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1 Introduction

1.1 Phylogeny and Its Centrality to Biology

Phylogenies are the main tool for representing evolutionary relationships among biolog-
ical entities at the level of species and above. Because in nearly all cases of biological
evolution it is impossible to witness the history of speciation events, biologists, mathe-
maticians, statisticians, and computer scientists have designed a variety of methods for the
reconstruction of these events, with the usual model being phylogenetic trees. Over the
last 30 years, biologists have come to embrace reconstruction of phylogenetic trees as a
major research goal [75, 101, 111]—in fact, a casual search of the MEDLINE database for
the word “phylogeny” returns approximately 24,000 articles since 1966, with an exponen-
tially growing curve. Currently, one of the major endeavors in biology is reconstructing the
complete “Tree of Life”’—the phylogeny of all living organisms on Earth. As part of this
endeavor, the National Science Foundation set up a research program called “Assembling
the Tree of Life,” under which it has already made nearly 20 awards totaling over $30 mil-
lion, mostly to explore in depth one or another particular branch of the tree. In addition, the
NSF recently awarded our group a $12 million grant for the development of methodologies
and infrastructure for assembling the Tree of Life (see http://www.phylo.org). Once
completed, this phylogeny will stand as one of science’s great accomplishments. Even in
its current partially completed form, its implication—that all living things on Earth today
(from bacteria, to seaweeds, to mushrooms, to humans) are related—has forever changed
our perception of the world around us. The use of phylogenetic principles is almost as



ubiquitous today as the idea of Darwinian evolution. There is growing appreciation that
phylogeny is an indispensable interpretive framework for studying evolutionary processes,
and indeed is central to the organization and interpretation of information on all characteris-
tics of organisms, from structure and physiology to genomics. With modern data-gathering
methods and improved analytical tools, resolution of this dominant aspect of life’s history
is finally an attainable goal.

Phylogeny, because it reflects the history of transmission of life’s genetic informa-
tion, has unique power to organize our knowledge of diverse organisms, genomes, and
molecules. A reconstructed phylogeny helps guide our interpretation of the evolution of
organismal characteristics, providing hypotheses about the lineages in which traits arose
and under what circumstances, thus playing a vital role in studies of adaptation and evo-
lutionary constraints [74, 144, 149, 158, 167]. Patterns of divergence of species lineages
indicated by the tree inform the dynamics of speciation and, to some extent, extinction—
the two forces that generate and reduce biodiversity [35, 80]. Phylogeny informs far more
than evolutionary biology, however. The evolutionary histories of genes bear the marks
of the functional demands to which they have been subjected, so that phylogenetic analy-
ses can elucidate functional relationships within living cells [81, 90, 286]. Pharmaceutical
companies are thus increasingly using phylogenetic analyses to make functional predic-
tions from sequence databases of gene families [15], to predict ligands [36], and to help in
the development of vaccines [93] and antimicrobials and herbicides [26, 187].

Because phylogenies are such an important part of biological investigations, many
methods exist for reconstructing phylogenies. Many of these methods work on aligned
biomolecular sequences (i.e., DNA, RNA, or amino-acid sequences), and use these se-
quences to infer the evolutionary history of the sequences. For the most part, these methods
assume that the phylogeny underlying the data is a tree. However, such is not always the
case: for many organisms, a significant level of genetic exchange occurs between lineages,
and for some groups, lineages can combine to produce new independent lineages. These
exchanges and combinations transform a tree into a network.

1.2 The “Tree of Life” Is Not Really a Tree

Ford Doolittle [59] famously wrote

Molecular phylogeneticists will have failed to find the “true tree,” not because
their methods are inadequate or because they have chosen the wrong genes, but
because the history of life cannot properly be represented as a tree.

Indeed, events such as meiotic and sexual recombination, horizontal gene transfer and hy-
brid speciation cannot be modeled by bifurcating trees. Meiotic recombination occurs in
every generation at the level of individual chromosomes; sexual recombination commonly
acts at the population level and recombines the evolutionary histories of genomes. Hybrid
speciation is very common in some very large groups of organisms: plants, fish, frogs, and
many lineages of invertebrates, and horizontal gene transfer is ubiquitous in bacteria. Al-
though the mixing (reticulation) of evolutionary histories has long been widely appreciated



and acknowledged, there has been comparatively little work on computational methods for
studying and estimating reticulate evolution, especially at the species level.

In this survey, we address the biological aspects of reticulate evolution, present existing
mathematical models, and discuss current computational approaches. We begin with an
overview of phylogenetic tree reconstruction before addressing the specifics of reticulate
evolution.

2 Phylogenetic Tree Reconstruction

2.1 Data for Phylogeny Reconstruction

Phylogenies are most commonly reconstructed using aligned biomolecular sequences (DNA,
RNA, or amino acid) for particular genes or non-coding regions of DNA—although whole-
genome data (gene content and gene order on chromosomes) are getting more common and
offer complementary attributes. The evolutionary history of the species from which the se-
quences were obtained is then inferred by examining how individual sites (positions) within
the sequences evolve on each candidate tree; the tree(s) that show the most reasonable evo-
lutionary scenario under a particular model of evolution are returned. What is reconstructed
is the evolutionary history of a gene tree (or more precisely the evolutionary history of a
particular region of DNA), which need not coincide with the history of the species [150].

Usually, researchers want to reconstruct the phylogeny of groups of organisms that
share a most recent common ancestor (MRCA), termed a monophyletic group or a clade.
DNA sequences that have evolved from a single MRCA at the root of a clade are said to be
orthologous, in contrast to DNA sequences that are the result of gene duplications or alleles
that evolved prior to the MRCA of the clade, which are said to be paralogous. In the case
of DNA sequences, gene trees that are reconstructed from orthologs will be identical to
the species trees, but it is not always possible to be certain that all of the gene sequences
used for phylogenetic reconstruction are orthologous. When paralogs are mistakenly used
for reconstructing the gene tree, the species tree inferred from the gene tree will usually
be incorrect. If all of the orthologs are present in the extant taxa from which the DNA
sequences are taken, then the use of paralogs in tree reconstruction can be ameliorated by
more extensive sampling of the species. However, a number of population genetic pro-
cesses can cause orthologs to be randomly or systematically lost in some species (lineage
sorting): genetic drift and population bottlenecks (random), and natural selection (system-
atic). Thus, when a species lacks a particular ortholog, it is possible to use a paralog and
be unable to detect the mistake. For those cases where orthologs are lost at random, use
of multiple DNA regions can minimize the problem by revealing patterns of relationships
reconstructed at rates greater than expected by chance. To avoid problems generated by nat-
ural selection, sequences from non-coding regions can be sought, since these usually evolve
more randomly than coding sequences, which are under selection. However, this option is
not always available because non-genic DNA sequences usually evolve too rapidly to be
aligned reliably for evolutionarily distant species. Determining whether DNA sequences
are orthologous in distantly related species is a current topic of research.



