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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, I 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
nature are often incompletely isolated for millions of
years after their formation. Therefore, much evolution of
eventual reproductive isolation can occur while nascent
species are in gene-flow contact, in sympatry or
parapatry, long after divergence begins. Although the
relative importance of geographic isolation and gene
flow in the origin of species is still unknown, many key
processes involved in speciation, such as ‘reinforcement’
of post-mating isolation by the evolution of assortative
mating, will have ample opportunity to occur in the
presence of continuing gene flow. Today, DNA sequence
data and othermolecularmethods are beginning to show
that limited invasionsof thegenomearewidespread,with
potentially important consequences in evolutionary
biology, speciation, biodiversity, and conservation.

Introduction
Formless pods drift through space. They land on Earth.
The pods germinate, and the developing embryos take on
features of the individual humans that they will even-
tually replace. A chilling scenario emerges: an invasion
has occurred and humanity is being taken over by an alien
species with an agenda very different to our own. The 1956
cult movie ‘Invasion of the Body Snatchers’ achieves
suspense by playing on our fear of infiltration and genetic
usurpation.

Also around this time, the so-called ‘biological’ species
concept, having been promoted widely for about a decade
[1,2], became the prevailing view of species among evol-
utionary biologists. This viewpoint argued that species,
unlike races or genera, were ‘real’ and had special, species-
level qualities: ‘isolating mechanisms’, ‘cohesion’, and
‘coadapted gene complexes’; species acted as vessels for the
‘storage and protection of genetic variation.’ Even today,
many branches of biology continue to see species as discrete
and fundamental units, rather than as poorly differentiated
way-stations in a continuous hierarchy of biodiversity.

Hybridization (see Glossary) and introgression between
species is the converse of reproductive isolation and

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
species range changes and environmental disturbance,
mostly as a result of human habitat alteration. F1 hybrids
are generally less viable and fertile (even given somehybrid
vigour). Backcrossed genotypes, if produced, are often
inferior, so that introgression was assumed to be rare; if it
did occur it was thought to lead only to deleterious effects
[2]. These almost eugenic views about species were
particularly prevalent among zoologists because of Ernst
Mayr’s influence. (By contrast, many botanists thought
that introgression was common and important in adaptive
evolution.) The same views led directly to the notorious
hybrid policy of the US Endangered Species Act of 1973, by
which ‘hybrids’ were deemed unworthy of conservation,
whereas unsullied ‘pure species’ were apportioned higher
status [3]. But today, tastes in biodiversity are changing,
and the biological species concept is under attack: in 1990,
the hybrid policy was rescinded [4].

Hybridization has been known at least since the time of
Linnaeus, and has been discussed frequently by evolu-
tionists [2,5,6] following Darwin’s lead in the chapter
‘Hybridism,’ where he demonstrated the lack of a clear
boundary between varieties and species [7]. Here, I collate
and review lesser-known comparative data on natural
hybridization rates and discuss results from newer,
molecular methods for the detection of hybridization and
introgression, rather than covering the subject in toto.
Much of the best literature on natural hybridization is
about plants, but I concentrate particularly on animal
data because zoologists have traditionally been more
skeptical about the importance of introgression.

I also attempt lay to rest our almost instinctive,
common-sense view that hybridization is always unnatural
or extremely rare (see also [5]). In zoology, we tend auto-
matically to assume that hybridization is a ‘reproductive
mistake’. For example, from an excellent discussion on
hybridization in birds of paradise, we read: ‘We presume
that a male will mate with whatever bird solicits his
copulation – another weakness in the system that might
allow hybridization’ ([8], my emphasis). It is indeed
probable that mating systems have often evolved to
prevent this ‘weakness’, but we can no longer take it for

Corresponding author: Mallet, J. (j.mallet@ucl.ac.uk).
Available online 10 March 2005

Review TRENDS in Ecology and Evolution Vol.20 No.5 May 2005

www.sciencedirect.com 0169-5347/$ - see front matter Q 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.tree.2005.02.010

This probably explains why mitochondrial introgression is
less common in birds and butterflies, where the hetero-
gametic sex is the female, than in mammals and flies,
where it is the male [45].

Often, genetic differences between closely related
species are not fixed, and populations are sympatric.
Modern statistical techniques to detect hybridization or
introgression (Online SupplementaryMaterial Appendix 2)
become increasingly important in these cases. For
example, suspected sympatric hybridizations between
the butterflies Papilio machaon and Papilio hospiton
[46,47] and between host races of the moth Zeiraphera
diniana [48] were confirmed by analyzing multilocus
haplotype data using newer Bayesian methods
(e.g. [49,50]; see also Online Supplementary Material
Appendix 2).

Introgression
When recently diverged species hybridize in sympatry, an
interesting genomic pattern can result. If relatively few
loci are under divergent selection in the two species, these
loci and nearby genomic regions are likely to remain
distinct, whereas unlinked or distantly linked chromo-
somal regions should be able to flow relatively freely
between species. We therefore expect chromosomal seg-
ments containing genes experiencing divergent selection
to display strongly differentiated loci (many of them
neutral); segments lacking divergent adaptations will
remain similar as a result of introgression and frequent
recombination. Probable examples of such genomic pat-
terns have been found in periwinkles Littorina and larch
budmoths Zeiraphera [48,51]. In a hybridizing pair of
Drosophila species, divergent adaptations are associated
particularly with paracentric inversions, which strongly
inhibit recombination. It seems probable that the exist-
ence of these inversions enhances the persistence of each
species in the presence of gene flow [52]. In such cases,
only part of the genome is effectively reproductively
isolated and determines the differences between the
species: reproductive isolation is a term not easily applied
to the whole genome.

