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Working with the Tree of Life
in Comparative Studies: How to Build
and Tailor Phylogenies to Interspecific
Datasets
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Abstract All comparative analyses rely on at least one phylogenetic hypothesis.
However, the reconstruction of the evolutionary history of species is not the pri-
mary aim of these studies. In fact, it is rarely the case that a well-resolved, fully
matching phylogeny is available for the interspecific trait data at hand. Therefore,
phylogenetic information usually needs to be combined across various sources that
often rely on different approaches and different markers for the phylogenetic
reconstruction. Building hypotheses about the evolutionary history of species is a
challenging task, as it requires knowledge about the underlying methodology and
an ability to flexibly manipulate data in diverse formats. Although most practi-
tioners are not experts in phylogenetics, the appropriate handling of phylogenetic
information is crucial for making evolutionary inferences in a comparative study,
because the results will be proportional to the underlying phylogeny. In this
chapter, we provide an overview on how to interpret and combine phylogenetic
information from different sources, and review the various tree-tailoring tech-
niques by touching upon issues that are crucial for the understanding of other
chapters in this book. We conclude that whichever method is used to generate
trees, the phylogenetic hypotheses will always include some uncertainty that
should be taken into account in a comparative study.
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2.1 Introduction

According to evolutionary theory, all organisms evolve from a single common
ancestor. Phylogenetic trees provide an elegant way to depict hypothesized
ancestor–descendant relationships among groups of extant, or in some cases
extinct, taxa, including all intermediate ancestors. In fact, the essence of all
comparative methods lies in the varying degrees of shared ancestry among species
that determine the expected similarity in phenotypes (Felsenstein 1985; Harvey
and Pagel 1991). Given that phylogenies provide the necessary information about
ancestor–descendant relationships, they are essential to any comparative analysis
and each of them requires at least one phylogenetic hypothesis to be taken into
account. Ultimately, the evolutionary conclusions will depend on the phylogeny
used in the study.

Finding the true phylogenetic hypotheses from a large number of alternative
trees is a very complex task. As the number of considered species increases, the
number of potential phylogenetic resolutions also increases exponentially
(Fig. 2.1). For practicing comparative biologists, questions about phylogenetic
reconstruction are important to understand, because the constraints accumulated in
this process should be considered in the next level of analysis, when the evolu-
tionary inferences are being made. It is, therefore, necessary to have a good grasp
of how phylogenies are estimated, what the assumptions and the main differences
between the reconstruction methods are, and how the resulting trees can be tailored
to a comparative study.

In this chapter, we provide a general overview on these steps and highlight that
most reconstruction methods generate considerable uncertainty in the phylogenetic
hypothesis. First, we define the essential terminology (see also Glossary at the end
of the chapter), and then, we give a brief review of approaches that are most
commonly used for phylogenetic reconstructions. Second, from the practical
perspective, we explain how to obtain phylogenetic trees to match an interspecific
data frame at hand and provide a guide for performing the most important tree-
related exercises in a comparative study. Finally, we speculate about how the
treatment of phylogenies (and the associated uncertainties they embed) will
develop in the future. Although the issues that we present here might be obvious
for most experienced users of the comparative methodology, who may skip this
section, those who are new in this field may benefit from this discussion. There-
fore, we recommend that beginners consult this chapter before continuing with the
more advanced topics. Given that several primary resources are available that
exhaustively review the phylogenetic reconstruction methods (Durbin et al. 1998;
Ewens and Grant 2010; Hall 2004; Linder and Warnow 2006; Nei and Kumar
2000; Felsenstein 2004; Lemey et al. 2009; Page and Holmes 1998), here we only
aim to provide a gentle introduction to the topic from the perspective of the readers
of the book.
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2.2 Terminology

2.2.1 Homology and Homoplasy: Convergence
and Divergence

Phylogenetic reconstruction methods are all based on the assumption that simi-
larities in the traits (either morphological or genetic) used to estimate ancestor–
descendant relationships are the result of homology, i.e., that they are similar
because they were inherited from a common ancestor1. Only homologous traits can
provide the necessary information about shared ancestry, in the form of shared
similarities between species, and independent evolutionary history, in the form of
differences between species the traits of interest. In the case of genetic sequences,
differences among sequences in nucleotides (or amino acids) at specific positions
are regarded as the result of divergence during the independent evolution following
the speciation event. In a similar fashion, when morphological traits are used, the
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Fig. 2.1 The number of possible phylogenetic resolutions (trees) as a function of the number of
species (tips)

1 see also Glossary at the end of the chapter
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differences in trait states are interpreted as resulting from independent evolution
and thus are relevant for the clarification of the evolutionary relationships among
species. Hence, homologous, gene sequences, or morphological characters pre-
senting fewer differences are assumed to belong to species with shorter divergence
times and thus more closely related than homologous traits with more differences.
Similar selective regimes along independent branches of the phylogeny can result
in both parallel and convergent evolution, which can in turn cause traits to present
higher similarity than expected by chance. Such traits show homoplasy, which is
not to be mistaken for homology. This is why phylogenetic reconstructions should
rely on neutral markers, which are not under selection, or at the very least not
strong or directional selection (Lemey et al. 2009; Page and Holmes 1998).

2.2.2 The Evolutionary History of Species as Reflected
by a Phylogenetic Tree

The phylogenetic relationships among species are usually described in a tree
format. The tree represents relationships among extant species at the tips (or
leaves), but phylogenies may also include strains, higher taxonomic units, or even
extinct taxa. In general, the taxa at the tips can also be termed operational taxo-
nomic units (OTUs). The putative ancestors of the tips are represented by nodes at
different levels (see Glossary for further definitions) that are connected to each
other with branches. The number of nodes between two species is proportional to
their evolutionary relationship, more closely related species are separated by fewer
nodes than more distantly related species.

If a phylogenetic tree is rooted, one node is identified as the root that represents
the most recent common ancestor of all the taxa, to which ultimately all other
nodes descend through the links of branches. A rooted tree provides information
about the sequence of evolutionary events that gave rise to the depicted rela-
tionships among the taxa, which allows defining ancestor–descendant relationships
between nodes (those closer to the root are ancestral to those closer to the tips of
the tree). On the contrary, unrooted trees do not provide information about
ancestor–descendant relationships thus are not of interest for comparative analy-
ses. Unrooted trees can lead to erroneous representations of expected similarity
among taxa because sequences that are adjacent on an unrooted tree need not be
evolutionarily closely related (Page and Holmes 1998).