Recovering the correct tree also depends on using a DNA sequence that evolves at an
appropriate rate. A sequence that evolves too rapidly relative to the times of divergence
for a clade may be unalignable. Alternatively a sequence that evolves too slowly will
lack sufficient information to infer the species relationships with confidence. When the
sequences from a gene have insufficient variation to resolve phylogenetic relationships,
sequences from two or more genes are sometimes concatenated into a combined analysis; a
phylogeny is then sought for the combined dataset. Since not all datasets necessarily evolve
under the same tree (as noted earlier), combined analyses should only be attempted when
the researcher has evidence that the different sequences in the combined analyses have the
same evolutionary history (i.e., the same tree) or when sufficiently many are combined
that any incompatible gene history disappears under the mass of compatible information.
Determining when it is safe to combine datasets is an important part of a phylogenetic
analysis, and several techniques have been proposed to address this problem [31, 40, 47,
53, 109, 185, 277]. However, incompatibilities between trees can arise for a number of
reasons in addition to lineage sorting. One of these is reticulate evolution - see [230] for a
discussion of these issues.

2.2 Evaluating Reconstruction Methods

There are many phylogenetic reconstruction methods, the majority of which are attempts
to solve NP-hard optimization problems. Because accuracy in evolutionary reconstruction
cannot usually be determined for real datasets, the accuracy of a phylogeny reconstruction
method is studied under the assumption that the input to the reconstruction method is a set
of sequences that is generated by an unknown but fixed model tree from some given Markov
model of sequence evolution (see Section 2.3). This assumption allows methods to be
explored with respect to the conditions under which they will return accurate estimations of
the tree, either through mathematical theorems, or through simulation. These studies, both
mathematical and simulation-based, have been very influential in systematic biology; for
example, mathematical studies have established that methods such as maximum parsimony
and maximum compatibility, even when given arbitrarily long sequences, do not always
reconstruct accurate phylogenies, whereas other methods, such as neighbor joining and
maximum likelihood, will do so under most models, if given sufficiently long sequences
[76]. Simulation studies have been particularly helpful in exploring performance under
finite sequence lengths, and have become the main tool for the evaluation of reconstruction
methods [102, 103].

2.3 Stochastic Models of DNA Sequence Evolution

Both approaches (mathematics and simulation) to evaluating performance require that the
stochastic model of evolution be specified. Many stochastic models of DNA sequence
evolution have been proposed; most assume that the sites (positions within the sequences)
evolve down a tree via nucleotide substitutions under a Markov process. The stochastic
process under which an individual site evolves down an edge within the tree can therefore
be given by a 4 x 4 substitution matrix M, for that edge e, dictating the probability of each



of the possible states at the “bottom” of the edge as a function of the state at the “top” of
the edge. Thus, the evolution of a single site down the tree is given by a rooted tree with
edges annotated with substitution matrices.

The simplest of these models is the Jukes-Cantor [122] model, which assumes:

1. the sites evolve identically and independently (the iid assumption),
2. the state of each site at the root is randomly selected, and

3. if a site changes state on an edge, it changes with equal probability to each of the
remaining three states.

The Jukes-Cantor model thus has only one free parameter on each edge.

Other models of site substitution with more free parameters are considered to be biolog-
ically more realistic. The simplest of these is the Kimura 2-parameter (K2P) model [127];
the most general is the General Markov model, which allows the substitution matrices to be
quite general. Many (but not all) phylogenetic reconstruction methods are guaranteed to be
statistically consistent under the General Markov model (and hence under all the models it
contains)—that is, these methods can infer the true tree with high probability when given
long enough sequences. Statistical consistency is still possible under models where these
conditions are relaxed in a controlled fashion—for example, by allowing the sites to have
rates of evolution that vary with the sites and that are drawn from a known distribution.
However, if the rates are drawn from an unknown distribution (for example, if an unknown
proportion of sites are constant), then it may not be possible to identify the true tree, even
from infinite data. See [76, 126, 143] for a further discussion of these issues.

The iid models of DNA site substitution are clearly unreasonable, yet most enhance
models simply allow rates to vary across sites, which by itself does not alter the iid assump-
tion. Bruno and Halpern [27] have developed a model for protein-coding DNA sequences
that addresses most of the weaknesses. In particular, they use the GM model to generate
changes, but then have these changes fixed or lost according to the equilibrium frequencies
of the amino acid that would result from the changes. The model is extensible to other
types of sequences.

Similar, but necessarily more complex, models can be built from larger sequence units:
from codons, for instance, one can build a mode of amino-acid evolution, using, among
other things, a 20 x 20 substitution matrix.

2.4 Simulation Studies

Phylogenetic reconstruction methods are evaluated according to two basic types of crite-
ria: statistical performance, which addresses the accuracy of the method under a specified
stochastic model of evolution, and computational performance, which addresses the com-
putational requirements of the method. A method is said to be statistically consistent with
respect to a specific model of evolution if it is guaranteed to recover the true tree with
probability going to 1 as the amount of data (i.e., sequence length) goes to infinity.
Accuracy in a phylogenetic reconstruction method is determined primarily by compar-
ing the unrooted leaf-labelled tree obtained by the method to the “true” tree. Since the true



tree is usually unknown, accuracy is addressed either theoretically, with reference to a fixed
but unknown tree in some model of evolution, or through simulation studies.

In simulation studies, a model phylogeny is generated, then a set of sequences is
evolved down the edges of the the model phylogeny according to some chosen model of
sequence evolution, and the sequences thus obtained at the leaves are given as input to
the reconstruction method under study. The resulting phylogeny is compared to the model
tree to assess the topological accuracy of the reconstruction. Of the several measures pro-
posed for quantifying the topological accuracy of tree reconstruction methods, the most
commonly used is the Robinson-Foulds (RF) measure [227], which we now describe.

The Robinson-Foulds measure Every edge e in a leaf-labeled tree T defines a bipartition
T, on the leaves (induced by the deletion of e), so that we can define the set C(T) =
{m.: e € E(T)}, where E(T) is the set of all internal edges of T'; this is called the character
encoding of the tree T. If T is a model tree and T is the tree inferred by a phylogenetic
reconstruction method, we define the false positives to be the edges of the set C(T") —C(T)
and the false negatives to be those of the set C(T) —C(T'). We can then compute the error
rates by normalizing these values by the number of internal edges in the model tree; since
we assume that model trees are binary, this is n — 3 for n-leaf trees. We obtain:

|C(T") —C(T)]
n—3 )
o) —c(r)|

e The false positive rate (FP) is

e The false negative rate (FN) is

(O8]

When both trees are binary, we have FFP = FN; in general, we have FP < FN. Since
n is the number of internal edges of a rooted binary tree on n leaves, the false positive
and false negative rates are values in the range [0,1]. The RF distance between T and
T’ is simply the average of these two rates, i.e., %. (An equivalent formulation is
RF(T,T') = §|C(T)AC(T")|, where A denotes the symmetric difference.) Error rates
below 10% are considered not too bad, but systematists prefer to see error rates below 5%.