Sympatric hybridization has often been studied using
mitochondrial sequence data, although, on its own,
mtDNA provides very little information about hybridiz-
ation. However, mtDNA coupled with information from
other loci or geographic data has often provided convinc-
ing evidence of introgression between sympatric species
such as mule and white-tailed deer Odocoileus, minnows
Gila, and mussels Mytilus [53–55]. Nuclear-genotype or
DNA-sequence data can give more powerful evidence of
introgression, although gene flow is hard to separate from
ancestral polymorphism (Figure 1; Online Supplementary
Material Appendix 2). A good example is in Darwin’s
finches Geospiza, where hybridization is relatively fre-
quent, and little genetic differentiation was found between
species at any of the marker loci studied [9,56]. Similar
patterns are found in other birds such as the herring gull
group Larus [57]. Among insects, the tephritid flies
Bactrocera and Heliconius butterflies give similar multi-
locus sequence evidence for introgression [58,59], as do
malaria-carrying species of the Anopheles gambiae group

[60,61]. Perhaps the largest samples of haplotypes and loci
have been studied in the Drosophila pseudoobscura–
persimilis species pair, which convincingly show that
some loci (such as Adh and the mitochondrial genome)
flow relatively freely between species, whereas other loci
show strong evidence of isolation [62–64].

In conclusion, in most cases where hybridization and
introgression is suspected on morphological and beha-
vioural grounds, genetic evidence confirms it. Introgres-
sion can be highly selective, affecting only some parts of
the genome, whereas other genomic regions strongly
affected by divergent selection remain virtually isolated.
Introgression is certainly not restricted to plants: animals
within many studied animal groups, whether ver-
tebrate or invertebrate, hybridize and introgress.
This includes particularly many birds and mammals
in which introgression was thought previously to be
relatively unimportant.

Introgression, adaptation, speciation, and biodiversity
As already mentioned, hybridization between introduced
andnative species can causeproblems in conservation [4,65]
and has become an important topic in the debate about the
release of transgenic crops [10]. In Europe, hybridization
between native white-headed and American ruddy ducks
Oxyura is a high-profile example, and introductions of
trout for fisheries have been a particular problem for
native trout species [4]. Invasion of the genome can be a
problem.

TRENDS in Ecology & Evolution 
Time

Species 1 Species 2 Species 3

Introgression

θ

θ

123

3

θ2

θ12

θ1

A B C DE F G H I JKL M

Figure 1. The genealogy of a single gene in three species. The figure shows the true
phylogeny of three closely related species in black outline. Time is shown flowing
upwards with the present at the top. The lengths of the branches in the phylogeny
represent the time since divergence. The true genealogy of the haplotypes sampled
at a single gene is shown in red, with substitutions shown as small red oblong
boxes. Thewidths of the branches of the phylogeny are proportional to the effective
population size of each species. Assuming that all substitutions in the genealogy
are neutral, the population size can be measured by qZ4Nem, where Ne is the
effective population size of the species and m is the mutation rate per base pair per
unit time. Although this seems an odd way of measuring population size, it is
convenient because q is the expected number of differences between any pair of
haplotypes within a species per base pair. The current species population sizes
(q1, q2 and q3) and the ancestral species population sizes (q12 and q123), the times
since divergence, and the probability of introgression will all affect the probability
of allelic sharing between species. Genealogical methods use multilocus haplotype
data to attempt to estimate the true gene genealogies, times since divergence,
ancestral population sizes, and the level or probability of introgression between
species. This is an extremely challenging statistical task, and there has been only
limited progress towards this objective (see Online Supplementary Material
Appendix 2).
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Butterfly genome reveals promiscuous exchange of
mimicry adaptations among species
The Heliconius Genome Consortium*

The evolutionary importance of hybridization and introgression has
long been debated1. Hybrids are usually rare and unfit, but even
infrequent hybridization can aid adaptation by transferring bene-
ficial traits between species. Here we use genomic tools to investigate
introgression in Heliconius, a rapidly radiating genus of neotropical
butterflies widely used in studies of ecology, behaviour, mimicry and
speciation2–5. We sequenced the genome of Heliconius melpomene
and compared it with other taxa to investigate chromosomal evolu-
tion in Lepidoptera and gene flow among multiple Heliconius
species and races. Among 12,669 predicted genes, biologically
important expansions of families of chemosensory and Hox
genes are particularly noteworthy. Chromosomal organization
has remained broadly conserved since the Cretaceous period, when
butterflies split from the Bombyx (silkmoth) lineage. Using
genomic resequencing, we show hybrid exchange of genes between
three co-mimics, Heliconius melpomene, Heliconius timareta and
Heliconius elevatus, especially at two genomic regions that control
mimicry pattern. We infer that closely related Heliconius species
exchange protective colour-pattern genes promiscuously, implying
that hybridization has an important role in adaptive radiation.

