~® IFISC

Instituto de Fisica Interdisciplinar y Sistemas Complejos

A Complex Network Approach to

Phylogenetic Trees:
From Genes to the Tree of Life

TESI DOCTORAL
E. Alejandro Herrada

Directors:
Prof. Emilio Herndndez- Garcia
Dr. Victor M. Eguiluz
Prof. Carlos M. Duarte

Ponent:
Prof. José A. Castro Océn

Presentada al Departament de Biologia
Universitat de les Illes Balears
2010



A Complex Network Approach to Phylogenetic Trees: From Genes to the Tree of Life

E. Alejandro Herrada
Tesi presentada al Departament de Biologia de la Universitat de les Illes Balears

PhD Thesis

Directors: Prof. Emilio Herndndez-Garcfa, Dr. Victor M. Eguiluz and Prof. Carlos M. Duarte

Copyleft 2010, E. Alejandro Herrada
Univertsitat de les Illes Balears
Palma de Mallorca

This document was typeset with IATEX 2¢

ii



Tesi doctoral presentada per E. Alejandro Herrada per optar al titol
de Doctor, en el Programa de Biologia del Departament de Biologia
de la Universitat de les Illes Balears, realitzada a 1'IFISC sota la
direcci6 de Emilio Herndndez-Garcia, Professor de Investigaci6 del
CSIC (Consejo Superior de Investigaciones Cientificas), Victor M.
Eguiluz, Cientific Titular del CSIC i Carlos M. Duarte, Professor
de Investigaci6é del CSIC, i amb José A. Castro Océn, Catedratic
d’Universitat, com a ponent.

Vist i plau
Directors de la tesi

Prof. Emilio Herndndez- Dr. Victor M. Eguiluz  Prof. Carlos M. Duarte
Garcia

Ponent Doctorant

Prof. José A. Castro Océn E. Alejandro Herrada

Palma, 02 de novembre de 2010

iii



iv



A Luy Jutta






“All animal life has the right to be respected.” — Art. 2 of the Universal Declaration of
Animal Rights (UNESCO, 1990)
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Preface

The increasing interest during the last century in the study and com-
prehension of the evolutionary processes that govern biodiversity,
as well as the huge expansion that the complex network approach
has undergone in the last decade, has motivated us to address the
interrelation of both scientific fields. In that sense, the main goal of
this thesis is the application of the complex network theory to the
inference of evolutionary patterns through the topological charac-
terization of evolutionary trees.

In Chapter 1 we will introduce some of the most relevant concepts
derived from evolutionary biology and phylogenetics, as well as a
short overview about the application of complex network theory to
evolutionary biology, with a short description of some of the most
outstanding applications of the complex network theory to the study
of biological evolution, and with a summary of some basic concepts
derived from the complex network theory useful for the analysis of
evolutionary trees.

Chapter 2 presents the theoretical foundation of this study, i.e. it
offers a review of some of the most used measures for the character-
ization of the topological properties of the evolutionary trees. We

xvii
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will propose as well the application of the depth scaling analysis, a
specific complex network approach based on the allometric scaling
relationships between size and shape of the tree-like networks, for
the topological characterization of evolutionary trees. This theoreti-
cal chapter will be completed with the description of two of the most
relevant evolutionary models.

In Chapter 3 we apply the depth scaling approach to a comparative
analysis between micro- and macroevolutionary phylogenies from
organisms distributed all over the Tree of Life. The lists of works
used for the compilation of a dataset of intraspecific and interspecific
phylogenies are included in Appendix A. Moreover, in Appendix B,
we include a short analysis about the effect of the outgroups over
the allometric scaling of the phylogenetic trees.

In Chapter 4 we extend the comparative analysis carried out in
Chapter 3 to the molecular level, comparing gene versus organism
evolutionary trees. With the aim of going deeper in the understand-
ing of the evolutionary mechanisms that shape the diversification
of gene families, in Appendix C, we try to depict to what extent
speciation and gene duplication events contribute to protein family
diversification.

In order to propose an alternative evolutionary mechanism that ex-
plains the results obtained in Chapters 3 and 4, in Chapter 5 we
describe an evolutionary model based on the biological concept of
evolvability, referred to the ability of a new species or a protein to
evolve. Besides, in Appendix E we analyze the effect of refractory
period between consecutive diversification events and the effect of
mass extinction events over the depth scaling behavior of the evolv-
ability model. Furthermore, in Appendix D, we propose the activity
model, an evolutionary model characterized by depicting a non-ERM
depth scaling.

In Chapter 6 we extend the depth scaling approach for the charac-
terization of the effects of the rank-based and rank-free taxonomic
criteria over the topological properties of the evolutionary trees, and
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in Appendix F we extrapolate this comparative analysis between
rank-based and rank-free taxonomic criteria to language evolution-
ary trees.

In Chapter 7 we take a first step toward the characterization of
the branch length distribution all over the Tree of Life, and in Ap-
pendix G we propose a set of measures for the characterization of
the depth scaling taking into account the branch length of the evo-
lutionary trees.

Finally, in Chapter 8 we summarize the results obtained, and give
some concluding remarks.

We also include, in Appendix H, the Python codes used for the
computation of the depth scaling analysis, for the conversion of tree
files from Newick format to columns format, as well as the Python
code used for the simulation of the evolvability model. In addition,
Appendix I includes the detailed list of publications derived from
this thesis.

The original research of this thesis is contained mainly in Chap-
ters 3 to 8, and in the Appendices, although some of the theoretical
foundations in Chapters 1 and 2 also contain original material.

The datasets analyzed in this thesis have been compiled in the URL
http://ifisc.uib-csic.es/~alejandro/phylotreedata/.


http://ifisc.uib-csic.es/~alejandro/phylotreedata/




Chapter 1

Introduction

1.1
Biological evolution at a glance: From mole-
cules to organisms

A word closely related to evolution is change. It is said that a system
evolves when this system undergoes a change over time. Thus, bi-
ological evolution refers to the accumulation of inheritable changes
(mutations) in a biological system over time. The inheritability of
mutations is given by the fact that they occur in the nucleic acid
molecule that constitutes the genome, the inheritable material, of
the organism.! Together with mutations, three other mechanisms,
i.e. migration, genetic drift and selection, constitute the four main
forces responsible for biological evolution (Freeman and Herron,
2001). These forces can take place at three main evolutionary levels:

In multicellular organisms, in order to guarantee the inheritability of the mu-
tations that take place at the genome of the organism, those mutations have to take
place at the genome of the germ cells, since they are the cells in charge of giving rise
to the next generation of organisms and therefore, they are responsible for passing
the new mutations on to the next generation.
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e Evolution at the individual level.
e Evolution at the population level (microevolution).

e Evolution at the species level (macroevolution).

Evolution at the individual level

The label evolution at the individual level is used to refer to those
mechanisms responsible for the inheritable changes that take place
in a single organism. Those mechanisms take place at a genomic
level, originating changes at single nucleotides (small-scale mutations)
or changes that affect sequences of nucleotides (large-scale mutations)

2See Guthrie (1962).

3See Aristoteles (1994).

4See von Linné (1758).

5See Burnett (1974).

6See Darwin (1794-1796).

7See Winchester (2001); Cuvier and Brongniart (1822).
8See Lamarck (1809).

9See Wells (1818).
10Gee Hitchcock (1840).
H1See Darwin and Wallace (1858).
12Gee Darwin (1859).
13Gee Mendel (1865).

14Gee Haeckel (1866).

15Gee Weismann (1892).

165ee Wallace (1889).

7See Nuttall (1904).

18See Fisher (1930); Haldane (1932); Wright (1931, 1932).
Gee Dobzhansky (1937).
20See Avery et al. (1944).
21Gee Franklin (1952).

22Gee Watson and Crick (1953).
BGee Margoliash (1963).

24Gee Kimura (1968).

%5See Eldredge and Gould (1972).
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610-546 BC
384-322 BC
1735
1773-1792
1794-1796
1790-1811
1809

1813
1840

1858
1859

1865
1866
1883
1889
1904

1920-1930s
1937

1944
1952
1953
1963
1968
1972

Anaximander: First animals lived in water and originated the land animals.?
Aristotle: First classification of the living forms.?

C. von Linné: Rank-based classification of living organisms.*

J. Burnett: Human being had descended from primates.®

E. Darwin: Warm-blooded animals arose from one living filament.®

W. Smith, G. Cuvier & A. Brogniart: Principle of faunal succession.”

J.-B. Lamarck: Theory of transmutation of species, based on increasing complexity
and adaptation. Evolutionary tree of animals.®

W.C. Wells: Assigned a role to the natural selection in the human evolution.”

E. Hitchcock: Evolutionary trees, based on paleontology data, of plants and ani-
mals, without connection between them.!?

C.Darwin & A.R. Wallace: Natural selection is the basic mechanism of evolution.'!

C. Darwin: Theory of evolution based on natural selection. A single Tree of Life,
with a common ancestor, as a sketch of the evolution.2

G. Mendel: Theory of particulate inheritance.!?

E. Haeckel: First labeled Tree of Life.!

A. Weismann: Germ-plasm theory. First neo-darwinist work.!®

A.R. Wallace: One of the first proponents of neo-darwinism. '

G.H.E. Nuttall: Phylogenetic relationships among different groups of animals
through conducted precipitin tests of serum protein.!”

R.A. Fisher, ].B.S. Haldane & S. Wright: Foundation of population genetics.!®

T. Dobzhansky: Publication of the major work of the modern evolutionary syn-
thesis.!

O. Avery: Identification of the DNA as the genetic material.?’

R. Franklin: X-ray diffraction image of the DNA molecule.?!

J.D. Watson & F. Crick: Double-helix model of the DNA structure.?

E. Margoliash: Cytochrome c phylogeny for horse and other species.?
M. Kimura: Neutral theory of evolution.?*

N. Eldredge & S.J. Gould: Punctuated equilibrium theory.?®

Table 1.1: Some of the main events in the history of evolu-

tionary thought.
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(Freeman and Herron, 2001; Tamarin, 1996; Griffiths et al., 2000;
Freeman and Herron, 2001).

Examples of small-scale mutations are:

e Point mutation (silent, missense, nonsense): Substitution of a sin-
gle nucleotide by another one.

e [nsertion: Addition of one or more extra nucleotides in the
DNA sequence.

e Deletion. Elimination of one or more nucleotides from the DNA
sequence.

The most common large-scale mutation processes are:

o Amplification (or gene duplication): Multiplication of a chromo-
somal region.

o [nsertion: Addition of an extra chromosomal region.
o Deletion: Loss of a chromosomal region.

o Chromosomal inversion: 180 degrees rotation of a chromosomal
segment.

e Chromosomal recombination: A chromosomal region exchange
between two homologous chromosomes.

e Chromosomal translocation: A chromosomal region exchange
between two nonhomologous chromosomes.

e Chromosomal transpositions: A chromosomal region relocation
to a different position in the genome.

e Euploidy: The cell or the organism changes to an integer mul-
tiple of the haploid number of chromosomes.
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Evolution at the population level: Microevolution

Evolution at the population level is said to take place when pop-
ulation dynamic events give rise to a change in the genetic pool
of the population. Before describing the different mechanisms that
give rise to evolution at population level, we are going to describe
briefly the basic behavior of a non-evolving population. This sce-
nario was described, independently, by the mathematician G. H.
Hardy and by the physician W. Weinberg. Both postulated a law,
known as the Hardy-Weinberg principle, that relates the allele and
genotype frequencies in a diploid population with sexual repro-
duction (Hardy, 1908; Weinberg, 1908). For a diploid population
with sexual reproduction, random mating, infinitely large popu-
lation size, no mutation, no migration, and without any selection
pressure, they established the following statements (Tamarin, 1996;
Griffiths et al., 2000; Freeman and Herron, 2001; Halliburton, 2004):

1. Equilibrium of the allele frequencies. The allele frequencies for
an autosomal locus do not change from one generation to the
next.

2. Equilibrium of the genotype frequencies. The genotype frequen-
cies of the population are determined, in a predictable way, by
the allele frequencies.

3. Neutral equilibrium. If the population is perturbed, the equilib-
rium will be restored in a single generation of random mating,
but with the new allele frequencies.

Based on these holds, considering a single autosomal locus with two
alleles, A and 4, and their corresponding allele frequencies, p and
g, the Hardy-Weinberg equilibrium distribution for the genotype

5
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frequencies in a diploid organism with discrete, nonoverlapping
generations, would be:?

AA Aa  aa
P29 .

The non-evolving scenario proposed by Hardy and Weinberg (ran-
dom mating, infinitely large population size, no mutation, no migra-
tion and without any selection pressure) is far away from nature, and
modifications of the Hardy-Weinberg equilibrium for each of the de-
viations of those assumptions were proposed. The effect of the four
main evolutionary forces (mutation, migration, genetic drift and se-
lection), over the allele frequencies inside a population, is quantified
as follows (Tamarin, 1996; Griffiths et al., 2000; Freeman and Herron,
2001; Halliburton, 2004):

e Mutations: As defined at the beginning of this section, mu-
tations are all those changes that occur in the genome of an
organism. In order to understand how it interferes in the
allele frequency, let us consider the simplest case, with a mu-
tation rate for an allele A, u, as the probability that a copy of
allele A becomes allele 2 in a DNA replication event. If py is
the frequency of allele A, after n generations of mutations, the
frequency of allele A, p,,, assuming no back mutations, will be
(assuming u small):

pn = poe .

o Gene flow (Migrations): It is the exchange of alleles between
populations. The effect of the gene flow is similar to the effect
of the mutations in the sense that it changes the allele frequen-
cies adding or eliminating alleles. If p; is the frequency of an

Z6Multiple extensions of the Hardy-Weinberg equilibrium have been described,
such as that for multiallelic loci or that for the case of various loci (Tamarin, 1996;
Halliburton, 2004).

6
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allele in the recipient population in generation ¢, P is the allele
frequency in a donor population, and m is the proportion of
the recipient population that consists of new migrants arrived
in one generation from the donor population, then the gene
frequency in the recipient population in the next generation,
Pi+1, is the result of mixing 1 — m genes from the recipient with
m genes from the donor population. Thus:

pre1 = (L —m)p, + mP = p; + m(P — py)

and

Ap =praa—pr=mP —py).

Genetic drift (Neutral evolution): It is the change in the allele
frequency from one generation to the next one, given by the
random sampling of the parents. Supposing p; as the fre-
quency of an allele in generation ¢, the expected value for the
mean at f + 1 will be:

E(pi+1) = ps

and the variance:

Pt(l - Pt)

V(prs1) = N

where N is the population size.

Variance equation gives us an idea about the magnitude of
allele frequency changes from one generation to the next. So,
genetic drift is basically given by the finite population size
effect. The smaller the population, the larger the change from
one generation to the next. The long-term effect of the genetic
driftis the decrease of the genetic variation within a population
and the divergence between populations.
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e Selective evolution: It corresponds to the different degree of sur-
vival or reproduction, on average, of different traits in a popu-
lation. This different survival or reproduction leads to changes
in frequencies of those genotypes, within a population. If we
consider a population in Hardy-Weinberg equilibrium, and
we break this equilibrium through a selective process given
by differential survival probabilities for the three possibles
genotypes (AA, Aa and aa): Waa, Was, Wy, the genotype
frequencies for the zygotes are:

AA Aa aa
P 29 4,

while the genotype frequency for the adults will be:

AA Aa aa
Pz WAA 2776] WAa 672 Wlm .

The sum of all the frequencies after selection will be smaller
than 1, thus we have to normalize by the mean fitness of the

population, W:

W= pZWAA +2pqgWa, + qZWM .

After normalizing:

AA Aa aa
W W W
%% w 1%

From this information we can obtain the allele frequencies in
the next generation. So, for example, for the allele A, the allele
frequency in the next generation, p;,1, would be:
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2Waa paWas  pWaa + qWa,

1
—AA+ ~Aa=
pra= A0yt ml T TR W

7

where, considering that W, = pWaa + gWa,, the final new
frequency is:

Wa

Pr+1 = PW .

An alternative way of looking at the process of selection is
solving for the change in allele frequency in one generation:

P W, p(W, — W)
A = - = —_-— = —.
Pepmmp= 7F W

Taking into account that W is the average of the allele fitnesses
Wy and W,:

W =pW, +qW,,

we can replace this expression by W in the formula for Ap.
Considering that 4 = 1 — p, we obtain:

Evolution at the species level: Macroevolution

The sustained effect over generations of all those sources of varia-
tion leads to the evolution of the species, which can be displayed

9



CHAPTER 1. INTRODUCTION

through different outcomes: speciation, extinction, adaptation,27 co-
evolution,?® etc. Since the main macroevolutionary processes that
we are going to consider in this thesis are related to speciation and
extinction events, we will focus on these two processes (Freeman
and Herron, 2001; Fontdevila and Moya, 2003):

e Speciation: It is the process whereby new species® arise from
a previous one. The main mechanism that leads to a specia-
tion process is reproductive isolation, which avoids the gene
flow between two subpopulations from a certain population.
The barriers to the gene flow can be of different nature, such
as geographical, environmental, ethological, mechanical, or
physiological barriers. From the geographical point of view,
three basic speciation modes are described (Tamarin, 1996;
Fontdevila and Moya, 2003; Gavrilets, 2003):

— Allopatric: This is the classical way of speciation. This
speciation process occurs through the appearance of a
geographical barrier inside a population that leads to the
splitting of the original population into two subpopula-
tions. Over time, this geographical barrier will lead to
the divergence of both subpopulations and the origin of
two new species.

