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Abstract
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An intricate relationship exists between gene trees and species phylogenies, due to evolutionary
processes that act on the genes within and across the branches of the species phylogeny. From an
analytical perspective, gene trees serve as character states for inferring accurate species
phylogenies, and species phylogenies serve as a backdrop against which gene trees are contrasted
for elucidating evolutionary processes and parameters. In a 1997 paper, Maddison discussed this
relationship, reviewed the signatures left by three major evolutionary processes on the gene trees,
and surveyed parsimony and likelihood criteria for utilizing these signatures to computationally
elucidate this relationship. Here, we review progress that has been made on developing
computational methods for analyses under these two criteria, and survey remaining challenges.

Multi-locus analyses and evolutionary processes
Species phylogenies and gene trees have an intricate relationship that stems from the
evolutionary processes acting within, and sometimes across, species boundaries to shape the
gene trees. Three major evolutionary processes are gene duplication, horizontal gene
transfer, and hybridization. Gene duplication results in the creation of new copies of genes
and thus plays a central role in genome evolution [1]. As these copies acquire genetic
differences, their evolutionary fates might differ and result in novel gene functions [2].
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In asexual species, horizontal gene transfer (HGT) shapes the genomic repertoire and
imports new genes, sometimes of beneficial consequences, into the host genome [3, 4]. HGT
occurs mainly through one of three mechanisms: transformation, which is the uptake of
naked DNA from the environment, transduction, which is the transfer of genetic material
through a plasmid or bacteriophage, and conjugation, which is the direct transfer of DNA
between two cells.
In eukaryotes, the evolutionary histories of various groups of plants and animals have been
shown to involve hybridization [5], which is the production of viable offspring from
interspecific mating [6]. Two major outcomes of hybridization are introgression and hybrid
speciation. While some parts of the genetic material contributed to the offspring in
interspecific mating gets eliminated from the population in later generations, other parts are
integrated into the genome, an event that is referred to as introgression. It is important to
note that both HGT and introgression leave similar genomic signatures, though the former
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process occurs in asexual species whereas the latter occurs in sexual species. In some cases,
hybridization results in hybrid lineages that become reproductively isolated from the
parental species, a phenomenon known as hybrid speciation. Figure 1 illustrates gene
duplication, HGT, and hybridization in three-taxon scenarios.
Two of the main tasks of multi-locus analyses are the inference of a species phylogeny and
the evolutionary processes that acted upon the individual loci. While species phylogeny
inference used to be conducted almost exclusively based on a single gene sampled across
species [7], it is becoming more common to use whole-genome data, or more generally,
multiple loci. When gene trees have been inferred for the individual loci, the first task
amounts to inferring the species phylogeny from these gene trees. The second task amounts
to contrasting, or reconciling, the gene trees with the species phylogeny to elucidate the
evolutionary processes that shaped the gene tree and their phenotypic consequences. Multilocus analyses provide power, in terms of phylogenetic signal, to solve both tasks with high
accuracy, yet pose new modeling and computational challenges for phylogenetic inference
that mostly stem from a phenomenon known as gene tree incongruence.