Phylogenetic trees also generally include important information about the
lengths of individual branches that connect the intermediate nodes and/or terminal
tips and that can be used for inferences about evolutionary rates inherent to many
phylogenetic comparative approaches. Branch lengths can represent the time that
separates successive splits (divergence times) resulting in an ultrametric tree, or
the number of evolutionary changes occurring in a molecular marker (e.g.,
nucleotide substitution) resulting in an additive tree. An important property of
ultrametric trees is that all extant taxa have the same distance from the tip to the
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root of the tree, or in other words the same distance separates any pair of extant
taxa (but not extinct) in the tree when measured passing by the root (Page and
Holmes 1998). The difference between additive and ultrametric trees has important
consequences for comparative analyses (see Sect. 3.4). Therefore, users must be
careful about the evolutionary assumptions associated with the different types of
phylogenetic trees employed in comparative analyses.

2.2.3 Phylogenetic Uncertainty

Importantly, a phylogeny is only a hypothesis, thus it can always be replaced by a
new one and some degree of uncertainty is always associated with it. There are two
main types of phylogenetic uncertainty arising from the reconstruction itself.

First, there is uncertainty associated with the topology, i.e., with the degree to
which the phylogeny represents true relationships between taxa. Because specia-
tion events involve the splitting of one (ancestral) population into two incipient
species, fully resolved phylogenies are, in theory, expected to be fully bifurcating
(only two branches emerge from each node). Uncertainty in tree topology is, hence
often reflected by the presence of polytomies, in which more than two descendant
branches emerge from a single node. As the number of polytomies on a tree
increases, so does the number of equally likely alternative phylogenetic hypoth-
eses (one three-furcating phylogeny can be resolved in two ways). ‘‘Soft’’ poly-
tomies reflect lack of sufficient data to adequately resolve the order of speciation
events and thus the ancestor–descendant relationships on the tree. In that case,
more information for different marker traits would be necessary to be able to
resolve bifurcating relationships unambiguously. On the other hand, ‘‘hard’’
polytomies result from rapid or recent speciation events, when there has not been
sufficient time for evolutionary changes to accumulate in the marker traits, which
will then mask the order of the speciation events. Note that uncertainty in the tree
topology can not only be reflected by polytomies, but also by estimates of support
or robustness of the relationships among taxa (e.g., see bootstrapping or Bayesian
posterior support below).

Second, there is also uncertainty associated with the branch lengths either
reflecting time of divergence or the number of expected evolutionary changes.
However, inferences from nucleotide substitutions or other measures of evolu-
tionary change may sometimes be misleading because some events can be missed,
for example, due to reversions to a state present in an ancestral sequence. Fur-
thermore, the detected rate of evolutionary change in the phylogenetic marker can
be affected by certain taxon-specific characteristics, for example, differences in
body size, generation length, and metabolic rate, to name a few examples
(Bromham 2011; Santos 2012). Different transformations exist to obtain branch
lengths for a given topology (see Sect. 3.4).

How does uncertainty in the reconstruction of the phylogeny affect phyloge-
netic comparative analyses? Firstly, topological uncertainty can potentially
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influence the estimates of the regression slope in analyses of associations between
traits especially when the interspecific sample size is low. Inaccuracies in the
topology have a stronger effect when alternative phylogenies involve species that
are moved across the root (Blomberg et al. 2012). Changes closer to the tips, on the
other hand, are less drastic in their effects (Martins and Housworth 2002; Symonds
2002). Uncertainty in species relationships at the tips of the tree might have a more
important impact when assessing rates of phenotypic evolution, as topological
errors could artificially inflate the estimates of interest if putative sister taxa
present higher divergence than expected due to misplacement. Uncertainty in
branch lengths can become much more problematic in analyses of rates of phe-
notypic evolution or in analyses of rates of diversification, as differences in branch
lengths will directly affect parameter estimates.

There are several ways to incorporate phylogenetic uncertainty in comparative
analyses, and most of these are discussed in details in other chapters (e.g., Chaps.
10–12). A simple method for controlling for uncertainty in tree topology involves
repeating the analyses on each (or a subset of) alternative phylogenetic tree
(Donoghue and Ackerly 1996). Furthermore, in analyses of correlations between
traits or traits and environmental variables uncertainty in the branch lengths of the
phylogeny (but not in the topology!) can be controlled by using parameter
transformations (e.g., k, a, and q) and maximum-likelihood or restricted maxi-
mum-likelihood methods which estimate the maximum-likelihood value of the
parameter simultaneously with model fit (Martins and Hansen 1997; Pagel 1999;
Freckleton et al. 2002). In general, uncertainties in the phylogenetic hypotheses
can be effectively handled in the Bayesian (see Chap. 10) or in the Information
Theoretic (see Chap. 12) statistical framework.

2.3 Assembling Phylogenies

2.3.1 Which Traits Are Appropriate for Phylogenetic
Reconstruction?

For a trait to be used as a reliable phylogenetic marker, at least the following three
criteria should be met: (i) similarities in trait values should be due to inheritance
from a common ancestor, i.e., the trait should be homologous, (ii) the among-
species variance in the trait should result from divergent evolution, and (iii) within-
species variance is negligible compared to the among-species variance. The clas-
sical way of estimating relationships between species was to compare morpho-
logical characters (Linnaeus 1758), and taxonomy is still largely based on
phenotypic characters. However, the increasing availability of molecular sequences
and rapid development of a variety of analytical tools have led to the spread of
genetic markers for phylogenetic reconstruction. Molecular data have an additional
advantage over phenotypic characters, as they provide standard units comparable
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across all living taxa. Given the overwhelming importance of molecular markers, in
the rest of the discussion, we will limit ourselves to this focus with the note that
most of the reviewed methodology works for morphological characters as well (as
far as they fulfill the assumption of homology). We note, however, that although
molecular markers are increasingly used for phylogenetic reconstruction and have
virtually replaced morphological markers, this does not mean that phylogenetic
inferences from gene sequences are necessarily free of uncertainty and/or of the
problems posed by homoplasy.