— Parapatric: In that case, the speciation is given by a ge-
ographical isolation but, unlike the allopatric model, in

%7 Adaptation is the evolutionary process whereby a population becomes better
suited to its habitat. It also denotes the trait that increases the ability of an organism
to survive or reproduce, compared to individuals without that trait.

28 Coevolution refers to those correlated evolutionary processes between two in-
teracting species that lead to the reciprocal adaptation of both species through the
response of each species to the selection pressure set by the other species.

2The meaning of species depends on the biological criterion that is taken into
account, as was published by Mayden (1997), who lists two dozen different definitions
of species. So, for example, we can find a biological species concept, an ecological
species concept, an evolutionary species concept, a morphological species concept,
or a phylogenetic species concept, among others.

10



1.1. BIOLOGICAL EVOLUTION AT A GLANCE

which the reproductive isolation is sudden, here the re-
productive isolation is gradual. This kind of speciation
appears, usually, in large distributed populations that
contact with a new niche or habitat. There is no physical
barrier, but the new habitat constitutes a barrier to the
gene flow.

— Sympatric: This model refers to those speciation events
that take place in the same range and habitat of the orig-
inal population. This speciation model is usually related
to the origin of a new polymorphism stable for a certain
ecological selection, which leads to the divergence of this
subpopulation from the original population. This kind of
speciation is quite common in parasits.

e Extinction: It is a term used to refer to the disappearance of
species. Several causes lead to extinction, but in a very general
way, we can say that an extinction event has occurred when
the last individual of a species die. The extinction events that
occur with an uniform rate are called background extinctions.
Throughout the history of life, several extinction episodes,
which were geographically and taxonomically widespread,
have been found to be characterized by sudden extraordi-
nary extinction rates (over 60% of the species go extinct), and
have been termed mass extinctions (Freeman and Herron, 2001).
Since the origin of life, six mass extinction events have been
identified (Jablonski, 1991; Kareiva, 2004; Wake and Vreden-
burg, 2008):

— Ordovician-Silurian extinction (ca. 439 Mya): It led to ex-
tinction of 25% of the families and nearly 60% of the gen-
era of marine organisms. The causes were related to big
fluctuations in sea level, originated from extensive glacia-
tions, followed by a period of great global warming.

— Late Devonian extinction (ca. 364 Mya): It eliminated 22%
of marine families, and 57% of marine genera. It is con-

11



CHAPTER 1. INTRODUCTION

12

sidered to have been related to global cooling after bolide
impacts.

Permian-Triassic extinction (ca. 251 Mya): Aside from the
Holocene extinction, this is considered the largest mass
extinction event ever. During this extinction, 95% of all
species disappeared, including 53% of marine families,
84% of marine genera, and 70% of the land plants, insects
and vertebrates. Various causes have been proposed, the
most accepted one being the climate change derived from
a flood volcanism emanating from the Siberian Traps.

End Triassic extinction (ca. 199-214 Mya): About 22% of
families and 53% of genera of marine organisms were
lost. It was related to the opening of the Atlantic Ocean
by sea floor spreading associated to massive lava floods
that caused significant global warming.

Cretaceous-Tertiary extinction (ca. 65 Mya): It caused the
disappearance of about 16% families, 47% marine genera
and 18% vertebrate families. This extinction is responsi-
ble for the dinosaur extinction and gave rise to the expan-
sion of mammals and birds. The causes are not clear and
different hypothesis have been proposed, two of which
are: diverse climate changes derived from volcanic floods
in India, and effects derived from a gigant asteroid impact
in the Gulf of Mexico.

Holocene extinction (Today-ca. 11,000 years ago). The in-
creasing human pressure on the environment, since the
origin of plant and animal domestication, has derived
in the largest extinction event ever. Current extinctions
rates are estimated to be 100 to 1000 timer higher than
pre-human extinction rates (Pimm et al., 1995). We can
exemplify the peril of this situation with the following
percentages: 50% of vertebrate animals are classified as
threatened, 2.1% of mammals and 1.3% of birds have gone
extinct from 1600 to present.



1.1. BIOLOGICAL EVOLUTION AT A GLANCE

1.1.1 Organism evolution

Reflections about organism evolution were early present in the his-
tory of thought (Templado, 1982; Grasa Herndndez, 2002). A well
documented example is the case of Anaximander (610BC-546BC),
who proposed in his work entitled On Nature that the first organ-
isms were formed from water and those gave rise to the terrestrial
ones (Guthrie, 1962). Like this, different theories about organism
evolution were proposed over time, but it was in the 19th century
when the theories about organism evolution that greatly influenced
contemporary evolutionary biology were proposed. The first rele-
vant evolutionary theory was the theory of transmutation of species,
proposed by Jean Baptiste Pierre Antoine de Monet, chevalier de
Lamarck (1744-1829). This theory postulated that species were cre-
ated by spontaneous generation but it also states that alteration of
some species can cause the appearance of new species (Lamarck,
1809). In 1858, Charles Robert Darwin and Alfred Russel Wallace
(Darwin and Wallace, 1858) proposed natural selection as the main
driving force of evolution. One year later, Darwin (1859) published
his famous On the Origin of Species by Means of Natural Selection, or the
Preservation of Favoured Races in the Struggle for Life, where he presents
in detail the whole basis of his proposal as theory of evolution.

Although Darwin and Wallace had different ideas of natural selec-
tion,® both considered evolution by natural selection to be based on
four principles (Reznick and Ricklefs, 2009):

¢ Organisms have individual variations that are faithfully trans-
mitted from parent to offspring.

o All the organisms produce more offsprings than the required
to replace themselves in the next generation.

30While Darwin emphasized the effect of the competition among individuals
of the same species to survive and reproduce, Wallace emphasized the effect of
environmental pressure on populations and species, forcing them to become adapted
to their local environment.
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e Limited resources create a “struggle for existence” that reg-
ulates population size, most of the offsprings dying without
reproducing.

e The individuals that survive and reproduce are, on average
(by virtue of their individual variations), better suited to their
local environment than those that do not.

Darwin accepted Lamarck’s principle of inheritance of acquired
characters as a source of biological variability,! and it was only
after Darwin’s death that the Lamarckian principle of inheritance
was denied. Thus, in 1892, August Weissmann provided experi-
mental evidence against soft (lamarckian) inheritance, and postu-
lated his germ-plasm theory (Weismann, 1892). This theory states
that random mutations are the unique source of change for natural
selection to take place. The rejection of the lamarckian inheritance
gave rise to an extension of Darwin’s theory, coined by George Ro-
manes as neo-darwinism (Romanes, 1895). One of the first influential
neo-darwinian works was Wallace’s Darwinism, a defense of natural
selection and Weismann’s conclusions.

The rediscovery of Mendel’s work in the 1890s gave rise to the
constitution of genetics as a scientific field, as well as to the works on
population genetics. The foundation of population genetics during
the 1920s and 1930s led to the proposal of a new theory of evolution
that tried to reconcile Darwin’s theory with genetics, the synthetic
theory (Kutschera and Niklas, 2004).

This short sketch of the history of evolutionary biology was consid-
ered by Ernst Mayr as a two-phase process (Mayr, 1991): in the first
phase, during the 1860s and the 1870s, biologists had to vindicate
evolution as a fact, that is, they had to succeed in the explanation
that all the organisms were linked in the past through a common
set of intermediates. The second phase would have occurred in the

31Lamarckian conception of acquired inheritance was labelled by Ernst Mayr soft
inheritance.
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1940s, with the foundation of the modern evolutionary synthesis,
when biologists accepted microevolution® as a necessary step in
evolution. As an example of this confidence in the microevolution-
ary processes as the basis of evolution, Mayr claimed that (Mayr
(1963), pp. 586-587):

The proponents of the synthetic theory maintain that
all evolution is due to the accumulation of small genetic
changes, guided by natural selection, and that trans-
specific evolution is nothing but an extrapolation and
a magnification of the events that take place within pop-
ulations and species [...] essentially the same genetic
and selective factors are responsible for evolutionary
changes at the species and at the transpecies levels [...] it
is misleading to make a distinction between the causes
of micro- and macroevolution.

The idea, proposed by Darwin and Wallace, and improved by the
synthetic theory, that species evolution is driven through a grad-
ual variance and selection at population level, has led to an intense
debate inside evolutionary biology. Using Mayr’s historical per-
spective, we could say that over the last 20-30 years there has been
an increasing interest in a third phase of questioning whether mi-
croevolutionary processes are enough to explain macroevolution
(Penny and Phillips, 2004).

Fossil record provides examples which suggest that morphological
evolution was, in general, a gradual process through accumulation
of small changes over time. But the fossil record is discontinuous,
with a constant presence of certain fossils at each strata, but with

32The terms microevolution and macroevolution were coined by Yuri Filipchenko in
1927 in order to distinguish those evolutionary processes that occur inside a species
(microevolution) from those processes that take place among species or higher-level
taxa (macroevolution) (Filipchenko, 1927). Those terms were later used by his disci-
ple, Dobzhansky (Dobzhansky, 1937).

15



CHAPTER 1. INTRODUCTION

temporal transitions of tens of thousands of years between strata.
This discontinuity in the fossil record led to the proposal of differ-
ent evolutionary mechanisms that gave rise to these discontinuities
(saltation, punctuated equilibrium, etc). The common premises of
those alternative proposals are:

e Evolution is not gradual.

e Microevolutionary processes are not enough to explain macroevo-
lutionary patterns.

The most influential theory in this direction is the theory of punctu-
ated equilibrium, proposed by Niles Eldredge and Stephen Jay Gould
in 1972 (Eldredge and Gould, 1972). This theory claims that both
speciation events and the morphological variations linked to them
occur in a short period of time, followed by long periods of stasis, i.e.
periods of time without apparent change. Although the evolution-
ary changes in morphology are, perhaps, continuous in the sense of
passing through many intermediate stages, they have occurred so
rapidly that the fossil record presents the appearance of discontinu-
ous changes. This theory differs from the saltation hypothesis, which
claims that intermediate stages never existed, the evolutionary dis-
continuities being due to macromutations, i.e. drastic genetic changes
that radically alter the phenotype.

1.1.2 Molecular evolution

Until now we have focused on the evolution at organism level but, as
we have seen at the beginning of Section 1.1, all those mutations that
give rise to variations among individuals are stored at the genome
of those individuals. Therefore, how evolution is reflected at the
molecular level is the subject of this section.

Molecular evolutionary biology emerged as a scientific field in the
mid-1960s, with the amino acid sequencing of hemoglobin, cy-
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tochrome ¢, and other especially abundant proteins in vertebrates.
The availability of those datasets allowed for two very influential
works in molecular evolution, both based on the comparison of the
rate of molecular change among species. On the one hand, Emil
Zuckerkandl and Linus Pauling, in 1965, formulated the molecular
clock hypothesis, based on the observation that the rate of amino acid
sequence change for certain proteins appeared to be constant during
the diversification of vertebrates (Zuckerkandl and Pauling, 1965).
Despite becoming very controversial (Avise, 1994; Hillis et al., 1996),
this hypothesis has stimulated much interest in the use of macro-
molecules in evolutionary studies. Two of the main reasons for this
influence are (Li, 1997; Bromham and Penny, 2003; Ho and Larson,
2006; Kumar, 2005):

o If macromolecules evolve at constant rates, they can be used
to date evolutionary events.

e The degree of rate variation among lineages can help us to
understand the mechanisms behind molecular evolution.

On the other hand, the other influential work was the one published
by Motoo Kimura (Kimura, 1968), who, by plotting in time the muta-
tions of the well-studied proteins of human and horses, and extrap-
olating these evolutionary rates to all of the protein-coding genes
in the genome, observed that the mutation rates were far too high
to be due to natural selection. This result led him to formulate the
neutral theory of molecular evolution. By means of this theory, Kimura
claimed that most of the mutations that become fixed in populations
are neutral, i.e. fixed through genetic drift, while the beneficial mu-
tations fixed by natural selection are extremely rare (Kimura, 1968,
1983).

Both Zuckerkandl’s and Kimura’s works triggered an intense debate
between neutralism and selectionism (Kimura and Ota, 1974; Mayr,
1963; Kreitman, 1996; Ohta, 1996a; Nei, 2005). Most of this debate has
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focused on explanations for genetic variation in populations. While
neutralists and selectionists agree that deleterious mutations occur
frequently in evolving molecules, they profoundly disagree on the
relative importance of effectively neutral and beneficial mutations.
Neutralists consider that beneficial mutations are rare and are fixed
less frequently than neutral or slightly deleterious mutations while,
for selectionists, beneficial mutations are abundant (Wagner, 2008a).
This controversy between neutralists and selectionists is still not
resolved (Ohta, 1992, 1996b; Nei, 2005; Wagner, 2008a; Hurst, 2009),
but beyond controversies, neutral theory has become very helpfull
as null hypothesis in the detection of natural selection effect on DNA
sequences (Li, 1997).

Gene evolution

Development of the sequencing technology in the last decades has
provided complete genomes from a large amount of diverse organ-
isms. This availability of genomes has given rise to an increase in
the understanding of the evolution of genes and genomes as such.
One of the hottest topics in this direction is the comprehension of
the formation of new genes (Babushok et al., 2007).

During all these decades, several molecular mechanisms have been
described as the basis of gene evolution. Some of such mechanisms
are (Mindell and Meyer, 2001; Koonin, 2005; Babushok et al., 2007;
Chothia and Gough, 2009):

o Sequence divergence: This process basically describes small-
scale mutations.

e Duplication: Gain of an extra copy of the gene due to large-scale
mutation events, like unequal (chromosomal) crossover,® se-

33 Chromosomal crossover is one of the final phases of chromosomal recombination,
which take place during prophase I of meiosis.

18



1.1. BIOLOGICAL EVOLUTION AT A GLANCE

quence duplication, retrotransposition,® chromosome dupli-
cation or polyploidy (Zhang, 2003; Britten, 2006).

o Gene fusion: Combination of pre-existing genes. This can be ob-
served after chromosomal rearrangement phenomena such as
unequal crossover, gene conversion,* chromosomal transpo-
sition, chromosomal translocation or interstitial chromosomal
deletion.

o Horizontal gene transfer: Process in which an organism incorpo-
rates genetic material from another organism, without being
the offspring of this organism. It is an important driving force
of evolution in bacterias, archaeas, as well as in unicellular
eukaryotes (Boto, 2010). The transference of genetic material
that takes place during the horizontal gene transfer can be the
result of: transference by cell-to-cell (conjugation), introduc-
tion of foreign genetic material into the cell (transformation), or
DNA transference via viral infection (fransduction).

e Gene loss: Several mechanisms have been proposed as respon-
sible for the removal of a gene, such as unequal crossover,
chromosomal deletion, or chromosomal translocation.

Those genes that are evolutionary related are called homologs. In
1970, Walter Fitch coined two of the major forms of homology (Fitch,
1970): orthologs (gr. opOo, 'right’), i.e. those genes diverged through
an speciation event, and paralogs (gr. mapa—, 'beside’), i.e. those
genes originated from a gene duplication event. Since then, several

34Retrotransposition is the result of the action of certain reverse transcriptases,
retrotransposons, which lead to the insertion of intronless copies of genes. One of the
best known retrotransposons is LINE-1. The epigenetic effect of retrotransposition
has led some biologists to consider retrotransposition as an example of evolutionary
mechanism that supports punctuated equilibrium theory (Gogvadze and Buzdin,
2009; Zeh et al., 2009).

35Gene conversion is an event that occurs during chromosomal recombination. It
consists of the transference of DNA sequence from one chromosome to the homolo-
gous, the former remaining unchanged.
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Homology Evolutionary process
Orthology Speciation
Paralogy Duplication
Xenology Horizontal gene transfer
Gametology ~ Barrier to sex chromosome recombination
Ohnology Whole-genome duplication
Synology Hybridization of two species

Table 1.2: Main forms of homology (Mindell and Meyer,
2001).

forms of homology have been termed based on the biological process
that gives rise to the formation of a new gene (see Table 1.2 (Mindell
and Meyer, 2001)).

