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ABSTRACT

Phylogenetic analysis attempts to reconstruct the genealogical history of evolutionary
change in biological organisms. If the genealogy is complex, involving so-called horizontal
evolutionary processes (such as recombination, hybridization, introgression and horizontal
gene transfer) then an evolutionary network is required in order to graphically represent
the history. Empirical examples of such networks have been used since the 1750s but only
rarely. They fell out of favor from the late 1800s, when phylogenetic trees, which can
represent only so-called vertical evolutionary processes (transfer of hereditary information
directly from parent to offspring), were introduced to represent the Tree of Life. However,
in the past 20 years there has been increased interest in using networks, as the
evolutionary importance of horizontal processes has become increasingly more apparent.
Unfortunately, there are currently few automated methods available, although this is an
area of active algorithmic development. In this review, | discuss the development of both
trees and networks as icons (or metaphors) for displaying phylogenetic relationships, to
clarify some misunderstandings. | then provide an overview of the current approaches to
using networks for the study of reticulate evolutionary relationships, explaining how the
reticulation processes are detected based on the genetic patterns (or fingerprints) they
produce. Finally, | review the current empirical use of evolutionary networks for displaying
reticulate evolutionary histories. Due to the limitations of the current methods, many
empirical networks have been produced manually or by modifying the output of a
computer program.
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1. INTRODUCTION

Phylogenetics tries to reconstruct the history of evolutionary change in biology. So, it is the
study of the genealogical connection of all of life. Evolution involves a series of unobservable
historical events, each of which is unique and we can neither make direct observations of
them nor perform experiments to investigate them. This makes a phylogenetic study one of
the hardest forms of data analysis known, as there is no mathematical algorithm for
discovering unique historical accidents. This makes phylogenetics an interesting and
challenging scientific discipline.

Reconstructing the evolutionary history of a group of contemporary organisms, called a
phylogeny (or genealogy) is based on a study of their genotypic and phenotypic attributes.
Each evolutionary event creates novel attributes and it is the pattern of shared attributes
among the organisms that provides evidence of those events. Sources of evolutionary
novelty include so-called vertical evolutionary processes, involving the passage of hereditary
information directly from parent to offspring, including DNA substitutions, insertions and
deletions, as well as genic duplications, translocations and inversions. Evolutionary novelties
also come from so-called horizontal processes, such as recombination, hybridization,
introgression, horizontal gene transfer and genome fusion, all of which transfer genetic
information in more complex ways than by simple inheritance.

Historically, evolutionary history has been illustrated using the graphs known as either
networks or trees. Phylogenetic trees are intended solely for the study of vertical
evolutionary processes. Phylogenetic networks, on the other hand, are more general and
can accommodate horizontal processes as well vertical ones. These horizontal processes
are represented by reticulations in the network, which do not appear in a tree.

Mathematically, the trees and networks are connected graphs. These have labeled leaf
nodes representing the contemporary organisms, internal nodes that are usually unlabeled,
and edges connecting all of the nodes. Due to the complexity of evolutionary history, two
types of graphs have been developed, which have been actively used in parallel by
biologists for 250 years: (1) rooted evolutionary trees/networks (which are directed
acyclicgraphs), in which the internal nodes represent ancestors of the leaf nodes and the
directed edges represent historical pathways of transfer of genetic information between
ancestors and their descendants and (2) unrooted affinity trees/networks (which are
undirectedgraphs), in which the internal nodes do not represent ancestors and the
undirected edges represent similarity relationships among the leaf nodes. In this review | am
specifically concerned with the first type, the evolutionary diagrams, which explicitly display
the genealogical history of the organisms (in the algorithmic literature, these have
sometimes been called ‘explicit phylogenetic networks’); see the example in Fig. 1.

First, | discuss the development of both trees and networks as icons (or metaphors) for
displaying phylogenetic relationships, to clarify some misunderstandings; then | provide an
overview of the current network approaches to the study of reticulate evolutionary
relationships (also called tokogenetic relationships) and finally | review the current use of
evolutionary networks for displaying reticulate evolutionary histories.
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Fig. 1. The evolutionary network of 19 strawberry cultivars produced by
Duchesne [16] (plate 1)
The root is at the top, with the genealogical history proceeding downwards. This is a hybridization
network, with two hybrid cultivars indicated at the bottom

2. THE DEVELOPMENT OF TREES AND NETWORKS AS EVOLUTIONARY
DIAGRAMS

The metaphors (or models) used for biological relationships have included a chain (or
ladder), a tree and a network (or map) [1-3]. The chain was the accepted metaphor for most
of recorded history, but the network (or web or map) was the predominant metaphor during
the 1800s and the tree dominated during the 1900s [4-6]. However, this history also involves
confusion between evolutionary and affinity diagrams and it is worthwhile clarifying this
situation because there seems to be unnecessary confusion in recent discussions about the
status of the so-called Tree of Life.
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The first suggestion for replacing the chain was the network (Vitaliano Donati [7]), then the
map (Carl Linnaeus [8]) and then the tree (Peter Simon Pallas [9]). Notably, the tree was
explicitly intended as a simplification of the previously proposed network metaphor. That is,
this was a form of parsimony analysis, in which the primary branches were considered more
important and the reticulate relationships were treated as secondary. Moreover, all three
metaphors (network, map, and tree) were based on affinity rather than genealogy.