2.3.1.1 Gene Trees Versus Species Trees

Different genetic mechanisms, such as gene duplications, genome reorganization,
recombination, lateral gene transfer, have led to the diversity we observe today. Of
all these sources of genetic variation, mutations (point mutations, insertions, and
deletions) are used to infer relationships among genes. For the phylogenetic
reconstruction to be reliable, the entire gene sequences being compared among
taxa must have the same history. Recombination events, for example, are con-
founding because the recombining segments are not comparable. Recent gene
duplication events leading to paralogous genes can also lead to unreliable phy-
logenetic reconstructions. Only the analysis of orthologous genes (homologous
genes in different taxa that have started to evolve independently since divergence)
provides information on the speciation events (Page and Holmes 1998). It is
therefore important to ensure, a priori, that the genes employed in a phylogenetic
analysis are orthologous to prevent flawed conclusions.

An important source of phylogenetic uncertainty is associated with the potential
discrepancy between gene trees and species trees. Comparative analyses assume
that the phylogeny represents the true and single evolutionary history of the
species (or taxa) being analyzed. However, although intricately linked, the evo-
lutionary history of genes can differ from that of the species, which leads to
incongruence between the phylogenetic tree recovered for the gene and the
unknown phylogenetic history of the species. Such differences can arise, for
example, due to hybridization, gene duplication, horizontal gene transfer, and
incomplete lineage sorting. The signatures that these processes leave on the gene
trees can be utilized as phylogenetic signal to recover population parameters,
evolutionary processes, and the species phylogeny itself (e.g., Nakhleh 2013; see
also Chap. 3 in this book). Different approaches exist for inference of species trees.
Some advocate the use of multiple genes (loci) concatenated into a single large
matrix (supermatrix approach; Roquet et al. 2013) that can potentially reduce the
effect of conflicting signal resulting from processes such as incomplete lineage
sorting. Alternatively, others advocate the use of gene trees, where phylogenies are
estimated independently for each locus and subsequently assembled into a large
supertree (see Chap. 3).
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2.3.1.2 Nuclear and Organelle DNA in Phylogenetic Reconstruction

An additional consideration for phylogenetic reconstruction is the choice of gen-
ome to be employed, as molecular phylogenies can be reconstructed using mito-
chondrial, chloroplast, or nuclear genes. Mitochondrial genes generally evolve
faster and accumulate more substitutions than nuclear genes for various reasons
(Galtier et al. 2009). For example, in Drosophila, mitochondrial genes have
4.5–9.0 times higher synonymous substitution rates (i.e., alterations in the nucle-
otide sequences do not affect the translated amino acid sequence) than average
nuclear genes (Moriyama and Powell 1997). The chloroplast genome of plants, in
contrast, presents a synonymous substitution rate which is on average 4 times
lower than that of nuclear genes (Wolfe et al. 1989). Because of their faster rate of
substitution, mitochondrial genes are generally more useful to resolve relationships
among recently diverged species than nuclear genes, as the former are more likely
to have accumulated the necessary substitutions. On the contrary, mitochondrial
genes may be less informative regarding relationships dating further back in time
because the phylogenetic signal is eroded. Such erosion of the signal results from
the fact that only four bases constitute molecular sequences. Hence, as substitu-
tions accumulate at a particular region of the gene, by mere chance, the probability
increases that the nucleotide will change back to the base it had in the past and thus
the difference with the ancestral sequence will be lost. This is referred to as
saturation, for which models of sequence evolution attempt to correct. Further-
more, the mode of inheritance of the different genomes is also important, as in
general the mitochondrial genome (and sometimes the chloroplast genome as well)
is inherited from the maternal ancestor while the paternal copy is lost. For plants,
where there is a higher frequency of hybridization, phylogenies reconstructed from
chloroplast sequences might reveal only part of the story, as hybridization events
would not be apparent. Given the differences in the rate of substitution between the
two genomes, branch lengths could potentially differ between phylogenies
reconstructed from organelle sequences compared with those reconstructed using
nuclear sequences. To avoid such problems, recent attempts prefer to use a
combination of genes from organelle and nuclear genomes.

2.3.2 From Nucleotide Sequences to Trees

2.3.2.1 Sequence Alignment

The first step of any phylogenetic reconstruction is to create a matrix containing
the information on the states of marker traits in each species. In the case of
phenotypic traits, the matrix will contain all traits aligned in columns with each
trait coded as present or absent, or with different categories defining trait states. In
the case of molecular data, the matrix is a sequence alignment, either involving
protein sequences or nucleotide sequences. Some analyses involve both sequence
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data and phenotypic traits. To obtain information on molecular sequences, one can
use publicly available sources in GenBank in combination with the efficient search
engines provided.

We must emphasize that obtaining sequence alignments is an error-prone
process, and possibly one of the most challenging parts of the phylogeny recon-
struction, as the raw GenBank data are unaligned and the processing of such data
sometimes requires subjective decisions. Errors in the sequence alignment will
carry through the entire process and be compounded, which can lead to incorrect
phylogenetic reconstructions (and subsequent inferences about evolutionary
mechanisms). Phylogenetic reconstruction methods are based on the assumption
that compared traits or sequences are homologous (Page and Holmes 1998), and
only correctly aligned sequences fulfill this assumption. A given sequence align-
ment is a hypothesis about homology of the nucleotides or amino acids and relies
on the assumption that the sequences of different taxa have evolved from a
common ancestral state. The aim of the sequence alignment is to position
sequences along the matrix in such a way that homologous sites along the
sequence are aligned in columns, as much as possible.

If two sequences have accumulated few substitutions, they will remain largely
similar and the alignment will be straightforward. However, as sequences diverge
and differences accumulate, it becomes increasingly difficult to make a sensible
alignment. For two amino acid sequences with sequence identity below 25 %,
finding a good alignment is highly challenging. Nucleotide sequences can be more
problematic to align than amino acid sequences, since two random sequences of
equal base composition will on average be 25 % identical merely due to chance.
Therefore, when working with nucleotide sequences from coding genes, it is
generally recommended to align such sequences at the amino acid level (Higgins
and Lemey 2009), once issues about insertions and deletions in the nucleotide
sequences are resolved (see below). Furthermore, some have advocated that
together with the sequence identifiers the alignments themselves be made public
when a new phylogenetic hypothesis is published.

