were extended to
phylogenetic networks (Yu et al. 2011; Yu et al. 2012).
Based on these new models, the “minimizing deep
coalescence” criterion (Maddison 1997; Than and
Nakhleh 2009) was extended to phylogenetic networks,
which allowed for a maximum parsimony inference of
phylogenetic networks from the gene tree estimates of
unlinked loci (Yu et al. 2013a). Subsequently, maximum
likelihood inference (from gene tree estimates) via
hill-climbing heuristics and Bayesian inference via
RJMCMC were devised (Yu et al. 2014; Wen et al.
2016). As computing the likelihood of a phylogenetic
network formed a major bottleneck in the inference,
speedup techniques for likelihood calculations and
pseudolikelihood of phylogenetic networks were
introduced (Yu et al. 2013b; Yu and Nakhleh 2015b).
Finally, to enable direct estimation from sequence data,
new methods were developed for Bayesian inference
from sequence alignments of unlinked loci (Wen and
Nakhleh 2017) as well as biallelic markers of unlinked
loci (Zhu et al. 2018). Here we introduce PhyloNet 3, a
software package for phylogenetic network inference
from multilocus data under the aforementioned models
and criteria. This version is a significant expansion of the
version reported on in Than et al. (2008). Phylogenetic
networks inferred by PhyloNet are represented using an
extended Newick format and can be readily visualized
by Dendroscope (Huson and Scornavacca, 2012).
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Phylogenomics

p(g|Ψ) : the multispecies 
                coalescent (MSC)

p(S|g) : the “Felsenstein” 
              likelihood of gene tree g
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•What happens to the model 
when both reticulation 
(say, hybridization) and ILS 
are simultaneously at 
play? 
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1) Ψ is now a network, rather 
than a tree

2) p(g|Ψ) is now given by the 
multispecies network coalescent
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Phylogenetic Networks
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A leaf-labeled, rooted, directed, acyclic graph (rDAG)
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The Multispecies Network 
Coalescent
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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,
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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.
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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

The Multispecies Network 
Coalescent

Maximum likelihood inference of reticulate
evolutionary histories
Yun Yua,1, Jianrong Donga, Kevin J. Liua,b, and Luay Nakhleha,b,1

Departments of aComputer Science and bEcology and Evolutionary Biology, Rice University, Houston, TX 77005
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Hybridization plays an important role in the evolution of certain
groups of organisms, adaptation to their environments, and
diversification of their genomes. The evolutionary histories of
such groups are reticulate, and methods for reconstructing them
are still in their infancy and have limited applicability. We present
a maximum likelihood method for inferring reticulate evolutionary
histories while accounting simultaneously for incomplete lineage
sorting. Additionally, we propose methods for assessing confi-
dence in the amount of reticulation and the topology of the
inferred evolutionary history. Our method obtains accurate esti-
mates of reticulate evolutionary histories on simulated datasets.
Furthermore, our method provides support for a hypothesis of
a reticulate evolutionary history inferred from a set of house
mouse (Mus musculus) genomes. As evidence of hybridization in
eukaryotic groups accumulates, it is essential to have methods
that infer reticulate evolutionary histories. The work we present
here allows for such inference and provides a significant step to-
ward putting phylogenetic networks on par with phylogenetic
trees as a model of capturing evolutionary relationships.

reticulate evolution | incomplete lineage sorting | phylogenetic networks |
maximum likelihood

Phylogenetic trees have long been a mainstay of biology, pro-
viding an interpretive model of the evolution of molecules and

characters and a backdrop against which comparative genomics
and phenomics are conducted. Nevertheless, some evolutionary
events, most notably horizontal gene transfer in prokaryotes and
hybridization in eukaryotes, necessitate going beyond trees (1).
These events result in reticulate evolutionary histories, which are
best modeled by phylogenetic networks (2). The topology of a
phylogenetic network is given by a rooted, directed, acyclic graph
(rDAG) that is leaf-labeled by a set of taxa (Fig. 1; more details
are provided inModel and SI Appendix). Reticulation events result
in genomic regions with local genealogies that are incongruent
with the speciation pattern. Several methods and heuristics use
this incongruence as a signal for inferring reticulation events and
reconstructing phylogenetic networks from local genealogies.
These methods, which are surveyed elsewhere (2–4), assume that
reticulation events are the sole cause of all incongruence among
the gene trees and seek phylogenetic networks to explain all of the
incongruence. A serious limitation of these methods is that they
would grossly overestimate the amount of reticulation in a dataset
when other causes of incongruence are at play. Indeed, several
recent studies (5–9) have shown that detecting hybridization in
practice can be complicated by the presence of incomplete lineage
sorting (ILS) (Fig. 1).
Recently, a set of methods was devised to analyze data

where reticulation and ILS might both be simultaneously at
play (10–15). However, these methods are all applicable to
simple scenarios of species evolution and mostly assume
a known hypothesis about the topology of the phylogenetic
network. As reported (16, 17), we devised methods for com-
puting the likelihood of a phylogenetic network, given a set of
gene tree topologies. Still, these methods did not allow for
inference of phylogenetic networks (they assume a given
phylogenetic network topology and compute its likelihood).