1.2
Phylogenetic trees: A sketch of evolution

In the previous section we introduced the basic mechanisms by
which biological evolution takes place at different organization lev-
els such as genes, populations and species. Throughout the history
of thought, a widespread interest in ordering biodiversity has been
carried out, with the aim of getting some pattern about how it is
organized and so, inferring by which principles it is governed (Tem-
plado, 1982; Grasa Herndndez, 2002; Kutschera and Niklas, 2004;
Ragan, 2009). Since the first evolutionary theory was proposed,
the most common way to represent those evolutionary processes
has been the tree-like sketches known as phylogenetic or evolutionary
trees. As an example of this approach, we can consider the case of a
population of a certain species. If, inside this population, a genetic
barrier appears, impeding the gene flow between both subpopula-
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(a) Species A (b) Species A

_<

Ancestral species

Species B Species B

Figure 1.1: Phylogenetic tree as a sketch of evolution. A
traditional way to represent the evolutionary history of a
group of genes or organisms (a) is with a phylogenetic tree

(b).

tions, over time, both ancestral subpopulations will diverge to two
different species, species A and B. The way to represent this process
would be a phylogenetic tree with three nodes, a root and two tips.
Root and tips represents two different stages in time, where the root
corresponds to the ancestral species, and the tips correspond to the
species that arose from the speciation event (species A and B) (see
Figure 1.1).

In a phylogenetic tree we can distinguish different components (see
Figure 1.2) (Li, 1997; Gregory, 2008): root, branches, nodes, tips,
etc. The external nodes, referred to as tips or leaves, correspond
to existing or extant organisms, which are often called operational
taxonomic units (OTUs), a generic term that represents any kind of
comparable taxon, such as, for example, individuals or species. In
the same way, the term used to refer to the internal nodes, is hy-
pothetical taxonomic units (HTUs), as hypothetical progenitors of the
OTUs. A very relevant element in the reconstruction of phylogenetic
trees is the outgroup, which is not a natural member of the group of
interest (ingroup), but it represents an OTU identified, by external
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Tip (OTU)
Polytomy

Internal
node (HTU)

Dichotomy

Root

Branth Outgroup

Figure 1.2: Different components of a phylogenetic tree.

information (e.g. paleontological evidence), as branched off earlier
than the taxa under study. The outgroup is essential for the rooting
of the phylogenetic tree, as well as for the identification of the evo-
lutionary relationship among the ingroup members. Without the
outgroup, the tree would remain unrooted. The root is represented
as the deepest internal node, and it represents the single common
ancestor that the OTUs share.

From the computational point of view, there are different ways of
representing phylogenetic trees. So, for example, the classical way
to represent the phylogenetic trees in biology is using parentheses
and commas, and this format is known as Newick tree format, while
in complex network theory, the classical way to represent networks
is in columns format. In Figure 1.3 we show the representation of
a certain phylogenetic tree in both formats, Newick (Figure 1.3(b))
and columns format (Figure 1.3(c)).
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(a) A
IF_
LB
- |
C
H D
G
E
(b)
((A,B)F,(C,(D,E)G)H)I;
(c)
AF
BF
CH
DG
EG
G H
Fl
H |

Figure 1.3: Different ways of representing a phylogenetic
tree. Representation of a phylogenetic tree (a) using Newick
(b) and columns format (c).
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1735

1790-1811 W. Smith, G. Cuvier & A. Brogniart: Principle of faunal succession.

1809

1840

1859

1866
1904

1925
1930s
1938
1944
1950
1955
1958
1963
1962
1966
1967
1969
1976
1977
1983
1986
1987
1990
1996
2000
2004

C. von Linné: Rank-based classification of living organisms.>®
37

J.-B. Lamarck: Theory of transmutation of species, based on increasing complexity
and adaptation. Evolutionary tree of animals.?

E. Hitchcock: Evolutionary trees, based on paleontology data, of plants and ani-
mals, without connection between them.®

C. Darwin: A single Tree of Life, with a common ancestor, as a sketch of evolu-
tion. 0

E. Haeckel: Three-kingdom biological classification. First labeled Tree of Life.*!

G.H.F. Nuttall: Phylogenetic relationships among different groups of animals
through conducted precipitin tests of serum protein.*?

E. Chatton: Two-empire biological classification.*3

E. Baldwin: Foundation of comparative biochemistry.#

H.F. Copeland: Four-kingdom biological classification.*>

O. Avery: Identification of the DNA as the genetic material.*®

W. Hennig: Foundation of phylogenetic systematics.*

F. Sanger: Complete sequencing of insulin.*

RR. Sokal & C.D. Michener: UPGMA method.*

E. Margoliash: Cytochrome c phylogeny for horse and other species.>

E. Zuckerkandl & L. Pauling: Molecular clock hypothesis.>!

R.V. Eck & M.O. Dayhoff: Maximum parsimony method.>?

L.L. Cavalli-Sforza & A.W.F. Edwards: Maximum likelihood method.>®
R.H. Whittaker: Five-kingdom biological classification.>*

W. Fiers et al.: First whole-genome (bacteriophage MS2) sequenced.®®

C. Woese: Six-kingdom biological classification system.>

K. Mullis: Invention of the PCR.>”

J. Gauthier: First published work based on phylogenetic nomenclature.>®
N. Saitou & M. Nei: Neighbor-Joining method.®

C. Woese: Three-domain biological classification.®0

B. Rannala & Z. Yang, B. Mau et al. & S. Li: Bayesian inference of phylogeny.®!
P.D. Cantino & K. de Queiroz: First public draft of PhyloCode.®?

T. Cavalier-Smith: Six-kingdom biological classification.®®
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1.2.1 Kinds of evolutionary trees

There are different kinds of evolutionary trees, depending on the sort
of evolutionary event to be represented. Thus, they are (Gregory,
2008; Avise, 2009):

e Cladogram: Evolutionary tree that represets the evolutionary
relationships only, without taking into account evolutionary
distances.

36See von Linné (1758).

57See Winchester (2001); Cuvier and Brongniart (1822).
38Gee Lamarck (1809).

39See Hitchcock (1840).

40Gee Darwin (1859).

415ee Haeckel (1866).

42See Nuttall (1904).

43See Chatton (1925).

#See Baldwin (1937).

45Gee Copeland (1938).

46See Avery et al. (1944).

47See Hennig (1950).

48See Ryle et al. (1955).

49See Sokal and Michener (1958).

50See Margoliash (1963).

515ee Zuckerkandl and Pauling (1962).

52Gee Eck and Dayhoff (1966).

53Gee Cavalli-Sforza and Edwards (1967).
54GSee Whittaker (1969).

%5See Ryle et al. (1955).

56See Balch et al. (1977); Woese and Fox (1977).
57See Mullis (1990).

58See Gauthier (1986).

59Gee Saitou and Nei (1987).

60See Woese et al. (1990).

61Gee Rannala and Yang (1996); Mau (1996); Li (1996).
62Gee Cantino and de Queiroz (2000).

63See Cavalier-Smith (2004).
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Stepwise clustering Exhaustive search
Distance Matrix UPGMA Fitch-Margoliash
Neighbor-joining

Character State Maximum parsimony
Maximum likelihood
Bayesian inference

Table 1.4: Most commonly used reconstruction methods
(adapted from Salemi and Vandamme (2003)).

e Phylogram: Evolutionary tree that represets the evolution-
ary relationships, taking into account evolutionary distances
based on some character (genetic distance, morphological dis-
tance, etc).

e Chronogram: Evolutionary tree that represets the evolutionary
relationships, including evolutionary distances based on time
(e.g. millions of years).

1.2.2 Phylogenetic tree reconstruction methods

Since the publication, in 1958, of the unweighted pair-group method
with arithmetic mean, known as UPGMA (Sokal and Michener, 1958),
a large amount of methods for the reconstruction of phylogenetic
trees have been proposed. The different methods can be grouped
according to two basic criteria (see table 1.4) (Salemi and Vandamme,
2003; Lemey et al., 2009): (1) Whether they use distance matrix of
pairwise dissimilarities (distance matrix methods) or they use discrete
character states (character-state methods); and (2) whether they clus-
ter OTUs stepwise, inferring only one best tree (stepwise clustering
methods), or they consider all theoretically possible trees (exhaustive
search methods).
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On the one hand, distance matrix methods define the phylogenetic
relationships based on the pairwise distance matrix obtained from
the measure of dissimilarities of each pair of OTUs. Those methods
are specially appropriate for analyzing sequence data, the evolution-
ary distances being usually measured in numbers of nucleotides or
amino acid substitutions between sequences. These evolutionary
distances are calculated using evolutionary models that allow for
the correction of the percentage of difference between sequences.
Since the distance methods discard the original character state of
the taxon, the reconstruction of the character states of the ances-
tral nodes is not possible. The main advantage of these methods
is that they are much less computer-intensive. On the other hand,
character-state methods can be used with any set of discrete char-
acters, such as morphological characters, physiological properties,
restriction maps, or sequence data, and each character is analyzed
separately and usually independently from the other characters. In
the case of sequence use, the character is defined as each position
of the aligned sequence. Since those methods retain the original
character status of the taxon, character-state methods are useful in
the reconstruction of the character state of the ancestral nodes.

Stepwise clustering methods infer only one best tree starting the tree
reconstruction by examining the local subtrees. Therefore, the most
closely related OTUs are combined to form a cluster, and this cluster
is treated as a single OTU, representing the ancestor of the OTUs it
replaces. And this process is repeated for the next closest OTUs and
so on. The way to determine the relationship between OTUs differs
from one stepwise clustering method to the other. These methods
are usually fast and are able to accommodate large numbers of OTUs.
Since they infer only one best tree, the confidence in the correctness
of an inferred tree has to be estimated through supplementary sta-
tistical methods. Otherwise, the phylogenetic tree reconstruction by
exhaustive search methods considers all the theoretically possible
trees and selects the best one by certain criteria. The main drawback
of these methods is that the computing time grows fast with the
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number of taxa, being the number of bifurcated rooted trees for n

OTUs: % This means that for a dataset larger that 10 OTUs
(34,459,425 possible rooted trees), only a subset of possibles trees can
be examined. Hence, several strategies are used in order to search
the so-called tree space, but there is no algorithm that guarantees that

the best possible tree was actually considered.

Most of the distance matrix methods use stepwise clustering, while
most of the character state methods use exhaustive search approach.
The main distance matrix methods are UPGMA, neighbor-joining,
Fitch-Margoliash, while the main character state methods are maxi-
mum parsimony, maximum likelihood, bayesian inference (Li, 1997;
Page, 1998; Lemey et al., 2009).

o UPGMA (unweighted pair group method with arithmetic mean). It
is the first and simplest method for phylogenetic tree recon-
struction by distance matrix data (Sokal and Michener, 1958).
It was originally proposed for phenotypic distance matrix data,
but nowadays it is also used for sequence-based phylogenetic
tree reconstruction. UPGMA assumes a constant rate of evolu-
tion, hence it tends to give the wrong tree when evolutionary
rates are not constant. For the tree reconstruction, it uses a
stepwise clustering algorithm by which the phylogenetic rela-
tionships are inferred in order of decreasing similarity. In that
sense, those OTUs with closest similarity are the first iden-
tified, and so on. After each local clustering, the distances
between the new cluster and the remaining OTUs are rede-
fined, the distance of the newly formed cluster corresponding
to the average of the distances of the original OTUs.

o Fitch-Margoliash (FM). It is an exhaustive search distance ma-
trix method. It uses a weighted least square algorithm, based
on genetic distance, for the evaluation of all the possible trees
for the shortest overall branch length (Fitch and Margoliash,
1967).
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o Neighbor-joining (NJ). It is a stepwise clustering method that,
like UPGMA, uses distance matrix data. This algorithm de-
fines the phylogenetic relationships by minimizing the total
length of the tree (Saitou and Nei, 1987). The method starts
with a star-like tree without internal branches. The first step
consists of separating the first pair of OTUs from the remaining
of OTUs, and measuring the length of the resulting tree. The
algorithm repeats this process for each OTU till the shortest
tree is obtained.

o Maximum parsimony (MP). It is an exhaustive search method
whose main principle is to reconstruct the tree that requires
the smallest number of character changes. The approach was
first developed for amino acid sequence data (Eck and Day-
hoff, 1966), and it was later that the method was modified for
nucleotide data (Fitch, 1977). The algorithm infers all the possi-
ble tree topologies and infers, for each topology, the minimum
number of character changes needed to explain all the nodes
of the tree. Since more that one tree can have the minimum
number of nodes, the algorithm does not necessarily infer a
unique tree topology.

o Maximum likelihood (ML). Like MP, ML is an exhaustive method
that uses discrete character data, but in this case, the best
tree is the most likely, based on an evolutionary model. The
first application of the approach was developed for tree re-
construction through gene frequency data (Cavalli-Sforza and
Edwards, 1967), and was later applied to amino acid (Felsen-
stein, 1973) and nucleotide sequence data (Felsenstein, 1981).
The algorithm calculates the likelihood for each tree, based on
the probability of observing that tree given a certain evolu-
tionary model. After obtaining the likelihood of all the tree
topologies, the most likely tree is chosen as the best one. ML
is able to capture all the information that the data tell us about
the phylogeny under a certain model but, as a drawback, the
algorithm is computationally very demanding.
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e Bayesian inference (BI). This approach is closely related to the

ML approach. But, while the ML algorithm maximizes the
probability of observing a certain tree, the BI approach max-
imizes the posterior probability. For a certain evolutionary
model, the posterior probability of a tree is proportional to
the likelihood of that tree, multiplied by the prior probability,
which is the probability of the model without any reference
about the data (Li, 1996; Mau, 1996; Rannala and Yang, 1996).

1.2.3 Challenges of the evolutionary trees: anagene-
sis, polytomies and reticulate evolution

The example that we used at the beginning of this section for the ex-
planation of the basic fundamentals of phylogenetic trees represents
a standard example, but it does not imply that all the evolutionary
processes that take place can be represented in the same way. Some
examples of those non-standard cases are the following:

30

o Anagenesis. When we explained the speciation process, we fo-

cused on cladogenetic processes, where divergence between
subpopulations inside a certain population gives rise to two
or more daughter species. But in some cases, evolution takes
place homogeneously in all the members of the species so that,
after a certain time, if we compare the actual species with the
ancestral one, we could not classify the actual species as the
same species as the ancestral one. So, rather than giving rise
to two or more species, the speciation process would give rise
to a single new species. This speciation event is called an-
agenesis (Tamarin, 1996). It implies a change in the way to
represent these speciation events in a phylogenetic tree. In
fact, a distinction is made in cladistics between cladogram and
evolutionary tree. In cladograms taxa are always represented
as tips of the tree, without taking into account if the taxa are
extant or extinct, or whether one or more of the taxa are an-
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(a) (b) c ad)
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Figure 1.4: Anagenesis in evolutionary trees. For a

given cladogram (a) there are six different evolutionary

trees consistent with the cladogram (b-g), considering
the anagenesis events (c-g) (Page, 1998).
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cestral to any of the others. However, in an evolutionary tree
some of the taxa may be ancestral to the others. Therefore,
an event of anagenesis, rather than being represented by a bi-
furcation in the phylogenetic tree, would be represented as a
chain, where the original species would be represented as an
internal node, instead of being represented as an external node
(see Figure 1.4).

e Polytomies. The example case that we depicted in Figure 1.1
was a binary tree, but in some cases, the branching events
are not necessarily binary but polytomic. Polytomies can be
(Maddison, 1989; Purvis and Garland, 1993):

— Soft polytomies. The main goal of the reconstruction meth-
ods is to infer a fully resolved phylogeny, but a com-
mon problem in the reconstruction of phylogenies is the
presence of artifacts derived from the inference, due to
contradictory results from conflicting data and lack of in-
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formation about the real evolutionary relationship. This
kind of artifacts leads to the presence of soft polytomies.

— Hard polytomies. Those polytomies are due to diversifica-
tion events that take place simultaneously, e.g. adaptive
radiations.

o Reticulated evolutionary events. As we have seen all over this
section, evolutionary processes have been traditionally rep-
resented as tree-like processes, but reticulated evolutionary
events are quite common in nature, like hybridization or lat-
eral gene transfer between species, or tokogenetic relation-
ships in a population with sexual reproduction. These retic-
ulated events require a different perspective to represent the
evolutionary processes, as well as a consequent proposal of
alternative methods for the reconstruction of phylogenetic net-
works (Posada and Crandall, 2001; Morrison, 2005; McBreen
and Lockhart, 2006).

1.2.4 Organism phylogenies

As we commented on in Section 1.1.1, the 19th century implied a
turning point in the history of evolutionary thought with Lamarck’s
(Lamarck, 1809) and Darwin/Wallace’s (Darwin and Wallace, 1858;
Darwin, 1859) theories of biological evolution. Derived from this in-
tellectual context, in order to reflect the transmutation processes that
take place during evolution, several tree-like diagrams were pro-
posed, the most influential ones being those proposed by Lamarck
(1809), Hitchcock (1840), Darwin (1859) and Haeckel (1866) (for
a comprehensive historical review see Ragan (2009)). This tree-
like representation of the whole history of biological evolution was
termed Tree of Life (see Figure 1.5).