Simulation studies show that the topological accuracy of a method is affected by the
number of leaves in the tree, the maximum evolutionary diameter, the deviation from a
molecular clock, as well as tree shape [102, 103, 176, 177, 175, 172], and that differ-
ent methods are affected differently by these aspects of the model tree. Other simulation

studies show that different heuristics for maximum parsimony or maximum likelihood also
perform differently [278, 232].

2.5 Phylogenetic Tree Reconstruction Methods

There are three basic types of phylogenetic reconstruction methods in common use: distance-
based methods, maximum parsimony heuristics, and maximum likelihood heuristics. Gen-
erally, only the distance-based methods operate in polynomial time, since the other meth-
ods attempt to solve NP-hard optimization problems. (Distance-based methods may also



attempt to solve NP-hard optimization problems, but there are polynomial-time distance-
based methods, such as neighbor joining (NJ) [233], that perform very well in practice and
that do not attempt to solve NP-hard optimization problems.)

Distance-based methods Distance-based methods operate by first estimating pairwise
distances and then computing an edge-weighted tree using those distances. Such methods
are guaranteed to reconstruct the true tree if their estimates of pairwise distances are suffi-
ciently close to the number of evolutionary events between pairs of taxa [126]. For many
models of biomolecular sequence evolution, estimation of sufficiently accurate pairwise
distances is possible [143]; for example, log-det [255] distances are statistically consistent
estimators for the General Markov model of evolution. Therefore, distance-based methods
are statistically consistent for the General Markov model of DNA sequence evolution, and
hence for its constituent submodels. Distance-based methods are typically very fast: most
run in O(n?) time, where 7 is the number of taxa. Of the various distance-based methods
in use, neighbor joining [233] is certainly the most popular.

Maximum parsimony heuristics This approach is typical in the analysis of DNA se-
quences, in which the objective is the tree with the minimum number of nucleotide substi-
tutions across the tree.

e [nput: Set S of aligned DNA sequences

e OQOutput: Tree T leaf-labelled by S and with internal nodes labelled by additional DNA
sequences, so that ', Hamming(e) is minimized, where Hamming(e) is the number
of sites differing between the sequences labelling the endpoints of the edge e and the
sum ranges over the edges e in the tree T'.

The maximum parsimony problem is NP-hard [78]. Due to the popularity of the maximum
parsimony criterion in phylogeny reconstruction, many heuristics have been devised to
reconstruct locally optimal trees (see [76] for a review of these heuristics). These heuristics
operate by hill climbing through an exponentially-sized tree space. Maximum parsimony is
not a statistically consistent technique for estimating phylogenies, even under the simplest
4-state (Jukes-Cantor) model [73]; nevertheless, it is a very popular approach in systematics
because it is more computationally efficient with large numbers of taxa than maximum
likelihood.

Maximum likelihood Another major criterion for phylogeny reconstruction from molec-
ular sequences is Maximum Likelihood (ML), which was pioneered by Felsenstein, Ed-
wards, and Thompson. In the ML problem, we seek the tree 7" and its associated parameters
(such as edge-lengths, rates of evolution for each site, etc.) that maximize the probability
of generating the given set of sequences. The general idea behind maximum likelihood
estimators is the observation that

P(Model and Data)  P(Data|Model)P(Model)

P(Model|Data) = =
(Model|Data) P(Data) P(Data)




In this formulation, P(Model|Data) is proportional to P(Data|Model); therefore, we can
justify estimating a model by finding the model that maximizes the conditional probability
P(Data|Model), which is also called the likelihood of the data.

From a practical standpoint, the ML problem is difficult on two levels: first finding the
best leaf-labelled tree and then finding the edge parameters for that tree. In practice, hill
climbing heuristics are used for both optimization problems (setting edge parameters, and
finding the best tree), and heuristics for ML are generally slower than heuristics for MP.
If solved exactly, however, ML is statistically consistent under the General Markov model
of evolution, and therefore under all of its submodels. Bayesian approaches are also used;
these seeks to estimate parameters in much the same way, but the goal is the recovery of the
conditional posterior probabilities, using some initial estimate (or guess) for the a priori
probability.

Genomic rearrangements Genomic changes in gene content and gene order are rare
events [229]. Examples include intron gains/losses [273], retroposon integrations [245],
signature sequences [54, 84], genetic code variants [124, 267], changes in gene order [206],
and gene duplications [159]. Changes in gene order and gene duplications are examples
of a more general class of events, genomic rearrangements. Plant biologists have used
structural changes in chloroplast genomes to infer phylogenies for nearly 20 years [63,
206, 121, 193, 206, 257, 258], but only with the advent of whole-genome sequencing can
they be used on a large scale. The maximum parsimony problem can be extended to any
kind of data that evolves via a precise set of mutations: given the set S of taxa, find the tree
in which the minimum number of evolutionary events (or weighted sum thereof) occurs.
Thus parsimony can be used for whole-genome evolution. Synteny (colocation on the same
chromosome) was famously used by Nadeau and Taylor in predicting the number of genes
in man and mouse from rudimentary data [174]. Synteny and gene order are some of the
best data for use in orthology analysis (see, e.g., [12, 50, 171]).

3 Biology of Reticulate Evolution

Reticulation in biology refers to the lack of independence between two evolutionary lin-
eages. In effect, when reticulation occurs, two or more independent evolutionary lineages
are combined at some level of biological organization. Because life is organized hierarchi-
cally, reticulation can occur at different levels: chromosomes, genomes and species.

At the species level, events such as hybrid speciation (by which two lineages recom-
bine to create a new one) and horizontal gene transfer (by which genes are transferred
across species) are the main causes of reticulate evolution. Within each lineage, at the
population level, sexual recombination causes evolution to be reticulate, whereas meiotic
recombination causes the shuffling of genes at the chromosomal level. Figure 1 illustrates
these three scenarios. The phylogeny in Figure 1(a) depicts a hybrid speciation scenario,
in which species C is the product of hybridization between B and D. Zooming in on a
lineage of the phylogeny gives a picture of reticulate evolution at the population level, as in
Figure 1(b). Finally, zooming in on an individual in each population, reticulation between



chromosomes can be viewed, as in Figure 1(c). Looking through a macroevolution lens

(a) (b) (c)

Figure 1: Reticulation at various levels: (a) species level, (b) population level, and (c)
individual (chromosomal) level.