Phylogenetic incongruence: A signal, rather than a problem
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As illustrated in Figure 1, each of the evolutionary processes operating on a gene leaves its
signature on the gene tree. These processes alone do not necessarily result in signatures in
the form of incongruence between gene trees and the species phylogeny. It is often the
evolutionary fates of gene copies that result in such signatures. These evolutionary fates are
determined by forces such as mutation, drift, and selection. For example, in Figure 1(a), if
the gene copies b1, c1, and a2 are lost, the resulting gene tree differs from the species tree. In
Figure 1(b), if the HGT event results in the displacement of the b1 gene copy, then the
resulting gene tree differs from the species tree. On the other hand, if the horizontally
transferred gene copy, b2, is eventually lost, then the gene tree remains congruent with the
species tree. In the case of hybridization, the scenario is dictated by the mode of the
evolutionary process. In homoploid hybridization, the offspring has the same ploidy level, or
number of chromosomes, as each of the parents in the two hybridizing species. In this case,
hybridization is often followed by back-crossing, which is further mating between
individuals from the hybrid population and either of the two parental populations. Repeated
back-crossing, combined with drift and selection, results in unequal parental genomic
contributions in the hybrid offspring and a distribution of differing gene tree topologies
across the genomes. In (allo)polypoloid hybridization, the offspring gets the complete sets of
chromosomes from the parents, thus having a number of chromosomes that is double that of
either of the two parents. While back-crossing does not occur in cases of polyploid
hybridization, drift and selection result in unequal parental genomic contributions in the
hybrid offspring.
From an inference perspective, these signatures can then be utilized as phylogenetic signal
to recover population parameters, evolutionary processes, and the species phylogeny itself
[8]. However, it is important to keep in mind several issues that make the inference task very
challenging in practice. First, incomplete sampling of gene copies by the practitioner might
give rise to artificial signatures that mislead or confound inference tasks. For example, if the
practitioner samples only copes a1, b1, and c1 in the scenario given in Figure 1(a), the
occurrence of a gene duplication event might not be recovered. Second, multiple
occurrences of the same evolutionary process might cancel out or complicate the signature.
For example, assuming displacement of gene copy b1 by the HGT event in the scenario of
Figure 1(b), a subsequent HGT event from B to A, involving gene copy b2 and the
displacement of the original copy of the gene in A, results in a gene tree that is congruent
with the species tree (in terms of topology, but not branch lengths). Third, the occurrence of
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an evolutionary process might not leave a signature on the gene tree topologies. For
example, an HGT between two sister taxa does not result in incongruence between the gene
and species trees. Fourth, the signature left by an evolutionary process might not be unique
to that process [9]. For example, if gene copies b1, c1, and a2 are lost in the scenarios of
Figures 1(a) and 1(c), and the gene copy b1 is lost in the scenario of Figure 1(b), then we end
up with the same gene tree topology in all three cases. Further, as we discussed above, HGT
and introgression might give rise to identical genomic signatures, though they occur in
different groups of species. It is crucial that these issues are kept in mind when applying
inference methods, developing new ones, or interpreting the results thereof.
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It is probably due to these issues, and others, that several genomic studies that are mainly
aimed at obtaining the species phylogeny mask signatures by selecting few loci that satisfy
stringent criteria so as to eliminate the possibility of incongruence and other studies have
strived to do phylogenetic inference despite incongruence. This review, on the other hand,
takes the position that incongruence is a powerful phylogenetic signal that is “desirable, as it
often illuminates previously poorly understood evolutionary phenomena” [9]. Fields such as
molecular population genetics and phylogenetics have long relied on polymorphism and
divergence at the sequence level as signal for inference, and in the post-genomic era,
phylogenomics relies on phylogenetic incongruence as the major signal for inference.
Therefore, phylogenetic incongruence should not be viewed as a problem to be masked or
despite which inference should be made; rather, it should be viewed as a powerful character
with a rich set of states to reconstruct and understand evolutionary phenomena, while
accounting for the aforementioned issues.
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For example, in 1979, Goodman et al. proposed a parsimony-based approach for fitting a
gene tree onto a species tree to elucidate gene duplication and loss events from a set of
globin sequences [10]. In 1997, Maddison proposed to count the minimum number of
branch moves need to convert the species tree into the gene tree, where branch moves do not
violate the temporal constraints provided by the trees, as a proxy for the number of HGT or
hybridization events [11]. Indeed, if these methods were applied to the scenarios in Figure 1,
the true evolutionary events would be uncovered. While these two approaches mainly reveal
information about the evolutionary processes themselves, model-based approaches would
help elucidate, in addition, knowledge about parameters such as population sizes, divergence
times, duplication rates, etc. Further, these reconciliation approaches can be turned into
species phylogeny inference approaches by seeking a species phylogeny that, when all gene
trees are reconciled with it, achieves some optimality score. In 1997, Maddison surveyed
phylogenetic incongruence, and described parsimony and likelihood criteria for various
reconciliation and inference problems [11]. Much progress has been made since 1997 on
developing mathematical models and computational methods for these problems, and the
goal of this review is to revisit the two criteria and provide an update on this progress. We
use Maddison’s article as an organizing principle for the remainder of this review.

