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The field of phylogenetics is entering a new era in which
trees of historical relationships between species are
increasingly inferred from multilocus and genomic data.
A major challenge for incorporating such large amounts
of data into inference of species trees is that conflicting
genealogical histories often exist in different genes
throughout the genome. Recent advances in genealogi-
cal modeling suggest that resolving close species
relationships is not quite as simple as applying more
data to the problem. Here we discuss the complexities of
genealogical discordance and review the issues that new
methods for multilocus species tree inference will need
to address to account successfully for naturally occur-
ring genomic variability in evolutionary histories.

The problem of gene tree discordance

Until recently, the state of the art for molecular phyloge-
netic studies typically involved (i) sequencing a gene in
individual representatives of a collection of species; (ii)
inferring a ‘gene tree’ (see Glossary) for the sequences;
and (iii) declaring the gene tree to be the estimate of the
tree of species relationships. With the increasing abun-
dance of molecular data and the recognition that evolution-
ary trees from different genes often have conflicting
branching patterns [1-8], it is becoming increasingly feas-
ible to implement multilocus approaches to phylogenetic
inference. Many of the first studies to examine the con-
flicting signal of different genes have found considerable
discordance across gene trees: studies of hominids [9-11],
pines [12], cichlids [13], finches [14], grasshoppers [15] and
fruit flies [16] have all detected genealogical discordance so
widespread that no single tree topology predominates.
These examples highlight the issue of ‘incomplete lineage
sorting’ (Box 1) and the need to account for gene tree
discordance in phylogenomic studies.

Concurrent with the proliferation of empirical studies of
gene tree discordance, new analytical and simulation tools
have increasingly made it possible to investigate the mag-
nitude of this discordance under probabilistic models of
how genetic lineages evolve across species. This theoretical
work also finds that high levels of discordance are often
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expected. Most strikingly, methods such as ‘democratic
vote’ and concatenation can be more likely to result in
an incorrect species tree as more data are added.

Here we describe how gene tree discordance can be
predicted under a widely used evolutionary model, the
coalescent, applied to multiple species. We also describe
the conceptual basis for gene tree discordance and methods

Glossary

Ancestral polymorphism: the existence of more than one allele at a locus in an
ancestral population; through incomplete lineage sorting, polymorphisms can
persist through species divergences, resulting in misleading similarities of
DNA sequences that do not necessarily reflect population relationships.
Anomalous gene tree (AGT): a gene tree topology that is more probable than
the gene tree topology that matches the species tree topology.

Anomaly zone: for a given species tree topology, the set of branch lengths for
which there is at least one AGT.

Coalescent event (or coalescence): the most recent common ancestral gene for
a pair of gene lineages; coalescent events correspond to nodes on gene trees.
Coalescent history: for a given gene tree-species tree pair, a list specifying the
ancestral populations of the species tree in which the gene tree coalescences
occur. The set of coalescent histories compatible with a gene tree-species tree
pair depends only on the topologies of the species tree and gene tree. A
coalescent history can be compatible with more than one sequence of
coalescences within a population.

Coalescent time unit: a unit of time normalized by population size. If T is the
number of generations of a species tree branch, and N, is the effective number
of chromosomes in the population, then T/N, is the length of the branch in
coalescent time units. Thus, 1.0 coalescent time units corresponds to N,
generations, and a short branch can arise from a small number of generations,
a large population size, or both.

Gene tree: a tree of ancestor-descendant relationships for a gene (or locus),
where the same gene is sampled from several individuals. Nodes of a gene tree
are coalescent events. We use ‘gene tree’ to refer only to a topology, but
branch lengths can also be of interest. We use ‘gene genealogy’ to refer to a
gene tree with branch lengths.

Incomplete lineage sorting: the failure of two or more lineages in a population
to coalesce, leading to the possibility that at least one of the lineages first
coalesces with a lineage from a less closely related population.

Monophyly: the condition in which the most recent ancestral copy of a set of
lineages is not an ancestor of any lineages outside the set. We use this term to
refer to gene lineages.

Multispecies coalescent: the coalescent model applied to gene trees in a
species tree; this model is used to assemble separate coalescent processes
occurring in populations connected by an evolutionary tree.