Sequences do not always have the same length, thus gaps need to be inserted for
the appropriate alignment. Gaps may represent either a deletion of one or more
bases in a particular sequence, an insertion event—when one or more bases are
incorporated into a sequence—or a combination of insertion and deletion events
(insertion and deletion events are generally treated in the same manner). Repeats,
when one or few nucleotides or an entire protein domain are repeated once or
several times in sequence, can also cause problems. With short repeats inserted, it
becomes highly difficult or virtually impossible to determine the correct alignment.
Programs such as G-blocks (Castresana 2000) allow researchers to identify poorly
aligned or highly divergent sections of the alignment, in which case the prob-
lematic section can be deleted in order to minimize errors. Insertion of gaps in an
alignment is generally penalized (otherwise alignments with more gaps than
nucleotides could result), while gaps at the end of a sequence are not penalized (as
sequences might simply be missing sections at the end for various biological and
experimental reasons). In some phylogenetic reconstruction programs (e.g.,
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MrBayes Ronquist and Huelsenbeck 2003) gaps in the alignment are not infor-
mative, unless the user explicitly codes them as binary characters. Sequence data
and sequence alignments are generally saved in text files, and the most commonly
used formats are FASTA and NEXUS. A diversity of programs, many of them
freely available online, for sequence visualization, alignment, and editing exist
(e.g., MEGA, ClustalW, Mesquite, Seaview).

2.3.2.2 Models of Substitution

Assuming a proper alignment of nucleotide (or amino acid) sequences, the next
step is to determine the best model of substitution, which provides a mathematical
expression for the evolutionary transitions between states of the sequence data
(e.g., through series of point mutations). Given that phylogenetic reconstructions
often involve processes that unfold over potentially very long periods of time, it is
simpler (and mathematically more tractable) to describe the models based on
instantaneous probabilities. Hence, the models allow estimating the probability of
observing any transition at a given point in time. Models may give different
weights to different evolutionary transitions, for example, if some transitions are
known to occur more frequently, these might be given a lower weight, and will
have a lower impact on the reconstructed phylogeny, than rare transitions. For
amino acids, substitution models are based on matrices that give different weights
to all the possible transitions between the different amino acids based on knowl-
edge about the frequency of transitions and similarity of biochemical properties
(Higgins and Lemey 2009). For nucleotides, models weigh transitions (changes
from a purine to a purine or from a pyrimidine to a pyrimidine) and transversions
(changes from purine to pyrimidine or vice versa) differently. Substitution models
also take base composition into account and estimate rate of molecular evolution.
Furthermore, it is also possible to discriminate between processes that underline
the occurrence of synonymous (i.e., not altering the composition of the translated
protein) and non-synonymous (i.e., altering the amino acid sequence) mutations,
and to correct for saturation. Models may be simple or complex, and the aim is to
find the model which best describes the evolution of the data employed for phy-
logenetic reconstruction while at the same time minimizing the number of
parameters that must be estimated. For the details of the particular models of
sequence evolution, we refer to the primary literature (Durbin et al. 1998; Ewens
and Grant 2010; Hall 2004; Linder and Warnow 2006; Nei and Kumar 2000).

Unfortunately, it is hard to decide a priory which model would be the most
appropriate for the data (e.g., different mechanisms may apply to different taxa and
markers), thus intuitively preferring one method over another might not be
straightforward. Some care is warranted here, because the model chosen can have
consequences for the outcome of tree reconstruction. Therefore, statistical methods
may be needed, in which all potential models considered for sequence evolution
are compared. Selecting from various models with different parameters is a model
selection problem that practicing phylogeneticists must solve at the start of data
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analysis based on some statistical means. This task is most commonly accom-
plished by comparing how different models incorporating particular scenarios for
sequence evolution fit the data. Such model comparison strategy either follows a
series of nested likelihood ratio tests or rely on Information Theoretic approaches
based on Akaike Information Criterion (AIC-IT), for which statistical programs
are largely available (e.g., ModelTest, Posada and Buckley 2004). Other approa-
ches have also been developed, e.g., the one that applies decision theory to select
models that minimize error in branch length estimation (Abdo et al. 2005; Minin
et al. 2003), but different Bayesian methods have also generated noticeable pop-
ularity in molecular systematics (Alfaro and Huelsenbeck 2006; Arima and
Tardella 2012). In some cases, different models can give similar results and issues
about the uncertainties that are mediated by different tree estimation methods
represent theoretical problems rather than manifest true concerns in practice.

2.3.2.3 Tree Reconstruction Methods

Once a substitution model has been chosen for the aligned sequences, several
approaches are available for phylogenetic reconstruction (Fig. 2.2). We briefly
review the most commonly adopted methods (Durbin et al. 1998; Ewens and Grant
2010; Hall 2004; Linder and Warnow 2006; Nei and Kumar 2000) and pinpoint
how they contribute to our uncertainty about the evolutionary history of species.
We name some computer programs that can perform such reconstructions. For
practitioners interested in working with these approaches in the R statistical
environment (R Development Core Team 2007), we recommend Paradis (2011).

Maximum Parsimony

Maximum parsimony is the method that relies on the fewest assumptions. It aims
at finding the tree that involves the minimum number of evolutionary transitions in
the marker trait. For example, imagine that we want to reconstruct the phyloge-
netic relationships between birds, rodents, and primates based on the presence of
hair assuming a hairless ancestor. The most parsimonious phylogeny would yield
that rodents are more closely related to primates than birds. This is because such a
phylogeny would require only one evolutionary change (gain of hair in the
common ancestor of primates and rodents), while a grouping of birds and primates
together would necessitate two changes (gain of hair in two independent lineages).

Statistically, parsimony can be considered as a nonparametric method, it
requires no parameters and does not estimate branch lengths (as the others below).
Although it may appear simple, finding the most parsimonious resolution may be
computer intensive for large number of species and long nucleotide sequences.
Furthermore, it has received criticism, e.g., because the assumption about parsi-
mony may be violated when evolution occurs at a rapid pace.
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Distance Methods

Several tree reconstruction approaches are distance methods that focus on the pair-
wise dissimilarities in nucleotide sequence between species. Such comparison of
the genetic information across pairs of species results in a symmetric
N 9 N matrix (N is the number of species), wherein each value defines the sim-
ilarity/difference between two species based on a certain metric that considers a
model of sequence evolution (as detailed above).