Phylogenetic incongruence: Maddison’s 1997 survey
In [11], Maddison discussed phylogenetic incongruence and the two computational
problems of reconciliation and inference. The reconciliation problem seeks a fitting of a
given gene tree within, or across, the branches of a given species tree assuming a source of
incongruence. That is, every leaf in the gene tree is mapped to a leaf in the species
phylogeny, and then internal nodes (which correspond to events of coalescence, duplication,
HGT, etc.) in the gene tree are mapped to the branches of the species phylogeny. In this
way, the reconciliation reveals the evolutionary processes that acting on the gene, and when
model-based approaches are, the reconciliation also reveals information about the timing of
these processes, as well as parameters such as population sizes, duplication rates, etc. The
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inference problem seeks the species tree, given a collection of loci sampled from a set of
species. In traditional phylogenetics, the inference problem amounts to estimating a
phylogenetic tree from a molecular sequence alignment, often assuming only base-pair
mutations. Analogously, in phylogenetic analyses involving multiple loci, the inference
problem amounts to estimating a species phylogeny from a collection of gene trees,
assuming some of the evolutionary processes discussed above.
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For the reconciliation problem, Maddison discussed parsimony approaches for the cases
where gene duplication and loss (DL) are both at play and when HGT is at play. In the case
of DL, Goodman et al. had already proposed a parsimony-based approach for fitting a gene
tree onto a species tree to minimize the number of duplications [10]. In this approach, a node
x in the gene tree is mapped to the most recent common ancestor (MRCA) of the set of
species that contain gene copies descended from node x; see Figure 2(a) for an illustration.
In the case of HGT, Maddison proposed to count the minimum number of branch moves
need to convert the species tree into the gene tree, where branch moves do not violate the
temporal constraints provided by the trees. This number would constitute a lower bound on
the number of HGT events needed to explain the incongruence between the species tree and
gene tree; see Figure 2(b) for an illustration. Given the imbalance in the parental genetic
contributions to hybrid offspring, parsimonious detections of hybridization events can be
carried out in a similar fashion to that of HGT. In other words, while HGT and hybridization
are very different biological processes, their inference under parsimony is very similar, and
the same can be said of meiotic recombination. In addition the aforementioned evolutionary
processes, Maddison discussed the role that random genetic drift plays in phylogenetic
incongruence, a phenomenon we now introduce. Gene trees might disagree with each other,
as well as with the species tree, due to random genetic drift acting within the populations, a
phenomenon known as incomplete lineage sorting, or ILS [7, 12]; see Figure 3 for an
illustration. Unlike gene duplication and loss (DL), HGT, and hybridization, ILS does not
introduce new genetic material into genomes; instead, it is a reflection of the inherent
stochasticity associated with neutral evolution. Maddison proposed that the same mapping
of gene tree nodes to species tree nodes as that employed by [10] would result in a
parsimonious reconciliation (one that minimizes the number of “extra” gene lineages)
assuming ILS as the source of incongruence. The reconciliations of the gene tree and species
tree given in Figure 2 are shown under ILS, DL, and HGT in Figure 4.
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These parsimony-based approaches to reconciliation naturally give rise to three parsimonybased criteria for species tree inference: Of all the possible species tree candidates, seek one
that minimizes the total number of “extra” gene lineages, duplication events, or HGT events,
respectively, when all gene trees in the sample are reconciled with it. Maddison further
proposed a maximum likelihood (ML) formulation for the inference problem. However,
unlike the case of the parsimony formulations, Maddison considered only deep coalescence
(equivalently, ILS) in the case of ML, the reason being that the coalescent theory from
population genetics already provided a mechanism for computing the probability of a gene
tree, whereas no similar theory existed for computing gene tree probabilities when DL, HGT
or hybridization were involved. The ML formulation proposed in [11] assumes a given
collection of sequence alignments, each for a sampled locus, and seeks a tree that maximizes
the probability of observing these alignments by accounting for mutations within each locus
and incongruence across loci. In the next section, I review progress that has been made on
Maddison’s proposals for reconciliation and inference under the assumption of an individual
evolutionary process being at play, and then discuss in the following section progress that
has been made on unification of processes within integrated frameworks.
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As Maddison mentioned, a reconciliation of a gene tree with a species tree under ILS or DL,
using the mapping described above, is efficiently computable. Several algorithms have been
introduced to compute reconciliations under ILS [13] and DL [14]. In terms of mathematical
characterizations, Zhang [15] showed that when the species tree and gene tree have exactly