Pectinate: a branching pattern for a bifurcating tree in which each internal node
has at least one branch connected to a tip of the tree, such as for the tree
((((AB)C)D)E).

Species tree: a tree of ancestor-descendant relationships for a set of
populations. Branch lengths depend on time measured in number of
generations and on effective population sizes. In our species tree diagrams,
the height of a branch indicates time in generations, while the width of a
branch is often drawn proportionally to N,.
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Box 1. Incomplete lineage sorting

‘Lineage sorting’” and ‘incomplete lineage sorting’ are used in
several ways by different authors. Some authors (including us)
use them primarily as descriptions of particular types of genealo-
gical pattern. Other authors use them to describe a process that
explains the gene tree discordance detected in genetic data, and
require that genetic data be investigated before the terms apply. Still
others describe ‘lineage sorting’ as ‘complete’ when polymorphism
no longer exists at a locus in descendant populations [22,75]. The
term ‘hemiplasy’ has been suggested [76] for gene tree incon-
gruence specifically caused by incomplete lineage sorting when
ancestral polymorphism is retained through speciation events.

An important insight from coalescent theory is that ancestry of
lineages can be modeled independently of the process of mutation
[18]. Thus, incongruent gene trees can occur even without ancestral
polymorphism - or without any present-day polymorphism.
Although detecting gene tree incongruence (or incomplete lineage
sorting) does depend on the occurrence of mutations, detectability
is conceptually distinct from whether incongruence (or incomplete
lineage sorting) exists. Because gene trees are expected to some-
times disagree with the species tree independently of the existence
of polymorphism, we suggest that ‘incomplete lineage sorting’ be
used only to refer to failures of lineages in a population to coalesce.
Whether such failures result in incongruent gene trees depends on
coalescences in ancestral populations. With this definition, incon-
gruence is not built into the concept of incomplete lineage sorting,
and the usage parallels the way HGT, gene duplication, hybridiza-
tion, recombination, natural selection and other phenomena are
cited as potential causes of gene tree incongruence.

for obtaining gene tree probabilities given a species tree.
We discuss implications of gene tree discordance and the
‘multispecies coalescent’ for experimental design, and
review new approaches that allow for high levels of gene
tree discordance when inferring species trees. Finally, we
conclude with a proposed list of questions for framing
future investigations of gene tree discordance, incomplete
lineage sorting and multilocus phylogenetics.

The multispecies coalescent

Coalescent theory [1,2,17], which models genealogies
within populations, can be used to investigate probabilities
that gene trees have branching patterns (topologies) that
differ from a species tree topology. The basic model, which
we call the ‘multispecies coalescent, generalizes the
Wright-Fisher model of genetic drift [18-20], applying it
to multiple populations connected by an evolutionary tree.

The coalescent for a single population traces the ances-
tries of a subset of individual copies of a gene backward in
time from the present. Figure la depicts a population
shaded in blue with five (haploid) individuals, tracing
the ancestries of three of the individuals back ten gener-
ations. The population is assumed to have constant size
and nonoverlapping generations. Each gene is copied from
a random ‘parental’ gene in the previous generation. The
coalescent model approximates the process of choosing
random parents backward in time when the population
size is large relative to the number of sampled lineages
[18-20].

In population genetics, the coalescent is typically
applied to several individuals sampled from one popu-
lation. In phylogenetics, individuals from the same popu-
lation are usually assumed to be similar compared to
the differences that exist among populations (or species)
and, often, only one individual is sampled per population.
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Figure 1. The multispecies coalescent. Each dot represents an individual gene
copy, with each row representing one generation. Lines connect an individual gene
copy to its ancestor in the previous generation, one row higher. The width of a
population represents the population size, and the height represents time
measured in generations. (a) The coalescent in several populations. The four
populations shaded pink each have only one lineage (gene copy) sampled per
species. (b) Populations arranged by evolutionary relationships. Because the
lineage ancestral to the gene sampled from population C fails to coalesce in the
population in yellow, this lineage can coalesce with the D lineage before
coalescing with the lineage ancestral to the lineages sampled from populations
A and B. Consequently, the gene tree topology is ((AB)(CD)), whereas the species
tree topology is (((AB)C)D). (¢) A gene tree in a species tree, obtained by ignoring
individuals that are not ancestral to individuals in the sample.
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Figure 2. Sources of gene tree-species tree discordance other than incomplete lineage sorting. (a) HGT: a lineage jumps from the population ancestral to A and B to the
population ancestral to C, leading to the gene tree (A(BC)). (b) Gene duplication and loss: through extinction of lineages, gene duplication can produce apparent
relationships incongruent with the species tree. Even if paralogs are not lost, the sampling of lineages that are not true orthologs can cause lineages from A and C to appear
more closely related to each other than either is to B. (¢) Hybridization causes some genes sampled from species B to descend from the population ancestral to A and B,
whereas others descend from the population ancestral to B and C. The two gene trees depicted in (c) are ((AB)C) (black) and (A(BC)) (orange). Hybridization affects whole
genomes, whereas HGT typically affects only small DNA segments. (d) Recombination can lead to different histories for neighboring segments within a gene. For the DNA
segment depicted in black, the gene tree is ((AB)C), but for the segment in white, the gene tree is ((AC)B).