Once a distance matrix has been defined based on a given model of evolution, it
can be used to describe the hierarchical (i.e., tree-shaped) associations among
species, in which closely related species have higher similarity indexes than dis-
tantly related species. The difficulty is that one distance matrix mathematically
defines more than one tree (whereas one tree defines only a single distance matrix),
thus certain algorithms and evaluation methods are needed to find the most
appropriate tree for a given matrix. These methods generally follow one of the two
main strategies: either they aim at aggregating the most closely related species or
splitting the most distantly related ones.
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Fig. 2.2 Phylogenetic resolutions of 15 primate-infecting plasmodium (malaria) species, as
revealed by the analysis of 18S rDNA sequences by different phylogeny estimation methods. The
underlying data obtained form the GenBank and correspond to Leclerc et al. (2004)
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The most commonly used distance method is the neighbor-joining method
(Saitou and Nei 1987), which aims at splitting the most distant observations by
minimizing distances between the nearest neighbors (bottom–up clustering). The
algorithm first builds a tree by connecting two randomly chosen species in a node
and the remaining species in another node, then estimates total branch length. The
combination of neighbors that results in the smallest length is retained and they are
then removed from the distance matrix, which is then updated accordingly. This
procedure is repeated until the tree becomes dichotomous. Further extensions to
this basic method exist, which differ with respect to how they re-calculate the
elements of the distance matrix after a split is retained. The advantage of the
neighbor-joining method is that it is fast relative to other methods (e.g., maximum
parsimony and maximum likelihood). However, it only gives a single tree as a
result (i.e., does not incorporate uncertainty), which often depends on the model of
evolution considered.

Another distance method is the minimum evolution method, which is based on
an agglomerative process (Rzhetsky and Nei 1992). It assesses all possible
topologies for a given distance matrix, and accepts the one that results in the
smallest value for the sum of all branch lengths. The most common formula that
can be used to estimate the sum of branch lengths from the distance matrix is based
on ordinary least squares (OLS), which penalizes more for getting a long-branch
wrong than for getting a short-branch wrong. Other methods also exist, and they
differ in how they weight such differences. Given that the number of possible
topologies dramatically increases with the number of species, it might be labor
intensive for large datasets.

Maximum Likelihood

This approach is based on the estimation of a likelihood function that describes
how a given tree is fitted to the observed sequence data. It considers an explicit
model for character state evolution and a proposed phylogenetic tree with branch
lengths. The degree to which a phylogeny explains the observed sequence data can
be calculated as a likelihood, i.e., the conditional probability of the data
(sequences) given the hypothesis (as defined by the evolutionary model and tree)
considered. Finding the tree with the highest likelihood will tell us which phylo-
genetic hypothesis has the highest probability of producing the present-day
sequences under the considered probabilistic model of sequence evolution. Max-
imum likelihood is known as a robust method, but evaluating likelihood surface
can often require considerable time. Recently developed methods now allow for
very rapid resolution of phylogenetic estimation even for datasets involving a large
number of species, e.g., RAxML (Stamatakis 2006) or GARLI (Zwickl 2006).
Importantly, likelihoods obtained for different trees are always conditional on an
explicit model of evolution, which can be regarded either as a weakness or
strength.
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Bayesian Approaches

Bayesian methods for phylogenetic inference (Pagel et al. 2004b; Huelsenbeck
et al. 2001) follow the Bayesian theorem to derive the posterior probability of a
tree given the sequence data, as a function of the likelihood of the data given the
tree and a prior belief in the general validity of the phylogenetic hypothesis (see
more details on the Bayesian philosophy in Chap. 10). The posterior probability
distribution of trees can be obtained via a Markov Chain Monte Carlo (MCMC)
process, which proposes and evaluates a certain phylogenetic hypothesis along
each state of the chain. These trees are obtained by the alteration of topologies,
branch lengths or parameters of sequence evolution. A Metropolis–Hastings
algorithm (Metropolis et al. 1953; Hastings 1970) is used to evaluate newly pro-
posed trees, which will be accepted with a probability that is proportional to the
ratio of their likelihood to that of the previous trees in the chain. If the chain is
allowed to run enough along the universe of potential trees, the sampling will
accumulate trees based on their likelihood. Then, the pool of sampled trees will
form the posterior density of trees (i.e., the posterior density of topologies, branch
lengths, and parameters of the model of evolution) in proportion to their frequency
of occurrence. The resulting Markov sample will consist of thousands or millions
of trees, with each of them being represented according to how they fit the genetic
data. Therefore, in contrast to other methods that provide a single tree as solution,
the Bayesian approach has the capacity to capture the uncertainty in the phylo-
genetic hypothesis in the form of the distribution of similarly likely trees. The
often-emphasized shortcoming of this method is that it requires prior information
on the topologies, branch lengths, and other parameters of the model of substi-
tution, which is often challenging.

2.3.2.4 Tree Evaluation

Tree reconstruction from molecular data does not result in an unambiguous
translation, but each resulting tree can be described by a certain degree of
uncertainty that underlies the derived branching pattern. Different methods are
known that quantitatively test the reliability of an inferred tree, and these provide
support values for the topology (not the branch length!) of the tree that are pre-
sented at the nodes of the phylogeny. These values assess the confidence of the
particular nodes with lower values, suggesting higher uncertainty associated with
the node.

Bootstrapping methods can be generally applied to most phylogenetic estima-
tion strategies (such as the neighbor-joining, minimum evolution, and maximum-
likelihood methods). The bootstrap approach implements a resampling iteration, in
which from m number of aligned sequences consisting of n number of nucleotides,
n number of nucleotides are chosen randomly with replacement until constituting a
new set of m sequences. Then based on this bootstrap sample, the tree is recon-
structed by using exactly the same reconstruction method as was used for the

32 L. Z. Garamszegi and A. Gonzalez-Voyer

http://dx.doi.org/10.1007/978-3-662-43550-2_10


original alignments, and the topology of the two trees is compared. In this com-
parison, each node on the original tree that is identical with the analog node of the
bootstrap tree receives a score of 1, while differing nodes are scored as 0. This
procedure is repeated several hundred or thousand times, through which the
probability of exact matches between the nodes of the bootstrap and that of the
original tree (i.e., the percentage of times of scores 1) is recorded. These bootstrap
values can be used for making inferences about the reliability of the original tree,
with values above 95 % or higher, suggesting reliable topology.

Trees obtained through a Bayesian process, which already provides a pool of a
large number of trees in the posterior sample can be summarized by Bayesian
posterior support values. These are simply the proportion of trees in the posterior
sample in which the node/clade is present.

2.3.3 Supertrees

Recent days’ practice rarely requires the above exercise with nucleotide sequen-
ces. Instead, practitioners can rely on publically available supertrees that sum-
marize the accumulated phylogenetic information for large taxonomic groups,
such as mammals or birds (Ahlquist 1990), in an electronic format (e.g., Arnold
et al. 2010; Jetz et al. 2012a; Bininda-Emonds et al. 2007). Supertrees offer a huge
practical benefit for users, as they can ideally upload the list of species then obtain
a fully matching phylogenetic tree in one click. Uncertainties about the phylo-
genetic hypothesis can be stored in series of trees representing alternative reso-
lutions and branch lengths that can be taken forward to the next level of analysis.
However, the creation of supertrees has its own caveats, and these should be taken
into account when these resources are exploited. More details about the recon-
struction and the use of supertrees can be found in Chap. 3 in this book.