The Tree of Life tries to reflect the evolution of all the Earth living
forms (Cracraft and Donoghue, 2004). The main core of the Tree
of Life represents the macroevolutionary processes, that is, those
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Figure 1.5: Historical evolution of the illustration of the Tree
of Life. Lamarck (1809) (a), Hitchcock (1840) (b), Darwin
(1859) (c), Haeckel (1866) (d) and Timetree (2010) (e).
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processes that take place among species or higher-level taxa, but the
surface of the tree, reflects all the microevolutionary events that take
place among populations inside each species (Herrada et al., 2008).

This tree-like way to consider the evolution of life has given rise to
different controversies. Some of the most relevant ones are:

34

o [s the Tree of Life really tree-like? Although Darwin’s works rein-

forced the idea of sketching evolution as a Tree of Life, this tree-
like metaphor is very discussed. In fact, before the Tree of Life
metaphor, networks were proposed for depicting evolution,
and since the proposal of the first evolutionary theories, both
approaches have coexisted as different ways of conceiving evo-
lution (Ragan, 2009). Thus, during the last decades the number
of publications describing reticulatory evolutionary processes
and proposing alternative models of representing the evolu-
tionary history of all organisms on Earth has increased. In this
line, for example, the Net of Life (Ragan et al., 2009) and the
Ring of Life (Rivera and Lake, 2004; Rivera, 2007) constitute
alternative metaphors to the Tree of Life. The former tries to
highlight the presence of reticulatory events over the history
of life, like horizontal gene transfer, hybridization, etc, while
the latter makes the emphasis on the reticulatory events be-
tween Eubacteria and Archaea that could have given rise to
the origin of eukaryotes.

Is the Tree of Life a single-rooted tree? One of the most highlighted
ideas from Darwin’s On the origin of the Species was the belief
on a last common ancestor from which all the living forms
would have evolved. However, studies aimed at determining
the evolutionary relationship among Eubacteria, Eukarya and
Archaea have led to question this single-rooted Tree of Life
proposed by Darwin, in favor of a multiple-rooted Tree of Life
where. Instead of a last universal common ancestor, a common
ancestral community of primitive cells would have given rise
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BACTERIA ARCHAEA

Common Ancestral Community of Primitive Cells

Figure 1.6: Tree of Life rooted at a common ancestral
community of primitive cells, instead of a single last
universal common ancestor (Doolittle, 2000).

to Earth living forms (Doolittle, 2000; Steel and Penny, 2010)
(see Figure 1.6).

e Nomenclature criteria. Until the 20th century, the main way
of finding some logical order in biodiversity was supported
by the classification of the organisms based on their similar-
ity by resemblance. This was the main principle of biologi-
cal taxonomy, whose main precursors were Aristotle (384-322
BC) (Aristételes, 1994) and Carl von Linné (1707-1778). von
Linné (1758) proposed a classification based on six main hier-
archical categories or ranks (from an upper to a lower level:
kingdoms, classes, orders, genera, species, wzriety).64 Years later,

®4Traditionally, eight main taxonomic ranks are defined: domain (e.g. Eukarya),

kingdom (e.g. Animalia), phylum (division in Botany) (e.g. Chordata), class (e.g. Mam-
malia), order (e.g. Carnivora), family (e.g. Canidae), genus (e.g. Canis), species (e.g.
Canis lupus) (de Queiroz, 1997). Nowadays, taxonomic nomenclature is regulated
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Darwin’s evolutionary revolution entailed a change in the way
of classifying organisms, so that instead of reflecting the de-
gree of similarity by resemblance, the hierarchical classification
should be based on the degree of similarity by descendant, re-
flecting the evolutionary relationships among organisms. So,
Hennig’s Grundziige einer Theorie der phylogenetischen System-
atik (1950) gave rise to the foundation of phylogenetic systemat-
ics, the biological classification methodology based exclusively
on evolutionary relationships (Hennig, 1950, 1966). Nowa-
days, most of the biologists agree that biological classification
should be based on the phylogenetic relationships of the or-
ganisms (Dubois, 2007). Nevertheless, ever since the change
of paradigm, with the inclusion of evolutionary thought in
biological taxonomy, there has been an intense debate among
those biologists who give preeminence to the pre-evolutionary
systems of biological classification, and those who expect clas-
sifications to reflect modern evolutionary and phylogenetic
findings. The main core of this discussion is based on the fact
that the classification proposed by the former claims the use of
categorical ranks, taxonomic categories, while the latter claim
that the classification should be entirely evolution-based, thus
rank-free (de Queiroz, 1988, 1997; Benton, 2000; Nixon and
Carpenter, 2000; Bryant and Cantino, 2002; Keller et al., 2003;
de Queiroz, 2005; Rieppel, 2005, 2006a,b; Hillis, 2007; Ereshef-
sky, 2007).

With the development and improvement of the different reconstruc-
tion methods, a myriad of datasets of phylogenetic trees have been
published. In order to make this large amount of data user friendly,

by the specific Nomenclature Codes (International Code of Zoological Nomenclature
(ICZN) (Ride et al., 1999), International Code of Botanical Nomenclature (ICBN) (Mc-
Neill et al., 2007), International Code of Nomenclature of Bacteria (ICNB) (Lapage
etal., 1992), International Committee on Taxonomy of Viruses (ICTV) (Fauquet et al.,
2005)), which allow classifications divided into an indefinite number of ranks.
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different consortia and databases have been created. Some of the
most important ones are:

o TreeBASE. It is the main phylogenetic tree database. Tree-
BASE is fed from user-submitted phylogenetic trees and in-
cludes trees of species, populations and genes (TreeBASE, 2010;
Sanderson etal., 1994). In June 2010, TreeBASE contained 6,500
trees.

o Tree of Life Web Project. Itis a collection of information for every
species and for each group of organisms, living or extinct. It
is built with the collaboration of hundred of experts and am-
ateur contributors. The structure of the web page follows the
phylogenetic branching pattern between groups of organisms
(Tree_of_Life_Web_Project, 2010; Maddison et al., 2007).

e TimeTree. This database provides information about the timescales
of the evolutionary processes all over the Tree of Life (Timetree,
2010; Hedges et al., 2006; Hedges and Kumar, 2009).

o Catalogue of Life. It is a taxonomic collection with the classi-
fication of the organisms on Earth (Catalogue_of_Life, 2010;
Bisby et al., 2010). The last version, Catalogue_of_Life (2010),
contains 1,257,735 species.

Apart from these, there are several databases focused on the partial
reconstruction of the Tree of Life focusing on a certain group of or-
ganisms, such as: The_Green_Tree_of_Life (2010), FLYTREE (2010),
Assembling_the_Fungal Tree_of_Life (2010), AmphibiaTree (2010),
The_Beetle_Tree_of_Life_Project (2010), HymAToL (2010), NemA-
TOL (2010), Early_Bird (2010), Cypriniformes_Tree_of_Life (2010),
The_Mammal_Tree_of_Life (2010), Phylogeny_of_Spiders (2010), etc.
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1.2.5 Gene phylogenies

As we commented on in Section 1.1.2, the genes that share a com-
mon ancestor are considered homolog genes and constitute a gene
family ® (Dayhoff, 1965-1978). The representation of a gene family
through a phylogenetic tree is labeled gene phylogeny.®® Unlike in
the case of organisms, where the idea of a global Tree of Life that
integrates all the Earth living forms is widely accepted, the fact that
the different gene families do not share any last universal common
ancestor makes the integration of the different gene families in a
global “Tree of Life of genes” unrealistic.

In the last decade we have witnessed a great progress in the charac-
terization of the gene families. A sign of all this progress is the large
amount of databases of gene phylogenies that has been created in
this period. Some of the more relevant ones are:

e PANDIT. It is a collection of protein phylogenies based on
the protein families database Pfam(Pfam, 2010). PANDIT in-
cludes the phylogenies of almost 8,000 protein families (PAN-
DIT, 2010; Whelan et al., 2003, 2006).%”

e TreeFam. It is a database focused on animal gene phylogenies,
with more that 16,000 gene families (TreeFam, 2010; Li et al.,
2006; Ruan et al., 2008).

%Those gene families of genes that encode for proteins are usually referred as
protein families (Dayhoff, 1965-1978). This term is often used as a nearly synonym of
gene family.

% A naive expectation of molecular systematics is that gene phylogenies match
organism phylogenies, i.e. obtaining the first would necessarily give us the second
(Page, 1998). However, as we have seen in Section 1.1.2, speciation is not the only
evolutionary mechanism that takes part in gene evolution. So, the higher the presence
of the other kinds of homologies (paralogy, xenology, etc) in the evolution of a
certain gene family, the more discrepancies between gene phylogenies and organism
phylogenies will be found.

’Due to problems with the funding support, PANDIT is frozen since November
13th 2008.
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o PhylomeDB. This database provides all the gene phylogenies
that integrate a genome (phylomes) for human (157,233 trees),
E. coli (9,280 trees) and S. cerevisiae (5,811 trees) (PhylomeDB,
2010; Huerta-Cepas et al., 2008).

In addition to these databases, there are some others like: (Green-
PhylDB, 2010; SYSTERS, 2010; HOVERGEN, 2010), etc.

1.3
Complex network theory and evolutionary
biology

The availability of a large amount of data, as a result of the rising
of high-throughput techniques in biology, has entailed the search
for new statistical approaches that allow the analysis and interpre-
tation of those datasets (Levchenko, 2001; Proulx et al., 2005; Kwoh
and Ng, 2007; Almaas, 2007). Such is the case of the application
of complex network theory to the screening of data obtained from
biological studies. So, complex network theory has been applied to
diverse fields from biology (Boccaletti et al., 2010) such as the char-
acterization of molecular networks (Kwoh and Ng, 2007; Almaas,
2007), the analysis of ecological networks (Ings et al., 2009), or the
study of neural networks (Bullmore and Sporns, 2009). In the fol-
lowing section I will give a short introduction to complex network
theory, as well as a review of the most important applications of the
complex network theory to evolutionary biology.
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Figure 1.7: Map of Konigsberg (current Kaliningrad, Russia)

in Euler’s time showing the location of the seven bridges that

inspired the Konigsberg bridge problem. The upper bridges

(from left to right): Krdamer, Schmied, Holz. The central

bridge: Honig. The lower bridges (from left to right): Griin,
Kottel, Hohe.

1.3.1 Complex networks: The skeleton of complex sys-
tems

In 1736 the mathematician Leonhard Euler presented to the St. Pe-
tersburg Academy the solution to the Konigsberg bridge problem,®
published in 1741 (Euler, 1741) (see Figure 1.7). The resolution of
this problem entailed the foundations of graph theory, the branch of
discrete mathematics that would be, till the foundation of complex
network theory in 1998, the main responsible for the study of net-
works. More than two centuries after Euler’s work, Paul Erdos and
Alfred Rényi published a very influential work on random graphs
(graphs in which each pair of nodes is connected with a probability

%8Kanigsberg bridge problem is a notable historical problem in mathematics, con-
sisting of finding a round trip that traverse each of the bridges of the Prussian city
Koénigsberg (now Kaliningrad, Russia) once and only once. Euler proved that it does
not exist any route able to cross each of the seven bridges only once.
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1736 L. Euler: Solution to the Konigsberg problem.
1929  F Karinthy: Small-world hypothesis.

1959  Erdos & Reny: First work on random graphs.
1967 S. Milgram: Small-world experiment.

1998  D. Watt & Strogatz: Small-world networks.
1999  A.-L.Barabasi & R. Albert: Scale-free networks.

Table 1.5: Some of the main evens that led to complex net-
works theory foundation.

p) (Erdos and Rényi, 1959). This work meant the introduction of
probabilistic methods in graph theory, and the foundation of ran-
dom graph theory. But it was late in the 1990s when the studies
on networks underwent an extraordinary impulse, with the pub-
lication on small-word networks by Duncan J. Watts and Steven
Strogatz in 1998 (Watts and Strogatz, 1998) and the paper by Albert-
Laszl6 Barabasi an Réka Albert on scale-free networks one year later
(Barabasiand Albert, 1999). Both works involved the rise of complex
network theory as a scientific field.

Based on the fact that a complex network constitutes the skeleton of
a complex system, complex network theory arises from the applica-
tion of the classical graph theory to the comprehension of complex
systems (Albert and Barabasi, 2002). The simplest way to character-
ize a complex system is through the concept of emergence. A com-
plex system is a system whose behavior cannot be defined through
the individualized description of each component. In that sense, a
complex system can be defined by means of the classical sentence:
“The whole is more that the sum of their parts” (Anderson, 1972).
That means that the way in which the different components of the
complex system interact must be taken into account in order to un-
derstand its global behavior. This kind of behavior gives way to
emergent phenomena, which constitute the essence of a complex sys-
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tem. This conception of what a complex system is leads us to an easy
understanding of why a complex network represents the skeleton
of a complex system. As a classical graph, a complex network is
defined by nodes that are interacting through links. The fact that
a complex network is a representation of the interactions that take
place in a complex system makes a complex network crucial in the
understanding of a complex system, in the sense that it helps us in
the analysis of the key elements of the complex system that derives
in emergent phenomena, i.e. the interactions among the different
parts (Mitchell, 2009).

1.3.2 Complex networks in evolutionary biology

Since its foundation, complex network approach has been exten-
sively applied to the study of biological evolution (Lassig and Valle-
riani, 2002; Képes, 2007; Junker and Schreiber, 2008; Boccaletti et al.,
2010). From the different levels of organization of biological systems
in which biological evolution is reflected,* the ones in which appli-
cation of complex networks theory has been especially successful
are (see Figure 1.8):

o Cellular level. As the nodes of networks at this level are rep-
resenting molecules (genes, proteins, metabolites, etc), these
networks can be also referred to as molecular networks. Differ-
ent sorts of networks can be defined depending on the nature
of nodes and links. Thus, we can find protein-protein in-
teraction networks, metabolic networks and gene-regulatory
networks, among others. The complex network approach has
made it possible to obtain a global picture of the biological
processes that happen inside a cell. The availability of this

®The standard levels of biological organization are (from the lower level to the
highest one): molecules, organelles, cells, tissues, organs, organ systems, organisms,
populations, communities, ecosystems and biosphere (Brown, 1995).
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Figure 1.8: Some examples of the application of complex net-

work approach to biological systems: (a) molecular network

(Jeong et al., 2001), (b) population network (Dyer and Nason,
2004), (c) ecological network (Woodward et al., 2005b).
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global framework has enabled the addressing of relevant top-
ics from the evolutionary point of view (Proulx et al., 2005;
Stumpf et al., 2007), such as molecular network evolutionary
dynamics (Barabéasi and Albert, 1999; Barabasi et al., 1999; Solé
et al., 2002; Wagner, 2003; Berg et al., 2004) (for a comprehen-
sive review, see (Yamada and Bork, 2009)), network robustness
(Jeong et al., 2001; Ghim et al., 2005; Kim et al., 2007; Suthers
et al., 2009), or correlation between gene relevance and mu-
tation rate (Fraser et al., 2002; Jordan et al., 2003; Hahn et al.,
2004; Fraser, 2005; Hahn and Kern, 2005; Zhou et al., 2008).

Population and metapopulation level. If we consider a population
based on their individuals and the genetic relationships among
them, we obtain a population network (Dyer and Nason, 2004).
Population networks have been extensively used in popula-
tion genetics and in phylogeographical studies (Garrick et al.,
2010). Last decade has witnessed an increasingly presence of
the complex network approach in population genetic studies
(Dyer and Nason, 2004; Garrick et al., 2010). Such is the case of
the works published by Dyer and Nason (2004); Dyer (2007);
Giordano et al. (2007); Rozenfeld et al. (2007, 2008); Garrick
et al. (2009).

Ecosystem level. The networks that arise from the ecological in-
teractions among organisms inside an ecosystem are known as
ecological networks. Three main types of ecological networks are
described (Ings et al., 2009): “traditional” food webs (based on
the trophic interactions among organisms) (Dunne et al., 2002;
Montoya and Solé, 2002; Brose et al., 2005; Woodward et al.,
2005a,b; Brose et al., 2006; Montoya et al., 2009; Woodward,
2008), host-parasitoid networks (focused on the special trophic
interactions between parasitoids and their hosts) (Miiller et al.,
1999; Lewis et al., 2002; Morris et al., 2004; Vazquez et al., 2005;
Bukovinszky et al., 2008; Veen et al., 2008) and mutualistic net-
works (those which are specialized on ecosystem services such
as pollination and seed dispersal, rather than on population
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dynamics or energy fluxes per se) (Jordano et al., 2003; Bliithgen
et al., 2004, 2006, 2007; Basilio et al., 2006; Montoya et al., 2006;
Waser, 2006; Vazquez et al., 2009). Together with the works
on molecular networks, these are the most important fields in
biology where the application of complex network theory has
proved to be very successful.