The butterfly genus Heliconius (Nymphalidae: Heliconiinae) is
associated with a suite of derived life-history and ecological traits,
including pollen feeding, extended lifespan, augmented ultraviolet
colour vision, ‘trap-lining’ foraging behaviour, gregarious roosting and
complex mating behaviours, and provides outstanding opportunities for
genomic studies of adaptive radiation and speciation4,6. The genus is best
known for the hundreds of races with different colour patterns seen
among its 43 species, with repeated examples of both convergent evolu-
tion among distantly related species and divergent evolution between
closely related taxa3. Geographic mosaics of multiple colour-pattern
races, such as in Heliconius melpomene (Fig. 1), converge to similar
mosaics in other species, and this led to the hypothesis of mimicry2.
Heliconius are unpalatable to vertebrate predators and Müllerian
mimicry of warning colour patterns enables species to share the cost
of educating predators3. As a result of its dual role in mimicry and mate
selection, divergence in wing pattern is also associated with speciation
and adaptive radiation3,5. A particularly recent radiation is the
melpomene–silvaniform clade, in which mimetic patterns often seem
to be polyphyletic (Fig. 1a). Most species in this clade occasionally
hybridize in the wild with other clade members7. Gene genealogies at
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Figure 1 | Distribution, mimicry and phylogenetic relationships of
sequenced taxa. a, Phylogenetic relationship of sequenced species and
subspecies in the melpomene–silvaniform clade of Heliconius. Heliconius
elevatus falls in the silvaniform clade, but it mimics colour patterns of
melpomene–timareta clade taxa. Most other silvaniforms mimic unrelated
ithomiine butterflies24. b, Geographic distribution of postman and rayed

H. melpomene races studied here (blue, yellow and purple), and the entire
distribution of H. melpomene (grey). The H. timareta races investigated have
limited distributions (red) indicated by arrows and mimic sympatric races of
H. melpomene. Heliconius elevatus and the other silvaniform species are
distributed widely across the Amazon basin (Supplementary Information,
section 22).

*Lists of participants and their affiliations appear at the end of the paper.
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Adaptive Introgression of Anticoagulant
Rodent Poison Resistance
by Hybridization between Old World Mice
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Summary

Polymorphisms in the vitamin K 2,3-epoxide reductase
subcomponent 1 (vkorc1) of house mice (Mus musculus
domesticus) can cause resistance to anticoagulant rodenti-
cides such as warfarin [1–3]. Here we show that resistant
house mice can also originate from selection on vkorc1
polymorphisms acquired from the Algerian mouse
(M. spretus) through introgressive hybridization. We report
on a polymorphic introgressed genomic region in Euro-
pean M. m. domesticus that stems from M. spretus, spans
>10 Mb on chromosome 7, and includes the molecular
target of anticoagulants vkorc1 [1–4]. We show that in
the laboratory, the homozygous complete vkorc1 allele of
M. spretus confers resistance when introgressed into
M. m. domesticus. Consistent with selection on the intro-
gressed allele after the introduction of rodenticides in the
1950s, we found signatures of selection in patterns of
variation in M. m. domesticus. Furthermore, we detected
adaptive protein evolution of vkorc1 in M. spretus (Ka/
Ks = 1.54–1.93) resulting in radical amino acid substitutions
that apparently cause anticoagulant tolerance in M. spretus
as a pleiotropic effect. Thus, positive selection produced
an adaptive, divergent, and pleiotropic vkorc1 allele in the
donor species, M. spretus, which crossed a species barrier
and produced an adaptive polymorphic trait in the recipient
species, M. m. domesticus.

Results and Discussion

Warfarin is used as a blood-thinning drug in medicine and as
an anticoagulant rodenticide [5]. It inhibits the vitamin K
epoxide reductase enzyme complex (VKOR) essential for
vitamin K recycling and blood coagulation [6]. The vitamin K
epoxide reductase subcomponent 1 (vkorc1) encodes the
warfarin-sensitive component of VKOR [1, 4]. DNA sequence
analyses have shown that genetic variations in vkorc1 deter-
mine the physiological response of humans and rodents to
warfarin [2, 3, 7]. Currently, at least 16 nonsynonymous
single-nucleotide polymorphisms (SNPs) at ten positions in
vkorc1 have been confirmed by in vitro and/or in vivo studies

to alter blood clotting kinetics and/or in vitro VKOR activities
in humans and rodents in response to exposure to anticoagu-
lants [2]; additional SNPs in vkorc1 await such experimental
proof. A mere w10 years after the inception of warfarin as
a rodenticide in the 1950s, reports of resistant Norway rats
(Rattus norvegicus) emerged between 1960 and 1969, fol-
lowed by reports of resistant house mice (Mus musculus
spp.) in 1964, roof rats (R. rattus) in 1972, and other rat species
(e.g., R. tiomanicus, R. r. diardii, and R. losea) [3, 8–10].
Resistant rodent colonies have been discovered in Europe,
the Americas, Asia, and Australia [8]. In response to such
warfarin-resistant colonies, other anticoagulant rodenticides
were developed that target VKOR, including coumatetralyl,
bromadiolone, and difenacoum. However, resistance to
these has also evolved in rats and mice. The degree to which
vkorc1-mediated resistance has convergently evolved in
different rodent pest species, and in different populations
within each species, illustrates how large natural rodent popu-
lations can respond to selection on novel and/or standing
genetic variants.
In house mice (M. musculus spp.), ten nonsynonymous

SNPs at nine positions in vkorc1 are now known (Figure 1A).
Of these, nine were previously published [2, 3] and a novel
one is reported here (Figure 1A). Foremost, however, we report
here that in mice, at least four of ten nonsynonymous SNPs
(40%) at four of nine positions (w45%) of vkorc1 were
introduced into the M. m. domesticus genome by adaptive
introgressive hybridization with M. spretus (Figure 1A). We
use the term ‘‘adaptive introgressive hybridization’’ [11] to
describe the naturally occurring process that includes inter-
specific mating (hybridization) followed by generations of
backcrossing (introgression) and selection on introgressed
alleles if these are expressed as advantageous traits at some
point of their sojourn times. Changes in ecological settings,
such as sudden rodenticide exposure, can render intro-
gressed effectively neutral alleles adaptive [11].
We studied patterns of vkorc1 introgression between