2.3.4 The Classical Way of Assembling Trees by Hand

Historically, and for completeness, we need to mention that before the spread of
nucleotide sequences and supertrees, the common practice for obtaining phylog-
enies was based on a tailoring exercise that was accomplished by hand. Practi-
tioners of this method accumulated big piles of hard copies of papers that
presented phylogenetic information for their taxon of interest (e.g., fishes, birds,
and mammals). Then for a particular comparative study, they went through this
collection and looked for phylogenetic information for the species in the given
dataset. To combine this information, a backbone phylogeny of families or other
higher taxonomic groups (e.g., by using large tapestry trees like Sibley and Ahl-
quist 1990) was created, on which each species was subsequently added if
appropriate resolutions were available in the phylogenetic literature. When
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judgments about phylogenetic associations were based on different studies using
different methods and/or markers, the combination of branch lengths across
sources was impossible. Given that the whole process was done by hand, in most
cases handling a large number of alternative phylogenies was impractical and
cognitively challenging. Although this tailoring exercise has lost its importance, it
may be still useful when the effect of alternative resolutions of a particular species
or clade is investigated.

2.4 Manipulating Phylogenies for Comparative Analyses

In the course of a comparative study, the investigator is typically required to work
directly with the phylogenetic tree (or trees) before entering it into a statistical
model. Although we cannot be exhaustive, below we highlight the most common
tasks that emerge in an average phylogenetic comparative project. In Table 2.1, we
list the most common tree manipulation exercises, for which we also provide
working examples relying on the R statistical environment (R Development Core
Team 2007) in the Online Practical Material (hereafter OPM, available at http://
www.mpcm-evolution.org). For a more comprehensive list of software for phy-
logenetic reconstruction and manipulation, see http://evolution.genetics.
washington.edu/phylip/software.

The first step of a comparative analysis is to import the phylogenetic tree. As
different packages can be used for tree manipulation (and analysis), it is now
inevitable to work with tree formats that are generally readable in various plat-
forms. The most common tree formats that can be flexibly exported and imported
are the Newick or NEXUS formats, which define the branching patterns (topology
and branch lengths) by using a standard text code (see Chap. 4). These codes also
allow importing multiple trees with additional information, such as bootstrap or
Bayesian support of nodes or character state probabilities, for example, from
ancestral state reconstruction. Given the increasing popularity of phylogenetic
generalized least squares (PGLS) methods that relies on the expected vari-
ance-covariance matrix of species (see Chap. 5 for more details), it has also become
common to transfer phylogenetic information in the form of a variance-covariance
matrix.

The second step of any analysis is to ensure the taxa represented in the phy-
logenetic tree match the species in the database. It is very rarely the case that all
species in the database will be present in the tree and vice versa, and sometimes a
few annoying typos can cause incompatibilities. Moreover, some approaches even
require the list of species to be in the same order as on the phylogenetic tree (or in
the corresponding variance-covariance matrix). These tasks may seem simple and
obvious, but our experience is that, if not done automatically by the program or if
an error message does not appear, most students fail to check the correspondence
between the interspecific data and phylogeny. Entering unmatched data and tree
into the analysis may result in a situation where a random phylogenetic tree is used
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in the comparative tests, thus the essence of the entire study may have been lost.
Therefore, we recommend students to incorporate as standard practice the com-
parison of species lists in the database and on the phylogeny prior running the
analyses.

Once a tree is imported and matched with the list of species, it might be of
interest to verify how the phylogeny looks. We note that the graphical represen-
tation of phylogenies is the most comprehensible way for a human observer to
interpret the phylogenetic associations between species (note that none of the
phylogenetic approaches use the trees as we do), thus it is important to visualize
trees to check for potential errors and also to derive evolutionary inferences. We
present some basic tree visualization methods in the OPM. Chapter 4 gives an
extensive list of solutions for generating more enhanced graphical representations
of the phylogeny and results of some comparative analyses that can be used for
biological interpretations. Notably, character states of both extant species and
ancestral nodes, bootstrap support or Bayesian posterior probabilities, geographic
projections, and other components of the comparative results can also be plotted
on the phylogenies that further enhance interpretations.

The user may sometimes want to modify the branch lengths of the tree either to
fit a particular evolutionary model requiring specific branch lengths, or to obtain an
ultrametric tree from an additive tree. The latter task is quite important as most
comparative analyses assume that the tree is ultrametric, as the majority of analyses
deal with evolution of phenotypic traits of extant species with the underlying
assumption is that the time available for phenotypic evolution is the same for all
taxa. However, additive trees will violate this assumption, and in some programs, it
is still possible to run models with trees that conflict the assumption about ul-
trametricity without any warning (e.g., the commonly used trees with unit branch
length are not ultrametric). Additive trees can be used when the taxon sampling
times differ, and these are expected to in turn impact the evolution of the trait(s) of
interest, for example, when dealing with viruses, or if the investigator has some a
priori assumption that the molecular rate of evolution of the genes used to recon-
struct the phylogeny directly impacts on the rate of phenotypic evolution (of course
by avoiding circularity). It is always preferable to employ trees that have been
calibrated to reflect time based on information such as fossils and geological events,
however if such trees are not available an option is to use nonparametric rate
smoothing (Sanderson 1997) to transform the tree. Other methods also exist to
transform branch lengths of a given tree or to estimate branch lengths for a given
topology. A common transformation is to simply apply unit length to all branches,
i.e., equal branch lengths. Grafen (1989) proposed another transformation that
involves first assigning a height to each node of the tree of one less than the number
of species below the node, then branch lengths are the difference between the height
of the upper and lower nodes, resulting in an ultrametric tree. Other methods
transform branch lengths of a tree based on specific models of trait evolution such
as Brownian motion (Freckleton et al. 2002; Pagel 1999), the Ornstein–Uhlenbeck
processes (Hansen 1997; Martins and Hansen 1997), or different rates of evolution
toward the root than toward the tips of the tree (Grafen 1989; Pagel 1999), to name a
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few. Users must be aware of the evolutionary assumptions associated with branch
length transformations, whether these fit the traits and model they are studying and
ensure that they do not violate assumptions of the comparative methods they wish
to employ.

