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Hybridization as an invasion of the

genome

James Mallet

Galton Laboratory, University College London, Wolfson House, 4 Stephenson Way, London, UK, NW1 2HE

Hybridization between species is commonplace in
plants, but is often seen as unnatural and unusual in
animals. Here, | survey studies of natural interspecific
hybridization in plants and a variety of animals. At least
25% of plant species and 10% of animal species, mostly
the youngest species, are involved in hybridization and
potential introgression with other species. Species in
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challenges the ‘reality’ of biological species. In the course
of the development of the biological species concept, a sort
of repugnance against hybridization prevailed, akin to the
fear on which ‘Invasion of the Body Snatchers’ plays.
Supporters of the biological species concept viewed
hybridization as a ‘breakdown of isolating mechanisms’
[2]. When hybridization occurred, it was explained via
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Butterfly genome reveals promiscuous exchange of
mimicry adaptations among species

The Heliconius Genome Consortium*

doi:10.1038/nature11041

Current Biology 27, 1296-1301, August 9, 2011 ©2011 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2011.06.043

Report
Adaptive Introgression of Anticoagulant
Rodent Poison Resistance
by Hybridization between Old World Mice

Ying Song,! Stefan Endepols,? Nicole Klemann,3 to alter blood clotting kinetics and/or in vitro VKOR activities
Dania Richter,* Franz-Rainer Matuschka,* Ching-Hua Shih, in humans and rodents in response to exposure to anticoagu-
Michael W. Nachman,® and Michael H. Kohn?'-* lants [2]; additional SNPs in vkorc1 await such experimental

1Department of Ecology and Evolutionary Biology, proof. A mere ~10 years after the inception of warfarin as
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How do we compute P(gt|V) ?
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Denote by Hy(gt) the set of all coalescent histories of
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Degnan and Salter (Evolution, 2005) gave the mass
probability function of a gene tree topology gt for a given
species tree with topology W and vector of branch lengths
A:
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Tavareé (Theoretical Population Biology, 1984)
Watterson (Theoretical Population Biology, 1984)
Takahata and Nei (Genetics, 1985)
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A phylogenetic network N on set X of taxa is an ordered pair (G, f), where

e G = (V,F)isadirected, acyclic graph (DAG) with V' = {r} UV UV UV, where

— tndeg(r) = 0 (r is the root of N);
— Yv € Vi, indeg(v) = 1 and outdeg(v) = 0 (V, are the leaves of N);

— Yv € Vp, indeg(v) = 1 and outdeg(v) > 2 (Vp are the tree nodes of N); and,

— Yv € Vi, indeg(v) = 2 and outdeg(v) = 1 (Vi are the reticulation nodes of N),

and I/ C V' x V are the network’s edges (we distinguish between reticulation edges,

edges whose heads are reticulation nodes, and free edges, edges whose heads are tree nodes.

o f: Vi — X isthe leaf-labeling function, which 1s a bijection from V7, to X.

r
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In addition to the topology, the network has

- branch lengths (in coalescent units), and

- inheritance probabilities
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TREES INDUCED BY NETWORKS
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A SOLUTION

. Convert the phylogenetic network N into a MUL-tree T

. Consider all allele mappings from the leaves of gt to the
leaves of T

. For each allele mapping, compute the probability of
observing gt, given T, and sum the probabilities.

[Yu, Degnan, Nakhleh, PLoS Genetics, 2012.]
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. FROM A NETWORK TO A MUL-TREE

Algorithm 1: NetworkToMULTree.
Input: Phylogenetic X'-network /V; branch lengths A; hybridization probabilities .

Output: MUL tree T'; branch lengths \’; hybridization probabilities «’; edge mapping
¢: E(T) — E(N).
T < N and set ¢(e) = ¢’ where e € E(T) is a copy of ¢/ € E(N);
PN
foreach b € E(T') do
L vy — 1;
while traversing the nodes of T' bottom-up do

if node h has two parents, u and v, and child w then
Create a copy of T, whose root is new node w’ and set ¢(e) = ¢’ where e € E(T,)

isacopy of ¢’ € E(Ty);

Add to T two new edges e; = (u,w) and es = (v, w');
ey ¢ (B w); Pey = (h, w);

Nww) € Awh) T Anw) N ow) < Awp) + Ahw);
T Gnanid | e Tl T = DN

Delete from 7" node h and edges (u, h), (v, h), and (h, w);

/

Delete ’YEu,h)’ ’sz,h)7 )\(u7h)’ >\/(v,h)’ )\/(h,w)’ ¢(u,h)7 ¢(U,h)’ ¢(h,w);

return 7;
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2. CONSIDER ALL ALLELE MAPPINGS
FROM gt TO
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We need to account for dependence among the branches

of the MUL-tree
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We need to account for dependence among the branches

of the MUL-tree

The edge-mapping ¢ solves this problem.
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ACCOUNTING FOR UNCERTAINTY
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We have implemented two methods for accounting for
uncertainty in the estimated gene trees:

Using non-binary trees:

L(N,X\,~v|¥9) =

Using gene tree distributions: L(N,\,v|¥) =

L1

geY
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QHEI?(};){ NA'y( g)}
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SOLUTION

endpoints
(potentially convergent)

search within
a layer

descending
a layer

L /RN

ascending
a layer

multiple

[Yu, Dong, Liu, Nakhleh, Under Revision, PNAS, 2014.]
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SOLUTION

We have a much faster algorithm for computing gene tree
probabilities that neither converts the network to a MUL-tree
nor does an explicit summation over coalescent histories.