the same leaf-set (i.e., exactly one gene copy from each species is used to infer the gene
tree), then the number of extra lineages required to reconcile the trees assuming only ILS
equals the number of losses minus twice the number of duplications required to reconcile the
same trees assuming only DL. For example, in Figure 4, the number of extra lineages in
panel (a) is 2, the number of losses and duplications in panel (b) are 4 and 1 respectively,
and we have 2 = 4 − (2 · 1). The formula relating the three quantities becomes slightly more
involved when the two trees do not necessarily have the same leaf-set [15]. For the inference
problem, Maddison and Knowles [16] proposed a heuristic for searching for the species tree
that minimizes the number of extra lineages assuming ILS is the sole cause of incongruence.
Than and Nakhleh [13] later devised exact algorithms for the problem, including for cases
where multiple alleles are sampled [17]. Than and Rosenberg proved that this parsimony
criterion of minimizing the number of extra lineages is in fact statistically inconsistent (that
is, inference under this criterion might converge on the wrong species tree, even as the
number of gene trees used in the inference increases) [18]. Bayzid et al. devised exact
algorithms for inferring a species tree that minimizes the number of duplications and losses
[19].
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As for HGT, the field has evolved rapidly so as to deal with complexities not discussed in
[11]. The reconciliation problem assuming HGT is very hard algorithmically [20, 21, 22]
and, several methods for reconciling a pair of trees were devised (see [23] for a review);
these methods vary in the assumptions and restrictions they make about the trees and
reconciliations. Perhaps the issue that challenges Maddison’s original proposal most is the
concept of a species tree when HGT, or other reticulate evolutionary events, occur. While a
species tree in the case of ILS and DL can fit within its branches the evolutionary histories
of all genes within the genomes under consideration, that structure would fail to capture
adequately the evolutionary histories of genes that are exchanged horizontally. To
accommodate reticulate evolutionary histories, phylogenetic networks were introduced as a
model of evolutionary histories that capture both vertical and horizontal descent of genetic
material [24, 25, 23, 26, 27]; see Figure 5. A phylogenetic network extends the notion of
phylogenetic trees by allowing for nodes with more than one parent—reticulation nodes.
Assuming no ILS or DL, the evolutionary history of each gene in a set of species whose
evolutionary history is given by a phylogenetic network N is captured by one of the trees
displayed (or, induced) by the phylogenetic network N. A tree is induced by phylogenetic
network N if it can be obtained by removing all but one of the parents for each of the
reticulation nodes in the network. For example, the four trees induced by the network in
Figure 5 are (((A,D),C),B), (A,(B,(C,D))), ((A,(C,D)),B), ((A,D),(B,C)). Reconciling a gene
tree with a phylogenetic network, excluding ILS and DL, is related to testing whether the
gene tree is one of the trees induced by the network, which has been shown to be
computationally a very hard problem [28].
Not only do phylogenetic networks provide a more adequate model than trees for capturing
reticulate evolutionary histories, but they also allow extending Maddison’s original proposal
from reconciling a pair of trees to a collection of trees. Indeed, in today’s phylogenomic
analyses, multiple loci are sequenced and multiple gene trees need to be reconciled.
Maddison’s proposal for reconciling a gene tree with a species tree does not carry over
cleanly to a set of gene trees for the inference problem. Introducing the notion of a
phylogenetic network, the parsimony version of the inference problem under HGT becomes:
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find a phylogenetic network with the minimum number of reticulation nodes needed to
display all of the gene trees. Several methods have been proposed recently for solving
versions of this problem [29, 30, 31, 32, 33, 34, 35]. The progress on likelihood approaches
for dealing with gene tree incongruence has been much greater for ILS than the other
evolutionary processes, owing mainly to the mature theoretical foundations of the coalescent
model that deal with ILS naturally. As we discussed above, the maximum likelihood
formulation given in [11] was proposed in the context of ILS alone. Based on that
formulation, the likelihood of a species tree is
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While Maddison used the summation over gene trees, this is to be treated as integration
when branch lengths of the gene trees are also considered. The first probability of observing
a set of (aligned) sequences given a gene tree depends on the model of sequence evolution
and can be computed efficiently [36]. The second probability of observing a gene tree given
a species tree is derived from coalescent theory, and methods have been devised for
computing it when the gene tree is given only by its topology [37] and when the gene tree is
given by its topology and branch lengths [38]. Likelihood methods have been proposed for
inference based on this formulation [39, 40]. Advances have been made recently on methods
for computing the second probability when only DL is at play was given in [41, 42, 43].
When only reticulation is at play and a parameterized species phylogenetic network is
provided, computing the probability of a gene tree is straightforward [23].