Another frequently applied exercise with phylogenetic trees is the resolution of
polytomies, as some comparative methods require fully bifurcating trees. One way
to handle such a situation is to rearrange the polytomy into an aleatory set of
bifurcations separated by zero-length branches. The resolution, in practice, is
virtually the same as the polytomy, as the distance between taxa will remain the
same, but additional nodes (putative ancestors) are added to the tree to resolve the
order of splitting events randomly. Importantly, polytomies represent uncertainties
about the topology, thus all possible alternative resolutions that can be produced
by random dichotomization should ideally evaluated in the comparative models to
test their effects on the results. A specific (extreme) case of polytomy is when all
species are connected into a single node (root) with the same branch length. Such
star phylogeny can also be used for fitting evolutionary models leading to results
that will be equivalent with what could be obtained without controlling for phy-
logeny (the benefit of fitting a model with a star phylogeny is that this model will
have the same number of estimated parameters than the model relying on the true
phylogeny, and this property can be exploited for model comparison).

If a species is not present on the tree, but the investigator has information, either
from taxonomy or other phylogenetic reconstructions, about the possible place-
ment of the species it can be added to the tree. If its phylogenetic relations are fully
known, the new species can be added onto the tree with complete bifurcation, but
if there is uncertainty about the exact resolution, it can be lumped within a
polytomy. Similarly, if phylogenetic information is accumulating, one can also
update the tree by moving specific branches (without adding new tips). Once an
alternative resolution is acquired, it might be warranted to run sensitivity analyses
to determine the influence of tip additions or branch movements on the results.

Owing to the recent spread of phylogenetic simulations (see Chap. 13), it is
becoming more and more routine to work with simulated trees, which can be
created with a relative ease even under different evolutionary scenarios. For
example, the investigator might wish to contrast the comparative results obtained
from the original tree with those that correspond to a tree that was simulated under
certain evolutionary conditions, or to a large number of randomly simulated trees
that serve as a null hypothesis. Moreover, simulated trees are frequently used in
simulation studies that test for the performance of particular comparative
approaches (e.g., Revell and Reynolds 2012; de Villemereuil et al. 2012; FitzJohn
et al. 2009b; Ives et al. 2007).
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2.5 Discussion

2.5.1 Importance of Incorporating Phylogenetic Uncertainty
in Comparative Analyses

A key issue that repeatedly emerged in this chapter is that all phylogenetic
reconstructions inescapably involve some uncertainty, which is manifested as
alternative hypotheses about the topology of the tree and branch lengths. This
uncertainty is inevitable, because we are attempting to reconstruct processes
having occurred in the very distant past, for which data are hardly available (see
Chap. 22). The reconstruction of the evolutionary ancestor–descendent relation-
ships among taxa based on any trait is a complex task that involves several steps
(as we reviewed above), each of them encompassing uncertainty in the result.

The reconstruction methods assume that similarities are the result of shared
ancestry, but evolutionary processes can deviate from the assumed patterns of
inheritance. For example, horizontal gene transfer or hybridization can lead to
contradictory phylogenetic signals. Furthermore, rapid speciation can result in
incomplete lineage sorting, where ancestral polymorphisms are not fully resolved
prior to second speciation events. Another source of uncertainty is associated with
the extent to which the morphological or genetic marker trait represents the his-
torical process of diversification of species. Uncertainties also arise due to the
alignment, missing data, differences between models of substitution and the
parameterization of the models. Finally, uncertainty in the branch lengths can also
arise during estimation of divergence times. It is important to be aware of the
different types of uncertainty and that it can be due to a diversity of processes. Rather
than ignoring it, we advocate that a straightforward scientific approach should
attempt as much as possible to incorporate this uncertainty into comparative anal-
yses and assess its effects on the results. Ultimately, our understanding about how
nature operates based on any estimation process from empirical data is unavoidably
loaded with certain degree of uncertainty, which biologists should appreciate.

2.5.2 Future Directions

2.5.2.1 Increasing Amount of Information

The exponential increase in the availability of sequence information in public
databases (e.g., GenBank has sequences for nearly 260,000 described species;
Benson et al. 2011) as well as the number of different species for which a complete
genome sequence becomes available are likely to have an important impact on both
phylogenetic reconstruction and comparative biology. Along this progress, one
challenge will be to determine which genes are most reliable to reflect the evolu-
tionary history of species. Suitable markers are generally expected to improve the
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‘‘signal-to-noise’’ ratio, i.e., the amount of true phylogenetic information with
respect to the embedded uncertainty. Fast-evolving genes will be good candidates
to reconstruct recent events, while conserved markers will be more useful for deep
relationships (but see Kälersjö et al. 1999). Therefore, the combination of markers
of the two types may be fruitfully exploited for phylogenetic reconstructions.
Ideally, markers should present low variation in copy number across taxa in order to
also be of use to estimate within-species variation (Wu et al. 2013).

An important characteristic is universality, especially when attempting to
reconstruct relationships among very distant taxa. The use of universal markers
will likely play an important role in defining relationships at the root of the ‘‘tree of
life’’ (Burleigh et al. 2011; Desluc et al. 2005). The growing consensus in deep
phylogenetic relationships will allow creating a backbone constraint tree to define
monophyletic groups for the reconstruction of megaphylogenies. Different
approaches for the reconstruction of such megaphylogenies have already been
proposed (Jetz et al. 2012b; Roquet et al. 2013; Thomas et al. 2013; Bininda-
Emonds et al. 1999), and we expect that in the future it will become increasingly
common for comparative biologists to employ such methods to reconstruct phy-
logenies specifically tailored to suit their needs. The reconstruction of megaphy-
logenies based either on supermatrices or supertrees will also be of interest in that
it may generate standard phylogenies that can be used in different studies. How-
ever, availability of such standard trees should not lead to a biased perception of
certainty in the reconstruction.

2.5.2.2 Improving Comparative Methodologies

How can phylogenetic comparative methods incorporate uncertainty in the phy-
logenetic reconstruction? Bayesian methods present a convenient means of incor-
porating both uncertainty in the phylogeny as well as uncertainty in parameter
estimates in a single analysis (Huelsenbeck et al. 2001). Methods are currently
available allowing researchers to undertake analyses using, for example, a sub-
sample of phylogenies from the posterior distribution of trees from a reconstruction
using Bayesian methods (Amcoff et al. 2013; Gonzalez-Voyer et al. 2008; Pagel
and Meade 2006; Santos-Gally et al. 2013; Pagel et al. 2004a; de Villemereuil et al.
2012). An alternative, yet unexplored, approach based on Information Theory and
model comparison is presented in Chap. 12 of this book. Different alternative
methods have also been developed to incorporate uncertainty due to incompletely
sampled phylogenies in analyses of rate of diversification and trait-dependent
speciation or extinction (FitzJohn et al. 2009a; Morlon et al. 2011).