1.3.3 Complex tree-like networks in evolutionary biol-
ogy

In the previous section, we have focused on applications of complex
network theory to network-like biological systems but, as we have
commented on in Section 1.2, there are evolutionary processes that
can be represented in a tree-like network.

Tree-like networks are widely present in nature. For example, we can
find them in vascular plants, vascular tissues, river basins, etc. (Ball,
2009) (Figure 1.9). The first steps in the understanding of branching
patterns were carried out by Leonardo da Vinci (1452-1519), who
suspected that there should be some rules governing tree growth
(Figure 1.10). Da Vinci’s work on branching processes was im-
proved at the end of 19th century by Wilhelm Roux, a pupil of Ernst
Haeckel, based on his works on blood vessels (Roux, 1878). Later,
in the 1920s, Cecil Murray applied Roux’s rules to plant branching,
and proposed a mechanism that was able to explain the branching
growth of vascular plants (Murray, 1926). The branching mecha-
nism that he proposed was based on a parsimonious minimization
principle. Half a century later, in the 1970s, Luna Leopold, inspired
by the analogies in form and function between rivers and biologi-
cal branching networks as fluid-distributing systems, extrapolated
Murray’s principle to river basins (Leopold, 1971).

Within a complex network context, the analysis of branching pro-
cesses have been extensively carried out till became an outstanding
field (West et al., 1997; Banavar et al., 1999; West et al., 1999; Banavar
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Figure 1.9: Some examples of tree-like networks:

(@) Quercus pirenaica (cubiFOR, 2010), (b) retinal

blood vessels (Webvision, 2010), (c) Rio Mifio basin
(Confederacion_Hidrografica_del_Mino-Sil, 2010).
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Figure 1.10: Leonardo da Vinci’s sketch representing the

branching pattern of trees. He depicted that the total thick-

ness of branches along each of the arcs would equal the thick-
ness of the trunk (Richter, 1939).

et al., 2002; West and Brown, 2005; Makarieva et al., 2005; Banavar
etal., 2006). The popularity of the complex network approach is such
that it has been extended to the characterization of very diverse sys-
tems such as ecological tree-like networks (Garlaschelli et al., 2003;
Camacho and Arenas, 2005; Zhang, 2009; Zhang and Guo, 2010) or
phylogenetic trees (Campos and de Oliveira, 2004; Herrada et al.,
2008).

1.3.4 Basic concepts in network theory useful to an-
alyze trees

A tree-like complex network is a specific instance of complex network
which is characterized by the following properties (Celko, 2004):

e Absence of loops or closed paths.
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e Every two nodes in the tree are connected by one (and only
one) path.

e The number of links is one less than nodes it has.

As a complex network, the mathematical definition of a tree-like
network is a pair of sets, G = {V, E}, where V is a set of nodes (or
vertices), and E is a set of links (or edges) in which each link connects
a couple of nodes. Tree-like networks can be directed or undirected.
In directed networks, the interaction from node i to node j does not
necessarily comprise an interaction from j to i. On the contrary,
when the interactions are symmetrical, we say that the network is
undirected. Moreover, networks can also be weighted (Almaas et al.,
2005). A weight is defined as a scalar that represents the strength
of the interaction between two nodes. In an unweighted network,
instead, all the edges have the same weight (generally set to 1)
(Castello, 2010).

During the last decade, a large amount of measures have been pro-
posed in order to characterize the topological properties of the com-
plex networks. Below we describe some of those measures which
are useful for the characterization of tree-like networks (Albert and
Barabasi, 2002; Newman, 2003; Almaas et al., 2005; da F. Costa et al.,
2007; Zhang et al., 2007):

o Weight distribution. For weighted networks, the weight distribu-
tion, P(w), measures the probability that a randomly selected
edge has exactly weight w.

o Degree distribution. The degree of a node i, k;, is the number
of links connected to that node, and the fraction of nodes in a
network with degree k is expressed by the degree distribution.

A natural generalization of the degree of a node in weighted
networks corresponds to the node strength, s;, which represents
the sum of weights for all the links j connected to a node i, Wij.
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The strength distribution, P(s), expresses the fraction of nodes
with strength s.

o Average degree. The average degree of a network corresponds to
the average of k; for all nodes in the network.

o Degree-degree correlation. Correlations between the degrees of
different vertices has been found to play an important role in
many structural and dynamic network properties. The most
natural approach is to consider the correlation between two
nodes connected by a link. This correlation can be expressed
by the joint degree distribution, P(k,k’), the probability that an
arbitrary link connects a node of degree k with a node with
degree k. In terms of conditional probability, this could be
expressed as the probability that an arbitrary neighbor of a
node of degree k has degree k’. This conditional probability
can be computed in the following way (Bogufia and Pastor-
Satorras, 2002):

ey SOPK, K
P(K'|k) = P
An interesting quantity related to degree correlations is the
average degree of the nearest neighbors for nodes with degree k,
kun(k), which is given by:

Ky (k) = 2 KP(KK) .
k/

o Average path length. The distance between two nodes i and
J, dij, is given by the shortest path length, i.e. the number of
links along the shortest path connecting them. An important
quantity that depends on the overall network structure is the
average path length, which is defined as the mean value of d;;.
Thus, for a directed network of N nodes, the average path
length is:
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A closely related measure to the average path length is the
so-called global efficiency, E (Latora and Marchiori, 2001). As-
suming that the efficiency for sending information between
nodes i and j is proportional to the reciprocal of their distance,
this measure quantifies the efficiency of the network in sending
an information between vertices as :

Diameter. The diameter of a network, d, corresponds to the max-
imum shortest path length between any pair of their nodes.

Betweenness distribution. Betweenness of a node i, b;, computes
the proportion of shortest paths between two nodes j and k,
0 jk, that pass through node 7, 0 x(7):

ojk(i)
b = Z et

itk

The fraction of nodes in a network with betweenness b is ex-
pressed by the betweenness distribution, P(b). Since trees are net-
works without loops, for each pair of nodes there is a unique
shortest path between them (Szab¢ et al., 2002; Bollobds and
Riordan, 2004; Ghim et al., 2004).



Chapter 2

Topological characteriza-
tion of phylogenies

As we have just commented on in Chapter 1, Darwin’s evolution-
ary thought became very influential due to several reasons, such as
its proposal of natural selection as the basic mechanism of evolu-
tion, its gradualist conception of evolution, and its depiction of the
evolution of biodiversity with the Tree of Life. In addition, other
reason why his thought became so influential was derived from his
study of species distribution inside genera. In his Origin of species,
Darwin states that species that belong to species-rich genera had
more subspecific varieties, and that a vast number of species were
rare (Darwin (1859), pp. 44-59). More than half a century later, in
1922, John Christopher Willis analyzed the frequency distribution
of subtaxa inside taxa (e.g., species per genus). Ordering the taxa
from those with the greater number of subtaxa to those with the
fewest number of subtaxa, he confirmed Darwin’s statement. Willis
observed that few genera were species-rich, and a large amount of
genera included a low number of species, referring to this frequency
distribution as “hollow curve distribution” (Willis, 1922). This un-

51



CHAPTER 2. TOPOLOGICAL CHARACTERIZATION OF
PHYLOGENIES

even distribution of biodiversity aroused scientists’ curiosity and,
since then, a large amount of studies have been published trying
to understand biodiversity distribution (Yule, 1924; Corbet, 1942;
Fisher et al., 1943; Preston, 1948; Williams, 1964; Anderson, 1974,
1975; May, 1975; Zima and Horacek, 1978; Flessa and Thomas, 1985;
May, 1986; Dial and Marzluff, 1989; Burlando, 1990, 1993; Tokeshi,
1993, 1996; Purvis and Hector, 2000; Hubbell, 2001; Volkov et al.,
2003; Magurran and Henderson, 2003; Magurran, 2005; Pigolotti
et al., 2005).

The first studies in the characterization of biodiversity distribution
were carried out based on the taxa distribution in taxonomic classi-
fications (Willis, 1922; Corbet, 1942), but the emergence of phyloge-
netic studies gave rise to the use of phylogenetic trees for this aim
(Farris, 1973, 1976; Simberloff et al., 1981; Savage, 1983; Slowinski
and Guyer, 1989; Shao and Sokal, 1990; Guyer and Slowinski, 1991;
Kirkpatrick and Slatkin, 1993; Brown, 1994; Mooers and Heard, 1997;
Ricklefs, 2007). Throughout this chapter, we will provide a global

1See Darwin (1859).
2See Bienaymé (1845); Galton and Watson (1874).
3See Willis (1922).
4See Yule (1924).
5See Corbet (1942).
6See Fisher et al. (1943).
7See Cavalli-Sforza and Edwards (1967); Harding (1971).
8See Sackin (1972).
9See Anderson (1974).
10Gee Colless (1982).
Hgee Kingman (1982b,a).
12Gee Savage (1983).
13See Fiala and Sokal (1985).
14Gee Dial and Marzluff (1989).
15Gee Rohlf et al. (1990).
16See Burlando (1990, 1993).
17See Kirkpatrick and Slatkin (1993).
18See Aldous (1995).
19See Mooers and Heard (1997).
20See Ford (2006).
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1859
1845-74

1922

1924
1942
1943

1967,
1971

1972
1974
1982
1982
1983
1985
1989

1990
1990-93

1993

1995
1997

2006

C. Darwin: Uneven distribution of species.!

1J. Bienaymé, F. Galton & H. W. Watson: Bienaymé-Galton-Watson
branching stochastic process.?

J. C. Willis: Hollow curve of the frequency distribution of species
inside genera.

G. U. Yule: Earliest mathematical model of evolutionary branching.4
A.S. Corbet: Distribution of butterflies in the Malay Peninsula.’

R.A. Fisher: Log-series distribution to model relative species abun-
dance.®

L. L. Cavalli-Sforza, A. W. E. Edwards & E. F. Harding: Equal-Rates
Markov model.”

M. Sackin: Sackin’s imbalance index.3

S. Anderson: Patterns of faunal evolution.”

D.H. Colless: Colless’ imbalance index.!°

J. Kingman: Mathematical formalization of the coalescent process.'!
H.M. Savage: The shape of evolution: systematic tree topology.'?

Fiala: Cumulative stemminess index.!®

K.P. Dial & J.M. Marzluff: Non-random diversification within taxo-
nomic assemblages.14

Rohlf: Non-cumulative stemminess index.'?

B. Burlando: The fractal dimension of taxonomic systems and The fractal
geometry of evolution.1®

M. Kirkpatrick & M. Slatkin: Searching for evolutionary patterns in the
shape of a phylogenetic tree.'”

D.J. Aldous: Beta-splitting model.'8

A.J. Mooers & S.B. Heard: Inferring evolutionary process from the phy-
logenetic tree shape.'®

D.J. Ford: Alpha model.?0

Table 2.1: Some of the main works on topological character-

ization and modeling of evolutionary trees.
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view of some of the most important approaches developed for the
inference of the evolutionary patterns through the topological char-
acterization of phylogenetic trees,?! with a special emphasis on the
most relevant indices and models used for that aim.

2.1
Evolutionary patterns through topological
characterization of phylogenies

After the first works on the inference of evolutionary patterns through
the topological characterization of phylogenetic trees, the analysis
of the branching patterns of binary trees?? has become one of the
main ways to characterize the patterns that evolution traces (Sav-
age, 1983; Kirkpatrick and Slatkin, 1993; Mooers and Heard, 1997;
Ricklefs, 2007). One of the most important features of the branching
pattern is identified as tree balance, which represents the symmetry of
a cladogram based on how different in sizes are the two subtrees that
hang from the root of a cladogram. The balance or imbalance of a
phylogenetic tree depends on variations in speciation and/or extinc-
tion rates (Kirkpatrick and Slatkin, 1993). Thus, completely balanced
trees are those in which, for each bifurcation event, the new species
preserve evolutionary capability of the mother species. On the oppo-
site case, completely unbalanced trees correspond to those in which,

21 A different approach than the one considered in this thesis, but also based on the
inference of evolutionary patterns taking into account the topology of evolutionary
trees, is the one emerged from the collaboration between evolutionary biology and
community ecology in the last decade. This interdisciplinary approach has given rise
to a large number of metrics of phylogenetic diversity for the comprehension of the
evolutionary history of ecological communities (for a complete review, see (Cadotte
et al., 2010)).

22Gince most of the branching processes in a phylogenetic tree are dichotomic, the
bifurcations assumed by most of the branching models are binary.
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(a) (b)

Figure 2.1: Phylogenetic tree balance. Representation of a
completely balanced (a) and a completely unbalanced (b) 4-
tip phylogenetic tree.

for each bifurcation event, one of the daughter species is unable to
speciate, and only one species is able to speciate (Figure 2.1).

In order to explain the differences in the speciation rate, different bi-
ological foundations have been addressed, such as: ecological gen-
eralization (Rosenzweig, 1995), ecological specialization (Schluter,
1996, 2000), speciation mode (Chan and Moore, 1999), mass extinc-
tion events (Heard and Mooers, 2002), or environment effect (Davies
et al., 2005).

The topological analysis of evolutionary trees provides us with two
major sources of information (Moore, 2007): topological (branching
distribution) and temporal (branch length distribution). Compared
to those works focused on the branching patterns of cladograms,
the comprehension of the topological characterization of evolution-
ary trees taking into account the branch length is still in its infancy
(Mooers and Heard, 1997). But, ever since the first attempts on
estimating the dates of the bifurcation events from paleontological
evidence (Simpson, 1953), the interest on the topological character-
ization of phylogenetic trees through the analysis of their branch
length patterns has increased (Kirkpatrick and Slatkin, 1993; Moo-
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ers and Heard, 1997; Ricklefs, 2007). Given that the quantification of
the branch length is extraordinarily sensitive to the reconstruction
and timing methods, branch length studies have focused especially
on the methodological biases derived from: phylogenetic methods
(Fiala and Sokal, 1985; Rohlf et al., 1990), evolutionary models (Rohlf
et al., 1990) and informative characters used for the reconstruction
(Salisbury, 1999). Besides those methodological issues, the number
of works focused on the biological basis of the branch length pat-
terns, such as the effect of character evolution (Maddison, 2006; Par-
adis, 2008), the effect related to a punctuational or gradual evolution
(Pagel et al., 2006), the correlation in branch length of functionally
related genes (Li and Rodrigo, 2009), and the characterization of
the frequency distribution of branch lengths in phylogenetic trees
(Venditti et al., 2010), has increased in the last decade.

2.2
Evolutionary tree topological metrics

In the last decades, different topological measurement approaches
have been proposed. Depending on wether they take into account
the branch length or not, we can distinguish between phylogram
and cladogram topological measures, respectively. In the following
section we will introduce some of those measures, as well as the
measures that we propose and use in this thesis.

2.2.1 Classical cladogram topological indices

These indices are exclusively based on the branching pattern of the
phylogenetic trees, without taking into account the branch length.
Nowadays, the number of such indices that are being used is quite
large (for a review, see Kirkpatrick and Slatkin (1993), Mooers and

Heard (1997) and Agapow and Purvis (2002)): Is, N, oi] (Sackin,
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1972), By, B, (Shao and Sokal, 1990), I (Colless, 1982; Heard, 1992),
I’ (Fusco and Cronk, 1995; Purvis and Agapow, 2002), ). I’, Meanl,
(Agapow and Purvis, 2002), Meanl’ (Purvis and Agapow, 2002), C,
(McKenzie and Steel, 2000), among others. These measures consti-
tute different ways to characterize the shape of a cladogram. From
all those, the most relevant have been: Sackin’s Index (Is) (Sackin,
1972), as a depth index for cladograms, and Colless’ Index (Ic) (Col-
less, 1982), which measures the balance of the phylogenetic trees.

Sackin’s Index

The Sackin’s Index, Is, is one of the oldest measures of the shape
of a cladogram (Sackin, 1972), and it adds up, over the 7 tips of the
cladogram, the number of internal nodes, N;, from a tip, i, to the root
of the cladogram (including the root):

Is = iNl .
i=1

An equivalent definition of Is, in terms of the number of tips, N i,
below each internal node, j, is (Blum and Francois, 2005):

Juy

n- —
Is=Y N;j.
j

1l
—_

Two measures derived from I are N and 012\, (Sackin, 1972; Kirk-

patrick and Slatkin, 1993). N is defined as the average number of
internal nodes from the tips to the root of the cladogram:

N
N=2) N
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where N; corresponds to the number of internal nodes from tip i to
the root, and # is the total number of leaves of the cladogram.

G%\] is defined as the variance of the number of internal nodes from

tip i to the root, N;:

1 ¢ —
2 _ = L 2
o= Zl (N; — N)2.

This measure, oi], constitutes an alternative measure for the balance
of the phylogenetic trees. So, for completely balanced or symmetric,
trees 03, = 0, while for completely unbalanced or asymmetric trees,
the measure is maximized.