To the best of our knowledge, the first method to conduct
a search of the phylogenetic network space in search of opti-
mal phylogenies is described in a study by our group (18).
However, this method is based on the maximum parsimony
criterion: It seeks a phylogenetic network that minimizes the
number of “extra lineages” resulting from embedding the set
of gene tree topologies within its branches.
Progress with phylogenetic network inference notwithstanding,

methods of inferring reticulate evolutionary histories while ac-
counting for ILS are still considered to be in their infancy and
inapplicable broadly (9). This inapplicability stems mainly from
two major issues: the lack of a phylogenetic network inference
method and the lack of a method to assess the confidence in the
inference. Here, we develop methods that resolve both issues and
carry phylogenetic networks into the realm of practical phyloge-
nomic applications. For the inference, we propose operations for
traversing the phylogenetic network space, as well as methods for
assessing the complexity of a network. For measuring branch
support of inferred networks, we use the bootstrap method.
Furthermore, we derive, for the first time to our knowledge, the
distribution (density) of gene trees with branch lengths, given
a phylogenetic network, and use it in inference. Our methods
provided very good results on simulated datasets. We also applied
our methods to a dataset of thousands of loci from five house
mouse (Mus musculus) genomes. The analysis yielded a well-
supported evolutionary history with two hybridization events.

Model
We seek to infer a phylogenetic network Ψ that models the
(potentially reticulate) evolutionary history of a set X of species,
where multiple individuals might be sampled per species. We use
the phylogenetic network model given by Nakhleh (2). A

Significance

Phylogenetic trees play a central role in biology, modeling
evolutionary histories of taxa ranging from genes, to genomes,
and to species. Although trees will continue to be an essential
modeling tool in evolution, phenomena such as hybridization,
or gene flow more generally, result in evolutionary histories
that are best modeled by phylogenetic networks. Inference of
such networks is complicated by the presence of other evolu-
tionary events, such as incomplete lineage sorting (ILS). Here,
we provide a maximum likelihood method for inferring re-
ticulate evolutionary histories while accounting for ILS. The
method enables new evolutionary analyses under more com-
plex evolutionary scenarios than existing methods can handle.

Author contributions: Y.Y. and L.N. designed research; Y.Y., J.D., and L.N. performed
research; Y.Y., J.D., and K.J.L. contributed new reagents/analytic tools; Y.Y., J.D., K.J.L.,
and L.N. analyzed data; and Y.Y., J.D., K.J.L., and L.N. wrote the paper.
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This article is a PNAS Direct Submission.
1To whom correspondence may be addressed. Email: nakhleh@cs.rice.edu or yy9@cs.
rice.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1407950111/-/DCSupplemental.

16448–16453 | PNAS | November 18, 2014 | vol. 111 | no. 46 www.pnas.org/cgi/doi/10.1073/pnas.1407950111

�11



•Phylogenetic networks model a 
continuous epoch of gene flow 
as one instantaneous event. 
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Phylogenetic Network 
Inference: Data and Methods
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•PhyloNet is a software package 
that implements all these 
inference methods. 
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• Since a tree is a special case of network 
(a network with zero reticulation nodes), 
all these methods can be used to infer 
species trees 

• Simply set the maximum number of 
reticulations to 0 and the methods 
will search the tree (not network) 
space!
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• But, PhyloNet also has tree-specific methods:
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•Phylogenetic network inference 
is computationally very hard.


•All the methods in PhyloNet are 
heuristics.


• (This answers the question 
“Why did different runs return 
different networks?”)  
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•NO, PhyloNet does not designate a 
species tree and search for 
reticulations to add to it! 


•PhyloNet searches the space of 
phylogenetic networks; the “species 
tree” inside the network is in the 
eyes of the beholder. 

�22



col gam ara qua mel mer

0.03

col gam ara qua mel mer

0.97

?