M. spretus andM.m. domesticus from acrossWestern Europe
(Figure 1B; see also Table S1 available online). M. spretus
separated from M. musculus spp. w1.5–3 million years ago
[12]. The species are more strongly reproductively isolated
than is predicted by Haldane’s rule [13, 14], i.e., female
offspring, in addition to all male offspring, also can be sterile
depending on the direction of the cross, and the two species
tend to remain ecologically and behaviorally separated even
when allopatric [14]. These species are partially sympatric
and can hybridize in Africa and Europe [15], but elsewhere,
M. m. domesticus is allopatric (Figure 1B).
We found that M. m. domesticus from Spain and Germany

carry the complete or partial vkorc1 allele of M. spretus
(vkorc1spr). Heterozygous individuals and intragenic recombi-
nants occur (Figure 1A), which we also designated as
vkorc1spr to reflect that these contain sequences derived
from M. spretus. The vkorc1 of M. m. domesticus (vkorc1dom)
differs from vkorc1spr by at least four nonsynonymous
SNPs and by w1.24%21.39% across the entire gene (Fig-
ure 1A; [16]). DNA sequence analysis of vkorc1 of 106 M. m.
domesticus revealed that only 59 of 106 mice (55.7%) carried*Correspondence: hmkohn@rice.edu
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PHYLOGENETIC NETWORKS

A phylogenetic network N on set X of taxa is an ordered pair (G, f), where

• G = (V,E) is a directed, acyclic graph (DAG) with V = {r} ⌥ VL ⌥ VT ⌥ VN , where

– indeg(r) = 0 (r is the root of N );

– ⌃v ⇧ VL, indeg(v) = 1 and outdeg(v) = 0 (VL are the leaves of N );

– ⌃v ⇧ VT , indeg(v) = 1 and outdeg(v) ⇤ 2 (VT are the tree nodes of N ); and,

– ⌃v ⇧ VN , indeg(v) = 2 and outdeg(v) = 1 (VN are the reticulation nodes of N ),

and E ⇥ V � V are the network’s edges (we distinguish between reticulation edges,

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

• f : VL ⌅ X is the leaf-labeling function, which is a bijection from VL to X .
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PHYLOGENETIC NETWORKS
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TREES INDUCED BY NETWORKS
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INDUCED TREES DON’T CAPTURE THE 
FULL STORY WHEN ILS IS PRESENT
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A SOLUTION

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

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

3. 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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1. FROM A NETWORK TO A MUL-TREE
A D

r

u v

CB

w
t7t6

t5t9+t4t3

t2t1

! 1-!

CB

w'
t7t6

t8+t4

i lj1 j2k1 k2

Fig. S2. The MUL tree, branch lengths (red), and hybridization probabilities (blue), that
correspond to the phylogenetic network of Fig. S1, as generated by Algorithm 1. In the
MUL tree, each branch has a hybridization probability; values not shown here equal 1.

Algorithm 1: NetworkToMULTree.
Input: Phylogenetic X -network N ; branch lengths �; hybridization probabilities �.

Output: MUL tree T ; branch lengths �0; hybridization probabilities �0; edge mapping

⇤ : E(T ) ⇥ E(N).

T � N and set ⇤(e) = e� where e ⇤ E(T ) is a copy of e� ⇤ E(N);

�0��;

foreach b ⇤ E(T ) do

��b � 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 Tw whose root is new node w� and set ⇤(e) = e� where e ⇤ E(Tw�)

is a copy of e� ⇤ E(Tw);

Add to T two new edges e1 = (u,w) and e2 = (v, w�);

⇤e1 � (h,w); ⇤e2 � (h,w);

⇥�
(u,w) � ⇥(u,h) + ⇥(h,w); ⇥�

(v,w) � ⇥(v,h) + ⇥(h,w);

��(u,w) � �(u,h); ��(u,w) � �(u,h);

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

Delete ��(u,h), �
�
(v,h), ⇥

�
(u,h), ⇥

�
(v,h), ⇥

�
(h,w), ⇤(u,h), ⇤(v,h), ⇤(h,w);

return T ;

5
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1. FROM A NETWORK TO A MUL-TREE
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2. CONSIDER ALL ALLELE MAPPINGS 
FROM gt TO T
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2. CONSIDER ALL ALLELE MAPPINGS 
FROM gt TO T
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2. CONSIDER ALL ALLELE MAPPINGS 
FROM gt TO T

We need to account for dependence among the branches 
of the MUL-tree
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2. CONSIDER ALL ALLELE MAPPINGS 
FROM gt TO T

We need to account for dependence among the branches 
of the MUL-tree
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The edge-mapping ϕ solves this problem.   
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3. THE PROBABILITY OF gt GIVEN 
MUL-TREE T

Y

b2��1(b0)

P 0
b(h) =

2

4 1

db0(h)
pub0 (h)vb0 (h)(�b0)

2

4(ub0(h)� vb0(h))!
Y

b2��1(b0)

wb(h)

(ub(h)� vb(h))!

