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Abstract

Method

Phylogenetic networks extend the phylogenetic tree structure and allow for
modeling vertical and horizontal evolution in a single framework. Statistical
inference of phylogenetic networks is prohibitive and currently limited to
small networks. An approach that could significantly improve phylogenetic
network space exploration is based on first inferring an evolutionary tree
of the species under consideration, and then augmenting the tree into
a network by adding a set of "horizontal" edges to better fit the data.
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Why do we care about phylogenetic networks?
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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,
An. gambiae, and An. melas, as these three species
show strongly discordant trees on the X and autosomes. For this trio, there are three possible phylogenetic relationships and two divergence times
for each, T1 and T2 (Fig. 3A). Using the metrics T1
and T2, we conducted two different tests. Initially,
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Results
Simulation results:
Tree-based
Inference is not as
accurate as D&C,
but much faster

Accuracy of network inference:

Running time:
MPL: 7.0 CPU-hours
MDC: 16.4 CPU-hours
MPL’: 17.0 CPU-hours
MDC’: 26.4 CPU-hours
MPLo: 13.16 CPU-hours
D&C: 1636.8 CPU-hours

Accuracy of species tree
inference:
• concatenation: 50%
• Independent loci: 87.5%

Efficiency and
accuracy:
combine D&C
and tree-based
inference

Blue: completely correct
Yellow: partially correct
Gray: wrong

Accuracy of subnetwork inference:

Running time:
Improve 1636.8 to 1.4 CPU
hours
Accuracy loss:
7% topologically identical
1% inside

Blue: completely correct
Orange: inside
Gray: wrong
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Summary
•

Can we first infer a species tree, and then augment it to a
network?
• Accuracy: not as good D&C
• Running time: much faster

Biological
results:
Inference results
of rainbow skinks

Carlia_rhomboidalis
Carlia_amax

Future direction:
• Divide and conquer: Tree-based for topology; MCMC_SEQ for
divergence time, inheritance probabilities
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