Affinity refers to a natural overall group resemblance of organisms, usually quantified by
some sort of weighted similarity of characters. It was the underlying concept of the Natural
System of classification, which was such an important part of 18th and 19th century biology
[10]. Patterns of affinity may, indeed, result from evolutionary relationships (i.e. genealogy),
but affinity is @ much broader concept than genealogy. In particular, affinity relationships are
usually multi-directional rather than nested. In the modern world, affinity is usually
represented by the “unrooted affinity” graphs referred to above.

None of these three people (Donati, Linnaeus, Pallas) actually included an illustrative fig with
their metaphors, thus neatly separating theory and practice. However, networks of affinity did
appear during the late 1700s, including those of Johann Philipp Ruhling [11] on plants and
Johann Hermann [12] on animals. The first published affinity map was actually Linnaeus’
own map of plant families, published by two of his former students, J.C. Fabricius and P.D.
Giseke, in a posthumous collection of his lectures [13]. The first published affinity tree was
that of Augustin Augier [14], which also concerned plant families. Interestingly, this temporal
order of illustrations reflects the order in which the metaphors were originally proposed.

However, the first published evolutionary network was that of Georges-Louis Leclerc, Comte
de Buffon [15], who illustrated the genealogy of dog breeds, which he postulated to include
hybridization. This was followed by the work of Antoine Nicolas Duchesne [16], who studied
hybridization among strawberry cultivars see Fig. 1. These figs pre-date any of the other
diagrams, thus emphasizing the importance of reticulate relationships in the representation
of evolutionary history. For the first published tree of genealogy we must wait until that of
Jean-Baptiste Pierre Antoine de Monet, Chevalier de Lamarck in 1809 [17]. This was a
transformational (or transmutational) tree rather than a modern phylogenetic tree, but it was
nevertheless the first appearance of a dichotomous evolutionary diagram. For obvious
reasons, there were no published maps of genealogy.

Affinity networks, however, were the dominant form of diagram during the first half of the
1800s, as evolution was not yet an accepted part of biological thought. Reticulating diagrams
dominated over trees until the publication of Charles Robert Darwin’s [18] major work.
Darwin’s ideas had two effects that are important for the discussion here. First, he focused
attention solely on genealogical relationships, to the exclusion of all of the other relationships
that are included in the concept of affinity. Second, he championed the tree as the
appropriate metaphor.

Darwin [18] did not use the word ‘network’ but he did use the word ‘web’ with regard to
affinity: “We can clearly see how it is that all living and extinct forms can be grouped together
in one great system), and how the several members of each class are connected together by
the most complex and radiating lines of affinities. We shall never, probably, disentangle the
inextricable web of affinities between the members of any one class”.

An important point here is that affinity relationships can be expressed by an unrooted graph
but genealogical relationships require a rooted (or directed) graph. That is a genealogy has a
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time dimension, which is represented by directed edges pointing away from the root. So, in
addition to the change from network to tree, there was an equally important change from
undirected to directed metaphors. Indeed, Darwin [18] actually introduced the leap from
affinity to genealogy via the tree metaphor. “The affinities of all the beings of the same class
have sometimes been represented by a great tree. The green and budding twigs may
represent existing species) and those produced during each former year may represent the
long succession of extinct species.”

Darwin clearly named his ‘Tree of Life’ simile after its biblical namesake, and in doing so he
“‘mobilized one of the oldest and richest traditions of imagery available to him. To play
consciously on religious tree imagery was no new trick. but still it helped Darwin to seize the
imagination of his readers” [19]. So, this simile was quite independent of Darwin’s famous
bush-like diagram, because he always referred to his theory as “descent with modification”
[20]. In this sense, Darwin’s motive for moving the metaphor from a network to a tree was
use of a rhetorical device rather than being biologically motivated.

This distinction between different trees is important historically, because prior to Darwin the
biblical tree imagery had already been co-opted to refer to the arbor scientiae (Tree of
Knowledge), rather than the arbor vitae (Tree of Life). Nevertheless, Darwin’s ‘Tree of Life’
simile has since become widespread as a metaphor for phylogenetic relationships. These
two Darwinian effects (the move to both genealogies and trees) were combined to reduce,
for more than a century, the requirement for unrooted networks in biology and promote the
use of rooted trees.

Consequently, rooted networks have mostly languished in biology since their appearance in
the 1700s, with apparently only Ferdinand Albin Pax [21] producing them during the 1800s.
In the literature from 1900-1990, | know of only nine evolutionary networks [22-30], two
affinity networks, two networks representing convergence, and one network expressing
genealogical uncertainty.

However, in the last 20 years biologists have seriously questioned this Darwinian change of
metaphor in biology. In particular, there has been a concerted move to re-introduce the
rooted network as the best metaphor for evolutionary history [31-35]. This move away from
the tree is thus a return to where we were 250 years ago, rather than the introduction of a
new metaphor. The past 150 years can thus be seen as a Darwinian diversion.