However, the coalescent still applies because two or more
lineages can coexist in the same ancestral population
(Figure 1b,c). For studies of closely related populations,
differences among genes from separate populations can be
similar in magnitude to differences among genes within a
population; consequently, multiple gene copies (alleles) per
population are often sampled [21,22].

Considering multiple populations, the multispecies
coalescent can be used to describe a probability distri-
bution of random gene trees that evolve along the branches
of a species tree [1,2,5,23-27]. Gene lineages from different
species trace backward through time, finding common
ancestors at rates specified by the model. Coalescences

Box 2. Coalescent time units

of gene lineages from separate species can only occur more
anciently than the splitting times of the species to which
they belong.

In its simplest form for a non-recombining locus, the
multispecies coalescent inherits many of the assumptions
of the Wright-Fisher model: constant effective population
sizes (IV,) within (but not necessarily across) populations;
neutral evolution for the loci modeled; no structure within
populations; and random joining of lineages backward in
time, so that all pairs of lineages in a population are
equally likely to coalesce. It also accommodates multiple
individuals (alleles or lineages) sampled per species
[23,24,28-31].

Branch lengths on species trees, measured in coalescent time units,
depend on both the number of generations and N,. Thus, a small
number of generations need not produce a branch that is short in
coalescent time units (Table ). For example, with 10000 diploid
individuals or Ng=20000 chromosomes, if the length of time is
T=100000 generations, then the branch length is T/N,= 100 000/
20 000 = 5.0 coalescent time units. For the same number of genera-
tions, No =100 000 diploid individuals would imply a branch length of
0.5 coalescent time units.

Gene tree branch lengths are often measured in terms of the
expected number of mutations. For diploids, branch lengths in
coalescent time units can be converted into mutation units by
multiplying by 6/2, where 6 = 2N and . is the mutation rate per site
per generation. This computation works because (6/2)-T/N,= T, the
expected number of mutations that occur in T generations. (If 2N, is
used as the effective population size, 6 = 4Ngw and (6/2)-T/(2Ng) = nT.)
For example, if 6=0.01, 0.5 coalescent time units corresponds to
(0.01)(0.5/2) = 0.0025 mutation units. This corresponds to an expected
2.5 mutations per 1000 sites along this branch. Mutation units can be
converted into coalescent time units by dividing by 6/2.

What branch lengths on species trees occur in real data? For the
species tree (((HC)G)O) for human, gorilla, chimpanzee and

orangutan, using an estimated time from the gorilla divergence
to the split between humans and chimps of 1.2 million years, and
Ng/2 =24 600 individuals (= 49 200 for the number of autosomal
gene copies) and a generation time of 20 years [30], this value
corresponds to 1200 000/60 000 generations and, therefore, to
60 000/49 200 =~ 1.2 coalescent time units. A similar calculation
yields ~4.2 coalescent time units separating the branch leading to
orangutans from the most recent common ancestor of humans,
chimpanzees and gorillas. Shorter coalescent branch lengths can
occur with larger population sizes and faster population diver-
gences. Passerina buntings have been estimated to have N, near
1000 000 individuals and intervals between speciation events as
small as ~100 000 generations [63], suggesting branches as short
as 0.05 coalescent time units.