(evolution among lineages), only reticulate events at the species level fail to be modeled
by a bifurcating tree. However, looking through a microevolution lens (evolution within a
lineage), sexual and meiotic recombination fail to be modeled by a bifurcating tree. Since
phylogenies are usually constructed at either the population or the species level, meiotic
recombination does not cause a species-level reticulate evolutionary history, but it can con-
found species-level inference of reticulation by producing patterns that have the appearance
of species-level reticulation. We now briefly explain reticulation at the chromosomal, pop-
ulation and species levels.

Reticulation between chromosome pairs: meiotic recombination During each round
of sexual reproduction, the total number of chromosomes must be halved to produce the
gametes. The process is called meiosis and during one phase of it the chromosome pairs
(sister chromatids) exchange pieces in a precise fashion known as meiotic recombination.
The net result is chromatids that have two or more evolutionary histories on them. Blocks
of chromosomes that share a single evolutionary history are referred to as haplotype blocks.

Reticulation within a lineage: sexual recombination For sexually reproducing organ-
isms, there is recombination of nuclear genomes during each bout of reproduction. Each
parent contributes half of its original nuclear genome—one sister chromatid from each
chromosome—and each of these chromosomes have themselves undergone meiotic recom-
bination during the process of producing the haploid gametes (sex cells). Because different
parts of each parent’s contribution to the genome of the next generation may have a differ-
ent evolutionary history from that of the other parent’s contribution, sexual recombination
is a form of population-level reticulation. Organellar genomes (mitochondria and chloro-
plasts) are usually inherited uniparentally so they do not usually undergo any sort of sexual
recombination.

Reticulation among lineages: horizontal gene transfer and hybrid speciation In hor-
izontal (also called lateral) gene transfer (HGT for short), genetic material is transferred



from one lineage to another; see Figure 2(a). In an evolutionary scenario involving hori-
zontal transfer, certain sites (specified by a specific substring within the DNA sequence of
the species into which the horizontally transferred DNA was inserted) are inherited through
horizontal transfer from another species (as in Figure 2(b)), while all others are inherited
from the parent (as in Figure 2(c)). Thus, each site evolves down one of the trees contained
inside the network.

XY X
A BD C A B D C A B D C
() (b) (c)

Figure 2: Horizontal gene transfer: the species network in (a) and the two possible gene
trees in (b) and (c).

Horizontal gene transfer is of paramount importance in the study of the evolution of
prokaryotes and, to a lesser extent, the eukaryotic lineages that have interspecific hybridiza-
tion. Describing the ubiquity of HGT, de la Cruz and Davies [52] wrote

It is clear that genes have flowed through the biosphere, as in a global organ-
ism. Horizontal gene transfer, once solely of interest for practical applications
in classical genetics and biotechnology, has now become the substance of evo-
lution.

Horizontal transfers are believed to be ubiquitous among bacteria and still quite common
in other branches of the “tree”—although this view has recently been challenged [67, 234,
235, 134]. Three mechanisms of HGT in the Archaea and Bacteria are transformation
(uptake of naked DNA from the environment), conjugation (transfer of DNA by direct
physical interaction between a donor and a recipient), and transduction (transfer of DNA
by phage infection) [197].

The second non-treelike event acting at the species level is hybrid speciation. In hybrid
speciation, two lineages recombine to create a new species; see Figure 3(a) for a visual rep-

A B c B D C A B D C
() (b) (c)

Figure 3: Hybrid speciation: the species network in (a) and the two possible gene trees in
(b) and (c).



resentation of this scenario. The new species may have the same number of chromosomes
as its parent (diploid hybridization) or the sum of the number of its parents (polyploid
hybridization).

Hybrid speciation comes about in at least three ways: allopolyploidization, autopoly-
ploidization, and diploid or homoploid hybrid speciation. Autopolyploidization is proba-
bly more properly considered a specialized form of normal (bifurcating) speciation since
only a single parental species is involved in its production. Allopolyploidization is hybrid
speciation between two species resulting in an offspring that has the complete diploid chro-
mosome complement of both its parents. Each parent need not have the same number of
chromosomes. Allopolyploidization results in instantaneous speciation because any back-
crossing to the diploid parents would produce inviable or sterile triploid offspring. Diploid
hybrid speciation is a normal sexual event where each gamete has a haploid complement of
the chromosomes from its parent, but the gametes that form the zygote come from different
species. In nearly all cases, both parents must have the same number of chromosomes. In
this case, successful backcrossing to the parents is possible, so it is thought that the hybrids
have to be isolated from the parents by undergoing selection for life in a novel environment
[214]. Not surprisingly, diploid hybrid speciation is much rarer than polyploidization.

Consider how an individual site evolves down a network modelling hybrid speciation.
For normal diploid organisms, each chromosome consists of a pair of homologs. In a
diploid hybridization event, the hybrid inherits one of the two homologs for each chro-
mosome from each of its two parents. Since homologs assort at random into the gametes
(sex cells), each has an equal probability of ending up in the hybrid. In polyploid hy-
bridization, both homologs from both parents are contributed to the hybrid. Prior to the
hybridization event, each site on the homolog has evolved in a tree-like fashion, although
due to meiotic recombination (exchanges between the parental homologs during produc-
tion of the gametes), different strings of sites may have different histories. Thus, each site
in the homologs of the parents of the hybrid evolved in a tree-like fashion on one of the
trees contained inside the network representing the hybridization event (see Figures 3(b)
and 3(c)). As in the case of HGT, each site evolves down one of the trees contained inside
the network.

Hybrid speciation is very common in some groups of organisms (plants, fish, amphib-
ians, some groups of invertebrates, and possibly fungi) and is virtually absent in others,
notably mammals and most arthropods. These latter groups do produce very occasional
hybrids, but they are usually triploid and are only able to survive by asexual reproduction.
Odd ploidy levels cannot reproduce sexually because the odd number of chromosome sets
does not allow correct pairing during meiosis. The resulting gametes have unequal num-
bers of chromosomes and are nearly always inviable. These asexual lineages are considered
evolutionary dead ends and are expected to be short lived. The reasons some groups can
successfully speciate via hybridization while others cannot is not understood (see [186] for
areview). It is thought that developmental complexity may play an important role: animals
with complex developmental programs may simply be unable to produce viable offspring
after interspecific mating has taken place. It has also been argued that species with chro-
mosomal sex determination (species with distinct sex chromosomes) are much less likely
to produce hybrid species. However, the true reasons for the barrier(s) to successful hybrid



speciation have yet to be demonstrated.

4 Mathematical Models of Reticulate Evolution

4.1 Population Level

Strimmer et al. [260] proposed DAGs (directed acyclic graphs) as a model for describing
the evolutionary history of a set of sequences under recombination events. They also de-
scribed a set of properties that a DAG must possess in order to provide a realistic model of
recombination. Strimmer et al. [261] proposed adopting ancestral recombination graphs
(ARGsS), due to Hudson [108] and Griffiths and Marjoram [89] as a more appropriate model
of phylogenetic networks. ARGs are rooted graphs that provide a way to represent linked
collections of clock-like trees by a single network. Another network-like model is pedi-
grees, designed to represent the parentage of individual organisms—so that the indegree of
each internal node of a pedigree is either O or 2, thereby not allowing for tree nodes; Fig-
ure 4 gives an example of a pedigree, where squares represent males, and circles represent
females. Nodes of indegree 2 correspond to recombination events.