Along with this resurgence of interest, there has been interest in the development of new
mathematical techniques of analysis [36,37]. Unfortunately, there are only a few such
techniques currently available for evolutionary networks, and recent focus has therefore
been on the development of practical and effective methods. This leaves contemporary
biologists with a dilemma: the desire to use evolutionary networks but a lack of suitable
techniques for producing them. Section 3 of this review discusses how biologists have been
approaching the study of reticulate evolution under these circumstances, while Section 4
shows how evolutionary networks are presently being produced.

There is also some confusion in the literature about the appropriate terminology. Currently,
‘phylogenetic network’ is used indiscriminately to refer to both evolutionary networks and
affinity networks. Indeed, the use of the word ‘net’ or ‘network’ to refer to evolutionary
relationships is quite recent, as the authors in previous centuries used ‘arbre généalogique’
(French: family tree) or ‘verwandtschaftlichen’ (German: family relationship). (NB. This
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terminology is quite natural, because a family pedigree is actually a network when both
parents are included from each generation — each offspring is then a hybrid of two parents.)
The first reference to a “phylogenetic net” was probably by Verne Grant in 1953 [25], who
came close to modern usage when he used the expression to refer to what we would now
call a ‘hybridization network’, which is a specific type of evolutionary network (as discussed
in Section 4).

There was subsequently, however, a serious digression. The first reference to a
“phylogenetic network” appears to have been by Holmquist [38]. Unfortunately, he used the
word ‘tree’ to refer to a rooted tree and ‘network’ to refer to the unrooted topology of the tree.
This usage was based on the idea that an unrooted tree represents a set of rooted trees,
one potential root per edge in the tree. Avise et al. [39,40] then used the term “phylogenetic
network” to refer to what is now called a ‘haplotype network’. They manually created
unrooted haplotype graphs by combining several gene networks. However, while there could
be reticulations in their individual gene networks, the combined haplotype data had no
reticulations, and they thus formed non-reticulate trees.

So, it was Bandelt [41] who formalized the reference to unrooted networks as ‘phylogenetic
networks’; previously, these had been simply called ‘splits graphs’. This use of the term
‘phylogenetic’ does not refer to genealogies, since the graphs are unrooted and thus have
no time dimension. That leaves open the question of who first used the expression
‘phylogenetic network’ explicitly in reference to a genealogy.

Finally, it is worth noting that the metaphor of a network is not the only possible one for
reticulate relationships. For example, these alternative metaphors have been used for
explicitly evolutionary relationships: Warp and weft [42], Intermingled blood streams [43],
Trellis or lattice [44], Banyan tree [45], Rhizome [46], Braided river [47], Tree obscured by
vines [48], Ring [49], Tree festooned with cobwebs [50] and Highways [51]. None of these
metaphors seem to have been actively pursued.

3. RETICULATE PATTERNS AND PROCESSES IN EVOLUTIONARY HISTORY

Here, | provide an overview of the different processes and patterns involved in reticulate
evolutionary history. | summarize the various evolutionary processes that will create
reticulations in a genealogy, along with a brief description of the phylogenetic methods
currently used to detect those processes in biological data and then construct a network. | do
not cover simple inheritance from parent to offspring, because reconstructing a tree-like
phylogenetic history is conceptually straightforward (although difficult in practice), and there
are various existing reviews of that topic [52-54].

In phylogenetics, historical processes are expected to create patterns in contemporary
species, and scientists then try to detect those patterns and assess them, in order to
determine what process created each pattern. Computationally, algorithms will detect certain
data patterns and display them in a directed acyclic graph (a tree or a network), which is
then interpreted biologically. What is needed is to correctly identify the possible patterns
created by the different processes, so that computational algorithms can be developed that
will detect them. It is doubtful that an algorithm will be able to identify all of the individual
processes — it will be up to biologists to work out what process created each of the detected
patterns.
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In this review | focus solely on using genotypes to study reticulate evolution. Traditionally,
phenotypes have also been used (particularly to study hybridization), but this is now rarely
done, except as a first hint that reticulation might be involved. The basic phylogenetic
method for detecting reticulation processes based on their genetic data pattern is via
incongruence involving gene trees [55] that is, a phylogenetic tree constructed for a single
genic region. This incongruence can be used to detect hybridization, horizontal gene transfer
and/or recombination. For example, the current mathematical algorithms [36] use
incongruence between multiple gene trees to detect hybridization or horizontal gene transfer,
and use incongruence within a single genome segment to detect recombination.

In what follows, there are major simplifications from both the biological and computational
points of view. The reticulation processes are summarized in Table 1, along with the
current methods of studying them. Literature examples of these analyses are discussed in
Section 4.