Probabilities of gene tree topologies (online Supplementary Box
S1) given species trees with branch lengths can be calculated using
the program COAL [25] by enumerating coalescent histories
[77,78]. Using the species tree (((HC)G)O) and branch lengths
based on Ref. [30] yields probabilities of 0.79 for the gene tree
(((HC)G)O) and 0.099 for each of the gene trees (((HG)C)O) and
(((CG)H)O). These values agree closely with a genome-wide
analysis using ~12 000 genes [11].

Table I. Coalescent time units for different combinations of N, and number of generations

Number of generations N,
10 000 50 000 100 000 500 000 1 000 000
10 000 1 0.2 0.1 0.02 0.01
50 000 5 1 0.5 0.1 0.05
100 000 10 2 1 0.2 0.1
500 000 50 10 5) 1 0.5
1 000 000 100 20 10 2 1
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The multispecies coalescent is perhaps the simplest
model available for making quantitative predictions about
probabilities of gene trees, and it generalizes a standard
model used for within-species population-genetic data [18-
20,32,33]. When exact predictions are difficult, gene trees
can be easily simulated under the model. Additionally, the
multispecies coalescent can serve as a baseline for inves-
tigating diverse causes of gene tree discordance (Figure 2).
The model has also been extended to include within-
species migration [34-36], hybridization [37], horizontal
gene transfer (HGT) between species [38] and recombina-
tion [27,39,40]. This flexibility makes the coalescent
particularly useful for multispecies studies and provides
a natural model for gene tree discordance.

Conceptual basis for discordance

Given enough time measured in coalescent time units (Box
2), lineages within a population coalesce with high prob-
ability. After ~5N, generations along species tree
branches, where N, is the effective number of chromo-
somes, lineages are likely to have coalesced within each
population, and monophyly of lineages (and, therefore,
congruence between gene trees and the species tree) is
probable [3,25,29,41,42]. With shorter branches, multiple
gene lineages tend to persist into deeper portions of the
species tree. Coalescences can then occur between lineages
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that are not from the most closely related species, resulting
in discordant gene trees: lineages do not necessarily ‘sort’
by species when they are coalescing, and ‘incomplete lin-
eage sorting’ becomes probable (Figure 1b).

Although incomplete lineage sorting is typical of shal-
low species trees, where taxa are closely related and the
root of the tree is recent, it can also occur in deep phylo-
genies. For some combinations of branching patterns and
branch lengths, lineages are likely to sort in a way that
violates monophyly of lineages for a species deep in the tree
[21,43]. A disagreement between the gene and species tree
topologies can get ‘stuck’ deep in the past, leading to
discordance in the present. This phenomenon requires
some short branches, possibly only one, deep in the tree.

Good candidates for ancient incomplete lineage sorting
are ancient rapid radiations [44], in which short ancient
species tree branches are likely to be common. Potential
examples include the early period in bird evolution [45],
the radiation of South American rodents [46] and the more
recent radiations of Drosophila [16] and cichlids [13]. Lin-
eage sorting has also been cited as a possible explanation
for gene tree conflict in deeper phylogenies, such as in the
most ancient splits within the mammals [47]; however, in
such cases, divergence time estimates can be too uncertain
to be confident that incomplete lineage sorting is likely.
Short branches can also be less likely in deep phylogenies:
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Figure 3. Gene tree distributions for pectinate species trees. The species tree is shown above each distribution. The total tree depth is fixed at 1.0 coalescent time units,
including external branches, although only internal branch lengths are used to calculate gene tree probabilities when one lineage is sampled per species. (a,b) For four and
five taxa, the most probable gene tree matches the species tree. (¢,d) For six and seven taxa, the most probable gene tree is an AGT. For each plot, the gene tree topologies
are ranked by their probabilities. Thus, in (a) and (b), the leftmost gene tree probabilities correspond to the (((AB)C)D) and ((((AB)C)D)E) topologies, respectively. In (c), the
leftmost gene tree probability corresponds to ((((AB)C)D)(EF)). In (d), the most probable gene tree is (((((AB)C)D)E)(FG)), and the matching gene tree is the sixth most

probable tree. For (c) and (d), only the 105 most probable gene trees are shown.
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sampled taxa can be more distantly related than for shal-
lower phylogenies, and extinction can lengthen branches
deep in the tree, reducing the likelihood of incomplete
lineage sorting.