O——_a1 O

Figure 4: An example of a pedigree.

4.2 Species Level

Hallett and Lagergren [95] described a set of conditions on rooted DAGs to use them as
models for evolution under lateral transfer events. In [145], Linder et al. proposed a model
of phylogenetic networks that is also based on DAGs. Like Strimmer et al. [260], Linder
et al. use DAGs to describe the topology of phylogenetic networks and, like Hallett and
Lagergren [95], they add a set of (mostly simpler) conditions to ensure that the resulting
DAGs reflect the properties of reticulation. We now review the mathematical model of
phylogenetic networks [145].

4.2.1 Model networks

A phylogenetic network N = (V,E) is a rooted DAG obeying the following constraints.
The set V of nodes is partitioned into two sets:



e Vr: the set of tree nodes. A node v € V is a tree node if and only if one of these three
conditions holds:

— indegree(v) = 0 and outdegree(v) = 2: v is the root,
— indegree(v) = 1 and outdegree(v) = 0: v is a leaf, or
— indegree(v) = 1 and outdegree(v) = 2: v is an internal node.

e Vy: the set of network nodes. A node v € V is a network node if and only if one of
these two conditions holds:

— indegree(v) =2 and outdegree(v) = 1: the species at node v is the product of
homoploid or allo-polyploid hybridization, or

— indegree(v) = 1 and outdegree(v) = 1: the species at node v is the product of
auto-polyploidization.

We clearly have V; N Vy = 0 and can easily verify that we have Vy UVy = V.
The set E of edges is partitioned into two sets:

e Er: the set of tree edges. An edge e = (u,v) € E is a tree edge if and only if v is a
tree node.

e Ey: the set of network edges. An edge e = (u,v) € E is a network node if and only
if v is a network node.

The tree edges are directed from the root of the network towards the leaves and the network
edges are directed from their tree-node endpoint towards their network-node endpoint. For
any pair of nodes u and v in V, if (u,v) is an edge in E, then at least one of u or v is a tree
node. Figure 5 shows an example of a phylogenetic network in which the species at node Z
is the product of (homoploid or allo-polyploid) hybridization and the species at node W is
the product of auto-polyploidization. Dashed edges denote network edges and solid edges
denote tree edges.

A B C D E F

Figure 5: A phylogenetic network N on 6 species. The solid circles denote the tree nodes,
and the solid squares denote the network nodes. The solid lines denote the tree edges, and
the dashed lines denote the network edges.

In such a network, a species appears as a directed path p that does not contain any
network edge. If p; and p, are two directed paths that define two distinct species, then p;
and p, must be edge-disjoint, that is, the two paths cannot share edges. For example, the



directed path p from node X to node B in Figure 5 could define species B (as could the path
from R to B), whereas the directed path from node X to node C does not define a species,
since it contains a network edge.

A phylogenetic network N = (V, E) defines a partial order on the set V of nodes. Based
on this partial order, we assign times to the nodes of N, associating time #(u) with node
u. If there is a directed path p from node u to node v, such that p contains at least one
tree edge, then we must have 7(u) < t(v) (in order to respect the time flow). If e = (u,v)
is a network edge, then we must have 7(u) = 7(v) (because hybridization is, at the scale of
evolution, an instantaneous process). Because of that property, the orientation of a network
edge is irrelevant when examining time flows.

Given a network N, we say that p is a positive-time directed path from u to v, if p is a
directed path from u to v, and p contains at least one tree edge. Given a network N, two
nodes u and v cannot co-exist in time if the following condition holds:

e there exists a sequence P = {py, p2, ..., px) of paths such that:

— piis a positive-time directed path, for every 1 <i <k,
— u is the tail of py, and v is the head of py, and

— for every 1 <i < k— 1, there exists a network node whose two parents are the
head of p; and the tail of p;.

Notice that the simple condition of having a positive-time directed path from u to v is,
by itself, not sufficient to capture all temporal constraints imposed by reticulation events;
Figure 6 illustrates this point. In Figure 6, #1(Y) = ¢1 and #(X) = r4; further, hybridiza-
tion events H1 and H2 occur at times ¢2 and 3, respectively. It is obvious that the two
hybridization events imply 71 < 2 < t3 < t4, which, in turn, implies that X and Y cannot
co-exist in time, and hence cannot be the “parents” of a hybridization event. Obviously,
there does not exist a positive-time directed path from Y to X. Yet, there exists a sequence
P = {p1, p2, p3) of positive-time directed paths, where p; is the directed path from Y to A,
p2 is the directed path from B to C, and ps is the directed path from D to X; further, H1 is a

Time|

tl

2

3
t4

Figure 6: A scenario illustrating two nodes X and Y that cannot co-exist in time.



network node whose two parents are A and B, and H2 is a network node whose two parents
are C and D. Hence, according to our definition, X and ¥ cannot co-exist in time. Since
events such as hybridization and lateral gene transfer occur between two lineages (nodes
in the network) that co-exist in time [150, 192], a phylogenetic network N must satisfy the
following property:

e If two nodes x and y cannot co-exist in time, then they cannot hybridize, that is, there
cannot exist node v with (x,v) and (y,v) in E.

5 Detection and Reconstruction of Reticulate Evolution:
What Needs to be Done

As we saw in phylogenetic tree inference, the design and analysis of methods for the re-
construction of phylogenetic trees has several components:

e software for simulation studies: generating random model trees, simulating evolution
down trees, and comparing inferred trees to model trees for accuracy

e algorithms and software for reconstructing phylogenetic trees

The phylogenetics community has produced much along these lines, and many of the best
tools are quite good - provided the datasets are not too large. Similarly, we also need soft-
ware for simulation studies for reticulate evolution, and algorithms and software for de-
tecting reticulation and for reconstructing networks. Unfortunately, despite some progress
along these lines, still very much needs to be done. In this section we describe the current
state of these research agenda.

5.1 Detecting Reticulate Evolution

There are several methods which attempt to detect reticulation, and a few methods for
reconstructing reasonable reticulate scenarios when reticulate evolution is suspected; how-
ever, much research needs to be done in order to develop better methods for both problems.
The main challenge in detecting reticulation is that patterns in the data that are suggestive
of reticulation may also be present due to other factors (such as lineage sorting, inadequate
data, insufficient analyses, etc.), and it is difficult to distinguish between these different con-
ditions; see [230] for a discussion of these issues. For this reason, among others, current
methods for determining that reticulation has occurred have not been entirely successful.
Reconstruction methods are also generally not yet sufficiently accurate for phylogeny re-
construction. In this section we describe the existing approaches for detecting reticulate
events at the population as well as species levels.

