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Gene Trees in Species Trees

[Source: W.P. Maddison, Syst. Biol. 46(3):523-536,1997.]
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What Causes Incongruence?

Lineage 
sorting 

[Source: W.P. Maddison, Syst. Biol. 46(3):523-536,1997.]



results in the displacement of the b1 gene copy, then the
resulting gene tree differs from the species tree. By contrast,
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 hybrid-
ization, 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
backcrossing, which is further mating between individuals
from the hybrid population and either of the two parental
populations. Repeated backcrossing, combined with drift
and selection, results in unequal parental genomic contri-
butions in the hybrid offspring and a distribution of differing
gene tree topologies across the genomes. In (allo)polypoloid
hybridization, the offspring gets the complete set of chromo-
somes from the parents and, thus, has a number of chromo-
somes that is double that of either of the two parents.
Although backcrossing 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 popula-
tion parameters, evolutionary processes, and the species
phylogeny itself [8]. However, it is important to keep in
mind several issues that make the inference task challeng-
ing 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 sce-
nario given in Figure 1A, the occurrence of a gene duplica-
tion 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 1B, 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 an evolu-
tionary 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 exam-
ple, if gene copies b1, c1, and a2 are lost in the scenarios of

Figure 1A and C, and the gene copy b1 is lost in the scenario
of Figure 1B, then one ends up with the same gene tree
topology in all three cases. Furthermore, as discussed
above, HGT and introgression might give rise to identical
genomic signatures, although 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.

It is probably due to these issues, and others, that
several genomic studies that are mainly aimed at obtain-
ing 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. By
contrast, in this review, I take the position that incongru-
ence is a powerful phylogenetic signal that is ‘desirable, as
it often illuminates previously poorly understood evolu-
tionary phenomena’ [9]. Fields such as molecular popula-
tion genetics and phylogenetics have long relied on
polymorphism and divergence at the sequence level as
signal for inference and, in the postgenomic era, phyloge-
nomics 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.

For example, in 1979, Goodman et al. proposed a parsi-
mony-based approach for fitting a gene tree onto a species
tree to elucidate gene duplication and loss (DL) events from
a set of globin sequences [10]. In 1997, Maddison proposed
to count the minimum number of branch moves needed 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 hybridiza-
tion events [11]. Indeed, if these methods were applied to
the scenarios in Figure 1, the true evolutionary events
would be uncovered. Although these two approaches main-
ly reveal information about the evolutionary processes
themselves, model-based approaches would help elucidate,
in addition, knowledge about parameters such as popula-
tion sizes, divergence times, duplication rates, etc. Fur-
thermore, these reconciliation approaches can be turned
into species phylogeny inference approaches by seeking a
species phylogeny that, when all gene trees are reconciled
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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, for example, from C to B, resulting in a new gene copy. Furthermore, 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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Reticulate Evolution



Phylogenetic Networks

When reticulate evolutionary events 
(e.g., horizontal gene transfer or 
hybridization) occur, the evolutionary 
history of the genomes is best 
represented by a phylogenetic network.
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Phylogenetic Networks

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

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

– indeg(r) = 0 (r is the root of N );

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

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

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

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

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

• f : VL ⌅ X is the leaf-labeling function, which is a bijection from VL to X .

1



Trees Within Networks

At the lowest level of atomicity, every 
nucleotide in a genome has evolved 
down a tree. 
More generally: every non-recombining 
region in the genome has evolved down 
a tree.



Trees Within Networks

Therefore, a phylogenetic network can 
be viewed as a DAG that embeds a 
collection of (gene) trees.
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Trees Within Networks: 
From a network to its trees
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Trees Within Networks: 
From a network to its trees

Given a network N with k reticulation 
nodes, the set T(N) contains O(2k) trees. 
Generating the trees is straightforward, 
but enumerating all of them is expensive 
for large values of k.



Trees Within Networks: 
From trees to a network

The inference problem: 
Input: Collection of gene trees G. 
Output: A network N that embeds all 
the trees in G (that is, G⊆T(N))



Trees Within Networks: 
From trees to a network

The inference problem: 
Input: Collection of gene trees G. 
Output: A network N that embeds all 
the trees in G (that is, G⊆T(N))

Maximum parsimony formulation: 
Find N with smallest number of reticulation nodes  

such that G⊆T(N).