In molecular data, gene tree discordance owing to
incomplete lineage sorting is generally detected by
analysis of segregating sites in aligned DNA sequences.
However, we emphasize that the multispecies coalescent
examines the underlying discordance of gene and species
trees separately from mutation models used during data
analysis that can also cause inferred gene trees to disagree
with the species tree. Thus, even correctly inferred gene
trees do not necessarily match the species tree. It is there-
fore useful to know the properties of underlying gene trees
independently of difficulties inherent in inferring these
trees from molecular data.

Gene tree probabilities

Probability calculations for properties of gene trees given a
species tree are important for understanding the magni-
tude of genealogical discordance, for predicting the beha-
vior of phylogenetic algorithms and for assessing the fit of
the multispecies coalescent. Such computations rely on the
concept of coalescent histories, which for a given gene tree
and species tree topology represent the sequences of
species tree branches on which gene tree coalescences
can occur (online Supplementary Box S1). By considering
all possible gene tree topologies for a given species tree
with specified branch lengths, we can compute a full prob-
ability distribution of gene trees (online Supplementary
Box S1). Each species tree topology with a set of branch
lengths has a characteristic gene tree probability distri-
bution; thus, the species tree with branch lengths can be
considered a parameter for the gene tree distribution [25].
For pectinate species trees, Figure 3 shows these gene tree
distributions for different numbers of taxa when the total
tree depth is 1.0 coalescent time units. Holding tree depth
constant, sampling more taxa increases the discordance,
leading to lower gene tree probabilities and less peaked
distributions.

The symmetries in gene tree distributions can facilitate
the use of gene trees for testing the coalescent model and
estimating species tree branch lengths (Box 3). For
example, if the species tree has topology (((AB)C)D), then
the probabilities of gene trees ((BC)A)D) and (((AC)B)D)
are identical. A study of great apes [11] found that among
11 945 gene trees with high posterior probability, 76.6%
supported the ((human,chimp),gorilla) relationship,
whereas 11.5% and 11.4% supported the ((chimp,gorilla),-
human) and ((human,gorilla),chimp) relationships,
respectively. These results are potentially compatible with
the multispecies coalescent when there is a long separation
between the split of orangutan (which has the role of
species ‘D’) and the divergence of the other great apes,
but a short interval between the separation of gorillas and
the human-chimpanzee split.

One surprising property of gene tree distributions is
that the most probable gene tree topology need not match
the species tree topology. For example, in the six- and
seven-taxon distributions in Figure 3, the most probable
gene trees are ((((AB)C)D)(EF)) and (((AB)C)D)EXFG)),

336

Trends in Ecology and Evolution Vol.24 No.6

Box 3. Testing the multispecies coalescent

The multispecies coalescent predicts certain distributions of gene tree
frequencies. Only specific distributions are compatible with any
particular species tree topology. For example, for three species, the
most probable gene tree is expected to match the species tree,
whereas the two non-matching topologies are expected to be equally
frequent [4,20]. Processes such as natural selection, non-indepen-
dence of loci, ancestral population subdivision [79,80] and hybridiza-
tion can cause gene tree distributions to differ from the distribution
expected under the multispecies coalescent. Although compatibility
with the multispecies coalescent does not rule out the possibility that
factors other than incomplete lineage sorting contribute to gene tree
conflict, gene tree patterns can be used in a goodness-of-fit test for the
multispecies coalescent.

A study of 30 loci in three in-group Australian grassfinch species
found 16 gene trees with topology ((acuticauda, hecki),cincta), seven
gene trees with topology ((acuticauda,cincta),hecki) and five gene
trees with topology ((cincta,hecki),acuticauda) [14]. Are these data
compatible with the multispecies coalescent? One way to test for such
compatibility is to determine whether a species tree exists that could
be consistent with these data. Because the ((a,h),c) gene tree is the
most frequent and there are only three taxa, it has the highest
likelihood of matching the species tree. Assuming that the species
tree has topology ((a,h),c), the probability that a gene tree has the
topology ((a,h),c) is 1 — (2/3)e %, and gene tree topologies ((a,c),h) and
((c,h),a) both have probability e %3 [4,20]. Using these probabilities,
and ignoring two loci with unresolved estimated gene trees, the ML
value for t is ~0.442 [20]. Using this value for t and the assumed
species tree ((a,h),c), we can compute the expected number of times
each topology would occur in a sample of 28 gene trees. These values
are 16.002 for ((a,h),c) and 5.999 for ((a,c),h) and ((c,h),a). A chi-square
test can be used to assess goodness of fit by comparing the observed
and expected numbers of gene trees for each topology:

X2 Z (Observed; — Ex pected,')2

i Ex pected;
~ (16 -16.002)*> (7 —5.999)” (5—5.999)°
76002 ' 5999 ' oege O3B

The probability of observing X2 this large or larger (the P value) is
~0.56, so the data are compatible with the multispecies coalescent.
The test uses one degree of freedom, because only one free
parameter (the species tree internal branch length) determines all
gene tree probabilities. A species tree topology with ntaxa has n — 2
parameters (internal branch lengths) that determine the gene tree
distribution when one individual is sampled per species [25].

respectively, which have different topologies from the
(pectinate) species trees. We have termed gene trees that
are more probable than the gene tree that matches the
species tree ‘anomalous gene trees’ (AGTs) and, for a given
species tree topology, we call the region of branch length
space that gives rise to AGTSs the ‘anomaly zone’ [26]. An
unexpected result is that for all species tree topologies with
five or more taxa, and for pectinate topologies with four
taxa, there exist choices of branch lengths for which AGTs
occur.

The existence of AGTs implies that the most commonly
observed gene tree in a genome-wide collection might not
match the species tree. The problem of AGTs is not
expected to diminish as the number of taxa increases.
For example, when the internal branches have equal
length, the maximum value of the shared branch length
that still yields an AGT increases from 0.1568 coalescent
time units (Box 2) for four taxa to 0.1934 coalescent time
units for five taxa [48]; thus, with more taxa, branches can
become longer while remaining in the anomaly zone.
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AGTsSs are more likely when at least some short branches
occur in the species tree, such as in a rapid species radi-
ation [44] or in a sample of closely related populations.
Although it is currently unknown how often AGTs arise, it
is sensible to use species tree inference procedures that
perform well when they do occur; thus, scenarios in the
anomaly zone can provide a useful set of parameter values
for testing new methods for species tree inference.

Species tree inference

Discordant gene trees contain information about features
of the species tree, such as its topology, divergence times
and population sizes. Conflicting gene trees therefore pro-
vide a basis for inferring species trees using procedures
that do not simply equate the estimated species tree with a
single estimated gene tree. A desirable property for
methods that estimate species trees is statistical consist-
ency: an estimator should converge on the true species tree
as more individuals, longer DNA sequences or more genes
are added. An algorithm should further be computationally
tractable and should produce reasonable estimates with
data of feasible size. Existing methods exhibit these fea-
tures in varying degrees.

Consensus and concatenation

Perhaps the most straightforward method of inferring
species trees from multilocus data is the ‘democratic vote’
procedure, in which the most commonly occurring gene
tree topology is used as the estimate of the species tree.
Under the multispecies coalescent, this method is statisti-
cally consistent for three-taxon trees [9,10,49]. However, it
can converge on an incorrect estimate when four or more
taxa are present and an AGT exists, and it can be sensitive
to sampling variation for small numbers of loci. Because
the democratic vote procedure can produce misleading
results, inferring species trees from multilocus data
requires a more nuanced approach than simply increasing
the number of loci. Two popular perspectives are the
approaches of separate and combined analysis,
represented by consensus methods [32,50,51] and conca-
tenation of sequences [10,52,53]. Consensus and concate-
nation are attractive because they can reuse existing
software. However, they do not explicitly model relation-
ships between gene trees and species trees.

Consensus methods construct a tree that summarizes
input trees defined on the same set of taxa (supertree
methods are used if the input trees have overlapping
but nonidentical sets of taxa [54]). Many consensus algor-
ithms exist [50], some of which have favorable theoretical
properties when applied to separate gene trees [55]. Rooted
triple consensus [56] (approximately) constructs the tree
that is most compatible with the most frequently occurring
relationships for taxa taken in groups of three. Although
the most frequently occurring gene tree considered on all
taxa can be misleading, rooted triple consensus is motiv-
ated by the fact that the most frequently occurring three-
taxon trees over all loci are expected to match the relation-
ships in the species tree for the same taxa (there are no
three-taxon AGTSs) [55].