5.1.1 Recombination

Detecting recombination is a major topic of study in population genetics, with a commen-
surate number of publications. Studies of specific systems abound—any literature search



using the keyword “recombination” will immediately bring up hundreds and any text on
genetics will at least discuss the topic. Mostly, of course, such recombinations are mei-
otic in nature. In phylogenetic work, detecting recombinations (this time from a variety of
sources) is at the heart of many approaches to the reconstruction of ancestral genomes or
lines of descent [89, 98, 99, 106, 163, 165, 247, 261, 283]. Wiuf et al. [279] and Posada
and Crandall [199] have studied the accuracy of methods for detecting recombination from
a collection of DNA sequences; their papers contain and a wealth of references. Detecting
the presence of recombination is but the first step; characterizing the recombinations that
did take place is the goal. An intermediate goal along this path is to determine which re-
combination events might have taken place, as is done in many studies and implemented
in programs such as SplitsTree [114] and NeighborNet [29]. A further step could deter-
mine the number of recombination events that took place [252], a goal that programs such
as T-Rex [151] and the reconstruction algorithm of Hallett and Lagergren [3] attempt to
reach. The last step is to produce a collection of recombination events that best explain the
observed data, i.e., to produce one or more evolutionary networks that optimize some cri-
terion (perhaps a generalization of a criterion used in tree reconstruction, such as minimum
evolution, parsimony or maximum likelihood); few researchers have tackled that problem
directly and none of the existing programs addresses it.

5.1.2 Horizontal Gene Transfer

Once again, the first order of business is to detect horizontal transfers. The goal of many
biological studies has been to identify those genes that were acquired by the organism
through horizontal transfers rather than inherited from its ancestors. In one of the first pa-
pers on the topic, Medigue [166] proposed the use of multivariate analysis of codon usage
to identify such genes; since then various authors have proposed other intrinsic methods,
such as using GC content, particularly in the third position of codons (e.g., [136]). On the
basis of such approaches, a database of genes acquired by horizontal transfer in prokaryotes
has been established at www . fut .es/~debb/HGT/. An advantage of intrinsic approaches
is their ability to identify and eliminate genes that do not obey a tree-like process of evo-
lution and thus could prevent classical phylogenetic methods from reconstructing a good
tree. With the advent of whole-genome sequencing, more powerful intrinsic methods be-
come possible, such as the location of suspect genes with each genome: such locations
tend to be preserved through lineages, but a transfer event can place the new gene in a more
or less random location. Thus a good look at the neighbors of a gene in the prokaryotic
genome often enables biologists to identify horizontal transfers. However, differential se-
lection pressure, uneven evolutionary rates, and biased sampling can all give rise to false
identification of HGT [67].

Non-intrinsic approaches bring us back to phylogenetic reconstruction. Here, the idea
is to use phylogenetic reconstructions to identify discrepancies that could tag transfer
events. An old question in phylogenetic reconstruction has been “to combine or not to
combine?”—that is, given DNA sequences for several genes, are we better off concate-
nating the sequences or analyzing each set separately [31, 40, 47, 53, 109, 185, 277]?
The common sense conclusion that many genes inherited through lineal descent would



override the confusing signal generated by a few genes acquired through horizontal trans-
fer appears wrong [25, 266]. Of course, one must first resolve the old problem of gene
trees vs. species trees: discrepancies between the trees derived from different genes do
not necessarily indicate reticulate evolution, but may simply testify to the incongruent
evolution of two or more genes, all within a valid, tree-shaped evolution of the species.
(For discussions of and algorithms for the gene tree/species tree, or reconciliation, prob-
lem and some of its related problems, such as distinguishing orthologs from paralogs, see
[12,70, 148, 150, 190, 191, 194, 230, 256].) Distinguishing between the two is difficult in
the absence of additional information.

With whole-genome sequencing, such information becomes available. Huynen and
Bork [115] advocate two types of data: the fraction of shared orthologs and gene synteny.
Synteny (the conservation of genes on the same chromosome) is of course not widely ap-
plicable with prokaryotes, but its logical extension, conservation of gene order, definitely
is—and Huynen and Bork proposed to measure the fraction of conversed adjacencies, a no-
tion that had been introduced earlier by Sankoff in a series of papers defining breakpoints
(adjacencies that are not conserved) and their uses [22, 237]. Orthologs are a phylogenetic
notion: two homologous genes are orthologs if they are the product of speciation from a
common ancestor; in contrast, two homologous genes are paralogs if they are the product
of duplication. Thus determining orthologs can be difficult. Daubin [50] combined orthol-
ogy search and information from the DNA sequences themselves to improve the detection
of horizontal transfers.

From a computing point of view, the problem can still be formulated as pure network
reconstruction. Direct approaches include those of Hallett and Lagergren [3, 95] and Boc
and Makarenkov [23].

5.1.3 Hybrid speciation

Funk [79] and McDade [161] discuss the implications of hybridization for phylogenetic
studies. Rieseberg and his colleagues have published numerous papers with case studies,
discussions, and methodologies, all addressed at diploid hybrid speciation [69, 209, 210,
211, 213, 214, 215, 218, 219, 223, 224, 225]. Detecting hybrid speciation can be trivial:
when the ploidy level (i.e., number of complete sets of chromosomes) changes, clearly
hybrid speciation has occurred [211]. In other cases, the detection of hybrid speciation can
be more difficult, especially when the parent species have similar sequences. As in the case
of horizontal gene transfer, the true evolutionary history requires the network model. The
two types of reticulate evolution—HGT and hybrid speciation—differ in significant ways.
In HGT, the number of lineages does not change, but hybrid speciation directly creates a
new lineage. In addition, under HGT the proportion of the donor genome to the recipient
genome is relatively small, whereas in hybrid speciation is more nearly equal.

As discussed below, there are a small number of methods that attempt to detect and
reconstruct hybrid speciation events [17, 29, 114, 238, 285], but none are entirely satisfac-
tory, especially at reconstruction. In general, the methods produce an unacceptable number
of false positives (edges that appear in the reconstruction, but are not part of the true net-
work). The problems most likely arise because the methods tend to use combined data and



because they lack sufficient biological rationale.

5.2 Methods for Reconstructing Networks

Broadly speaking, four approaches to phylogenetic reconstruction in the presence of non-
tree events have been developed. Since these have not been sufficiently studied in simu-
lation studies, we do not yet know how well they perform, or whether these approaches
are promising. Our discussion of the current network reconstruction methods is, therefore,
quite brief.

1. With prokaryotic organisms, where the non-tree event is horizontal gene transfer
(HGT), one common approach is to identify (by whatever means) the genes acquired
through HGT, remove them, then reconstruct a tree based on the remaining genes.
Most published bacterial phylogenies are trees and were either limited to one or a few
genes for data, or use the whole genome, but only after eliminating genes identified
as the product of HGT.