Unifying processes and accounting for error
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The fact that much progress has been made on methods that deal with each of the
evolutionary processes individually is not to be construed as a statement that these processes
do indeed occur in a mutually exclusive manner. As phylogenomic analyses grow in scope
to involve more species, individuals, and loci, accounting simultaneously for multiple
evolutionary processes becomes essential. Indeed, several studies have highlighted this issue
in various groups of organisms. For example, while introgression was hypothesized between
Neanderthals and humans [44], this hypothesis was later dismissed in favor of ILS [45].
Simultaneous patterns of introgression and ILS were reported in 2012 in the house mouse
(Mus musculus) genome [46], in the butterfly (Heliconius melpomene) genome [47], in
sunflower (Helianthus) genomes [48], and in yeast genomes [49]. Simultaneous patterns of
ILS and DL were recently reported in a multi-locus analysis of a group of fungi [50].
Further, simultaneous patterns of DL and reticulation have been reported [51]. Maddison
[11] pointed to two challenges facing the development of a “mixed method” that allows all
three processes to occur: the algorithmic challenge of conducting reconciliation and
inference under multiple processes, and the challenge associated with weighting the three
different processes (e.g., should one HGT event be counted as equal to one duplication
event?). While the weighting relates mostly to parsimony approaches, its counterpart in a
likelihood approach is setting the rates of the various processes (e.g., the rates of
duplication, loss, etc.).
As we discussed above, a phylogenetic network provides a more appropriate model of
evolutionary relationships than trees when reticulation is involved. It is important to note
that a phylogenetic network not only accommodates HGT and hybridization, but treelike
evolutionary processes, such as ILS and DL, can be modeled within its branches. For
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example, Figure 6 illustrates how a phylogenetic network simultaneously models
hybridization between species and ILS involving gene trees. It further illustrates the
generality of the model in terms of accommodating multiple individuals sampled per species
or population. Therefore, while Maddison did not discuss phylogenetic networks in his
original survey, this review takes the position that for unification of all evolutionary
processes, a species phylogeny in the form of a network is more appropriate than a tree. In
fact, when recombination occurs within a locus, even the gene tree is better modeled using a
network that is often referred to in the population genetics literature as an ancestral
recombination graph [8]. This position is not to be interpreted as invoking reticulation in
every analysis; rather, it is advocates the development of mathematical models and
computational methods that utilize the more general model, which is a network rather than a
tree, and account for the possibility that in some, or maybe most, cases the inferred network
could be a special case that is a tree. The other approach of utilizing a tree as the topological
model would exclude the possibility of a reticulate evolutionary history, merely by
definition of the model used. Progress on parsimonious reconciliation and inference methods
that assume more than a single source of incongruence has been made. Bansal et al. [52]
recently introduced an efficient algorithm for reconciling a gene tree with a species tree
assuming both DL and HGT. Yu et al. [53, 54] introduced methods that assume both
hybridization and ILS. In particular, the work in [54] provides algorithms for reconciliation
as well as search heuristics that explore the space of phylogenetic networks to solve the
inference problem. Recently, Stolzer et al. introduced a method for reconciling a gene tree
with a species tree under DL, HGT, and ILS [55]. While a natural way for integrating all
evolutionary processes within a parsimony framework is to optimize a weighted sum of the
numbers of events detected, a likelihood approach requires probabilistic models of these
processes. While the coalescent model has provided a natural framework for thinking about
ILS, recent studies are beginning to shed light on how to probabilistically model processes
including HGT [56, 57, 58] and DL [59, 2, 43]. For integrative likelihood approaches, a
method for computing the probability of a gene tree given a species tree assuming both ILS
and DL was given in [50], assuming DL and HGT was given in [60], and assuming ILS and
HGT in a special case was given in [61]. Methods have been developed for computing the
probabilities of gene trees under hybridization and ILS in special, limited cases [62, 63, 53,
64], and then for computing the probabilities in general cases [49]. Marcussen et al. [65]
recently developed a method for inferring phylogenetic networks in the presence of ILS that
is aimed at modeling polyploid hybridization. A salient feature of all phylogenetic analyses,
whether they involve a single locus or multiple loci, is the fact that gene trees are estimated
from molecular sequences and, consequently, they are likely to be inaccurate. Maddison [11]
wrote: “I assume through most of this discussion that the true gene trees are known without
error. Of course, there will be errors in practice, and these errors will mean that
reconstructed gene trees and species trees will have additional sources of discord.” Indeed,
Hahn [66] recently showed the effect of error in gene tree estimates on the computed
reconciliations and Yang and Warnow [67] showed that methods that explicitly account for
error in the gene trees outperform others. While incongruence caused by evolutionary
processes provides a signal for inferring the processes themselves and the species
