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The evolutionary history of a set of species is usually described by a rooted phy-
logenetic tree. The concept of a rooted tree is very simple and has proved to be
extremely useful in many application domains. However, the truth is rarely pure
and never simple.!

By definition, phylogenetic trees are well suited to represent evolutionary histo-
ries in which the main events are speciations (at the internal nodes of the tree} and
descent with modification (along the edges of the tree). But such trees are less suited
to model mechanisms of reticulate evolution [219], such as horizontal gene trans-
fer, hybridization, recombination or reassortment. Moreover, mechanisms such as
incomplete lineage sorting, or complicated patterns of gene duplication and loss,
can lead to incompatibilities that cannot be represented on a tree. Although the
analysis of individual genes or short stretches of genomic sequence often gives
strong support to a phylogenetic tree, different genes or sequence segments usually
support different trees.

While it is generally undisputed that bifurcating speciation events and descent
with modifications are major forces of evolution, there is also a growing belief that
reticulate events play an important role in the shaping of evolutionary histories,
too [535,61, 111, 173]

Horizontal gene transfer (HGT), the direct transfer of genes from one organism
to another, is known to occur very frequently in the prokaryotic world, the main
mechanisms being transformation, conjugation and transduction [13, 28, 189,
231]. Because of horizontal gene transfer, even between quite distantly related
species, phylogenetic trees on the same taxa based on different genes may be very
incongruent and the questions arise of how to define the concept of a species tree
for a set of prokaryotic taxa, and then how to infer it? One answer may be to
represent the evolutionary history of a set of prokaryotes by an appropriate rooted
phylogenetic network that encompasses the different gene histories [54, 153, 157].

U Oscar Wilde, The Importance of Being Barnest, 1895,
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In a more general setting, horizontal gene transfers are considered together with
gene duplication and loss events [56, 197]. Here the goal is to reconcile incongruent
gene trees with a given species tree under a model of duplication, loss and transfer
(DLT) [100].

Speciation by hybridization is a widespread phenomenon in plants [201, 202],
butalso occurs in some other types of organisms [ 153, 165]. In allopolyploidization,
two individuals from distinct species hybridize and merge their sets of chromo-
somes, [n rare cases this produces a new fertile species that is reproductively isolated
from the parent species. In diploid hybridization, two parents from different species
each supply a gamete and produce a diploid hybrid. In very rare cases the hybrid
may become reproductively isolated from the parents and then evolve as a dis-
tinct species. Phylogenies involving hybrid species are more informative when they
explicitly include postulated hybridization events.

Recombination and gene conversion produce new combinations of genetic mate-
rial through pairing and shuffling of very similar DNA sequences [190]. Tt is usu-
ally considered a mechanism that belongs within the realm of population genetics,
which deals with the statistical analysis of the inheritance and prevalence of genesin
populations [118]. In this context, the evolution of sequences under the coalescert-
with-recombination model gives rise to an ancestral recombination graph (ARG)
|89, 108], which is used for statistical inference and is beyond the scope of this
book. However, as sequencing technologies advance and more projects aim at the
full {re)sequencing of many individuals, strains and species [242], the fields of
phylogenetic analysis and population genetics are drawing closer together. Being
able to explicitly represent recombination in a network is of value to both fields
[98, 128, 169, 194].

When interspecific recombination occurs, it may result in different histories
for different segments of an individual gene and thus impact the performance of
phylogenetic tree reconstruction methods [198, 207, 211]. In such cases, a network
reconstruction method may be more suitable.

Reassortment is akin to recombination in that it involves the swapping of genetic
material between individual organisms. Many viruses, such as influenza A, have
segmented genomes. The evolution of such viruses involves mutations, of course.
Moreover, when the viruses co-infect a host cell, then segments of their genomes
can be swapped in a process called reassortment [47]. Hence, a phylogenetic tree
will notalways suffice to correctly represent the evolutionary history of a population
of such viruses in a host, and sometimes a network representation will be more
appropriate [21].

In an essay entitled “Mathematics is biology’s next microscope, only better;
biology is mathematics’ next physics, only better” [53], the author poses “five
biological challenges that could stimulate, and benefit from, major innovations in
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mathematics.” The third challenge is: “Replace the tree of life with a network or
tapestry to represent lateral transfers of heritable features such as genes, genomes,
and prions.”

While there is a great need for practical and reliable computational methods for
inferring rooted phylogenetic networks to explicitly describe evolutionary scenarios
involving reticulate events, generally speaking, such methods do not yet exist, or
have not yet matured enough to become standard tools.

In contrast, there exist a number of established computational methods for
inferring unrooted phylogenetic networks, which are used to abstractly describe
reticulate evolution by providing a visualization of incompatible evolutionary path-
ways. Among the most widely used are methods for computing split networks [9],
median networks [11] quasi-median networks [10], and other types of haplotype
networks [52]. Such methods are not only used in phylogenetic analysis, but also
in phylogeography and population genetics, as well.

The phylogenetic analysis of molecular sequences using phylogenetic trees is
an established field and there are a number of books that describe the different
approaches in detail, such as |77, 163, 217|. Population genetics is a similarly
mature discipline that has been treated in a number of books, including [102, 108].
Both phylogeny and population genetics remain very active areas of research that
are developing further,

Although there has been a number of book chapters published on the subject of
phylogenetic networks (for example [123, 181, 182, 184, 214]), to the best of our
knowledge, this is the first book that is solely dedicated to the topic.

The overall aim of our book is to give an introduction to the field of phylogenetic
networks. As bioinformaticans, we sit between the mathematicians who develop
theories and concepts for modeling and calculating phylogenetic networks, and the
biologists who are focused on understanding the evolution of the organisms that
they are interested in, using the concepts, algorithms and tools that we help to
provide for them. Hence, while the content of this book is complementary to Phy-
logenetics [217] by Semple and Steel and Inferring Phylogenies [77] by Felsenstein,
we have aimed at making the exposition in our book less mathematical than the
former, while being more formal and algorithmic than the latter.

The book has three parts. In Part I, Introduction, we first describe some basic
concepts, mainly from elementary graph theory. We then give introductions to
sequence alignment and to phylogenetic analysis using trees. Our hope is that this
will make the book a self-contained introduction both to phylogenetic trees and
networks, to a degree. In the last chapter of Part I we give an introduction to
phylogenetic networks, providing a high-level overview of the area. The details are
then given in the remaining two parts of the book.
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In Part 1I, Theory, we develop the theoretical underpinning first for splits and
unrooted networks, and then for clusters and rooted networks. Here we attempt
to develop a unified treatment of a number of different aspects of both types of
networks.

In Part I11, Algorithms and Applications, we systematically describe many of the
existing algorithms for computing phylogenetic networks. The chapters here are
organized by type of input that the algorithms work on. For many of the algorithms
we briefly summarize their applications that have been reported in the literature.
The last chapter gives an overview of some of the software that is available for
computing phylogenetic networks from biological data.
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