In the current state of the art, empirical studies are needed to determine the
influence of phylogenetic uncertainty on comparative results in relation to various
evolutionary questions. The importance of the consideration of phylogenetic
uncertainty in comparative studies is well founded on theoretical bases, but we
lack empirical data on how much alternative phylogenies can affect the compar-
ative findings in general. In addition, simulation studies will no doubt play an
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important role in determining to what extent phylogenetic uncertainty can influ-
ence the results of comparative analyses and whether certain methods are more
vulnerable to uncertainty in the topology or branch lengths. Such a simulation may
target questions regarding the importance of uncertainties accumulated in certain
nodes or branches of the phylogenetic tree (see Blomberg et al. 2012; Martins and
Housworth 2002; Symonds 2002 for example).

2.5.2.3 Evolutionary Processes Not Represented in a Tree

Although phylogenetic trees provide useful and simple means of representing the
evolutionary history of a group of taxa, a phylogenetic tree does not represent
evolutionary processes that deviate from the assumption of homology but still
contribute to the diversification of species. In particular, horizontal inheritance of
traits disrupts the tree-shaped representation of evolutionary processes that can
only cope with vertical events. Mechanisms that play an important role in gen-
erating genetic variability across populations and breeds such as gene flow and
very recent fluctuations in population size can have profound effects on genetic
diversity of populations and expected similarities, which will bias estimates of
phylogenies (Kalinowski 2009). Cultural evolution is another example, in which
horizontal transmission of information plays an important role in shaping the
interspecific variance of phenotypes. Accordingly, the evolutionary history of
populations or breeds does not necessarily follow the hierarchical, bifurcating
structure of phylogenetic trees, but relationships between taxa may be better
described by networks that allow incorporating horizontal processes of transmis-
sion (i.e., reticulation). Developments of comparative analyses that can account for
such a network structure delineate a fascinating research direction (Stone et al.
2011). The increasing availability of next generation sequencing applied to sample
genome-wide polymorphisms across many populations will likely provide the
necessary marker traits for methods that can reconstruct both horizontal and
vertical events. The challenge will lie in developing the methods to adequately
represent the evolutionary histories.

Glossary

Additive tree/
phylogeny

A phylogeny is termed additive when the tips are not
all equidistant from the root. In an additive phylogeny
branch lengths represent the number of expected sub-
stitutions, therefore differences among taxa in the rate
of molecular evolution will lead to differences in
branch lengths.

Branch A continuous line that connects two nodes or a node to
a tip in the phylogeny.
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Branch length Represents the ‘‘distance’’ between the two nodes or
the node and tip connected by the branch. The ‘‘dis-
tance’’ can be measured in number of evolutionary
transitions (if the phylogeny is reconstructed using
maximum parsimony methods), number of expected
substitutions, which is an estimate of the rate of
molecular evolution, or divergence times.

Gene duplication When a second copy of an existing gene emerges
within a single genome. Gene duplication is a major
mechanism by which new genetic material is
generated.

Homology Shared similarity between taxa that is due to inheri-
tance from a common ancestor.

Homoplasy Similarity between taxa that results from convergent
evolution, for example due to similar selection
pressures.

Horizontal gene
transfer

The transfer of genetic material between individuals of
different species, and which is not the result of inher-
itance from a common ancestor.

Hybridization Mating between individuals of two distinct species of
plants or animals resulting in viable offspring.

Incomplete lineage
sorting

Occurs when coalescence times of alleles are within the
time span of speciation events or shorter. Incomplete
lineage sorting results in gene genealogies that are not
concordant with the species phylogeny.

Nodes Represent the putative ancestors of the taxa represented
in the phylogeny.

Orthologous genes Genes originating from a common ancestor (i.e.
homologous genes) that have undergone independent
evolution following a speciation event.

Parallel or convergent
evolution

Evolution of phenotypes or sequences under similar
selective regimes leading to higher similarities than
would be expected based on the degree of shared
ancestry.

Paralogous genes Genes originating from a duplication event recent
enough to reveal their common ancestry.

Polytomy When more than two branches originate from a single
node in the phylogeny. Polytomies reflect uncertainty
in the timing of speciation events, either because of
lack of sufficient data to determine the order of events
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with confidence (so called ‘‘soft polytomies’’) or
because the speciation events were so rapid there was
insufficient time for the necessary substitutions to dis-
criminate between the timings of the speciation events
to accumulate (so called ‘‘hard polytomies’’).

Root Represents the most recent common ancestor of all the
tips (taxa) in the phylogeny. All branches of the phy-
logeny lead to the root and the root connects all nodes.

Saturation Occurs when two aligned, presumably orthologous,
sequences have accumulated such an elevated number
of repeated substitutions that these provide a poor
estimate of their time of divergence. Saturation occurs
because there is a higher probability of reverse muta-
tions (changes to a nucleotide present in the past) as
time of divergence increases and hence apparent dif-
ferences between orthologous sequences become lower
than expected based on the time of divergence.

Substitution rate Also referred to as molecular evolution rate, it is the
rate at which organisms accumulate genetic differences
over time, it is usually calculated as the number of
substitutions per site per unit time. Non-synonymous
and synonymous substitutions can be discriminated
depending on whether changes in the nucleotide
sequence affect the translated amino acide sequences or
not, respectively.

Tips Also called leaves (following the tree analogy for
phylogenies) they are the taxa whose relationships are
being estimated with the phylogeny

Ultrametric tree/
phylogeny

A phylogeny is termed ultrametric when all the tips are
equidistant from the root. In other words the distance
between any two species in the tree is the same as long
as the path crosses the root of the tree. In ultrametric
trees the branch lengths usually represent divergence
times. Ultrametric trees can also be estimated under the
assumption of a constant rate of substitution that is the
same for all taxa, also called a molecular clock.
However, recent studies with diverse species have
called into question the molecular clock showing that
the rate of molecular evolution varies among even
closely related species and is correlated with species-
specific traits and even environmental variables.
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