Table 1. Summary of the patterns and processes involved in reticulate evolution

Reticulation process Evaluation method

Polyploid hybridization (species) multi-labeled tree

Homoploid hybridization (species) incongruent gene trees

Homoploid hybridization (population) sequence additive polymorphisms

Introgression (population) haplotype network admixture graph

Horizontal gene transfer (species) incongruent gene trees incongruent gene/species trees
Intra-genic recombination sequence break-points

Inter-genic recombination incongruent gene trees

Reassortment (population) haplotype network

Genome fusion genome similarities

3.1 Hybridization (Hybrid Speciation)

Hybridization refers to the formation of a new species via sexual reproduction [56,57]. The
new (hybrid) species has a genome that consists of equal amounts of genomic material from
each of the two parental species. There are two basic forms that are of interest:

Homoploid Hybridization, in which one copy of the genome is inherited from each parent
species (e.g. diploid parents create a diploid hybrid);

Polyploid Hybridization, in which multiple copies of the genome are inherited from each
parent species (e.g. diploid parents create a polyploid hybrid).

These concepts are illustrated in Fig. 2.

The existence of polyploid hybridization is usually assessed by DNA sequencing of each
copy of the genome in the hybrid species, and then treating each copy as a separate unit in
the phylogenetic data analysis. This produces a multi-labeled genome tree (i.e. each species
appears multiple times in the tree, once for each copy of the genome), which is then turned
into a single-labeled species network (i.e. each species appears only once in the network)
[58].

At the species level, homoploid hybridization is usually assessed by sequencing several

genes in the hybrid species (often from both the nuclear and the non-nuclear genomes) and
producing independent trees for each gene. The species network is then created by
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resolving conflicts among the topologies of the gene trees — the incompatibilities among the
gene trees are resolved by postulating one or more reticulations in the network [59]. This
form of analysis assumes a data pattern that is very similar to that of HGT (see Section 3.3).

In population studies (i.e. within species), homoploid hybridization is usually assessed at the
sequence level, using either dominant (e.g. RAPD, ISSR) or co-dominant (e.g. nuclear DNA)
makers [60]. Hybrids are detected by additive polymorphisms, where the genetic variation in
the hybrid is the sum of the variation in the two parents. This may ocur, for example, at some
positions in the sequence alignment of multiple-copy nuclear genes, when they are called
superimposed nucleotide additivity patterns, or SNAPs). These polymorphisms arise either
from (i) the polyploid nature of the hybrids (there are multiple copies of each chromosome,
each of which may have a gene copy from either parental species), or (ii) from multiple
paralogous copies of the genes within each genome.

Homoploid Polyploid

Offspring

N7 N

Fig. 2. Schematic representation of hybridization
The filled and open ovals represent chromosomes

3.2 Introgression (Introgressive Hybridization)

Introgression is the transfer of genetic material from one species to another via sexual
reproduction [61]. This happens when hybrid individuals back-cross preferentially to one of
the parental species, rather than forming a new hybrid species (as in Section 3.1). So, the
genomes of one species are mosaics of genomic material from the two parental species, yet
not necessarily with a 50:50 composition (at c. 50% it is best called hybridization rather than
introgression). The data pattern created is very similar to that of HGT (see Section 3.3), as
shown in Fig. 3.

Introgression is usually assessed at the population level, by sequencing one or more genes
(often from both the nuclear and non-nuclear genomes) from many individuals, and
demonstrating that identical haplotypes (haploid genotypes) are shared by what are
recognized as separate species. This is done by constructing a haplotype network (as
developed by [39,40]). Often, individuals are detected where the non-nuclear haplotype
(usually inherited maternally) differs from the nuclear haplotype (inherited biparentally), as
shown in Fig. 3. Note that the pattern produced by introgression is indistinguishable from
that of heterogeneous genomic divergence (i.e. convergence and divergence are dynamic
processes and they cannot be distinguished from a static pattern).
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However, with the recent advent of the study of human genomes, single nucleotide
polymorphism (or SNP) data are being used to detect admixture (another name for
introgression) between different human populations (e.g. cultural or ethnic groups) and also
between ancient humans and their close relatives (e.g. neandertals). The general approach
is to add reticulations to an initial evolutionary tree constructed from the allele frequency
data, so that the network fits the data better than does the tree [62].

At the species level, the distinction between introgression and hybrid speciation can be
difficult to make. Indeed, discordance between organellar and nuclear phylogenies that
appears to be ancient is perhaps more likely to be introgression rather than hybrid speciation
[63]. In general, introgressive hybridization is probably much more common than hybrid
speciation [64].

Introgression

HGT
Parents O | | (] \\| |
N |
Offspring @) | | (] ﬂ |
/

Offspring | | O

Fig. 3. Schematic representation of introgression and horizontal gene transfer
The filled and open ovals represent nuclear chromosomes and the filled and open circles
represent organellar chromosomes

3.3 Horizontal Gene Transfer (Lateral Gene Transfer)

Horizontal Gene Transfer (HGT) is the transfer of genetic material from one species to
another via non-sexual means (e.g. transformation, transduction, or conjugation) [65,66], as
shown in Fig. 3. Thus, the genome of one species has some portion of its genomic material
that was transferred from another (unrelated) species. The data pattern created is very
similar to that of introgression (see Section 3.2), since the only essential difference between
HGT and introgressive hybridization is that HGT does not occur via sexual reproduction
while hybridization does. It is important to note, however, that HGT can potentially merge
parts of distantly related species, whereas introgression can only combine closely related
genomes.