The concatenation approach, in which all sampled genes
are concatenated for each taxon and are then analyzed as a
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single ‘supergene,” assumes that all the data have evolved
according to a single evolutionary tree, possibly under
different mutation rates and models for different sites.
When recombination occurs in a genome, decoupling the
evolutionary histories of different loci, this assumption is
violated. As a result, concatenation ignores the occurrence
of different evolutionary histories at different loci, poten-
tially leading to overconfident support for incorrect species
trees [57-60]. Although consensus methods do not have
this same limitation in theory, a simulation-based com-
parison [51] found concatenation to be more accurate than
a consensus method, but sometimes with misleadingly
high bootstrap support. Such limitations have motivated
the need for new species tree inference approaches in the
presence of gene tree discordance.

New approaches

One new method of inferring species trees involves mini-
mizing the number of deep coalescent events [7,28]. In this
approach, coalescence between two lineages is called ‘deep’
if it occurs more anciently than the most recent ancestral
population from which the lineages were sampled. The
inferred species tree is the one that minimizes the number
of deep coalescences needed for the species tree to be
compatible with each gene tree. This approach can also
handle the sampling of multiple individuals per species, a
strategy that, for closely related species and fixed effort,
can be more informative than sampling more genes [28].

A second method is maximum likelihood (ML), in which
a species tree likelihood is obtained by conditioning on the
gene trees at each locus and summing over all possible sets
of gene trees [6,7]. The ML species tree can then be
obtained by searching over species trees, computing the
likelihood by summing over all possible gene genealogies
(gene tree topologies with coalescent times) for each species
tree. However, this method is computationally intensive
and has only been partially developed [61], although a
pruning algorithm for species tree likelihoods that
accounts for gene tree variation provides a substantial
computational improvement [62]. Approximations to this
type of approach have also been implemented using prob-
abilities of gene tree topologies [15,63].

ML and Bayesian methods can incorporate branch
lengths and uncertainty in estimated gene genealogies.
A Bayesian approach using a density for gene genealogies
[30], coded in the program BEST [31,64], simultaneously
estimates the species tree along with gene trees and per-
forms well in cases where concatenation performs poorly
[58]. ‘Bayesian concordance factors’ [65] estimate the
degree of conflict in a set of gene trees without assuming
that a particular mechanism, such as the coalescent,
explains the discordance. These two Bayesian methods
take into account statistical dependency between genes.

One species tree inference method proven to be statisti-
cally consistent is the ‘GLASS tree’ approach [66] (also
called the ‘maximum tree’ [64]). This method updates a
single-locus method [23], which uses the minimum coalesc-
ent times taken over all pairs of individuals between two
species, extending this strategy by also taking the mini-
mum over multiple loci. The species tree topology is then
implied by the minimum divergence times. A limitation of
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this method is that its estimated divergence times are
biased to be more ancient than actual divergence times,
although the estimates asymptotically approach the true
values. In practice, two difficulties with the method are: (i)
for closely related species, lack of sequence divergence
between two individuals leads to estimated coalescent
times of 0 generations and, therefore, to unresolved trees;
and (ii) different loci can have different mutation rates or
can be non-clocklike, requiring coalescent times to be
rescaled so that they can be combined to estimate a single
tree.

Although diverse strategies for species tree inference
are now becoming available, the relative performance of
these methods given a high degree of gene tree discor-
dance has yet to be investigated in detail, including in
cases for which simpler methods, such as consensus and
concatenation, perform poorly. In addition, issues such
as robustness to violations of assumptions and taxon
sampling in the species tree context have yet to be
investigated.

Taxon sampling for species trees

Phylogenetic researchers have long been aware that the
choice of taxa analyzed can impact the accuracy of tree
estimates. Methods such as parsimony can be misled by
‘long branch attraction,” in which species at tips of long
branches are erroneously estimated as closely related [67].
Sampling more taxa can break long branches and can often
produce improved phylogenetic inferences [68,69],
although the opposite is sometimes true [70,71]. Additional
taxa can introduce new long branches [70], and it was
observed that when there was no gene tree conflict among
106 gene trees inferred from five taxa in a study of yeast
[52], adding a distant outgroup caused conflict among the
five taxa [71].