3

5

3

5

ub0(h) =
X

b2��1(b0)

ub(h) vb0(h) =
X

b2��1(b0)

vb(h)

PT,�0,�0,f (gt) =
X

h2HT,f (gt)

w(h)

d(h)

n�2Y

b=1

�0
b
vb(h)P 0
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ACCOUNTING FOR UNCERTAINTY 
IN GENE TREES

We have implemented two methods for accounting for 
uncertainty in the estimated gene trees:

Using gene tree distributions:

Using non-binary trees: 

4

allele mapping f3 and the MUL tree T in Fig. 1. Under this mapping, each of the two alleles sampled
from species B is mapped to a di�erent B leaf in T . Tracing these two alleles from the two B leaves
independently does not account for the fact that these two alleles do not coalesce within time t1 on
the branch connected to leaf B in the network. Additionally, each branch in the MUL tree may have
a hybridization probability associated with it that is neither 0 nor 1, and must be accounted for in
computing the probabilities. Accounting for these two cases gives rise to

PT,�0,�0,f (G = g) =
X

h⇤HT,f (g)

w(h)

d(h)

n�2Y

b=1

�⇥
b
vb(h)P ⇥

b(h), (4)

where the P ⇥
b(h) terms are symbolic quantities, that do not individually evaluate to any value. Instead,

they play a role in simultaneously computing the probability along pairs of branches in the MUL tree
that share a single source branch in the phylogenetic network. More formally, let b⇥ = (u, v) be a branch
in N such that u is a network-node. Then, we define

ub0(h) =
X

b⇤��1(b0)

ub(h) and vb0(h) =
X

b⇤��1(b0)

vb(h).

Then, we use the following equation to evaluate the probability in Equation [4]:

Q
b⇤��1(b0) P

⇥
b(h) =

h
1

db0 (h)
pub0 (h)vb0 (h)(⇥b0)(ub0(h)� vb0(h))!

Q
b⇤��1(b0)

wb(h)
(ub(h)�vb(h))!

]
i
, (5)

where db0(h) is computed using the formula in [12], with ub0(h) and vb0(h) as parameters. The term
pub0 (h)vb0 (h)(⇥b0) gives the probability that ub0(h) lineages coalesce into vb0(h) lineages within time ⇥(b⇥).
The term

[(ub0(h)� vb0(h))!
Y

b⇤��1(b0)

(wb(h)/(ub(h)� vb(h))!)]

corresponds to the quantity wb0(h) in [12]. Finally, the term
Y

b⇤��1(b0)

(wb(h)/(ub(h)� vb(h))!)

is the number of restrictions for the ordering of coalescent events within branch b⇥. Here the number
of restrictions can be calculated in every corresponding branch in the MUL tree and then take their
production is because no coalescent events could occur among lineages in di�erent branches in the parental
species tree, and thus there is no restriction for those to account.

Accounting for uncertainty in gene tree topologies

Thus far, we have assumed that we have an accurate, fully resolved gene tree for each locus. However,
in practice, gene tree topologies are inferred from sequence data and, as such, there is uncertainty about
them. In Bayesian inference, this uncertainty is reflected by a posterior distribution of gene tree topolo-
gies. In a parsimony analysis, several equally optimal trees are computed. We propose here a way for
incorporating this uncertainty into the framework above. Assume we have k loci under analysis, and for
each locus i, a Bayesian analysis of the sequence alignment returns a set of gene trees gi1, . . . , g

i
q, along

with their associated posterior probabilities pi1, . . . , p
i
q (pi1 + · · · + piq = 1). Now, let G be the set of

all distinct tree topologies computed on all k loci, and for each g ⇥ G let pg be the sum of posterior
probabilities associated with all gene trees computed over all loci whose topology is g. Then, Eq. [1]
becomes

L(N,�,�|G ) =
Y

g⇤G

[PN,�,�(G = g)]pg . (6)

5

In the case where a maximum parsimony analysis conducted to infer gene trees on the individual loci,
a di�erent treatment is necessary, since for each locus, all inferred trees are equally optimal. For locus i,
let g be the strict consensus of all optimal gene tree topologies found. Then, Eq. [1] becomes

L(N,�,�|G ) =
�

g⇥G

max
g�⇥b(g)

{PN,�,�(G = g�)}, (7)

where b(g) is the set of all binary refinements of gene tree topology g.

Results and Discussion

Support for a hypothesis of hybridization in yeast

Using our method to compute the likelihood function given by Eq. [1], we reanalyzed the yeast data set
of [18], which consists of 106 loci, each with a single allele sampled from seven Saccharomyces species S.
cerevisiae (Scer), S. paradoxus (Spar), S. mikatae (Smik), S. kudriavzevii (Skud), S. bayanus (Sbay), S.
castellii (Scas), S. kluyveri (Sklu), and the outgroup fungus Candida albicans (Calb). Given that there
is no indication of coalescences deeper than the MRCA of Scer, Spar, Smik, Skud, and Sbay [19], we
focused only on the evolutionary history of these five species (see Supplementary Material). We inferred
gene trees using Bayesian inference in MrBayes [20] and using maximum parsimony in PAUP* [21] (see
Supplementary Material for settings).

The species tree that has been reported for these five species, based on the 106 loci, is shown in
Fig. 2A [18]. Further, additional studies inferred the tree in Fig. 2B as a very close candidate for giving
rise to the 106 gene trees, under the coalescent model [19, 22]. Notice that the di�erence between the
two trees is the placement of Skud, which flags hybridization as a possibility. Indeed, the phylogenetic
network topologies in Fig. 2C-D have been proposed as an alternative evolutionary history, under the
stochastic framework of [23], as well as the parsimony framework of [16].

Using the 106 gene trees, we estimated the times t1, t2, t3, t4 and � for the six phylogenies in Fig. 2
that maximize the likelihood function (we used a grid search of values between 0.05 and 4, with step
length of 0.05 for branch lengths, and values between 0 and 1 with step length of 0.01 for �). Table 1 lists
the values of the parameters computed using Eq. [6] on the gene trees inferred by MrBayes and Table 2
lists the values of the parameters computed using Eq. [7] on the gene trees inferred by PAUP*, as well
as the values of three information criteria, AIC [24], AICc [25] and BIC [26] , in order to account for the
number of parameters and allow for model selection.