phylogeny, incongruence due to error in the inferred gene trees is a confounding factor that
must be accounted for carefully, as it produces topological signatures in the gene trees that
can cancel out true evolutionary signals or masquerade as ones. One way to deal with error
in the estimates of gene tree topologies is to contract all branches with low support (e.g., as
measured by a bootstrap analysis, or posterior probabilities from a Bayesian analysis), and
develop methods that can handle non-binary, or multifurcating, trees. In the parsimony
setup, a natural way to define the reconciliation of a non-binary gene tree with a species tree
is to find the refinement of the polytomies in the gene tree that results in the most
parsimonious reconciliation over all possible reconciliations (Figure 7). Indeed, this
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refinement concept was used in [68, 69, 70] for reconciling non-binary gene and species
trees. While the number of refinements is exponential in the degrees of the polytomies (the
number of children of a node), Yu et al. recently devised polynomial-time, exact algorithms
for finding the refinement that results in an optimal reconciliation under ILS [71, 72].
Further, the same ideas were extended to the problem of parsimonious reconciliation of a
non-binary gene tree with a phylogenetic network [54]. Under the likelihood approach, it is
less clear how to deal with non-binary gene trees. Should the gene tree be refined in a way
that maximizes the probability of observing the (binary) gene tree (e.g., as implemented for
inference under ILS in [73])? Or, should the probability of the non-binary gene tree be
computed as the average probability of all binary refinements? A different method to handle
error in the gene trees is to directly make use of the support values. The major challenge
facing this approach is in translating support values from gene tree branches to support
values of reconciliations. Nonetheless, some heuristics were introduced recently based on
this approach for reconciliation under HGT [74, 75]. Further, Yu et al. incorporated
posterior probabilities in methods for reconciling a gene tree with a phylogenetic network
under both likelihood [49] and parsimony [54]. Of course, methods that work directly from
the sequence alignments of the multiple loci, rather than from estimated gene trees, account
implicitly for error. The Bayesian methods of [76, 77] for inference under ILS, and the
parsimony and likelihood methods of [78, 79] for inferring HGT events follow this
approach.
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Other approaches
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Several approaches that do not fit within Maddison’s parsimony and likelihood formulations
have been proposed. Concatenation is an approach in which the sequences from multiple
loci are concatenated, thus resulting in a “super gene,” and a phylogenetic tree is inferred
from the super gene. This approach was used for example in inferring a phylogenetic tree of
a set of yeast species [80]. There are at least three issues with this approach. First, the
approach is applicable to loci for which exactly one copy per species is sampled. However,
even then, the phylogeny estimated from the concatenated alignment might be wrong [81].
Second, this approach yields, by definition, a phylogenetic tree. Therefore, it masks any
signal of reticulate evolution if it exists. Third, the method does not allow for inference of
the evolutionary processes. The democratic vote approach amounts to taking the gene tree
with the highest frequency as a proxy for the species tree [82]. Applicability of this approach
when a small sample of loci is used or when duplication and loss events are involved is
questionable. Even when a large number of loci is used and each has exactly a single copy
sampled per species, this method produces a misleading phylogeny in the “anomaly zone”
[7]. Finally, it is not clear how to interpret the gene tree with the highest frequency when the
species evolutionary history is reticulate. The majority-rule consensus is a third approach to
produce a phylogenetic tree given a set of conflicting gene tree topologies. This approach
often results in a phylogenetic tree with a very low degree of resolution. Further, the
approach is not well defined for cases where the incongruence is due to DL. Third, like the
previous two approaches, this approach always produces a tree, even when the evolutionary
history is reticulate.
Mossel and Roch [83] recently introduced a distance-based method for inferring a species
tree from pairwise distances computed from multiple loci. This method requires accurate
estimates of the distances, and is applicable to neither DL nor reticulate evolutionary events.
Bayesian approaches for inferring species trees under ILS were also recently introduced [84,
77]. These methods differ from all the methods discussed above in that they work directly
with sequence alignments and perform simultaneous inference of gene and species trees.
They have been shown to produce very good results, yet to be inefficient computationally.
Further, these Bayesian approaches currently do not handle DL or reticulate evolutionary
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events. Methods for inferring HGT events based on an assumed species tree and sequence
alignments of genes were proposed based on the maximum parsimony and maximum
likelihood criteria [23]. These methods do not account for ILS or DL, and assume
knowledge of an underlying species tree. Joly et al. showed how to use coalescent-based
simulations to detect hybridization [85]; however, their approach was presented for a pair of
species only. Last but not least, Holland et al. [86, 85] demonstrated how to use consensus
networks to detect hybridization in the presence of ILS.