2. One can build a tree, then begin adding non-tree edges to turn it into a network,
using a greedy approach to optimize some cost criterion. This is the approach used
by Hallett and Lagergren [3, 95] (for horizontal transfers only), by Clement et al.
[42], and by Makarenkov and his colleagues [151, 152].

3. Build many trees (perhaps using different subsets of the data) and attempt to reconcile
them; where reconciliation fails, the conflict might be explained by a reticulation
event. This is the basic idea behind median networks [17, 18, 19], as well as behind
the molecular-variance parsimony approach of Excoffier et al. [71].

4. Characterize in advance any incompatibilities in the data (based on a distance matrix)
and provide a collection of the possible resolutions through reticulation—leaving the
biologist to choose which resolution is preferable. This approach is used in the splits-
based methods [16, 29, 107, 114].

The first approach of course does not build a network; however, in groups of prokaryotes,
where gene transfer is ubiquitous and there may not even exist a true “core” of genes, it has
the advantage of representing the structured part of the information, with the understanding
that nodes in the tree can be connected by a multitude of non-tree edges corresponding to
HGTs. The last approach does not build or even propose a specific network, but presents
all consistent choices—a potential problem when the number of choices is large.

5.3 Simulation Tools for Phylogenetic Networks

Software tools for generating random phylogenetic networks and simulating sequence evo-
lution down phylogenetic networks, have been developed for the case of hybrid speciation
[178]. These tools are adaptations of those used for the simulation of tree evolution, but,
whereas tree evolution can proceed independently on the various branches, network evolu-
tion perforce reconnects various paths. Hence, whereas tree simulations can first create a



tree topology and then evolve sequences down that tree, network simulations must evolve
the sequences as they create the topology, since the choice of hybridization events (and, to
a lesser extent, of horizontal transfer events) depends on the genomic distances between
the two organisms involved in the hybridization or transfer. To our knowledge, no pub-
lically available software exists for generating random networks and simulating sequence
evolution in the case of horizontal transfer nor for combining these reticulation events with
recombination.

5.4 Measuring Error in Network Reconstruction

Performance studies also need to be able to measure the error (distance) between the “true”
phylogeny and the reconstructed one. Such a measure should be symmetric, and should be
zero only when the two phylogenies are the same. Such measures are commonplace for
trees; the most commonly used is the Robinson-Foulds distance [227] (see Section 2.4),
but quartet-based metrics also provide these properties. However, such measures between
phylogenetic networks seem much harder to obtain; our group has developed some mea-
sures,but the guarantees we seek (in particular, being zero if and only if the two networks
are identical) only hold under special conditions. Clearly, additional work needs to be done
in this regard.

We briefly describe two approaches to this problem. We want a measure m(Nj,N,) of
the distance between two networks Ny and N,, such that m is symmetric and nonnegative,
and satisfies the following three conditions:

C1 If Ny and N, are two trees, then m(Ny,N,) = RF (N1, N2), where
RF (N1, N,) denotes the Robinson-Foulds distance between trees.

C2 If N; and N, are isomorphic (with respect to the leaf labels), then
m(Ny,Nz) = 0.

C3 If m(Ny,N;) =0, then N; and N, are isomorphic.

Splits-based measure One appoach that has been used both by us and by Bryant [29] is
a direct extension of the Robinson-Foulds (RF) metric on trees. Recall that the RF distance
is just half the size of the symmetric difference between the character encodings of the two
trees, and so is naturally symmetric and zero if and only if the two trees are identical. Let
N be a network, and let S be the set of leaves of N. Let 7 be the collection of trees, leaf
-labelled by the set S of taxa, contained within the network N. Let C(N) = U77C(T) (i.e.,
the set containing all the bipartitions of the trees in 7). Given two networks N; and N, we
can define the “distance” between them to be:
[C(N1)AC(N)|

d(N1,N7) = 5 .

This distance satisfies conditions C1 and C2 above, but not, unfortunately, C3, except in
special cases.



Tripartition measure Another proposed measure is based on the tripartition that is in-
duced by each edge of the network. Let N be a phylogenetic network, leaf-labeled by set
S, and let e = (u,v) be an edge of N. Note then that an edge e induces a tripartition of S,
defined by the sets

o A(e) = {s € §|sis reachable from the root of N only via v}.

e B(e) ={s € S|sisreachable from the root of N via at least one path passing through
v and one path not passing through v}.

e C(e) = {s € S| sis not reachable from the root of N via v}.

We denote by 0(e) the tripartition of S induced by edge e. These three sets A(e), B(e)
and C(e) are weighted; the weight of an element s in any of the three sets is the maximum
number of network nodes on a path from v to s (including v and/or s, in case one or both are
network nodes). Two weighted sets S| and S, are equivalent, denoted by §; = S, whenever
they contain the same elements and each element has the same weight in both sets. Two
tripartitions 0(e1) and 0(e) are equivalent, denoted by 6(e1) = 6(ez), whenever we have
A(e1) =A(ez), B(er) = B(ez), and C(e) = Clen).

Let x be a network node whose two parents are x; and x». The reticulation scenario
of x, denoted RS(x), is the set {X},X»}, where X; is the set of leaves under x; (that is, if
x; is the head of edge e, then X; = A(e) UB(e)). Intuitively, a reticulation scenario of a
network node x denotes the two groups of taxa whose common ancestors were involved in
the reticulation event.

We can now define compatibility between two edges as follows. Let e; = (u1,v1) and
e> = (up,v2) be two edges. Then, e; and e, are compatible, denoted by e = ey, if and only
if

e cither both are tree edges and 6(e;) = 6(ey), or
e both are network edges, 8(e;) = 6(e2), and RS(v;) = RS(v2).

Finally, we can define the false negative rate (FN) and false positive rate (FP) between two
networks Ny and N, in the usual way: they are the percentages of edges present in one
network that have no compatible edge (as per the definition above) in the other.

This tripartition metric satisfies all three conditions, C1, C2, and C3.

6 Summary

Reticulate evolution, due to factors such as horizontal gene transfer, recombination, and
speciating hybridization, confound current approaches to phylogenetic analysis, and an ac-
curate estimation of evolutionary histories will require the development of novel simulation
tools, reconstruction methods, and mathematical theory. We conjecture that successful ap-
proaches in this area will combine population genetics and phylogenetics, and will lead
to interesting questions in many technical areas, including statistical inference, molecular
phylogenetics, and computer science.
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8 Software Related to Network Reconstruction
e Pyramids

— http://genome.genetique.uvsq.fr/Pyramids/
— Authors: J.C. Aude et al.

— This program takes a distance matrix as an input and uses agglomerative al-
gorithms to compute clusters. It allows for overlapping clusters, which can be
used to represent reticulation events. Reticulation events may be placed among
terminal nodes that are sister taxa.