Out of the 106 gene trees (using either of the two inference methods), roughly 100 trees placed Scer
and Spar as sister taxa, which potentially reflects the lack of deep coalescence involving this clade (and
is reflected by the relatively large t3 values estimated). Roughly 25% of the gene trees did not show
monophyly of the group Scer, Spar, and Smik, thus indicating a mild level of deep coalescence involving
these three species (and reflected by the relatively small t2 values estimated). However, a large proportion
of the 106 gene trees indicated incongruence involving Skud (Table S2 in the Supplementary Material).
This pattern is reflected by the very low estimates of the time t1 on the two phylogenetic trees in Fig. 2.
On the other hand, analysis under the phylogenetic network models of Fig. 2C-D indicates a larger
divergence time, with substantial extent of hybridization. This latter hypotheses naturally resulted in a
better likelihood score. When accounting for model complexity, all three information criteria indicated
that these two phylogenetic network models with extensive hybridization and larger divergence time
between Sbay and the (Smik,(Scer,Spar)) clade provide better fit for the data. Further, while both
networks produced identical hybridization probabilities, the network in Fig. 2D had much lower values of
the information criteria (about 15% lower) than those of the network in Fig. 2E. The networks in Fig. 2E-
F have lower support (under all measures) than the other four phylogenies. In summary, our analysis
gives higher support for the hypothesis of extensive hybridization, a low degree of deep coalescence, and
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L( |G) = c ·
Y

gt2G
P(gt| )

Objective : argmax L( |G)
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SOLUTION

Ω(n,0)

Ω(n,1)

Ω(n,k)
search within

 a layer

descending
 a layer

ascending
 a layer

multiple 
starting points

endpoints
(potentially convergent)

[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. 
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lnL AIC AICc BIC Error of cross-validation

N(0) -47329 94664 94664 94688 7.69⇥10

�5

N(1) -46756 93527 93527 93583 5.36⇥10

�5

N(2) -46392 92806 92806 92893 4.03⇥10

�5

N(3) -46300 92635 92635 92754 4.13⇥10

�5

Table S3: The results of information criteria and cross validation of the optimal inferred

species networks of the M. musculus dataset. N(k) refers to the optimal inferred species

network with k reticulation nodes.

cross-validation and only binary gene trees in the validation sets were used to calculate the

error. We can see in the table that the error keeps decreasing from optimal network with

0 reticulation node to the one with 2 reticulation nodes, and there is no improvement from

optimal network with 2 reticulation nodes to the one with 3 reticulation nodes. Similar

trend holds for all three information criteria, where the improvement from the optimal

network with 2 reticulation nodes to the one with 3 is relatively small compared to that

from the optimal network with 0 reticulation node to the one with 1, as well as the optimal

network with 1 reticulation node to the one with 2.

Furthermore, in order to check how the search covered the space of phylogenetic net-

works, we exhaustively enumerated all networks with 1 reticulation node and calculated

their likelihood scores. More specifically, we first listed all possible 105 binary species

trees over 5 taxa (DF, DG, MZ, MK and MC). Then from each of them, say st, we cal-

culated the likelihood score of every network in �1(st). We ordered all of them by their

likelihood scores, and found the top 5 were exactly what we obtained by our heuristic

search in Fig. S13(b).

39

DG DF MZ MK MC DG DF MC MK MZ DG DF MK MZ MC
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Fig. S13: The inferred phylogenetic networks of the M. musculus dataset. The rows from
top to bottom contain top 5 phylogenetic networks with 0, 1, 2 and 3 reticulation nodes,
respectively. In each row, networks are listed from left to right with an decreasing value of
log likelihood shown under each of them. Branch lengths and inheritance probabilities are
shown for the networks with two reticulations.
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[Yu, Dong, Liu, Nakhleh, Under Review, 2014.]
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Germany
Poland
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Czech Republic
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~ 0.08

~ 1.05
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0.045 ~ 0.054

[Yu, Dong, Liu, Nakhleh, Under Review, 2014.]
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additional analytical and biological factors—such as outgroup
choice, number of variable sites and rate of evolution—that may
lead to incongruence between single-gene phylogenies10,13. To test
whether the outgroup accounted for the incongruence between
phylogenies, we repeated all of the analyses without the outgroup
C. albicans. We found no change in the distribution of bootstrap
values (correlations among pairwise comparisons of each distri-
bution for the remaining branches were significant with P , 0.05)
or in the degree of incongruence between the remaining branches
(Supplementary Information). We also examined whether support
for each branch was explained by the number of variable sites,
number of parsimony-informative sites, gene size, rate of evolution,
nucleotide composition, base compositional bias, genome location,
or gene ontology (Table 1; see also Supplementary Information).
Number of variable sites, number of parsimony-informative sites
and gene size were significantly correlated with bootstrap values
for some branches, although they accounted for only a small
amount of the total variation in each case (Table 1; see also
Supplementary Information). With a single exception (branch 4
was correlated with the rate of evolution for the ML analysis; Table
1), none of the remaining variables was correlated with bootstrap
values for any branch (Table 1; see also Supplementary Infor-
mation). In summary, there were no identifiable parameters that
could systematically account for or predict the performance of
single genes.

