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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).
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What is PhyloNet?



What is a Phylogenetic 
Network?

A B C

tree node

reticulation node

 
A leaf-labeled, rooted, directed, acyclic graph (rDAG)
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Phylogenomics:  
ILS + Reticulation

Multispecies
Network

Coalescent
A B C
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Inference of Phylogenetic 
Networks

Input: Sequence alignments for m loci

Output: Phylogenetic network and

inheritance probabilities 

S = {S1, S2, . . . , Sm}

( ,�)
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Maximum Parsimony 
Inference

a b c d a b c d a b c d

A B C D

Input  
gene  
trees

Network with 
1 reticulation 

and 
2 extra lineages
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Statistical Inference

A B C

Population sizes, divergence
times, … Inheritance probabilities, 

one per locus per 
reticulation node

Assuming independent loci: p(S| ) =
Y

i

Z

G
p(Si|g)p(g| )dg
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Multiple sequence alignments of 
unlinked loci Unlinked bi-allelic markers

Two-step inference Direct inference
Direct inference

MDC network MLE network MPLE network

Parsimony Likelihood Bayesian

MAP network 
or posterior 
distribution

MAP network 
or posterior 
distribution

Bayesian Bayesian

Network inference

Gene tree estimates

Network topology Network topology and associated parameters

MAP network 
or posterior 
distribution

Pseudo
likelihood

MPLE network

Pseudo
likelihood

MCMC_SEQ MCMC_BiMarkers MLE_BiMarkersMCMC_GTInferNetwork_MPLInferNetwork_MLInferNetwork_MP

PhyloNet  
commands

Output 
type

Inference Process and Approaches�8



List of Inference Commands
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https://wiki.rice.edu/confluence/display/PHYLONET/List+of+PhyloNet+Commands
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• Yes. 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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Can we Infer a Tree?



•NO, in general, PhyloNet does not 
designate a species tree and search for 
reticulations to add to it! 


•But, if the user wants to start with a species 
tree and search for “best” reticulations to 
add to it, these are implemented in 
InferNetwork_MPL and InferNetwork_MP 
using -fs. 
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Can we Fix a Species Tree 
and Search for Reticulations?



•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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Computational Difficulty



How to determine the Number 
of Reticulations

• It is a very hard problem (the same as the 
problem of determining the number of clusters 
in the clustering problem)


• The Bayesian approach performs best at 
determining the number, as the prior “naturally” 
accounts for model complexity.


• In general, we recommend incrementally 
increasing the number of reticulations allowed 
and comparing the results. 
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•We also recommend limiting the number 
of reticulations allowed in the analysis 
since it has a huge impact on the 
computational complexity.


• Inferences based on pseudo-likelihood 
can scale to larger data sets, though.

How to determine the Number 
of Reticulations
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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

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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Visualizing the Inferred 
Networks

•Dendroscope: dendroscope.org


• IcyTree: icytree.org
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http://dendroscope.org
http://icytree.org


Try PhyloNet for yourself:

bioinfocs.rice.edu/phylonet
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Warmup Example
1. Download PhyloNet and NEXUS file.


� 


2. Open your terminal, change path 


� 


3. Type the command


� 


4. Enter! See your outputs!
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