Summary and future directions

NIH-PA Author Manuscript
NIH-PA Author Manuscript

In 1997, Wayne Maddison discussed the intricate relationship between a species tree and the
gene trees that grow with, and across, its branches. Further, he discussed parsimony and
likelihood approaches to reconciling a gene tree with a species tree, and for the inference of
species trees from collections of gene trees. Solving these two tasks would shed light on
central issues in evolutionary and molecular biology, including speciation, evolutionary
processes acting within and across population, the evolution of morphological characters,
and genotype-phenotype relationships. Sixteen years later, the significance of understanding
this relationship cannot be overstated, given the ability to sequence hundreds of prokaryotic
genomes in a day, and eukaryotic genomes in slightly longer timeframes. Indeed, in less
than two decades, the computational biology and bioinformatics communities responded to
Maddison’s proposal by making significant inroads in establishing mathematical results and
devising computational methods for detecting, resolving, and ameliorating incongruence that
arise in phylogenomic studies. Still, much more is needed in terms of mathematical and
computational developments. While models of incongruence and methods for reconciliation
and inference have been developed, computational requirements are still a major bottleneck.
Most, if not all, of the methods described above are limited to small- or medium-sized data
sets. High-performance computing approaches will definitely be needed if it is desired that
these methods apply to thousands of loci and hundreds to thousands of taxa. Currently, these
data sets are beyond the capabilities of existing tools. Maddison explicitly stated in [11] that
his formulations assumed no recombination within a locus. But what happens if this
assumption is violated? Recent work has accounted for recombination within phylogenetic
networks [87]. A recent study showed ignoring recombination within loci might not have a
significant effect on the quality of the inferred species tree under ILS [88]. Similar studies
do not exist for cases of DL and HGT. Nevertheless, more generally, the availability of
whole-genome data allows for defining gene trees as the genealogies built from nonrecombining regions, which include coding and non-coding DNA. However, potentially
more challenging than recombination are the findings of rearrangements at the sub-level,
such as gene fission and fusion, which seem to be ubiquitous in prokaryotic genomes [89]
and even in eukaryotic genomes [90]. These findings not only complicate the species-gene
evolutionary relationships, but also raise broader questions about orthology, gene families,
and the “cloudiness” [11] of the species phylogeny.
Further, Maddison assumed the loci are unlinked and, hence, the fact that gene trees can be
reconciled with a species phylogeny independently. Indeed, all methods described above
assume unlinked loci and it is currently incumbent upon the practitioner to sample loci from
the genomes in such a way that ensures this assumption holds (or that violation thereof is
minimal). However, to make full use of whole-genome data, models that incorporate linkage
across loci, including functional linkage [91], must be devised, and methods for inference
under such models much be developed. A mathematical model for two linked loci was
introduced in [92]. More recently, approaches for modeling ILS while accounting for
linkage across loci were introduced [93, 94]. These approaches do not account for DL or
reticulation at the species level (they do account for recombination). Further, these methods
have been applied to three-species data sets and it would be challenging to achieve
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scalability of these methods to large data sets. This further emphasizes the need for highperformance computing approaches, as modeling dependence only makes the problem
harder. While many methods have been developed for reconciliation, the relative
performance of these methods is yet to be investigated thoroughly. This is especially
important as the practitioner is faced with a wide array of methods that differ in terms of the
assumptions they make and the computational resources they need. While studies are
beginning to emerge [95, 67, 96, 88, 97], more comprehensive studies are still needed. In
particular, most performance studies focus on ILS, probably due to the fact that the
coalescent theory provides a clean generative model for simulating synthetic data, whereas
no such theory exists for DL or HGT. Further, while some methods perform poorly under
certain conditions, they might perform well under other conditions. Full characterization of
conditions under which a method performs well would be of utmost help to practitioners.
Most importantly, measures that reflect these characterizations from real data are needed.
For example, the anomaly zone has been established for several methods [7, 18]. However,
the question that the practitioners face is: Do their data fall within an anomaly zone for a
specific method?
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Last but not least, when the evolutionary history is reticulate, it is more appropriate to speak
of a phylogenetic, or species, network, rather than a species tree. In the population genetics
literature, this issue has long been recognized, and ancestral recombination graphs—a class
of phylogenetic networks—have been adopted for modeling genealogies that include
recombination [98]. Using phylogenetic networks, and more generally, networks, might help
uncover hypotheses that would be undetected otherwise [99]. The different flavors in which
phylogenetic networks come might have been confusing to the community of practitioners
and, consequently, limited their applicability. Recent monograms have been written to
clarify the similarities, differences, and applications of the various types of networks [23, 26,
27]. Developments to address the issues above should be applicable to phylogenetic
networks.
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•