Concatenation of single genes yields a single tree
Although we do not know the cause(s) of incongruence between
single-gene phylogenies, the critical question is how the pervasive
incongruence between single trees might be overcome to arrive at
the actual species tree. Although many potential options exist, we
explored the effect of concatenating single genes into one large data
set1,27,39. Remarkably, all three methods of analysis of the concate-
nated sequences yielded a single tree with 100% bootstrap values at
every branch (Fig. 4). Furthermore, all alternative topologies
generated among the single-gene analyses were rejected (Templeton
test, P , 0.001 for each of three analyses). Thus, even though the
individual genes examined supported alternative trees, the conca-
tenated data exclusively supported a single tree. This level of support
for a single tree with five internal branches is, to our knowledge,
unprecedented; we conclude that it accurately represents the his-
torical relationships of these eight yeast taxa and will be referred to
hereafter as their species tree. The maximum support for a single
topology regardless of method of analysis is strongly suggestive of
the power of large data sets in overcoming the incongruence present
in single-gene analyses.

How much data are sufficient to recover the species tree?
The concatenated data recovered a tree with maximum support on
all branches, despite divergent levels of support for each branch
among single-gene analyses. This raises the question: at what size

Figure 2 The distribution of bootstrap values for the eight prevalent branches recovered
from 106 single-gene analyses highlights the pervasive conflict among single-gene

analyses. a, Majority-rule consensus tree of the 106 ML trees derived from single-gene

analyses. Across all analyses, there were eight commonly observed branches; the five

branches in the consensus tree (numbers 1–5; a) and the three branches (numbers 6–8)
shown in b. c, For each of the eight branches, the ranked distribution of per cent bootstrap
values recovered from the three analyses of 106 genes is shown. Results from ML (blue)

and MP (red) analyses of nucleotide data sets, and MP analyses of amino acid data sets

(black), are shown. For each branch, the mean bootstrap value and 95% confidence

intervals from the ML analyses and the percentage of ML trees supporting this branch (in

parentheses) are indicated below each graph. Although the ranked distributions of

bootstrap values from the three analyses are remarkably similar for most branches, on a

gene-by-gene basis there is no tight correspondence between bootstrap values from ML

and MP analyses (see Supplementary Information).

articles

NATURE |VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature800

THE YEAST DATA SET OF 
ROKAS ET AL. (NATURE 2003)

The authors concatenated the sequences of 106 genes, and inferred 
a single species tree, which had 100% bootstrap support of all 
branches
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REANALYSIS OF THE YEAST DATA
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as an alternative evolutionary history, under the stochastic framework of (19), as well as the

parsimony framework of (14).

Using the 106 gene trees, we estimated the times t1, t2, t3, t4 and � for the six phylogenies in

Fig. 3 that maximizes the probability of observing G under each of the phylogenies (to estimate

parameter values, we used a grid search of values between 0.05 and 4, with step length of 0.05

for branch lengths, and values between 0 and 1 with step length of 0.01 for �). Table 1 lists the

values of the parameters computed for each of the six phylogenies, as well as the values of three

information criteria, AIC (20), AICc (21) and BIC (22) , in order to account for the number of

parameters and allow for model selection.

Table 1: Parameter values estimated for the six phylogenies in Fig. 3, as well as the values of
three information criteria.

Species phylogeny t1 t2 t3 t4 � �lnL AIC AICc BIC

Fig. 3(A) 0.3 1.25 3.6 N/A N/A 205 416 417 424
Fig. 3(B) 0.2 1.35 3.6 N/A N/A 208 423 423 431
Fig. 3(C) 1.1 1.05 3.6 N/A 0.34 188 384 385 395
Fig. 3(D) 3.45 1.15 3.6 3.05 0.34 157 325 326 338
Fig. 3(E) 0.3 1.25 3.6 N/A 1.0 205 420 421 434
Fig. 3(F) 1.55 0.05 3.7 N/A 0.18 252 512 512 523

Out of the 106 gene trees, 100 trees placed Scer and Spar as sister taxa and 4 unresolved

tree can be resolved to place them as sister taxa, which potentially reflects the lack of deep

coalescence involving this clade (and is reflected by the relatively large t3 values estimated).

Roughly 25% of the gene trees did not show monophyly of the group Scer, Spar, and Smik, thus

indicating a mild level of deep coalescence involving these three species (and reflected by the

relatively small t2 values estimated). However, a large proportion of the 106 gene trees indi-

cated incongruence involving Skud: 57 fully resolved gene trees placed Skud as a sister taxon

of the clade (Smik,(Scer,Spar)), and 34 fully resolved gene trees placed Skud as a sister taxon of

Sbay. This pattern is reflected by the very low estimates of the time t1 on the two phylogenetic

9

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

Probability of each branch

1 2 3 4 5 6

ht1 e

�⌘4
�

2
e

�(⌘3�⌘4) � 3e�(⌧3�⌘3)
e

�(⌘1�⌧3) 1 3e�(⌧2�⌘1)
e

�(⌧1�⌧2)

ht2 e

�⌘4 � (1 � �)2e�(⌘2�⌘4) 1 3e�(⌧3�⌘2)
e

�(⌘1�⌧3) 3e�(⌧2�⌘1)
e

�(⌧1�⌧2)

Table S2: The probabilities of all coalescent histories with respect to coalescence times in

Fig. S2. For every ht, columns from 2 to 7 list the probability of having ht on every branch

of the species network N�,� . Branch 6 corresponds to the branch incident into the root of

the species network . A dash means no gene lineages enter that branch. Therefore, the total

probability of a coalescent history with respect to coalescence times is the product taken

over all branches of the species network. In Fig. S2, coalescent events y and z can only

happen above the root of N�,� . For every ht, the highlight cell shows where coalescent

event x happens.