[Yu, Ristic, Nakhleh, BMC Bioinformatics, 2013]
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SOLUTION

To account for model complexity, we considered information
criteria (which were used before in this context), and
introduced an implementation with cross-validation.

29



AN LI KN 20N 70

DG DF MZ MK MC DG DF MC MK Mz DG DF MK MZ MC DG DF MZ MK MC DF DG MZ MK MC
InL = -47329.22 InL = -47492.46 InL = -47493.60 InL = -55547.46 InL = -55549.34
(a)

DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC
InL = -46756.88 InL = -46770.23 InL = -46796.77 InL = -46797.04 InL = -46826.47
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DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK

InL = -46392.25 InL = -46392.27 InL = -46392.38 InL = -46392.67 InL =-46392.70
()

DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC DG DF MZ MK MC

InL = -46300.49 InL = -46302.84 InL = -46302.88 InL = -46302.93 InL = -46303.02

(d)

InLL AIC | AICc | BIC | Error of cross-validation
(0) | -47329 | 94664 | 94664 | 94688 7.69x107°

N(1) | -46756 | 93527 | 93527 | 93583 5.36x107°
(2)
(3)

-46392 | 92806 | 92806 | 92893 4.03x107°
-46300 | 92635 | 92635 | 92754 4.13x107°

[Yu, Dong, Liu, Nakhleh, Under Review, 2014.]
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[Yu, Dong, Liu, Nakhleh, Under Review, 2014.]
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The authors concatenated the sequences of 106 genes, and inferred
a single species tree, which had 100% bootstrap support of all
branches

S. cerevisiae
S. paradoxus
S. mikatae

S. kudriavzevii
S. bayanus

S. castellii

S. Kluyveri

C. albicans
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Sbay Skud Smik Scer Spar Shay Skud Smik Scer Spar Shay Skud Smik Scer Spar

D 1 E o’ F a
2
, t4 3 LI . t2 t3
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Sbay Skud Smik Scer Spar Sbay  Skud Smik Scer Spar Shay Skud Smik Scer Spar
Species phylogeny ¢4 to et 5N y —InL. AIC AICc BIC
Fig. 3(A) 03 125 3.6 N/A N/A 205 416 417 424
Fig. 3(B) 02 135 3.6 N/A N/A 208 498 = 5% w45
Fig. 3(C) 1.1 1.05 3.6 N/A 034 188 384 385 395

| Fig. 3(D) 8:45: 4103 :43:6:+ 3.05.-.0.84 .. 157 325 326  338|
Fig. 3(E) 03 125 36 NA 1.0 205 420 421 434
Fig. 3(F) 155 0.05 3.7 N/A 0.18 252 SIPIEESIE2 EERES2S

[Yu, Degnan, Nakhleh, PLoS Genetics, 2012.]
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L1 For a gene tree with its coalescence times, we also have a solution:

| Ty (ht)| -1
s iDL ) = H { H 6_(ub(ht)2_k+1)(Tb(ht>k—l—1_Tb(ht)k)
b=(uv)€E(Nx~) = k=1

E 6_(vb(2ht))(7-N)\ﬁ(u)—Tb(ht)|Tb(ht)|) ¢ %';Lb(ht)

P(ga|Nay) = Z P(ht|Nx~)

htEHN)\,’y (g>\/)

[Yu, Dong, Liu, Nakhleh, Under Review, 2014.]
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L1 Our models and solutions allow for inference of networks directly

from sequences when independent loci are used:

L(NA,'Y

S)=1]

seS

S / P(slgr) - P(gr|Nan)
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SUMMARY

Viewing a phylogenetic network as a collection of (MUL-tree,allele
mapping) pairs provides a natural way to extend the multi-species
coalescent and allows for computing gene tree probabilities in the
presence of both ILS and hybridization.

This view also allows for extending HMMs to annotate genomes in the
presence of introgression (Kevin’s talk)

Major challenge: Computational requirements!

All methods are implemented in PhyloNet and publicly available in
open-source (Java): http://bioinfo.cs.rice.edu/phylonet
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SUMMARY

Shay Shkud Smik Scer Spar Sbay Skud Smik Scer Spar Shay Shkud Smik Scer Spar
| g
lineage sorting is the sole both hybridization and hybridization is the sole
explanation of all lineage sorting explain explanation of all

gene tree incongruence gene tree incongruence gene tree incongruence
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