HGT is sometimes assessed by sequencing several genes and producing independent gene
trees. The species network is created by resolving incompatibilities among the gene trees,
either the presence/absence of genes in some species or unexpected evolutionary
relationships in some genes [67]. This is actually the same procedure as used for the study
of homoploid hybridization, although hybridization involves whole genomes while HGT
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usually involves partial genomes. Thus, this form of analysis assumes data that are very
similar to those of homoploid hybridization or recombination.

Alternatively, HGT is often assessed by comparing observed gene trees to an expected
species tree, which is either pre-specified or derived from multi-gene data [68]. The species
network is then created by resolving conflicts between the gene trees and the species tree,
particularly the existence of unexpected evolutionary relationships in some of the genes
(especially the apparent genetic similarity of otherwise distantly related species).

3.4 Homologous Recombination and Viral Reassortment

Homologous recombination [69,70] and viral reassortment [71] are two processes that
involve homologous parts of a genome breaking apart and re-arranging themselves. This
usually occurs within a species, or between closely related species. In eukaryotes, it usually
occurs during sexual reproduction. With crossing-over during meiosis the two genomes
exchange material (called meiotic recombination), and with gene conversion one genome
acquires material from the other.

There are three basic forms that are of interest:
Intra-genic Recombination, in which the break-points occur within a single gene;

Inter-genic Recombination, in which the break-points occur in different genes or non-coding
spaces between genes;

Reassortment, in which segmented viruses re-combine their segments to create new strains
(similar to gene conversion) when the two strains co-infect the same cell; this is
basicallyinter-genic recombination without sex.

These are illustrated in Fig. 4. (Note that the expression “genetic recombination” is
sometimes used more broadly than it is used here, to include any process that re-arranges
bits of a genome, such as HGT or introgression.)

Intra-genic recombination is usually analyzed at the sequence level, based on ordered data
such as the DNA sequences themselves. The gene network is constructed by identifying
break-points, and thus the recombined segments [72]. It is also possible for one of the gene
donors of a recombined sequence to be missing from the dataset, in which case the data
pattern will be the same as for HGT (see Section 3.3) without the donor being sampled.

Inter-genic recombination can be studied similarly [73]. It will produce the same pattern as
for homoploid hybridization (see Section 3.1) if both break-points are outside the region
sequenced. Furthermore, homoploid hybridization can be thought of as recombination of
whole chromosomes.

Viral reassortment is usually assessed by comparing the genomes of different virus strains
with each other based on the presence/absence of segmental haplotypes (rather similar to
haplotyping of sexual organisms) [74,75]. Incongruent phylogenetic relationships produced
by different segments are used as evidence of reassortment [76]. This can produce
incredibly complex networks [77].
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Recombination Reassortment

SR

Cross-over

Fig. 4. Schematic representation of recombination and reassortment
The filled and open ovals represent chromosomes and the filled and open circles represent virus
genome segments

3.5 Genome Fusion

Genome fusion (or symbiogenesis) is the addition of an entire genome of one species to that
of another (unrelated) species by non-sexual means. Conceptually, it is an extreme form of
HGT. It is usually considered to be rather rare, although it was presumably important in the
origin of eukaryotes, mitochondria and chloroplasts, all of which appear to be fusions of the
genomes of various prokaryotes [78,79].

This has always been assessed by comparing the genome in question with the genomes of
other organisms, to identify genic similarities between them.

3.6 Distinguishing Between Processes Using Patterns

It may be possible to distinguish different types of evolutionary events, depending on the
fingerprints or signatures that they leave in the data. If each cause of reticulation leaves a
different data signature, then it is theoretically possible to devise models to detect those
signatures and to then present a network representation of how they might have arisen.

Some explicit suggestions for recognizing signatures have been made, for example
regarding the fingerprints of recombination versus hybridization [80]. Hybrid topologies can
be topographically different from homologous recombination topologies because in the
former the parental lineages remain unchanged, with the intermixed DNA in a new lineage.
Consequently, there have been statistical tests suggested for detecting hybrids [81-83],
which can be expected to have characteristics (phenotypic or genomic but not genic)
intermediate between the parents.

However, in general, incongruence fingerprints are often identical among phenomena and it
may be impossible ever to reliably distinguish homoploid hybridization, introgression, HGT
and inter-genic recombination from each other by pattern analysis alone [84], at least not
without genome-scale data. Moreover, the fingerprints of reticulation events may diminish

1528



Annual Research & Review in Biology, 4(10): 1518-1543, 2014

rapidly over time due to mutation or even other reticulation events; and reticulate evolution
may be missed in studies using only a few genes [85].

Indeed, the only form of reticulate evolution for which we can currently reconstruct the
history in a manner comparable to that for trees is polyploid hybridization. This is because
there is an increase in chromosome number that is easily detected, and which thus acts as a
clear fingerprint. HGT is sometimes considered to be reasonably obvious, because the end
result can associate otherwise distantly related genomes, due to its non-sexual mechanism.
However, there is some circularity to this argument.

Statistically, detecting a particular reticulation process involves a null tree model, so that
rejecting the null model infers the presence of the process. However, any mathematical test
is a test of the model not the process [86], so that rejecting the null model has no direct
biological interpretation. Consequently, many of the network algorithms that have been
developed are modeled on detecting a particular type of reticulation event but will end up
detecting other types as well, rather than distinguishing between them.

