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OUTLINE

Methods for phylogenetic network inference from gene 
tree topologies when both incomplete lineage sorting 
(ILS) and hybridization are at play 

Part I: A probabilistic approach

Part II: A parsimony approach 
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INCOMPLETE LINEAGE SORTING (ILS)
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HYBRIDIZATION

source for “hybrid bell pepper”: http://blog.onesuite.com/index.php/blog/item/64-onesuite-the-hybrid-communications-service.html
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HYBRIDIZATION AND ILS

source for “hybrid bell pepper”: http://blog.onesuite.com/index.php/blog/item/64-onesuite-the-hybrid-communications-service.html
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A PROBABILISTIC APPROACH

species phylogeny
and its parameters

sequences of 
gene families
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How do we compute              ?P(gt| )

If a gene tree has been inferred for each gene family, then: 
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gt2G
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The probability of observing the gene tree topolpogy gt 
given species phylogeny 

Three cases:

Under the coalescent

Under HGT

Under both

 

P(gt| )
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            UNDER THE COALESCENT

Denote by HΨ(gt) the set of all coalescent histories of 
species tree Ψ and gene tree topology gt
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            UNDER THE COALESCENT

Degnan and Salter (Evolution, 2005) gave the mass 
probability function of a gene tree topology gt for a given 
species tree with topology Ψ and vector of branch lengths 
λ: 
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          UNDER HYBRIDIZATION
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           UNDER BOTH SCENARIOS
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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
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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
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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 consensus trees: 
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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)
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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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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

The method BEST inferred the same tree [Edwards et al., PNAS 2007] 

The MDC method inferred the same tree [Than&Nakhleh, PLoS Comp 
Bio 2009] 
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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
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A PROBABILISTIC APPROACH

The method produced very accurate results on synthetic 
data 

In addition, we currently have:

a faster method for computing gene tree probabilities, and

a method for inferring phylogenetic networks under the 
probabilistic method. 
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A PARSIMONY APPROACH

W. Maddison (Systematic Biology, 1997) proposed reconciling 
a gene tree with a species tree so as to minimize the “number 
of extra lineages” or “deep coalescences” (MDC).

A B C

Ψ=

0 extra lineages

A B C

Ψ=

1 extra lineage
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A PARSIMONY APPROACH

Denote by XL(Ψ,gt,h) the number of extra lineages 
assuming coalescent history h gave rise to gene tree gt 
within the branches of species tree Ψ.

Then, W. Maddison’s MDC cost for a given pair of        
species/gene tree is:

XL( , gt) = min
h2H (gt)

XL( , gt, h)
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A PARSIMONY APPROACH

The reconciliation problem under MDC is easy: 

Map every clade in the gene tree to its MRCA in the 
species tree (the lca mapping)

25



A PARSIMONY APPROACH

 ⇤  argmin 
X

gt2G
XL( , gt)

The inference problem is hard
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A PARSIMONY APPROACH

Exact DP- and ILP-based solutions for inferring species 
trees:

When all gene trees are rooted, binary, with single allele 
per locus per species (Than&Nakhleh, PLoS Comp Bio 
2009)

When the gene trees may be unrooted, non-binary, and 
zero or more alleles sampled per locus per species (Yu, 
Warnow, and Nakhleh, RECOMB 11 and JCB 11)
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ILS + HYBRIDIZATION:
A PARSIMONY APPROACH

But, what about inference of species networks?

Solution for special cases (Yu, Than, Degnan, Nakhleh, 
Syst Biol 2011)

Solution for the general case (Yu, Barnett, Nakhleh, 
under review, 2012)
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REANALYSIS OF THE YEAST DATA

Sbay Skud Spar Scer Smik
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REANALYSIS OF THE YEAST DATA
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Observe the decrease in XL as more reticulations are added!
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REANALYSIS OF THE YEAST DATA

Sbay Skud Spar Scer Smik

A

Sbay Skud Spar Scer Smik

B

0.36

Sbay Skud Spar Scer Smik

C

0.35
0.16

XL = 77 XL = 25 XL = 11

Observe the decrease in XL as more reticulations are added!

Have to account for network complexity!
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ILS + HYBRIDIZATION:
A PARSIMONY APPROACH

The parsimony approach does surprisingly well at (1) 
inferring the phylogenetic network topology, and (2) 
estimating inheritance probabilities, on synthetic data

Much faster than the probabilistic method

Suffers from the “model selection” problem (the more 
hybridization, the merrier!)
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SUMMARY

Dealing with ILS and hybridization simultaneously, we have methods for

computing gene tree probabilities

inferring phylogenetic networks

parsimonious reconciliation of gene trees

parsimonious inference of phylogenetic networks

The most challenging task:

how to achieve scalability of these methods to large data sets! 
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PHYLONET

All the Methods are implemented in PhyloNet: 

http://bioinfo.cs.rice.edu/phylonet 

Tutorial tomorrow, by Yun Yu
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