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Why Phylogenetic Networks?
Phylogenomics: ILS + duplication / loss +
gene flow + recombination
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• Challenges:
• Infinite search space
number of taxa under reticulation node
• Heavy likelihood calculation
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Necessary Skills

Network topology and associated parameters

Open problems

• New models to incorporate recombination
• All the work at present assumes it’s recombination free within
each locus
• New models of trait evolution on networks
• Previous work is mostly about trait evolution on species trees
• New models of species delimitation
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relative phylogenetic positions of An. arabiensis
and An. quadriannulatus, for simplicity, we
grouped the most frequently observed topologies
into three sets (Fig. 2 and fig. S16), (i) A+CG:
those that supported An. arabiensis clustering
with An. coluzzii + An. gambiae; (ii) A+CG, R+Q:
those that supported both An. arabiensis (An.
coluzzii + An. gambiae) and An. merus + An.
quadriannulatus; and (iii) A+Q: those that supported the clustering of An. arabiensis and An.
quadriannulatus. On the X chromosome, all three
of the most frequently observed topologies (inferred from 64% of windows) strongly supported the
relationship [melas (arabiensis, quadriannulatus)],
which indicated a sister-taxon relationship between
An. arabiensis and An. quadriannulatus (i.e., A+Q)
(orange shades in Fig. 2). This relationship was
shared among all field-collected samples (Fig. 1D).
Notably, the X chromosomal windows supporting
these topologies are concentrated distal to the centromere (Fig. 3D and supplementary text S3), in
an ~15-Mb region corresponding to the Xag inversion whose orientation is ancestral to the An.
gambiae complex and shared by An. gambiae,
An. coluzzii, and An. merus (see supplementary
text S5).
In stark contrast to the X chromosome, the
overwhelming majority of window-based topologies across the autosomes supported An. arabiensis
as sister to An. gambiae + An. coluzzii (green
and purple shades in Fig. 2). On chromosomes
3 and 2R, a subset of these topologies also supported a sister-taxon relationship between An.
quadriannulatus and An. merus, in further disagreement with the X chromosome (purple shades,
Fig. 2).
Autosomal introgression between An. arabiensis
and the ancestor of An. gambiae + An. coluzzii
has long been postulated (10, 22) and could explain the strong discordance between the dominant tree topologies of the X and autosomes.
However, before this study, the correct species
branching order was unresolved, which precluded
definitive interpretation of these conflicting signals. To infer the correct historical branching
order, we applied a strategy based on sequence
divergence (supplementary text S3 and fig. S16).
Because introgression will reduce sequence divergence between the species exchanging genes,
we expect that the correct species branching order
revealed by gene trees constructed from nonintrogressed sequences will show deeper divergences than those constructed from introgressed
sequences. If the hypothesis of autosomal introgression is correct, this implies that the topologies supported by the X chromosome should
show significantly higher divergence times between An. arabiensis and either An. gambiae or
An. coluzzii than topologies supported by the
autosomes.
To test this hypothesis, we used An. arabiensis,
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and T2, we conducted two different tests. Initially,
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Algorithms
• Likelihood-based methods
• Derive likelihood calculation
under more complex model
• Computing likelihood efficiently
• Approximate likelihood
calculation
• Parsimony-based methods
• Integrative parsimony criterion
that makes the most of the
signal
• Summary-based methods
• Distance method that accounts
for missing data
• Graph mining: network motifs
• Maximum agreement
subnetworks

• Search techniques
• Heuristic search
• Adjust search space
• Design new moves
• Bayesian sampling
• Design hybrid proposals
• Design reasonable prior
• Employ alternatives to MCMC
• Gene tree calibration
• Resolve weak or non-binary gene
trees
• Hypothesis testing
• Simulator designing:
• Accounting for more biological
events

of [105, 111] ameliorate the computational complexity of computing the pmf by employing
up algorithm that stores values at nodes. In other words, they trade off memory for time. T
that these algorithms scale in Scalability
the case of trees but not networks is precisely the illustrat
2A. It is important to keep in mind two important issues. First, the illustration is based on
with 20 taxa and a single reticulation. In practice,
weparallelization
aim to scale methods to hundreds o
• Divide-and-conquer:
• Hybrid
a larger number
of reticulations. In particular,Designing
the “configuration”
of multiple
reticulation
• Tree-based
decomposition
algorithms
that can
they independent or dependent? If dependent, compute
how?) makes
a big difference in the explosion
• Supertree
in parallel
of the set
H. Second, statistical inference of networks,
be it likelihood or Bayesian, entails w
• Subtree
inference
• Data-level
space of
networks and
evaluating, at every step,• the
pmf for m gene trees. In other words, t
• Merger
algorithms
of subtrees
Chain-level
one-time operation
whose cost could be tolerated
for one step.
• Network-based
decomposition
• Run-level
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• Subnetwork inference
• Implementation of cacheWhat controls
all this
complexity? An obvious
factor
thatmemory-saving
significantly affects the runn
• Merger
algorithms
of subnetworks
efficient
and
computing accounting
the pmf is thefor
number of taxa (leaves)
in the network. However, in some cases,
• Algorithms
code
the likelihood of a network on 20 taxa could take
less time than that of computing the like
uncertainties
• PhyloNet
networkplacement
with, say, 10 taxa; why? Fig. 2A gives
the answer.
The complexity
of a phylogenet
• Phylogenetic
• Different
sampling
techniques:
is governed
by the
diameters
of the reticulation• nodes
and the number
leaves under the r
• Iteratively
adding
leaves
to existing
Hamiltonian
Monte of
Carlo
nodes (Fig. 2B). The larger either or both of these,
the worseMonte
the explosion
network
• Sequential
Carlo in the size o

consequently, the worse the likelihood calculations become in terms of time and memory req
These exorbitant computational costs are only exacerbated, in a potentially exponential ma
the number of reticulations increases.

Proposed methods Motivated by this analysis of the complexity of networks, we propose
a suite of innovative algorithms that individually or in combination would tame the com