Moreover, so far | have not discussed either deep coalescence (also called incomplete
lineage sorting, or ancestral polymorphism) or gene duplication—loss which, if present, will
confound the detection of reticulation patterns. Incomplete lineage sorting (ILS) and
duplication—loss (D-L) are both vertical evolutionary processes, but they make the
construction of a phylogenetic tree difficult, and they can confound the construction of a
network by creating spurious reticulations. Deep coalescence (ILS) results in different gene
fragments having different phylogenetic histories (i.e. the gene tree is not the same as the
species tree), while gene duplication followed by selective loss (D-L) results in incomplete
data for some gene fragments.

Therefore, an active area of research is the development of methods that will detect
reticulation patterns in the presence of the potentially confounding effects of ILS and D-L.
For example, there has been interest in detecting hybridization in the presence of ILS [87-
94], HGT in the presence of ILS [95], HGT in the presence of D—L, called DLT [96-103] and
HGT in the presence of both D—L and ILS [104].

4. CURRENT USAGE OF EVOLUTIONARY NETWORKS

In the previous Section, | discussed the detection of reticulate evolutionary histories.
However, detecting a reticulate history does not imply that the history will necessarily be
illustrated using an evolutionary network. There are many research papers where the focus
is on estimating population parameters, for example, and studying the evolutionary
processes but they do not present the species phylogeny itself.

So, most current research papers in evolutionary biology still do not illustrate reticulate
evolution using a network genealogy. Instead, a collection of ad hoc methods is usually
applied to the data, often involving a disparate array of software tools, and the evolutionary
processes are then inferred from this. The use of a network to illustrate the reticulate
genealogy inferred from this procedure is frustratingly rather rare.

Moreover, even when evolutionary networks are being used they are sometimes not
identified as such. For example, they might be called ‘DLT reconciliation graphs’, or
‘ancestral recombination graphs’, or sometimes even ‘phylogenetic trees’. However, any
graph that purports to explicitly display a reticulated genealogy is an evolutionary network.
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Finally, while there is a great need for rooted evolutionary networks in phylogenetics, there
are very few automated (or even semi-automated) methods available for constructing them.
So, much of the study of reticulate evolution is still at least partly a manual process. Indeed,
Moody and Rieseberg [85] have suggested: “Methods for depicting reticulate evolution in
phylogenetic trees utilizing a network approach and existing data are becoming more
advanced. However, reticulate evolution can become intractable with high levels of
incongruence among many gene trees and combined with lineage sorting. Strictly empirical
methods still need to be explored”.

Apparently, method development needs to progress a lot further before biologists are likely
to use the methods for empirical studies. There is definitely a need for integrated software
packages that can both detect and display reticulate evolutionary histories.

4.1 Overview

For species-level studies, most phylogenetics papers simply present a set of incongruent
gene ftrees, although some papers also illustrate either (i) the tree derived from the
combined-gene data or (ii) a consensus tree with or without the conflicting relationships or
(iii) a pair of cophylogeny trees. Occasionally, the hybrid origin of some of the species, for
example, is illustrated but the putative parents are not connected in a reticulate phylogeny.
Alternatively, HGT events are inferred and the donor and recipient species are identified, but
they are not explicitly connected in a reticulate phylogeny.

Population-level studies often present unrooted haplotype networks, illustrating processes
such as hybridization and introgression between closely related species, or the evolution of
domesticated species. These haplotype networks represent the genetic relationships among
the different haploid genotypes observed in a dataset. They are usually drawn unrooted,
since the root location is often unknown and so a haplotype network is not a true
evolutionary network. In those cases where a root is provided [105], the network is still not
an evolutionary diagram, because the reticulations in the graph represent uncertainty rather
than genealogy.

However, the widespread use of ad hoc methods does not mean that evolutionary networks
are absent from the literature. In the following subsections | present a representative sample
of empirical studies where a rooted network has been used to illustrate an inferred
genealogy. This will provide a brief introduction to the relevant literature. The examples are
grouped according to the evolutionary processes being studied (see Section 3). In each case
| have also briefly indicated how the networks were constructed.

However, first | will start with an example of how things have previously been done, in the
absence of automated methods. Kellogg et al. [106] presented a complex collection of plant
species where there appeared to be multiple causes of evolutionary reticulation. Their first
step was to use cytogenetics to identify those species that are polyploids (i.e. by counting
their chromosomes) and to remove them from further analysis. The polyploid hybridization
network was constructed manually and displayed separately. For the diploid species they
then constructed gene trees (by computer) for several nuclear genes, and identified those
species that had incongruent placements in those trees. A species network was then
constructed manually from these gene trees by adding reticulations (probably representing
homoploid hybridization) to the tree that was common to all three genes. This is the classic
approach to identifying reticulation — resolving incongruence among a set of gene trees.
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Finally, the chloroplast tree (constructed by computer) was mapped onto the species
network by manually adding more reticulations, which were taken to represent introgression.