Colless’ Index
Colless” Index, Ic, (Colless, 1982) computes the difference in the

number of tips pending from the right branch, r;, and from the left
one, s;, from each internal node, 7, of the cladogram:

n—1
2
o= a1 L)

The normalizing denominator was modified later by Heard (Heard,
1992), justifying the modification to a mistake made by Colless in
his original definition (Colless, 1982). So, the improved expression
would be:

2 n-1
Ic = D=2 ;‘(Vi —5i) .

With this last normalization, this measure ranges from a value of 0
for a fully symmetric tree to a value of 1 for a fully unbalanced tree.

58



2.2. EVOLUTIONARY TREE TOPOLOGICAL METRICS

One of the main drawbacks of this index is that it cannot be used for
trees that include polytomies.

2.2.2 Classical phylogram/chronogram topological in-
dices

Since the middle 1980’s, different tools have been developed for
the topological characterization of the phylogenetic trees based on
the use of evolutionary distances (character or temporal distances).
A classical way to graphically represent the temporal distribution
of the bifurcations is that which involves the lineage through time
plots (Harvey et al., 1994; Nee et al., 1994b). These graphs are re-
constructed retrospectively from the chronograms, plotting the loga-
rithm of the number of ancestral lineages against time. In this kind of
plots, ancestral lineages do not refer to extinct lineages, plotting only
those ancestral lineages that gave rise to living descendants. This
way to represent diversification rates has been extensively applied
in the last decade in studies as diverse as the analysis of speciation
rate of Hawaiian silverword (Baldwin and Sanderson, 1998), the ef-
fect of the habitat on speciation rates of aquatic beetles (Ribera et al.,
2001), the radiation patterns of South African Restionaceae (Linder
et al., 2003), and the species delimitation in the genus Rivacindela
(Coleoptera: Cicindelidae) (Pons et al., 2006).

A huge amount of indices are being used for the topological char-
acterization of phylograms and chronograms, such as: stemminess
(Fiala and Sokal, 1985; Rohlf et al., 1990; Salisbury, 1999; Qiao et al.,
2006), total length, L (Qiao et al., 2006), whole-tree methods approach
(Chan and Moore, 2002), gamma-statistics (Pybus and Harvey, 2000),
sum of all the branch length, s (Nee, 2001), K tree score (Soria-Carrasco
et al., 2007), branch length heritability (Savolainen et al., 2002), diver-
sification rate (Nee, 2001), total height of cherries and sum of external
branch lengths (Frangois and Mioland, 2007), branch length frequency
distribution (Venditti et al., 2010), etc. In the last decades, stemmi-
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(a) (b)

Figure 2.2: Phylogenetic tree stemminess. Representation of
an 8-tip phylogenetic tree with low stemminess (a) and an
8-tip phylogenetic tree with high stemminess (b).

ness, together with all its derived measures (Fiala and Sokal, 1985;
Rohlf et al., 1990; Salisbury, 1999; Qiao et al., 2006), has become one
of most influential measures in the topological characterization of
phylogenies based on branch length.

Stemminess

Stemminess constitutes a measure of the relative opportunity for
change between clades versus change within clades. So, a stemmy
tree is that with short terminal branches and long internal ones
(Salisbury, 1999) (Figure 2.2).

Late in the 1970’s and early in the 1980’s, several works were pub-
lished discussing the stemminess of phylogenetic trees (Nelson,
1979; Tateno et al., 1982). But it was in 1985 when the stemmi-
ness of a phylogenetic tree was formalized mathematically by Fiala
and Sokal (1985), proposing a cumulative stemminess index, F. It
was defined as the proportion of the total length of the edges of the
subtree (including the length of the branch that connects this subtree
with the rest of the phylogram) that is accounted for by the length of
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S
C
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w v ¢ D
- E

Figure 2.3: Computation of stemminess. The stemminess for
subtree AB is z/(x + y + z), for subtree DE v/(t + u + v), for
subtree CDE w/(s + t + u + v + w), and the stemminess of the
whole tree is the mean of these values (Fiala and Sokal, 1985).

the subtending edge of the subtree. So, based on the phylogenetic
tree of Figure 2.3, the stemminess for subtree AB is z/(x + y + z), for
subtree DE v/(t + u + v), for subtree CDE w/(s +t + u+ v + w), and the
stemminess of the whole tree is the mean value of all these values,
ignoring the length of the root branch. This cumulative stemminess
index was reformulated mathematically by Rohlf et al. (1990), being
defined as

1 =2
te=——Y STq
SC t—ZZS Cis

where the summation is over all internal nodes, i (excluding the
root), and the stemminess value for the ith, ST;, is

Wj—)i
7
Wisi+ Yy Wi

STci =
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where W is the branch length, and the sum is over all branches,
k — I, in subtrees that have i as an ancestor.

In 1990, motivated by the correlation of Fiala’s stemminess index
with the tree imbalance,?® Rohlf defined a second measure for the
stemminess, a non-cumulative stemminess index, R. He defined it
as the mean ratio of internal branch length, in time, to the time from
the branch origin to present, and is mathematically expressed as

=
Sty = o) ZI‘ STni,

where t corresponds to the number of terminal taxa, and the sum is
over all the internal nodes, i, excluding the root, and the stemminess
value for the ith, STy, is

sy = Vi
Ni hj

where W;_,; is the length of the branch between the internal node i
and its ancestor, j, and k; is the time of origin of node j.

2.2.3 Depth scaling of evolutionary trees: An allomet-
ric scaling approach

Allometric scaling relationships characterize how an observable bi-
ological quantity, such as metabolic rate or life-span, scales with the
size of the biological system. In the last decade, several studies have
adopted this approach for the study of transport efficiency in trans-
portation tree-like networks, such as river basins, blood vessels or

23Fjala’s stemminess index gives higher weights to subtrees nearer the tips of the
tree.
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bronchial trees, based on the characterization of the allometric scal-
ing relationships between shape and size of those networks (West
et al,, 1997, 1999; Banavar et al., 1999; Garlaschelli et al., 2003; West
and Brown, 2005; Makarieva et al., 2005). In that sense, we decided
to apply this approach to the topological characterization of phy-
logenetic trees with the branch size, A, as measure of the size, and
with the cumulative branch size, C, and the mean depth, d, as mea-
sures of the shape. As we will see, one of the main peculiarities of
this approach is that it allows the simultaneous characterization of
evolutionary tree balance?® (shape) and evolutionary biodiversity
(size).

Branch size, A

Based on what has been explained in Sections 1.2 and 1.3, a phy-
logenetic tree can be defined as a set of nodes, where each node
represents a diversification event, connected by branches (links).
For each node i, a subtree S; is made up of a root at node i and all
the descendant nodes stemming from this root. The subtree size, A;,
gives the number of subtaxa that diversify from node i (including
itself).

Cumulative branch size, C

Beyond this measure of the diversity degree, A;, the characteriza-
tion of how the diversity is arranged through the phylogenies can be
obtained through the cumulative branch size, C;, a measure of the
subtree shape. It is defined (Banavar et al., 1999) as the sum of the
branch sizes associated to all the nodes in the subtree S;, C; = ) Aj.
For the same tree size, and restricted to binary branching events, the
smallest value of the cumulative branch size is obtained for a com-
pletely symmetric, balanced tree, whereas the most asymmetric, the

24Unlike Colles’s Index, this approach works for polytomic trees.
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Figure 2.4: Branch size and cumulative branch size exam-
ples. The values of the subtree branch size (A) and of the
cumulative branch size (C) are shown (in brackets, as (A4,C))
at each node of three small example trees. (a) A completely
balanced tree of 15 nodes; (b) A completely unbalanced tree
of 15 nodes; (c) A subtree of 15 nodes of a real phylogenetic
tree, the intraspecific Vibrio vulnificus phylogeny presented in
full in Figure 3.4(a). Note that, for the same value of A, the
value of C at the root is maximum for the fully unbalanced
tree, and minimum for the balanced one.
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pectinate or comb-like tree in which all branches split successively
from a single one, yields the largest C; value (Banavar et al., 1999).
To be clearer, we show in Figure 2.4 the analysis of A; and C; for a
completely balanced tree (Figure 2.4(a)) and for a completely unbal-
anced tree (Figure 2.4(b)). A portion of a real phylogenetic tree is
also shown (Figure 2.4(c)).®

How the shape of the tree (i.e. the distribution of the biological
diversification) changes with tree size (i.e. with the number of taxa it
contains) is given by the scaling of the subtree shape, C, vs the subtree
size, A, as described by the allometric scaling relation C ~ A". The
symmetric tree gives C ~ Aln A, which corresponds to = 1 with
a logarithmic correction, while the pectinate tree has 1 = 2. The
natural null model for tree construction, the Equal-Rates Markov
(ERM) model (Mooers and Heard, 1997; Caldarelli et al., 2004), yields
a scaling C ~ AIn A equal to the symmetric tree, with n = 1.

Mean depth, d

The mean depth, d;, of a subtree rooted in a node i, S;, corresponds
to the average depth of the nodes in the subtree, S;:

d i
i— : E/
j

where, for a given node j, the d;; is its topological distance to the root
of the subtree, S;, that is, the number of nodes one has to go through
so as to go from that node to the root, i (including the root in the
counting), and the sum is over all nodes in the subtree, S;. Note that
here we use the mean depth over all subtree nodes, rather than just
the leaves, which gives a different but related measure, N (defined
above) (Sackin, 1972; Kirkpatrick and Slatkin, 1993).

BThe Python code for the computation of the branch size, A, and the cumulative
branch size, C, is included in Section H.1.
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How the shape of a phylogenetic tree, i.e. the distribution of taxa
diversification, changes with tree size, i.e. with the number of taxa
it contains, can be analyzed with the dependence of the mean depth
on subtree size d; = d;(A;). In the remainder, when no subindex
is indicated, we understand that mean depth and other quantities
refer to a whole tree or a subtree depending on the context. For a
given tree size, the smallest value of the mean depth corresponds
to the fully polytomic tree. The mean depth, d, as a function of tree
size, A, is given in this case by

1
dmin =1- Z .
For large sizes the dominant order is dmin ~ 1. The largest mean
depth value for a given size is given by the fully unbalanced, or
asymmetric, binary tree with a mean depth given by

1(A%2-1
—_)

in which for large sizes A leads to the scaling behavior dpyax ~ A. The
fully balanced, or symmetric, binary tree is inside these extremes,
with a mean depth given by

(A +1)1og,(A + 1) - 2A)
d= " .

The dominant order at large sizes is logarithmic: d ~ InA. This
logarithmic scaling is not exclusive of fully balanced trees, it is also
the behavior of the ERM model (Herndandez-Garcia et al., 2010), the
natural null model for stochastic tree construction, in which, at each
time step, one of the existing leaves of the tree is chosen at random
and bifurcated into two new leaves.

The definition of the mean depth, d, is directly related to the cumu-
lative branch size (Garlaschelli et al., 2003; Campos and de Oliveira,

66



2.2. EVOLUTIONARY TREE TOPOLOGICAL METRICS

2004; Camacho and Arenas, 2005; Klemm et al., 2005; Herrada et al.,
2008) defined as C = }.;A;. The sum runs over all nodes j in a tree
and A; corresponds to the size of the subtree S;. The relationship
between C and the mean depth can be obtained taking into account
that the cumulative branch size can also be written as

C=Z(dmot,j+1):dA+A,
7

where d;o0,; is the distance of node j to the root. Thus, the mean
depth of a tree is obtained as

C
d_Z_l'

It is worth noting that the depth of a tree can also be defined taking
into account only the distance from the tips to the root. This is the
case of the Sackin’s index, Is, which is defined as the sum of the

depths of all the leaves of the tree Is = }, i droot,j (Sackin, 1972), from

which the depth measure N = I;S is constructed. Taking into account

that a binary tree can be obtained as a growing tree adding at each
time a speciation event we can calculate the change AC and Als. If
the distance of the node j that speciates (leading to two new nodes)
to the root is d,o0,j then

AC = 2(droot,j +2) = 20droor; + 4,

while

Alg = _droot,]' + Z(dVOOt/f +1)= drwt’j 2

Taking into account the initial condition, that is, the root, with C = 1
and Is = 0, one finds, for binary trees
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C=2s+1,

and thus, they will follow the same scaling with tree size. Also,
noting that N = %S and A = 21 — 1, we see that N and d ~ £ follow
the same scaling with tree size.

Depth scaling and tree dimensionality

The different types of scaling of depth with size can be interpreted
as indicating different values of the (fractal) dimensionality of the
trees. This is so because N, the measure defined above as the aver-
age distance from the leaves to the root, is a measure of the mean
diameter of the tree, and because for a binary tree the total number
of nodes is simply twice the number of leaves (minus one). Since
the simplest definition of dimension, D, of a network (Eguiluz et al.,
2003) is given by the growth of the number of nodes as the diameter

increases, n ~ N, power law scaling of the type N ~ n” indicates
that the tree can be thought as having a dimension D = 1/v. The
logarithmic scaling in the ERM model (corresponding to v = 0 and
D = c0) is an example of the small-world behavior common to many
network structures (Albert and Barabasi, 2002), which is equivalent
to having an effective infinite dimensionality, whereas the power
law scaling reveals a finite dimension for the tree, which implies a
more constrained mode of branching. The alpha model (see Sec-
tion 2.3.2) produces trees with tunable dimension from 1 to oo, and
the critical activity model (see Appendix D) gives two-dimensional
trees.
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2.3
Modeling phylogenies

In 1924, George Udny Yule proposed the first evolutionary model
for explaining the uneven distribution of subtaxa inside taxa (Yule,
1924). Since then, different evolutionary models have been pro-
posed to improve our knowledge about those evolutionary pro-
cesses that can be depicted on the evolutionary trees (Lemey et al.,
2009; Hernandez-Garcia et al., 2010; Hartmann et al., 2010). Among
the different modeling approaches, we can highlight two of the most
important perspectives in the modeling of phylogenies. On the one
hand, we find those which try to depict the evolutionary changes
that take place in the genome sequence, the substitution models. On
the other hand, we find those models that try to depict evolution
through branching processes, the branching models.

Since the work presented in this thesis is mostly centered on the
branching properties of the phylogenetic trees, the models that we
have taken into account are those based on the branching approach,
instead of considering the substitution models.?® In that sense, dif-
ferent models have been proposed to describe evolutionary branch-
ing processes that are represented in the phylogenetic trees. As two
examples, we will describe the earliest mathematical model of evo-
lutionary branching, Yule’s model, and one of the models proposed

26Within the substitution models, a distinction can be made between those models
that assume that the evolutionary rate of a sequence position is constant, the so-
called homotachy models, and those that assume that this evolutionary rate varies
throughout time, the so-called heterotachy models. On the one hand, homotachy
models are the classical ones: JC69 (Jukes and Cantor, 1969), K80 (Kimura, 1980),
F81 (Felsenstein, 1981), HKY85 (Hasegawa et al., 1985), T92 (Tamura, 1992), TN93
(Tamura and Nei, 1993), etc. On the other hand, most of the heterotachy models
have been devised during the last decade: covarion model (Fitch and Markowitz,
1970; Fitch, 1971), covarion-like models (Tuffley and Steel, 1998; Galtier, 2001; Penny
etal., 2001; Huelsenbeck, 2002; Wang et al., 2007), mixture models (Kolaczkowski and
Thornton, 2004; Lartillot and Philippe, 2004; Spencer et al., 2005; Zhou et al., 2007),
covarion mixture model (Zhou et al., 2010), etc.
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in the last years with an alternative depth scaling behavior to the
one predicted by the Yule’s model, Ford’s alpha model. Besides, in
Chapter 5 and Appendix D we propose two alternative evolution-
ary branching models: the evolvability model and the activity model,
respectively.

2.3.1 Yule’s model

It is considered the earliest mathematical model of evolutionary
branching (Yule, 1924) and constitutes a special case of the birth-
and-death processes, which assume that any entity existing at time
t is associated to two rates:

o A birth rate, A, so that during the time interval [¢, t + dt] a given
entity has the rate A(t)dt of giving rise to a new entity.

o A death rate, u(t)dt of dying during the time interval [¢, t + dt].

Yule considered the special case of A constant and y = 0 for ex-
plaining the distribution of species inside genera. Yule’s process
shows that the number of species, N(A, t), inside a genus at time ¢

has geometric distribution with mean e*:?

P(N(A,t) =n) =e M1 —e My 1.