Evolutionary processes acting on genes within and across the branches of a
species phylogeny leave their signatures on the gene tree.

•

These signatures can be utilized to elucidate information about the processes
and infer accurate phylogenetic relationships.

•

W. Maddison had reviewed the three major evolutionary events that cause
incongruence and proposed approaches for dealing with them.

•

We review progress on Maddison’s proposal.

•

Even though very good progress has been made, much is still needed.
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Figure 1. Evolutionary processes within and across species boundaries

(a) A gene duplication event at the most recent common ancestor (MRCA) of all three taxa,
results in two copies (red and green) of a gene within the genome, and as the genome
undergoes evolution, these copies evolve, diverge, and might have different fates. (b) In
prokaryotic organisms, DNA containing genes might be transferred across species
boundaries, e.g., from C to B, resulting in a new gene copy. Further, a similar signature
might arise in cases of introgression in sexual species. (c) Hybridization between species A
and C amounts to individuals from A and B mating and producing viable offspring such that
the genetic material in individuals of B can be traced back to two parental species. The gene
tree in each case is shown in the inset.
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Figure 2. Fitting a gene tree onto a species tree

Gene trees are drawn with solid lines, and species trees are drawn with tubes. (a) In the case
of DL (and ILS), each node x in the gene tree is mapped to (denoted by the green arrows)
the most recent common ancestor (MRCA) of the species that contain gene copies
descended from node x. (b) In the cases of HGT and hybridization, a smallest set of branch
moves (denoted by the purple arrows) that makes the species tree identical to the gene tree
and do not violate “a linear time order” is a parsimonious set of HGT or hybridization events
that explain the difference between the species tree and gene tree.
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Figure 3. Incomplete lineage sorting

As the evolution of three sampled alleles (blue solid circles at the bottom) is traced
backward in time, alleles from A and B might fail to coalesce in the ancestral population.
This results in all three alleles entering the ancestral population of all three species, and the
alleles from B and C coalescing first, by chance, giving rise to a gene tree that is incongruent
with the species tree. The probability of this event happening in this scenario is a function of
the branch length, t, as measured in coalescent units (one coalescent unit equals 2N
generations, where N is the population size).

NIH-PA Author Manuscript
Trends Ecol Evol. Author manuscript; available in PMC 2014 December 01.

Nakhleh

Page 19

NIH-PA Author Manuscript

Figure 4. Reconciliation of a gene tree with a species tree

(a) Reconciliation assuming ILS results in two extra lineages, highlighted with thick red
lines. (b) Reconciliation assuming DL results in a single duplication event and four losses.
(c) Reconciliation assuming HGT (or hybridization) results in two horizontal transfer events,
highlighted with red arrows.
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Figure 5. Gene trees within the branches of a phylogenetic network

The phylogenetic network, drawn with tubes, fits the evolutionary histories of all genes,
including those that evolve vertically (e.g., the gene tree drawn with green lines) and those
that involved horizontal transfer (e.g., the gene tree drawn with blue lines, and HGT or
introgression events highlighted with red arrows).
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Figure 6. Simultaneous modeling of hybridization and ILS with a phylogenetic networks

Two individuals are sampled per species, and there is a hybridization event that involves
species B and C. Further, ILS patterns complicate the gene genealogy, giving rise to the
gene-tree topology shown in the inset. For example, the gene copies in green coalesce with
the ancestral copy of the genes in red from A and B, before the latter one coalesces with the
copy from C.
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Figure 7. Parsimonious reconciliation of a non-binary gene tree

(a) A binary species tree. (b) A non-binary gene tree. (c–e) The three possible refinements of
the non-binary gene tree. Under parsimony, the refinement in (c) results in the best
reconciliation with the species tree, as it results, assuming ILS, DL, or HGT, in 1 extra
lineage, 1 duplication and 3 losses, and 1 HGT, respectively.
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