4.2 Homoploid Hybridization

Homoploid hybridization is commonly studied in the literature and phylogenetic networks do
appear, although not frequently. However, the mathematical model that has often been
suggested for hybridization networks [36] does not fit many of the datasets collected by
biologists. The usual mathematical model involves incongruence between two or more trees
for the same set of species, for example from different genes or genomes. On the other
hand, the data produced by biologists often involve only a single nuclear gene, and hybrids
are detected by additive polymorphisms at alignment positions within the study gene.

This means that it is often difficult to apply any of the currently proposed computer programs
for constructing evolutionary networks, for the phylogenetic analysis of many of the empirical
datasets used for detecting hybridization. In turn, this suggests that we may need to develop
a different mathematical model for hybridization networks, one based on additive
polymorphisms rather than on incongruent trees.

As examples of the automatic construction of a hybridization network, Dickerman [107] used
the unreleased program HyperPars (see Fig. 5) while Baum et al. [108] used the program
PIRN [109] and Pirie et al. [110] used the program SplitsTree [111]. All of these programs
can create evolutionary networks directly. As a semi-automatic procedure, Russell et al.
[112] first constructed a network using the program Dendroscope [113] but then manually
adjusted it, while Blanco-Pastor et al. [114] first constructed a multi-labeled tree from three
genes. Note that the root of the network is not clearly indicated by either [110,112].

Sang et al. [115] constructed a network manually from a set of gene trees. Note that their
network is drawn in a rather unusual style for indicating hybridization. Finally, Fuertes Aguilar
and Nieto Feliner [116] constructed their network manually from additive polymorphisms in
ITS sequences, while Fehrer et al. [117] manually constructed theirs from additive
polymorphisms in the related ETS sequences.

4.3 Polyploid Hybridization

Polyploid hybridization is probably the most likely type of empirical study to contain an
evolutionary network, particularly in botany, as plants (including ferns) are commonly
polyploid. This frequency is at least partly because there is a computer program, PADRE
[118], to automate much of the work. The mathematical model involves the construction of a
multi-labeled genome tree (with data for each copy of the genome) that is then turned into a
single-labeled species network.

PADRE has been used to construct hybridization networks by, for example, Marcussen et al.
[92] and Sessa et al. [119,120] (see Fig. 6). As a different semi-automatic approach, Russell
et al. [112] first constructed a network using the program Dendroscope, but then manually
adjusted it (note that their root is ambiguously placed).

Alternatively, networks are sometimes constructed manually from one or more gene trees;

for example, by Haufler and Windham [121], Marhold & Lihova [122] and Marques et al.
[123]. Interestingly, the network of [121] has multiple roots, as drawn.

1531



Annual Research & Review in Biology, 4(10): 1518-1543, 2014

Fig. 5. The homoploid hybridization network of cultivars and wild species of avocados
produced by Dickerman [107]
The root is at the bottom, with the genealogical history proceeding upwards. Three hybridization
events are indicated by arrows. Reproduced with permission (from fig. 2)
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Fig. 6. The polyploid hybridization network of diploid and polyploid species of
woodferns produced by Sessa et al. [119]
The root is at the left, with the genealogical history proceeding towards the right. Six hybridization
events are indicated. Reproduced with permission (from Fig. 5)
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4.4 Introgressive Hybridization

Introgression is a widely studied phenomenon. However, rooted evolutionary networks have
rarely been presented. The usual mathematical model is to construct a haplotype network
from data for haploid genotypes; but even a rooted haplotype network is not an evolutionary
network.

Generally, an introgression network is constructed manually from a set of gene trees, as for
example was done by Morgan [124] and KobImiiller et al. [125] (see Fig. 7). However, it is
also possible to construct them automatically using programs designed to produce
hybridization networks, such as SplitsTree, as was done by Labate and Robertson [126].

For the study of human admixture, several programs have recently been developed,
including AdmixTools [127], TreeMix [128] and MixMapper [62]. These have been used to
construct admixture networks from SNP data by, for example, Reich et al. [129,130].
Previously, these networks were constructed manually, as was also done by Reich et al.

[131].
< genus Altolamprologus

Lamprologus callipterus

_t Lamprologus meleagris
Lamprologus ocellatus

Neolamprologus wauthioni

Lamprologus speciosus

genus Lepidiolamprologus

Lamprologus lemairii

Neolamprologus leloupi

Neolamprologus caudopunctatus

— Neolamprologus brevis

L Neolamprologus calliurus

< Lamprologus ornatipinnis - group

» Neolamprologus fasciatus

—— Neolamprologus similis

Neolamprologus multifasciatus

Telmatochromis vittatus

Variabilichromis moorii

Julidochromis ornatus

Fig. 7. The introgressive hybridization network of cichlid fish species produced by
KobImiiller et al. [125]
The root is at the left, with the genealogical history proceeding towards the right. Five introgression
events are indicated. Reproduced with permission (from Fig. 4)
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4.5 Horizontal Gene Transfer

HGT is a hot topic these days, for both prokaryotes and eukaryotes (and even between
them), although most research papers do not present a phylogenetic network. The usual
mathematical model for lateral-transfer networks [36] is actually the same as one of those for
hybridization networks, which does indeed seem to apply to the sort of datasets collected by
biologists when they are studying HGT. That is, HGT is detected by incompatibility between
two or more trees for the same set of species.