— Described in [57]
— Platforms: Executables for Windows and Unix

e Spectrum

— http://taxonomy.zoology.gla.ac.uk/~mac/spectrum/spectrum.html
— Authors: Impkin Software (a division of Impkin Incorporated)

— This program takes a set of sequences in the NEXUS format as an input and
visualizes phylogenetic information without forcing it into a tree, thus avoiding
the difficulty of choosing which is the “best” method for tree reconstruction and
the whole issue of whether the data is tree-like.

— Platforms: Executables for Mac and Windows are available
e Arlequin

— http://lgb.unige.ch/arlequin/
— Authors: Laurent Excoffier

— This program supports population genetics analysis, such as estimation of gene
frequencies, testing of linkage disequilibrium, and analysis of diversity between
populations. It can also compute a Minimum Spanning Tree network.

— Platforms: Mac, Windows, and Linux

e PAL



— http://www.stat.uni-muenchen.de/~strimmer/pal-project/
— Authors: Alexei Drummond and Korbinian Strimmer

— A collection of Java classes for use in molecular phylogenetics. Among the
tasks that have been implemented using this collection is computing the maxi-
mum likelihood of phylogenetic networks.

— Platforms: JAVA source code
o T-REX

— http://www.fas.umontreal.ca/biol/casgrain/en/labo/t-rex/
— Authors: Vladimir Makarenkov

— This program takes a distance matrix as an input, infers a tree, and then adds
non-tree edges, thus creating a network, so as to minimize a certain least-
squares loss function.

— Described in [151]

— Platforms: Windows, DOS, and Mac binaries, as well as C++ source code
e PLATO

— http://evolve.zoo.0x.ac.uk/Plato/main.html

— Authors: Nick Grassly

— This program takes sequential PHYLIP-style DNA sequences and their maxi-
mum likelihood phylogeny; using a likelihood approach with sliding window
analysis and Monte Carlo simulation of the null distribution, it then detects
anomalously evolving regions in the DNA sequences and assesses their sig-
nificance. This may lead to the detection of, for example, recombination, gene
conversion, or convergence; it may also reveal variable selective pressures along
the gene sequences.

— Described in [87].

— Platforms: Mac (including PowerMacs) and source code for Unix systems

e Bootscanning Package

— by anonymous ftp from http://www.kt1.fi in directory
/hiv/mirrors/pub/programs
— Authors: Mika Salminen and Wayne Cobb

— A series of shell scripts and programs that analyze DNA sequences for evidence
of recombination. The code breaks the sequence into separate pieces that are
analyzed for the bootstrap support of various groups; the code looks for evi-
dence of significant conflict among trees for different parts of the sequence.

— Platforms: Sun executables
e TOPAL

— http://www.bioss.sari.ac.uk/ frank/Genetics



— Authors: Grainne McGuire

— A collection of scripts and code that checks for evidence of past recombination
events by looking for changes in the inferred phylogenetic tree TOPology be-
tween adjacent regions of a multiple sequence ALignment. The method detects
recombinations by sliding a window along a sequence alignment and measur-
ing the discrepancy between the trees suggested by the first and second halves
of the window, using distance matrix methods.

— Described in [162].
— Platforms: Unix Bourne shell scripts and C code

e reticulate

— http://jcsmr.anu.edu.au/dmm/humgen/ingrid/reticulate.htm
— Authors: Ingrid Jakobsen and Simon Easteal

— A compatibility matrix program for DNA sequences that includes tests for ev-
idence of reticulate evolution (such as recombination). The program computes
and displays a pairwise compatibility matrix for all pairs of sites and provides
statistics on compatible pairs.

— Described in [119]
— Platforms: C source code for Unix and X Windows

e RecPars

— ftp.daimi.aau.dk in directory pub/empl/kfisker/programs/RecPars
— Authors: Kim Fisker

— This program runs a parsimony analysis of DNA sequences and tries to find the
best phylogenies for different regions of the sequences; different phylogenies
lead it to postulate a recombination event between the respective segments.

— Described in [99]
— Platforms: C source code for Unix

e Partimatrix

— http://jcsmr.anu.edu.au/dmm/humgen/ingrid/partimatrix.htm
— Authors: Ingrid Jakobsen, Susan Wilson, and Simon Easteal

— This program computes a “partition matrix” from aligned DNA sequence data.
It finds partitions of the sequences into two groups and presents a matrix that
describes conflicts and agreements among these partitions.

— Described in [120]
— Platforms: C source code for Unix systems with X Windows

e Homoplasy test

— http://www.biols.susx.ac.uk/Home/John Maynard Smith/



— Authors: John Maynard Smith and Noel Smith

— This program implements the authors’ homoplasy test for recombination in se-
quences.

— Described in [247]
— Platforms: QBASIC for DOS and must be run using QBASIC

e LARD

— http://evolve.zoo.ox.ac.uk/software/Lard/Lard.html
— Authors: Andrew Rambaut

— This program detects the presence of recombination in a set of sequences.
LARD looks at the set of sequences to discover which are the most plausi-
ble parents of a potentially recombinant sequence; at each possible breakpoint
position, it runs a likelihood ratio test to check whether the three-species trees
differ on the two sides of the breakpoint.

— Described in [106]
— Platforms: C source code and as a Macintosh executable

e Network

— http://www.fluxus-engineering.com/sharenet.htm
— Authors: Arne Rohl, Peter Forster, and Hans-Jiirgen Bandelt

— This program infers networks (which have more connections than trees) from
non-recombining DNA, STR, amino acid, and RFLP data. The networks are
either reduced median networks nor median-joining networks.

— Described in [18, 17]
— Platforms: DOS executable

e TCS

— http://biocag.byu.edu/zoology/crandall lab/tcs.htm
— Authors: Mark Clement and David Posada

— This program estimates gene genealogies within a population, using a method
that connects existing haplotypes in a minimum spanning tree (essentially a
parsimony method).

— Described in [268, 42]
— Platforms: Java executables

e SplitsTree

— http://www-ab.informatik.uni-tuebingen.de/software/splits/
— Authors: D. Huson

— This program outputs a network as a graphical representation of the incompati-
bilities in the dataset.



— Described in [114]
— Platforms: Unix and Windows

e NeighborNet

— http://www.mcb.mcgill.ca/~bryant/NeighborNet/
— Authors: D. Bryant and V. Moulton

— This program constructs a network that is a graphical representation of the com-
patibilities in the dataset.

— Described in [29]
— Platforms: Unix

e Horizontal Transfer Program

— http://www.cs.mcgill.ca/~laddar/lattrans/
— Authors: L. Addario Berry, M. Hallett, and J. Lagergren

— This program outputs a tree and a list of the horizontal gene transfer scenarios
(i.e., a list of extra nontree edges that correspond to transfer events).

— Described in [3]
— Platforms: Java code
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