1 lineages coalescing which is consistent with the topology of g�0 . And fn(j, t) is the

probability of no coalescent events happening among j gene lineages for time t which can

be computed as (7, 8)

fn(j, t) = e�(
j

2)t (6)

After substituting Eq. 5 and Eq. 6 into Eq. 4, we have

P (ht|N�,�) =

Y

b=(u,v)2E(N�,�)

 |T
b

(ht)|�1Y

k=1

e�(
u

b

(ht)�k+1
2 )

(T
b

(ht)
k+1�T

b

(ht)
k

)

�

⇥ e�(
v

b

(ht)
2 )

(⌧
N�,�

(u)�T
b

(ht)|T
b

(ht)|) ⇥ �
u
b

(ht)
b

(7)

In Table S2, we gave an example of how Eq. 7 is computed given the phylogenetic network

N�,� and gene tree g�0 in Fig. S2.

We can use the same technique in (3) but with Eq. 3 to calculate P (g�0 |N�,�). Basically,

we first convert the phylogenetic network to a mul-tree. Then under every allele mapping,

we compute the set of coalescent histories with respect to coalescence times and use Eq. 7

to compute the probability of every coalescent history. Note that as in (3) special attention

needs to be paid to the sets of edges in mul-tree that come from the same edge in the

original network.

Besides, we could also compute P (g�0 |N�,�) based on weighted ancestral configura-

tions, which is faster than computing it based on mul-tree. The main idea is similar to the

10

2.2 Using both topology and branch lengths of a gene tree

Given a species tree, the method for computing the probability of observing a gene tree

with branch lengths was introduced in (6). Now we propose the first method for computing

this probability when the given species phylogeny is a network. Note that here both the

gene tree and the phylogenetic network need to be ultrametric.

Given a gene tree g and a species tree ST , if both the topology and branch lengths of

the gene tree are taken into account, then there is only one way of reconciling g within the

branches of ST . However, when the species phylogeny is a network N , there might be

more than one reconciliation due to different paths gene lineages can take at reticulation

nodes of N when tracing them backwards in time. We use ⌧ �
(v) to denote the height of

node v in phylogeny  with branch lengths �. Given a gene tree g�0 and a phylogenetic

network N�,� , we define a coalescent history with respect to coalescence times to be a

function ht : V (g�0
) ! E(N�,�), such that the following condition holds: for h 2 HN(g),

if h(v) = (x, y) and ⌧N�
(x) > ⌧g�0 (v) � ⌧N�

(y), then ht(v) = (x, y). And ⌧g�0 (v) tells

us exactly on which point of branch (x, y) coalescent event v happens. We denote the set

of coalescent histories with respect to coalescence times for gene tree g�0 and phylogenetic

network N�,� by HN�,�
(g�0

). Clearly, HN�,�
(g�0

) ✓ HN(g), but HN�,�
(g�0

) itself changes

with both � and �0. To better illustrate it, an example is shown in Fig. S2, where the

same phylogenetic network and gene tree are used as the ones in Fig. S1, but with branch

lengths. We can see that there are only two coalescent histories with respect to coalescence

times, ht1 and ht2, resulting from different paths b1 and b2 took at the reticulation node.

And their corresponding coalescent histories in Fig. S1 are h5 and h6, respectively. It is

important to note that some � and �0 may result in HN�,�
(g�0

) = ;, which means g�0

cannot be reconciled within the branches of N�,� with respect to their coalescence times.

Given a phylogenetic network N�,� , the probability of observing a gene tree g�0 can be

calculated as

P (g�0 |N�,�) =

X

ht2H
N�,�

(g�0 )

P (ht|N�,�), (3)

where P (ht|N�,�) is the probability of observing coalescent history with respect to coales-

cence times ht given phylogenetic network N�,� . For an edge b = (u, v) 2 E(N�,�), we

8

[Yu, Dong, Liu, Nakhleh, Under Review, 2014.]
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Our models and solutions allow for inference of networks directly 
from sequences when independent loci are used:

To conclude, we have devised methods that enable revisiting existing evolutionary analyses

and conducting new ones when signals of introgression and incomplete lineage sorting are both

suspected or observed. Programs implementing all these methods are publicly available in

the open-source software package PhyloNet (23). We illustrated the power of our method in

extensive simulations, and demonstrated their utility on a data set of mouse genomes. While we

focused on using gene trees, our methods now enable a full likelihood approach to estimating

phylogenetic networks based on

L(N�,� |S) =
Y

s2S

"
X

g

Z

⌧

P(s|g⌧ ) ·P(g⌧ |N�,�)

#
,

where S is a collection of sequence alignments, g is taken over the set of all possible gene

tree topologies, and ⌧ is taken over all possible branch lengths of the gene trees. In this case,

P(s|g⌧ ) can be computed using (30), while P(g⌧ |N�,�) can be computed using our methods

above. Nonetheless, for analyses along these lines (even when using gene trees, rather than se-

quences) to be widely conducted, developing algorithms and heuristics for faster computations

is imperative. Further, in conjunction with the computational efforts, thorough investigations

need be conducted of the data requirements (more taxa? more loci? or, more alleles?) to

tease apart introgression signals from those of population effects. These investigations would

inform the data collection and help focus the efforts aimed at ameliorating the computational

requirements.
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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

Sbay Skud Smik Scer Spar Sbay Skud Smik Scer Spar Sbay Skud Smik Scer Spar

lineage sorting is the sole
explanation of all

gene tree incongruence

hybridization is the sole 
explanation of all

gene tree incongruence

both hybridization and
lineage sorting explain
gene tree incongruence
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