So, evolutionary networks do occasionally appear in the empirical literature. For example,
Walsh et al. [132] automatically constructed a HGT network using the program SPRIT [133]
based on incongruence between a species tree and a gene tree. On the other hand,
Richards et al. [134] constructed their network manually from incongruence among a series
of gene trees, as did Bergthorsson et al. [135] and Andersson et al. [136].

Furthermore, Delwiche and Palmer [137] (see Fig. 8) and Hao et al. [138] constructed their
networks manually from a single gene tree that showed unexpected placements of various
species. Using a single gene is not really recommended, however. For example, one of the
single-gene datasets of Bergthorsson et al. [135] actually illustrates artifacts of the sequence
alignment, rather than the HGT claimed by the authors.
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Fig. 8. The horizontal gene transfer network of bacteria and plastids (eukaryote
organelles) produced by Delwiche & Palmer [137]
The root is at the left, with the genealogical history proceeding towards the right. Five HGT events are
indicated. Reproduced with permission (from Fig. 2)
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4.6 Homologous Recombination

Intra-genic recombination is often studied, but usually without reference to a network — the
biological focus has been on detecting recombination rather than displaying the phylogenetic
consequences. So, algorithmically, method development has also focused on detection of
recombination; and these days recombination events are rarely detected manually.

Nevertheless, mathematical algorithms for recombination networks do exist [36], and there
are several programs to automatically display the network. However, there seems to be little
use of these programs outside of the algorithmic literature itself. In particular, the networks
known as ‘ancestral recombination graphs’ are quite common in the algorithmic literature but
are almost never seen in the empirical literature.

All the same, Jenkins et al. [139] constructed recombination networks using the program
Kwarg [140] based on many different genes, Carbone et al. [141] (see Fig. 9) used the
program Beagle [140] for their study of a gene cluster, and Morrell et al. [142] used the
program SHRUB [143] to produce their set of recombination networks.

Chromosomal rearrangements are studied rather rarely, and there is little in the way of
automated assistance. So, Rumpler et al. [144] constructed their network manually from a
phylogenetic tree. Note that the root of their network is not clearly indicated.

Past
AT

D 6.

Present
Fig. 9. The recombination network of fungus isolates produced by Carbone et al. [141]

The root is at the top, with the genealogical history proceeding downwards. Twelve recombination
events are indicated. Reproduced with permission (from figure 2B)
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4.7 Viral Reassortment

The reassortment of segmented viruses produces very complex networks. There can be
innumerable possible paths through a reassortment network, the number increasing rapidly
with the number of segments per virus. The networks are therefore usually constrained by
the time at which a particular virus strain was first detected, so that each node in the network
has a date.

Due to their complexity, only partial networks are usually seen in empirical studies, showing
only those strains that are relevant to a particular viral outbreak (e.g. a pandemic). As an
example, Smith et al. [145] manually constructed a partial network from a series of
phylogenetic analyses.

Nevertheless, at least one automated method does exist [77] and Bokhari et al. [146] provide
an example of its use. Many of the ‘viral reassortment networks’ published in the literature
are unrooted [75] and therefore are not evolutionary networks.

4.8 Genome Fusion

Genome fusion is a difficult topic to study empirically; and most published evolutionary
networks are theoretical rather than empirical. However, the network of Thiergart et al. [147]
was constructed manually from a phylogenetic tree with unexpected placements of the
various species and their component genomes.

4.9 Other Uses

There have been a few evolutionary networks published as part of empirical studies of topics
not included above. | have included two examples here.

4.9.1 Apomixis

Apomixis is the study of non-sexual reproduction, which occurs not infrequently in plants, for
example. This topic rarely involves the use of networks. However, an evolutionary network
was constructed by Dyer et al. [148], who manually modified the output of the program
SplitsTree.

4.9.2 Convergence

Evolutionary networks represent the history of particular evolutionary processes, but these
processes do not have to involve actual reticulation events. For example, Alroy [149] used a
hybridization network, constructed by an unreleased computer program, but interpreted the
reticulations as being due to phenotypic convergence, rather than interpreting them as
historical hybridization events. He noted that “the use of reticulations clarifies the phylogeny
by factoring out apparent convergence, even though there is no reason to think that actual
hybridization or introgression has occurred”. That is, convergence will create apparent
reticulation in an evolutionary history, rather than true reticulation, and it is up to the
researcher to decide which is which.
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5. CONCLUSION

Phylogenetic networks representing affinity are used to display conflicting phylogenetic
signals. There are many different methods available, although the various forms of splits
graphs seem to dominate. On the other hand, phylogenetic networks representing
evolutionary history are less commonly found in the literature. There are few automated
methods available and so most empirical networks are constructed either manually or by
modifying the output of a computer program. This situation will hopefully change in the near
future. In some ways this will return biologists to their original intention, 250 years ago, of
explicitly depicting reticulate evolutionary histories. However, it will also move biology firmly
into the 21st century, where the reconstruction of complex evolutionary scenarios can be
considered to be a basic tool of all biological disciplines.
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