Trees Within Networks: 
From trees to a network
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Trees Within Networks: 
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Trees Within Networks: 
From trees to a network

The inference problem is NP-hard. 
Many heuristics and (worst-case 
exponential) exact algorithms exist. 
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What we’ve seen so far...
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The General Inference Problem

We can extend the sequence-based 
inference methods to networks...



Maximum Parsimony 
Phylogenetic Networks

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

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

– indeg(r) = 0 (r is the root of N );

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

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

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

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

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

• f : VL ⌅ X is the leaf-labeling function, which is a bijection from VL to X .
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X
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Maximum Likelihood 
Phylogenetic Networks

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

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

– indeg(r) = 0 (r is the root of N );

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

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

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

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

edges whose heads are reticulation nodes, and tree edges, edges whose heads are tree nodes.
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A phylogenetic network N on set X of taxa is an ordered pair (G, f), where

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

– indeg(r) = 0 (r is the root of N );

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

– ⌥v ⌃ VT , indeg(v) = 1 and outdeg(v) ⌅ 2 (VT are the tree nodes of N ); and,
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Phylogenetic Networks and 
Model Selection

Consider a phylogenetic network N’ 
that contains phylogenetic network N. 
Then, T(N)⊆T(N’). 
N’ would fit the data at least as well as 
N.  
Solution: To fit the data, make a 
network that is as complex as possible.



Phylogenetic Networks and 
Model Selection

Consider a phylogenetic network N’ 
that contains phylogenetic network N. 
Then, T(N)⊆T(N’). 
N’ would fit the data at least as well as 
N.  
Solution: To fit the data, make a 
network that is as complex as possible.

Very bad solution!  
One needs to account for model complexity carefully.



results in the displacement of the b1 gene copy, then the
resulting gene tree differs from the species tree. By contrast,
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 hybrid-
ization, 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
backcrossing, which is further mating between individuals
from the hybrid population and either of the two parental
populations. Repeated backcrossing, combined with drift
and selection, results in unequal parental genomic contri-
butions in the hybrid offspring and a distribution of differing
gene tree topologies across the genomes. In (allo)polypoloid
hybridization, the offspring gets the complete set of chromo-
somes from the parents and, thus, has a number of chromo-
somes that is double that of either of the two parents.
Although backcrossing 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 popula-
tion parameters, evolutionary processes, and the species
phylogeny itself [8]. However, it is important to keep in
mind several issues that make the inference task challeng-
ing 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 sce-
nario given in Figure 1A, the occurrence of a gene duplica-
tion 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 1B, 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 an evolu-
tionary 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 exam-
ple, if gene copies b1, c1, and a2 are lost in the scenarios of

Figure 1A and C, and the gene copy b1 is lost in the scenario
of Figure 1B, then one ends up with the same gene tree
topology in all three cases. Furthermore, as discussed
above, HGT and introgression might give rise to identical
genomic signatures, although 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.

It is probably due to these issues, and others, that
several genomic studies that are mainly aimed at obtain-
ing 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. By
contrast, in this review, I take the position that incongru-
ence is a powerful phylogenetic signal that is ‘desirable, as
it often illuminates previously poorly understood evolu-
tionary phenomena’ [9]. Fields such as molecular popula-
tion genetics and phylogenetics have long relied on
polymorphism and divergence at the sequence level as
signal for inference and, in the postgenomic era, phyloge-
nomics 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.

For example, in 1979, Goodman et al. proposed a parsi-
mony-based approach for fitting a gene tree onto a species
tree to elucidate gene duplication and loss (DL) events from
a set of globin sequences [10]. In 1997, Maddison proposed
to count the minimum number of branch moves needed 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 hybridiza-
tion events [11]. Indeed, if these methods were applied to
the scenarios in Figure 1, the true evolutionary events
would be uncovered. Although these two approaches main-
ly reveal information about the evolutionary processes
themselves, model-based approaches would help elucidate,
in addition, knowledge about parameters such as popula-
tion sizes, divergence times, duplication rates, etc. Fur-
thermore, these reconciliation approaches can be turned
into species phylogeny inference approaches by seeking a
species phylogeny that, when all gene trees are reconciled
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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, for example, from C to B, resulting in a new gene copy. Furthermore, 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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Gene Duplication/Loss



Gene Duplication

[Source: Understanding Bioinformatics]



Gene Duplication/Loss

[Source: Understanding Bioinformatics]
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[Source: Understanding Bioinformatics]
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Species/Gene Tree 
Reconciliation

The lca (least common ancestor) 
mapping:  

Map every node x in the gene tree to 
the lca of L(x) in the species tree, 
where L(x) is the set of all leaf labels 
under x.