27In his original definition of the model (Yule, 1924), Yule considered an extra
rate of appearance of novel genera, g. He assumed that the birth of new genera
in a family of genera is the same kind of process as the birth of new species inside
genera. So, replacing A by g, the expected number of genera, N, at time t would
be N,e8!. Historically, this rate has not been taken into account for the modeling of
phylogenetic trees. So, the mentions to Yule’s model on this kind of works usually
refer to the Yule’s model without this extra rate g.
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The cladograms obtained with this model are equivalent to the ones
obtained with the Equal-Rates Markov (ERM) model®® (Cavalli-
Sforza and Edwards, 1967; Harding, 1971). In ERM model, starting
from a single ancestral species, one leaf is chosen at random among
the tree leaves existing at the present time, and it bifurcates into two
new leaves. This operation is repeated for a number of time steps
or, equivalently, until the tree reaches a desired size. The topolog-
ical characteristics of the constructed cladograms are surprisingly
robust, being shared by apparently different models such as the coa-
lescent model and others (Aldous, 2001). Essentially, what is needed
is that different branches at a given time branch independently and
with the same probabilities. When extinction is taken into account,
the same topology is recovered when considering only the lineages
surviving at the final time. One of the characteristics of this type
of branching is a distribution of subtree sizes, A, scaling at large
sizes as P(A) ~ A~2, an outcome robustly observed in many natural
and artificial systems and in classification schemes, including tax-
onomies (Burlando, 1990; Caldarelli et al., 2004; Capocci et al., 2008).
Another important characteristic is that the mean depth of the tree,
d, scales logarithmically with the number of leaves, n:

d~logn.

It is worth noting that these results apply not only to many random
branching models, but also to the simple deterministic Cayley tree,
in which all internal nodes at a given level split in a fixed number of
daughter nodes.

For the last decade, it has been known that real phylogenies are
substantially more unbalanced than the predicted by the ERM and
similar models (Aldous, 2001; Blum and Francgois, 2006). This means
that some lineages diversify much more than others, in a way that
is statistically incompatible with the ERM or Yule predictions.

2The main difference between Yule’s and ERM model is given by the fact that
Yule’s model is continuous in time, while ERM model works in discrete time.
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The breakdown of the ERM behavior indicates that evolutionary
branching should present correlations either in time or between the
different branches. Mechanisms producing trees with non-ERM
scaling for the depth have been identified, as for example the situ-
ation of critical branching (De Los Rios, 2001; Harris, 1963) or opti-
mization of transport processes (Banavar et al., 1999). In the phy-
logenetic context, models of this type have been proposed (Aldous,
2001; Pinelis, 2003; Blum and Frangois, 2006; Ford, 2006), although
most of them lack a clear interpretation in biological terms. Among
those non-ERM depth scaling behavior models, we have to highlight
Ford’s alpha model, which shows a power law scaling of the depth
with the tree size (Ford, 2006).

2.3.2 Alpha model

This model is defined dynamically, that is, by a set of rules that are
applied to the present state of a growing tree to find the state at the
next step. At a given step in the process the tree is a set of leaves
connected by terminal links to internal nodes, which are themselves
connected by internal edges until reaching the root (the root itself is
considered to have a single edge, which we count as internal, joining
the first bifurcating internal node; with this convention a tree of n
leaves has n — 1 internal edges). Then, a probability of branching
proportional to 1 — « is assigned to each leaf, and proportional to
a to each internal edge. By normalization these probabilities are,
respectively, (1 — a)/(n — @), and a/(n — a). When a leaf is selected
for branching, it gives birth to a couple of new ones, as in the ERM
model. But when choosing an internal edge, a new leaf branches
from it by the insertion in the edge of a new internal node. For
a = 0 we have the standard ERM model. For a = 1 the completely
unbalanced comb tree, in which all leaves branch successively from
a main branch, is generated. Intermediate topologies are obtained
for a € (0, 1).
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Fully polytomic tree C~A d~1
Fully symmetrictree =~ C~ AlogA d~logA
Fully asymmetric tree C ~ A2 d~A
Yule’s model C~AlogA d~logA

Ford’s alpha model C ~ Aa+l d~ A%

Table 2.2: Cumulative branch size, C, and mean depth, d, as
functions of the branch size, A, for polytomic, symmetric and
asymmetric trees, and for Yule’s and alpha models.

By considering the effect of the addition of new leaves on the dis-
tances between root and other nodes, Ford (2006) derived an exact
recurrence relation which, when written in terms of the expected

value for the average distance from the leaves to the root, N, leads
to:

IT] _ n — 2”(1_20[)
" i+ Dm-a)

N, is the mean depth of the leaves of a tree with n leaves. By

assuming a behavior N, ~ 1" atlarge 1, and expanding this equation
in powers of 1/n, we get v = a, so that

N,~n%,if 0<a<1.

Since, as explained above, the scaling behavior of N is the same as
that of d, we have also d ~ n®. If @ = 0 the standard logarithmic
scaling behavior of ERM is recovered.

The main objection to that model is the lack of a clear interpretation
from the biological point of view. While the Ford model gives a
simple mechanism for scaling in trees with a tunable exponent, the
dynamic rule of posterior insertion of inner nodes is hard to justify
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in the context of evolution (although one can think of the model-
ing of errors arising in phylogenetic reconstruction methods when
incorrectly assigning a splitting to a non-existing ancestral species).
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Depth scaling in organism
phylogenies

The Tree of Life is a synoptic depiction of the pathways of evolution-
ary differentiation between Earth life forms (Cracraft and Donoghue,
2004), and contains valuable clues on the key issue of understand-
ing the diversification of life in the planet (Purvis and Hector, 2000).
The branching pattern of the Tree of Life, which is being captured
at increasing resolution by the advent of molecular tools (Rokas,
2006), can be examined to investigate fundamental questions, such
as whether it follows universal rules, and at what extent random
differentiation mechanisms explain the shape of phylogenetic trees.
The examination of the structure of the Tree of Life can also help
to infer whether evolution acts at intraspecific scales in a way dif-
ferent from the action of evolution at the interspecific scale. In this
chapter we address these fundamental questions on the basis of a
comprehensive comparative analysis of phylogenetic trees repre-
senting different fractions and domains of the Tree of Life, from
intraspecific to interspecific scales. We draw from previous analy-
sis of the geometry of the Tree of Life (Blum and Francois, 2006),
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the characterization of other branching systems (Rodriguez-Iturbe
and Rinaldo, 1997; Makarieva et al., 2005), and using tools derived
from modern network theory (Garlaschelli et al., 2003; Campos and
de Oliveira, 2004; Camacho and Arenas, 2005; Proulx et al., 2005;
Klemm et al., 2005) to examine the scaling of the branching in the
Tree of Life (LaBarbera, 1989; Webb et al., 2002). Our analysis is
based on the comparison of the results derived from the analysis of
inter- and intraspecific phylogenetic trees, to test for the preserva-
tion of branching patterns across evolutionary scales, and against
those derived from the analysis of randomly-generated trees to test
whether the depth scaling derived can be modeled using simple,
random branching rules.!

3.1
Materials and methods

3.1.1 Phylogenies databases

On June 30th 2007 we downloaded the 5,212 phylogenetic trees
available at that time in the database TreeBASE (2010). TreeBASE
constitutes a large database of interspecific phylogenies, which were
collected from previously published research papers. The size of
trees oscillates from 10 to 600 tips. Most of the bifurcations in these
trees are binary, as confirmed by the fact that the ratio between the
number of tips and the total number of nodes is 0.52 when averaged
over all the trees (for perfect binary trees, the ratio is 0.50).

Asacomprehensive database comparable to TreeBASE does not exist
for intraspecific phylogenies, we constructed an intraspecific dataset
by manually compiling 67 intraspecific phylogenies from several
published phylogenetic analysis (see Table A.1). We compiled this

IThe work presented in this chapter has been published in Herrada et al. (2008).
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INTRA INTER

Animalia 24 26
Archaea 0 3
Bacteria 18 9

Fungi 6 13
Plantae 6 8

Protozoa 4 6
Viruses 9 2
TOTAL 67 67

Table 3.1: Break-down of the number of analyzed intra- and
interspecies trees with respect to taxa.

dataset in such a way that it contains: 1) Organisms from the main
different environments (terrestrial, marine and fresh water), climatic
regions (from polar to desert), and branches of life (Table 3.1). 2)
Phylogenetic trees reconstructed with three of the main phylogenetic
tree estimation methods: neighbor-joining, maximum parsimony
and maximum likelihood.

In order to test whether the results derived from the examination
of the relatively small (67 phylogenies) intraspecific data base can
be compared with the much larger (5,212 phylogenies) set of inter-
specific phylogenies extracted from TreeBASE, we sampled the lit-
erature to construct a dataset of 67 interspecific phylogenies drawn
from the literature (see Table A.2) using the same criteria as those
to derived the intraspecific phylogeny data base (see Table A.1).
The intra- and interspecific phylogenies derived from the literature
ranged between 30 and 170 tips, and they contained mainly binary
branching events. Anexample for each kind of phylogenies is shown
in Figures 3.4(a) and 3.4(b).>

2Given that for the computation of the branch size, A, and the cumulative branch
size, C, the input of the phylogenetic trees has to be defined in columns format,
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3.1.2 Branch size and cumulative branch size distri-
butions

We associate two quantities to each node i of a phylogenetic tree, the
size (number of nodes), A;, of the subtree, S;, made up of node i and
all the descendant nodes below it, that is, the subtree which does not
contain the global root of the original tree, and the cumulative branch
size, C;, defined as the sum of the branch sizes associated to all the
nodes in the subtree S;, C; = Y A j- To characterize the probability
distributions of the A; and C; values on a particular phylogenetic
tree we compute the respective complementary cumulative distri-
bution functions (CCDF): F(A) = probability(A; > A), and F(C) =
probability(C; > C). We observe that these quantities scale, for large
values of A and C, as power laws: F(A) ~ A" and F(C) ~ C}7" .
The exponents 74 and 7¢, thus, characterize the probabilities of {A;}
and {C;}: P(A) ~ A™™ and P(C) ~ C7¢, respectively.

3.1.3 Allometric scaling relationship

We observe that a functional relationship among the values of C
and A, i.e. among shape and size, exists and can be fitted by a
power law, C ~ A", characterized by an exponent 1. Since this
relationship encodes the variation of a system property as size is
varied, we can call this an allometric scaling relationship, so as
to stress its connections with other functional relationships relating
function and size (LaBarbera, 1989; Banavar et al., 1999; Brown et al.,
2004). We note that introduction of the change of variables C ~ A"
into F(C) ~ C'~% leads to F(C) ~ A"!=%), from which n = i:—;fc‘
Thus, only two out of the three exponents are independent. As
simple examples for which the above exponents can be computed
by direct counting, we mention the pectinate or fully unbalanced

instead of Newick format (the convention commonly used to write out phylogenetic
trees in a text file), in Section H.2 we included the Python code for the conversion
from Newick to columns format.
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tree, i.e. a tree in which all branching occurs successively along
a single branch, characterized by the exponents 74 = 0, 7¢ = 1/2,
n = 2, or the fully symmetric or Cayley tree, characterized by 74 = 2,
and C ~ AlnA, which except for the weak logarithmic correction
corresponds ton =1 and ¢ = 2.

In order to investigate whether observations differ from random
expectations, we have compared the allometric scaling found here
with the prediction of a null model (Harvey et al., 1983), the Equal-
Rates Markov (ERM) model. The ERM model was attributed to
Harding (1971), and to Cavalli-Sforza and Edwards (Cavalli-Sforza
and Edwards, 1967), although it is based on models of the diver-
sification process that date back at least to Yule (1924). The main
assumption of the ERM model is that the phylogeny is the product
of random branching. This is the result when the “effective speci-
ation rate” (the difference between extinction and speciation rate)
is equal for all species. The effective speciation rate may change
chronologically, provided that it is the same for all lineages at a
given time (Yule, 1924). For this model we obtain C ~ AInA, or
n =1, and also 74 = 7¢ = 2. The random asymmetries introduced
by the ERM are not strong enough to change the scaling behavior
from the symmetric tree result.

3.2
Results

The branch-size CCDF displays power-law tails of the form F(A) ~
A" for large branch size, A, (Figure 3.1(a)). The power-law ex-
ponents 74 are remarkably similar for the datasets analyzed: 74 =
1.76 £ 0.03, and 1.74 + 0.02 for intra- and interspecific phylogenies,
respectively. Similarly, the cumulative-branch-size CCDF also dis-
plays a power-law tail of the form F(C) ~ C!7*¢ at large C, with a
similar agreement between the exponents of the intra- and interspe-
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Figure 3.1: Intra- and interspecific average distributions. Cu-
mulative complementary distribution functions (CCDFs) av-
eraged and logarithmically binned over all phylogenetic trees
in the intraspecific (black solid circles) and interspecific (red
empty squares) datasets. (a) CCDF of branch size, F(A). Solid
line corresponds to a power law F(A) ~ A1"™ with the expo-
nent given by the best fit to the interspecific dataset 7, = 1.74.
(b) CCDF of the cumulative branch size, F(C). The line corre-
sponds to a power law with the exponent given by the best

fit to the interspecific dataset 7c = 1.53.
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Figure 3.2: Intra- and interspecific allometric scaling. Plot
of the logarithmically binned set of values of branch size,
A, vs cumulative branch size, C, for the intraspecific (black
solid circles) and interspecific (red empty squares) datasets
considered. The line corresponds to a power law C ~ A",
with the exponent given by the best fit through all data, n =
1.44. The inset shows probability distributions of the values
of n fitted to each individual tree (left: interspecific, right:
intraspecific datasets) illustrating the small dispersion in the
values.

cific datasets: 7¢ = 1.53 + 0.02 and 1.53 + 0.02, respectively (Figure
3.1(b)). The discrepancy observed between the two datasets at the
tail of the distributions can be explained by the different sizes of the
typical trees on them: each tree contributes a natural cutoff to the
overall distribution, and since the intraspecific trees are smaller in
average, their cutoff appears at smaller tree sizes.

The allometric exponent, 7, that characterizes the scaling of tree
shape with tree size (Figure 3.2), is also remarkably similar for the
intraspecific (n = 1.43 + 0.01) and the interspecific (n = 1.44 + 0.01)
phylogenies. This constancy of the exponents is still more remark-
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able when realizing (inset of Figure 3.2) that it does not only apply to
average properties of sets of intraspecific and interspecific trees, but
also to individual phylogenies of groups of organisms pertaining
to different kingdoms and living across widely contrasting environ-
ments, as it is reflected by the very narrow range of  ({) = 1.47,
o = 0.03, Figure 3.2).

The scaling exponents for our large interspecific dataset are also
matched almost perfectly (Figure 3.3) by those derived from a set
of 67 interspecific phylogenies randomly drawn from the published
literature (see Appendix A), thereby validating the uniformity of the
scaling rules of the broad interspecific phylogenies and the smaller
set of intraspecific ones used here. The later was also derived from
a similar random sample taken from the published literature (see
Appendix A). We see that, despite their different size, the two inter-
specific datasets display the same behavior. Any bias in the manual
selection procedure with respect to TreeBASE, if present, is weak
enough to have no impact on the topological scaling behavior. In
addition, there is perfect agreement between the scaling of the three
datasets, except for the largest tree sizes for which there is poor
statistics in the smaller datasets. This gives further support to the
universality of the scaling found. As examples, we illustrate in
Figure 3.4 the tree structures and the allometric scaling for an in-
traspecific (Figure 3.4(a) and (c)) and an interspecific tree Figure
3.4(b) and (d)), respectively.