SPECIAL ISSUE: GENOMICS OF HYBRIDIZATION

Reticulate evolutionary history and extensive
introgression in mosquito species revealed by
phylogenetic network analysis

DINGQIAO WEN,* YUN YU,* MATTHEW W. HAHN†‡ and LUAY NAKHLEH*§
*Department of Computer Science, Rice University, Houston, TX 77005, USA, †Department of Biology, Indiana University,
Bloomington, IN 47405, USA, ‡School of Informatics and Computing, Indiana University, Bloomington, IN 47405, USA,
§Department of BioSciences, Rice University, Houston, TX 77005, USA

Abstract

The role of hybridization and subsequent introgression has been demonstrated in an
increasing number of species. Recently, Fontaine et al. (Science, 347, 2015, 1258524) con-
ducted a phylogenomic analysis of six members of the Anopheles gambiae species com-
plex. Their analysis revealed a reticulate evolutionary history and pointed to extensive
introgression on all four autosomal arms. The study further highlighted the complex
evolutionary signals that the co-occurrence of incomplete lineage sorting (ILS) and
introgression can give rise to in phylogenomic analyses. While tree-based methodolo-
gies were used in the study, phylogenetic networks provide a more natural model to
capture reticulate evolutionary histories. In this work, we reanalyse the Anopheles data
using a recently devised framework that combines the multispecies coalescent with
phylogenetic networks. This framework allows us to capture ILS and introgression
simultaneously, and forms the basis for statistical methods for inferring reticulate evo-
lutionary histories. The new analysis reveals a phylogenetic network with multiple
hybridization events, some of which differ from those reported in the original study.
To elucidate the extent and patterns of introgression across the genome, we devise a
new method that quantifies the use of reticulation branches in the phylogenetic net-
work by each genomic region. Applying the method to the mosquito data set reveals
the evolutionary history of all the chromosomes. This study highlights the utility of
‘network thinking’ and the new insights it can uncover, in particular in phylogenomic
analyses of large data sets with extensive gene tree incongruence.

Keywords: Anopheles gambiae, hybridization, incomplete lineage sorting, introgression,
phylogenetic networks

Received 3 October 2015; revision received 15 December 2015; accepted 6 January 2016

Introduction

In a recent study, Fontaine et al. (2015) conducted phy-
logenomic analyses of the species complex including
the malaria vector, Anopheles gambiae. The authors
reported a reticulate evolutionary history of this group,
including extensive introgression patterns across all
four autosomal chromosome arms. They inferred a

species tree based on the X chromosome and used
information on sequence divergence from the auto-
somes to hypothesize three hybridization events. This
study of recently diverged species highlighted two pro-
cesses that can be at play during evolution and must be
accounted for in phylogenomic analyses. On the one
hand, the low levels of divergence mean that species
can hybridize and that their genomes may carry intro-
gressed genetic material. On the other hand, the short
times between speciation events mean that incomplete
lineage sorting (ILS) is likely to occur. Phylogenomic

Correspondence: Luay Nakhleh, Fax: 713 348 3959; E-mail:
nakhleh@rice.edu

© 2016 John Wiley & Sons Ltd

Molecular Ecology (2016) doi: 10.1111/mec.13544
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On the Number of 
Reticulations

• MDC and MLE based inferences favor more complex 
networks.


• Recommendation: Search for networks with increasing 
numbers of reticulations and examine the 
improvements in the MDC score and likelihood, 
respectively, of the inferred networks.


• The prior in Bayesian inference penalizes model 
complexity.
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Why Are Networks Computationally 
More Challenging than Trees?
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Why Are Networks Computationally 
More Challenging than Trees?

The size of HΨ(g) increases by 7 orders of magnitude 
by adding just one reticulation event to a species tree!!! 

1×107

number	of	taxa	under	reticulation	node

ra
tio

diam
eter	of	reticulation

�26



On the Number of 
Reticulations

• In general, I recommend limiting the number 
of reticulations in the analysis since it has a 
huge negative impact on the computational 
complexity.


• Pseudo-likelihood is hardly sensitive to 
the number of reticulations, though.
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Individuals Per Species

• All methods allow data from multiple 
individuals per species (but that further 
adds to the computational complexity). 


•Missing data (as in missing an entire 
sequence for a certain locus) is also 
handled. 
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Bayesian inference 
directly from the 
sequence data
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Bayesian inference 
directly from the 
sequence data

Mapping individuals  
to species
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Bayesian inference 
directly from the 
sequence data

Mapping individuals  
to species

Locus 1: 
2 individuals from A 
2 individuals from B 
0 individuals from C
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Bayesian inference 
directly from the 
sequence data

Mapping individuals  
to species

Locus 1: 
2 individuals from A 
2 individuals from B 
0 individuals from C

Locus 3: 
1 individual from A 
2 individuals from B 
1 individual from C
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Other Useful Functionalities 
in PhyloNet
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Thank You

http://bioinfocs.rice.edu/phylonet

M. Barnett, J.H. Degnan,  
J. Dong, K. Liu, H. Ogilvie, 

D. Ruths, C. Than,            
D. Wen,Y. Yu, J. Zhu
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