Species/Gene Tree 
Reconciliation

with it, achieves some optimality score. In 1997, Maddison
surveyed phylogenetic incongruence, and described parsi-
mony and likelihood criteria for various reconciliation and
inference problems [11]. Much progress has been made
since 1997 on developing mathematical models and compu-
tational methods for these problems, and the goal of this
review is to revisit the two criteria and provide an update
on this progress. I 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 corre-
spond 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 act on the gene and, when
model-based approaches are also used, also reveals infor-
mation about the timing of these processes, as well as
parameters such as population sizes, duplication rates,
etc. The inference problem seeks the species tree, given
a collection of loci sampled from a set of species. In tradi-
tional phylogenetics, the inference problem amounts to
estimating a phylogenetic tree from a molecular sequence
alignment, often assuming only base-pair mutations. Anal-
ogously, 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.

For the reconciliation problem, Maddison discussed
parsimony approaches for the cases where gene 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 ap-
proach, 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 (Figure 2A). In
the case of HGT, Maddison proposed to count the minimum
number of branch moves needed 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 (Figure 2B).

Given the imbalance in the parental genetic contribu-
tions to hybrid offspring, parsimonious detections of hy-
bridization events can be carried out in a similar fashion to
that of HGT. In other words, although HGT and hybrid-
ization are different biological processes, their inference
under parsimony is similar, and the same can be said of
meiotic recombination. In addition to the aforementioned
evolutionary processes, Maddison discussed the role that
random genetic drift has in phylogenetic incongruence, a
phenomenon that I now introduce here. 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 (ILS;
Figure 3) [7,12]. Unlike gene 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 used by [10] would result in a parsimonious recon-
ciliation (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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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 gene duplication and loss
(DL) [and incomplete lineage sorting (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 horizontal gene transfer (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.

t
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TRENDS in Ecology & Evolution 

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).
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A similar technique can be used to reconcile a gene tree 
with a species tree to detect HGT...

with it, achieves some optimality score. In 1997, Maddison
surveyed phylogenetic incongruence, and described parsi-
mony and likelihood criteria for various reconciliation and
inference problems [11]. Much progress has been made
since 1997 on developing mathematical models and compu-
tational methods for these problems, and the goal of this
review is to revisit the two criteria and provide an update
on this progress. I 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 corre-
spond 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 act on the gene and, when
model-based approaches are also used, also reveals infor-
mation about the timing of these processes, as well as
parameters such as population sizes, duplication rates,
etc. The inference problem seeks the species tree, given
a collection of loci sampled from a set of species. In tradi-
tional phylogenetics, the inference problem amounts to
estimating a phylogenetic tree from a molecular sequence
alignment, often assuming only base-pair mutations. Anal-
ogously, 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.

For the reconciliation problem, Maddison discussed
parsimony approaches for the cases where gene 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 ap-
proach, 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 (Figure 2A). In
the case of HGT, Maddison proposed to count the minimum
number of branch moves needed 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 (Figure 2B).

Given the imbalance in the parental genetic contribu-
tions to hybrid offspring, parsimonious detections of hy-
bridization events can be carried out in a similar fashion to
that of HGT. In other words, although HGT and hybrid-
ization are different biological processes, their inference
under parsimony is similar, and the same can be said of
meiotic recombination. In addition to the aforementioned
evolutionary processes, Maddison discussed the role that
random genetic drift has in phylogenetic incongruence, a
phenomenon that I now introduce here. 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 (ILS;
Figure 3) [7,12]. Unlike gene 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 used by [10] would result in a parsimonious recon-
ciliation (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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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 gene duplication and loss
(DL) [and incomplete lineage sorting (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 horizontal gene transfer (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).
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Species/Gene Tree 
Reconciliation

These parsimony-based approaches to reconciliation
naturally give rise to three parsimony-based 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 recon-
ciled with it. Maddison further proposed a maximum
likelihood (ML) formulation for the inference problem.
However, unlike the case of the parsimony formulations,
he considered only deep coalescence (equivalently, ILS) in
the case of ML, the reason being that the coalescent theory
from population genetics had already provided a mecha-
nism for computing the probability of a gene tree, whereas
no similar theory existed for computing gene tree proba-
bilities 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 propo-
sals for reconciliation and inference under the assumption
of an individual evolutionary process being at play, and
then discuss progress that has been made in the unification
of processes within integrated frameworks.