Issues of taxon sampling, concerning the choice of taxa
for inclusion in phylogenetic studies, have been considered
primarily for gene trees. Species trees, however, introduce
new complications. Taxon sampling affects both gene tree
branch lengths and species tree branch lengths. For a fixed
total species tree depth, sampling taxa more densely
shrinks some branches (Figure 3), making gene tree dis-
cordance more likely. Furthermore, because different gene
trees can occur at different loci, the effect of taxon sampling
can be locus dependent; thus, taxon sampling might break
long branches for some loci but not for others. As past work
on taxon sampling has focused on inferring gene trees, the
effects of taxon sampling on various methods of species tree
inference remain unexplored.

Conclusions

Conflicts between gene trees estimated at different loci
have sometimes been seen as obstacles for inferring phy-
logenies. However, we suggest that gene tree conflict pro-
vides an opportunity to obtain information regarding the
processes that have shaped organismal genomes.
Researchers have used conflicting gene genealogies to infer
ancestral population parameters such as population size
and divergence times [30,72], and to examine species
divergence processes [11,36]. It is only recently, however,
that population-genetic and phylogenetic perspectives are
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Box 4. Outstanding questions

(i) Which species tree estimators from multilocus data are
statistically consistent, even when there are AGTs? Among
consistent algorithms, which offer the fastest convergence to
the species tree?

(ii) Do computationally tractable ML algorithms exist that con-
sistently infer the species tree while accounting for variation
among gene trees?

(iii) What are the effects of taxon sampling for methods of inferring
species trees? Do improvements in gene tree estimation owing
to increased taxon sampling lead to improvements in species
tree estimation?

(iv) What is the computational complexity of the evaluation of
gene tree probabilities? For a given number of taxa, which
gene tree-species tree combination maximizes the number of
coalescent histories, and what is this maximum? If the gene
tree matches the species tree, which topologies minimize and
maximize the number of coalescent histories?

Is there a way of computing gene tree probabilities that does

not depend linearly on the number of coalescent histories?

(vi) For data sets with high levels of gene tree conflict, how can
researchers determine whether an AGT is likely? How often do
AGTs arise in real data sets?

(vii) How sensitive are predictions under the multispecies coales-
cent to violations of assumptions? What outcomes are
expected in cases with ancestral population structure or high
levels of intragenic recombination?

(viii) How much discordance in real data sets can be attributed to
incomplete lineage sorting, hybridization, gene duplication,
HGT, natural selection, recombination and sampling error?
What are the best ways of distinguishing sources of dis-
cordance?

(ix) How does heterogeneity in evolutionary processes interact
with gene tree discordance in phylogenetic inference? To what
extent do difficulties such as heterogeneity in sequence
evolution compound the problems of gene tree discordance?
How should tradeoffs among sampling longer sequences,
more genes and more individuals per species affect the design
of multilocus phylogenetic studies?

(v

(x

being integrated in the effort to improve methods for
inferring species trees.

With the increasing abundance of genomic data, it is
important that phylogenetic methods take into account
many loci and, therefore, many gene trees. Conflicting
topologies are likely to become the norm, and the amount
of gene tree discordance expected by chance under a simple
neutral model can now be predicted analytically or by
simulation. New ways of understanding gene trees will
assist in modeling multiple sources of gene tree conflict
simultaneously [37,38], or in distinguishing sources of
conflict, such as in deciding whether discordance is due
to hybridization or incomplete lineage sorting [73,74], and
in judging whether discordance is more frequent than
expected under a null model.

Long-standing issues about inferring species trees can
now be reexamined in a new light, including problems with
combining data sources, effects of taxon sampling and
statistical consistency of phylogenetic estimators. Oppor-
tunities also exist for modeling, such as in relaxing the
assumptions of the multispecies coalescent. The outstand-
ing questions detailed in Box 4 could provide a useful
framework for future research on gene tree discordance
in phylogenetics.

In many cases, the answers to the questions posed in
Box 4 will depend on the species under consideration.
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However, as the focus of molecular phylogenetics moves
from gene tree inference to multilocus inference of species
trees, it will be important to determine the features of
underlying biological processes, experimental designs and
computational methods that give rise to the best estimates
of species phylogenies.
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