Progress on methods that deal with individual
processes
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 algo-
rithms have been introduced to compute reconciliations
under ILS [13] and DL [14]. In terms of mathematical
characterizations, Zhang [15] showed that, when the spe-
cies 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,
the number of extra lineages in Figure 4A is 2, the number

of losses and duplications in Figure 4B are 4 and 1 respec-
tively, and, therefore, 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 mini-
mizing 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 DL [19].

As for HGT, the field has evolved rapidly so as to deal
with complexities not discussed in [11]. The reconciliation
problem assuming HGT is hard algorithmically [20–22]
and, several methods for reconciling a pair of trees were
devised (reviewed in [23]); these methods vary in the
assumptions and restrictions that they make about the
trees and reconciliations. Perhaps the issue that chal-
lenges Maddison’s original proposal most is the concept
of a species tree when HGT, or other reticulate evolution-
ary events, occur. Although a species tree in the case of ILS
and DL can fit within its branches the evolutionary histo-
ries of all genes within the genomes under consideration,
that structure would fail to capture adequately the evolu-
tionary histories of genes that are exchanged horizontally.
To accommodate reticulate evolutionary histories, phylo-
genetic networks were introduced as a model of evolution-
ary histories that capture both vertical and horizontal
descent of genetic material [24–27] (Figure 5). A phyloge-
netic network extends the notion of phylogenetic trees by
allowing for nodes with more than one parent–reticulation
node. 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
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Figure 4. Reconciliation of a gene tree with a species tree. (A) Reconciliation assuming incomplete lineage sorting (ILS) results in two extra lineages, highlighted with thick
red lines. (B) Reconciliation assuming gene duplication and loss (DL) results in a single duplication event and four losses. (C) Reconciliation assuming horizontal gene
transfer (HGT) (or hybridization) results in two horizontal transfer events, highlighted with red arrows.
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The Inference Problem

Input: Collection of gene trees G. 
Output: Species tree T that minimizes 
the (weighted) number of duplication 
and loss events resulting from the 
reconciliation of all trees in G with T.



with it, achieves some optimality score. In 1997, Maddison
surveyed phylogenetic incongruence, and described parsi-
mony and likelihood criteria for various reconciliation and
inference problems [11]. Much progress has been made
since 1997 on developing mathematical models and compu-
tational methods for these problems, and the goal of this
review is to revisit the two criteria and provide an update
on this progress. I 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 corre-
spond 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 act on the gene and, when
model-based approaches are also used, also reveals infor-
mation about the timing of these processes, as well as
parameters such as population sizes, duplication rates,
etc. The inference problem seeks the species tree, given
a collection of loci sampled from a set of species. In tradi-
tional phylogenetics, the inference problem amounts to
estimating a phylogenetic tree from a molecular sequence
alignment, often assuming only base-pair mutations. Anal-
ogously, 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.

For the reconciliation problem, Maddison discussed
parsimony approaches for the cases where gene 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 ap-
proach, 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 (Figure 2A). In
the case of HGT, Maddison proposed to count the minimum
number of branch moves needed 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 (Figure 2B).

Given the imbalance in the parental genetic contribu-
tions to hybrid offspring, parsimonious detections of hy-
bridization events can be carried out in a similar fashion to
that of HGT. In other words, although HGT and hybrid-
ization are different biological processes, their inference
under parsimony is similar, and the same can be said of
meiotic recombination. In addition to the aforementioned
evolutionary processes, Maddison discussed the role that
random genetic drift has in phylogenetic incongruence, a
phenomenon that I now introduce here. 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 (ILS;
Figure 3) [7,12]. Unlike gene 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 used by [10] would result in a parsimonious recon-
ciliation (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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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 gene duplication and loss
(DL) [and incomplete lineage sorting (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 horizontal gene transfer (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).
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Species Trees and Gene Trees
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Gene tree ≠ Species Tree
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The Inference Problem
Input: Collection S of sequence 
alignments, one per locus  
Output: Species tree Ψ and its branch 
lengths δ that maximizes 

Y

s2S

X

g

Z

�
[P(s|g,�) ·P(g| , �)]
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A Maximum Parsimony 
Formulation

Input: A collection of gene trees G. 
Output: A species tree that results in 
the smallest number of extra lineages 
once all trees in G are reconciled with it 
under the lca mapping. 



A Maximum Parsimony 
Formulation

The problem is very hard. 
Heuristics and (worst-case exponential) 
algorithms exist. 