The allometric scaling of C ~ A'* derived from our analysis falls
somehow in between those obtained by simulated phylogenies de-
rived from two extreme topologies: The symmetric tree gives C ~
Aln A, which corresponds to n = 1 with a logarithmic correction,
while the pectinate tree has 1 = 2. The natural null model for tree
construction, the ERM model (Mooers and Heard, 1997; Caldarelli
et al., 2004), yields a scaling C ~ AIn A similar to the symmetric
tree with n = 1 but different from the scaling displayed by empir-
ical inter- and intraspecific phylogenies, particularly for large ones
(see Figure 3.5). Therefore some topological aspects of phylogenetic
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Figure 3.3: Inter- and intraspecific scalings. Same as Fig-
ures 3.1 and 3.2 but adding the manually compiled interspe-
cific data. Cumulative complementary distribution functions
(CCDFs) for branch size (F(A) (a) and cumulative branch size
(F(C) (b), and the allometric scaling relation (C ~ A") (c) aver-
aged and logarithmically binned over all phylogenetic trees.
Red empty squares are for the interspecific TreeBASE dataset,
black solid circles are for the manually compiled intraspecific
dataset, and blue empty triangles are for the new manually
compiled interspecific dataset of reduced size. Solid lines
are power laws fitted to the TreeBASE behavior (red empty
squares).
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Figure 3.4: Examples of intra- and interspecific phylogenetic
trees. (a) An example of an intraspecific phylogenetic tree:
different strains of the bacteria Vibrio vulnificus (Lin et al.,
2003). Most of the branchings are binary, but there are some
3rd order branchings. (b) An example of an interspecific phy-
logenetic tree: the catfish species (order Siluriformes) (Sulli-
van et al., 2006). Most of the branchings are binary, but there
are some 3rd order branchings. (c) The allometric scaling
plot showing the relationship of cumulative branch size (C)
to branch size (A) from each node of that tree. The solid
line corresponds to the fitting C ~ A*® to this intraspecific
dataset. (d) The allometric scaling plot showing the relation-
ship of cumulative branch size (C) to branch size (A) from
each node of that tree. The solid line corresponds to the
fitting C ~ A to this interspecific dataset.
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Figure 3.5: Allometric scaling (random). Plot of the loga-
rithmically binned set of values of C as a function of A for
the interspecific data (red empty squares), normalized by the
prediction from the ERM model (the horizontal line). Data
systematically deviate from ERM, especially for large size A.

trees are not adequately reproduced by the ERM model. Our re-
sults imply that successful lineages diversify more profusely than
expected under random branching, generating the large imbalances
that characterize emerging depictions of the Tree of Life (Blum and
Frangois, 2006). Alternative models introducing correlations, such
as the proportional-to-distinguishable-arrangements (PDA) model
(Pinelis, 2003; Blum and Frangois, 2006) or the beta splitting model
(Aldous, 2001), could generate more realistic phylogenies. Guided
by previous biological allometric scaling analysis, we have assumed
a power-law scaling of the form C ~ A. However, as we will see in
Chapters 4 and 5, other ansatz could also fit the data. The impor-
tant point, however, is that these modeling approaches should give
similar scaling properties for intra- as for interspecific branching.
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3.3
Discussion

Traditionally, microevolutionary and macroevolutionary processes
have been studied independently by population geneticists and evo-
lutionary biologists, respectively (Simons, 2002). The divide be-
tween these two levels of generation of biological diversity is an old
one, rooted in the controversy between Darwinian gradualism and
the saltationism proposed by others, prominently paleontologists,
to explain macroevolutionary processes (Mayr, 1982). The debate
as to whether macroevolution is wider process than the mere accu-
mulation of microevolutionary events remains active (Simons, 2002;
Grantham, 2007; Erwin, 2000), although refined paleontological ev-
idence supports the continuum between micro- and macroevolu-
tion for some lineages (Kutschera and Niklas, 2004). The results
presented here show that the branching and scaling patterns in in-
traspecific and interspecific phylogenies do not differ significantly
for the topological properties we have calculated. Thus, shall salta-
tion processes be a factor at the macroevolutionary level? This is
not reflected in the topology of phylogenetic branching as examined
here. Evidence for possible differences in phylogenetic topologies
between the inter- and intraspecific levels may require a detailed
analysis of branching times, which we have not attempted in this
chapter.

Processes leading to scaling laws in size distributions in natural sys-
tems have been formulated as growth models (Yule, 1924; Simon,
1995). Many of the findings carry over to scaling properties found in
networks (Bornholdt and Ebel, 2001) and their description in terms
of branching processes (Durrett, 2007). But most of these models
predict branching topologies similar to the ERM model. An alterna-
tive approach to the understanding of the observed exponent would
be to trace analogies with scaling laws in different branching systems
(Rodriguez-Iturbe and Rinaldo, 1997; Makarieva et al., 2005; Brown
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et al., 2004), which have been explained by invoking a natural opti-
mization criterion based in the fact that the observed trees contain
the largest possible number of apices within the smallest number
of branching levels. For binary trees of size A, where nodes are re-

stricted to occupy uniformly a D dimensional Euclidean space, the

minimum value of C scales as A", with n = Q%l). This scaling also

describes the D-dimensional tree with the maximum size for a given
depth (the average distance between root and leaves). The value of
1 obtained in our phylogeny analysis, 1 = 1.44, is achieved only for
optimal trees restricted to spaces of D = 2.27 dimensions. Given the
apparently unlimited number of variables that may yield differences
among taxa, restricting their representation to a space with such a
small number of dimensions seems unreasonable. This interpreta-
tion suggests that the evolutionary process yielding the observed
phylogenies is not the most parsimonious one, which could poten-
tially yield a similar biodiversity with fewer branching levels. In
fact, the natural choice D = oo gives an optimal exponent 1 = 1,
which corresponds to the ERM value and departs from observed
scaling. Optimal traffic networks (Barthélemy and Flammini, 2006)
also led to the exponent 74 = 2 which departs from the empirical
scaling exponent reported here for phylogenetic trees.

Besides the ERM-like scaling described by most of the proposed
evolutionary branching models (Yule, 1924; Cavalli-Sforza and Ed-
wards, 1967; Harding, 1971) and the power law scaling proposed
here and depicted by the model defined by Ford (2006) (in Ap-
pendix D we propose the activity model, which displays a power law
scaling), two different alternative scaling behaviors have been pro-
posed. On the one hand, the AB model (Aldous, 2001), which leads
to a squared logarithmic scaling behavior and also gives a reason-
able fitting to our data. On the other hand, more recently, Stich and
Manrubia (2009) suggest that the non-ERM behavior depicted by
the real phylogenies is a small-size transient behavior, which would
cross-over to the ERM scaling as larger tree sizes become available.
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In summary, the remarkably similar allometric exponents reported
here to characterize universally the scaling properties of intra- and
interspecific phylogenies across kingdoms, reproductive strategies
and environments, strongly suggests the conservation of branching
rules, and hence of the evolutionary processes that drive biological
diversification, across the entire history of life.> Although at short
branch sizes the topology of observed phylogenies cannot differ
much from that expected under random and symmetric trees, due
to the restriction of binary bifurcations in phylogenetic tree recon-
struction, significant departures become universally evident as trees
become larger, where the null ERM model and real phylogenies dif-
fer (see Figure 3.5). These deviations suggest (a) that the evolution
of life leads to less biodiversity than an optimal tree can possibly
generate; and (b) the operation of a mechanism generating a corre-
lated branching, where some memory of past evolutionary events
is maintained along each branch. This correlated branching pattern
implies that entities that diversify faster than average lead to new
biological forms that, in turn, diversify more than average. Invari-
ance across the broad scales considered here indicates that relatively
simple rules govern the phylogenetic branching and the unfolding
of biodiversity. Their deviation from random models indicates that
evolutionary success is a correlated trait within lineages, yielding
present asymmetries in the structure of the Tree of Life.

3 After having published those results that we present in this chapter (Herrada
et al., 2008), a paper was published pointing to the non-universality of our result
given by the effect of the outgroup in the allometric scaling of the phylogenetic trees
(Altaba, 2009). In Appendix B we confirm our results presented in this chapter.
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Together with the results presented in Chapter 3, several analysis
of the topological properties of phylogenies have shown universal
patterns of phylogenetic differentiation (Dial and Marzluff, 1989;
Burlando, 1990, 1993; Blum and Francois, 2006). This means that
the impact of evolutionary forces on the shape of phylogenetic trees
is, at least as the different quantifiers studied captured it, similar
across a broad range of scales, shaping the diversity of life on Earth,
from macro-evolution to speciation and population differentiation,
and across diverse organisms such as eukaryotes, eubacteria, ar-
chaea or viruses. This, and the fact that evolutionary forces work at
molecular level, motivates the study of the topology of evolution-
ary relationships among molecular entities, looking for patterns of
differentiation at such microscopic level. Taking into account that,
as we introduced in Section 1.2.5, a group of evolutionary related
genes is considered a gene family, in the present chapter we carry out
an analysis of the topological properties of gene family phylogenies
by using the depth scaling approach described in Chapter 2.
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Figure 4.1: Protein family size distribution. Distribution of

the size of the PANDIT protein families. Black line corre-

sponds to a power-law P(T) ~ T, with a fitted exponent
y =1.69 +0.05.

4.1
Datasets

We have analyzed the 7,738 protein families! available on May 27th
2008 in the PANDIT database (http://www.ebi.ac.uk/goldman-srv/
pandit/) (Whelan et al., 2003, 2006). PANDIT is based upon Pfam
(http://pfam.sanger.ac.uk/) (Bateman et al., 2004), and consti-
tutes a large collection of protein family phylogenies from different
signalling pathways, cellular organelles and biological functions.
The size of each of the phylogenies, T, ranges from 3 to more than
2000 tips and, agreeing with previous reports (Huynen and van

INote that, from Section 1.2.5, the term protein family is referred to a gene family
of genes that encode for proteins, but both are often used as nearly synonymous.
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Nimwegen, 1998; Harrison and Gerstein, 2002; Koonin et al., 2002;
Luscombe et al., 2002; Unger et al., 2003), it is distributed according
to a power-law distribution P(I) ~ T~ (see Figure 4.1). Most of
the bifurcations in these phylogenies are binary, with only 22% of
polytomic bifurcations.

For the comparative analysis between protein phylogenies and species
phylogenies, we used the set of 5,212 interspecific phylogenetic trees
from TreeBASE database used in Chapter 3, downloaded on June
30th 2007.

4.2
Results

The analysis of the 7,738 protein phylogenies of PANDIT database
shows that the scaling of the mean depth with tree size lies between
the two extreme topologies for binary trees (fully unbalanced and
fully balanced trees). The raw data is not scattered between the
extreme cases but instead it is concentrated around some interme-
diate behavior that depends on the size of the trees. In order to
characterize the dependence of the depth with tree size we have
logarithmically binned the data. In Figure 4.2 we show the depen-
dence of the square root of the depth for different tree sizes which
suggests a square logarithmic scaling of the form d ~ (InA)?, while
the fully unbalanced tree shows a linear dependence d ~ A, and
the fully balanced tree shows a logarithmic dependence of the form
d ~ logA. We note that a power-law, d ~ A**, as discussed in
Chapter 3, is also good, but a square logarithmic scaling seems to fit
better.

With the aim of determining if the average mean depth scaling de-
scribed for the whole PANDIT database is also preserved after dis-
criminating the different protein functions, we decided to analyze
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Figure 4.2: Depth scaling of protein phylogenies. Mean depth

scaling for all protein families in the PANDIT database (red

dots, where each dot represents a subtree) and the corre-

sponding averaged binned depth (black empty circles). The

black and green lines correspond to the two extreme topolo-

gies for binary trees, fully unbalanced and fully balanced
trees, respectively.
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Figure 4.3: Depth scaling of different protein functions.
Binned values of the mean depth for nuclear (blue empty
squares), structural (green solid diamonds) and metabolic
(red stars) protein families. The black empty circles represent
the averaged binned depth for the whole PANDIT database.

the scaling of the mean depth as function of the tree size for different
protein functions (nuclear, structural, metabolic, etc.). The results
obtained are summarized in Figure 4.3. There it is observed that the
depth of different protein functions shows the same behavior as the
one described by the whole PANDIT dataset, without any signifi-
cant deviation from the averaged mean depth scaling for the whole
PANDIT database (Figure 4.2). This result suggests the universality
of the depth scaling of protein phylogenies.

This generality of the depth scaling behavior observed for protein
phylogenies is even more remarkable when protein phylogenies are
compared with the species phylogenies obtained from the TreeBASE
database (Figure 4.4). The comparative analysis between the mean
depth scaling of PANDIT and TreeBASE shows a similar scaling of
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Figure 4.4: Protein vs organism phylogenies. Averaged

and binned mean depth for organisms in TreeBASE (red

solid squares) and for protein phylogenies in PANDIT (black
empty circles).

the mean depth with the tree size for both datasets. Although in the
previous work described in Chapter 3 with organism phylogenies
the depth scaling was fitted to a power-law (Herrada et al., 2008),
the squared logarithmic scaling d ~ (In A)* shows a slightly better
fitting with the protein families. In order to elucidate which scaling
provides a better description of the scaling of the mean depth one
should consider larger trees which are not available at the moment.
However, the analysis of protein phylogenies shows that the trees
follow some universal mechanism as they speciate and that this
mechanism seems to be the related to the speciation at the species
level.

There is some dispersion of the mean depth for the whole PAN-
DIT dataset observed in Figure 4.2, and this is due to unbalanced
bifurcations in some specific trees. This increase in the presence of
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Figure 4.5: Example of the mean depth behavior in a specific
phylogenetic tree. (a) Phylogenetic tree corresponding to the
Probable molybdopterin binding domain family (PF00994),
with a high presence of unbalanced bifurcations close to the
root. (b) Mean depth scaling of Probable molybdopterin bind-
ing domain family phylogenetic tree, where the green empty
squares correspond to the protein family and red solid dia-
monds represent to the corresponding averaged and binned
data. Black empty circles represent the averaged and binned
set for all the protein families of PANDIT.
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unbalanced bifurcations is reflected as a fast increase, characteristic
of fully unbalanced trees. These regions with a high number of un-
balanced bifurcations are most of the times close to the root, which
can be related with a lack of resolution in the reconstruction process.
In Figure 4.5 we show a detailed example of a phylogenetic tree
with a region with a high presence of imbalance in the bifurcations
close to the root, that leads to a dispersion from the mean depth
scaling in the range A € (2 x 10%,3 x 102), preserving the previously
described universal mean depth scaling behavior in most of the size
range, from 1 to 2 x 102. The fact that the dispersions from the
mean are restricted only to local behaviors inside some regions of
the phylogenetic trees leads us to highlight the universality of the
average depth scaling behavior found in the protein phylogenies
from PANDIT database.

4.3
Discussion

The increase of the high-throughput “-omics” studies has fueled
the historical debate about how the gene-level evolution shapes
the species-level evolution (Morris, 2000; Carroll, 2005; Roth et al.,
2007). This debate connects with the one of the (dis)continuity be-
tween micro- and macroevolution, or gradualism versus saltation-
ism (Erwin, 2000; Simons, 2002; Grantham, 2007). Following this
controversy, if the universality of the scaling properties of the intra-
and interspecific shown in the previous Chapter 3 suggested the
conservation of the evolutionary processes that drive biological di-
versification across the entire history of life, in the present chapter
we showed that the universality of the scaling properties is also ex-
trapolable to the gene-level. The results presented here show that
the branching and scaling patterns in protein families do not differ
significantly from the patterns observed in species phylogenies, at
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least for the topological properties we have calculated. We do not
observe any discrepancy between the shape of protein phylogenies
and species phylogenies, therefore evidence for possible differences
in phylogenetic trees among protein families with different biologi-
cal functions, as well as differences in phylogenetic trees between the
gene and species-level, may require a detailed analysis of branching
times.?

In 2006, Cotton and Page published a comparative analysis between
human gene phylogenies and different species phylogenies (Cot-
ton and Page, 2006). They found quantitative differences between
human paralogous gene and orthologous gene phylogenies. Our
results seem to differ from the one described by Cotton and Page.
However that work focused on the comparison between paralogous
and orthologous gene families, while we analyzed complete protein
families, which included both paralogous and orthologous protein
members, focusing our analysis on the comparison between pro-
tein and species phylogenies, instead of between paralogous and
orthologous gene phylogenies. Otherwise, our approach is based
on a qualitative analysis, while Cotton’s approach is based on a
quantitative analysis. This implies that, despite finding quantitative
differences between paralogous and orthologous gene phylogenies,
we would expect that, from a qualitative point of view, both phylo-
genies would display similar behavior to the one that we have just
described for complete protein phylogenies and organism phyloge-
nies.

Summing up, the universal scaling properties at gene- and species-
level, characterized by the similar scaling described, strongly sug-
gest the universality of branching rules, and hence of the evolution-
ary processes that drive biological diversification across the entire
history of life, from genes to species.?

2 A characterization of the distribution of the branching times all over the Tree of
Life is provided in Chapter 7.

3In Appendix C we provide an attempt to depict the extent to which speciation
and gene duplication events, i.e. the evolutionary processes responsible for the two
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major forms of homology (orthology and paralogy, see Section 1.1.2), contribute to
protein family diversification.
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Chapter 5

Depth scaling modeling

The depth scaling behavior shared by protein and species phyloge-
nies (described in Chapters 3 and 4) can be explained by different
branching mechanisms. In this direction, during the last decade, sev-
eral models have been published proposing different mechanisms
to capture the topology of phylogenetic trees (Aldous, 2001; Pinelis,
2003; Blum and Francois, 2006; Ford, 2006; Stich and Manrubia, 2009;
Hernandez-Garcia et al., 2010). Most of the models proposed give a
logarithmic scaling of the mean depth, i.e. ERM-type for large sizes
(Yule, 1924; Cavalli-Sforza and Edwards, 1967; Harding, 1971); the
AB model proposed by Aldous (2001) is one of the few models that
deviate from the ERM-like scaling leading to a squared logarithmic
d ~ (In A)? (see also Blum and Frangois (2006)); models with power
law scaling of the mean depth d ~ AT have also been identified in
statistical terms (Ford, 2006) and in terms of (simplified) evolution-
ary events (in the sense specified by Pinelis (2003)) (see the activity
model described in Appendix D). An alternative explanation of the
scaling properties of the phylogenetic trees (Stich and Manrubia,
2009) suggests that the non-ERM behavior is a small-size transient
behavior, which would cross-over to the ERM scaling d ~ InA as
larger tree sizes become available.
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The essential ingredient to obtain non-ERM behavior in tree scaling
is the presence of temporal correlations, which leads to asymptotic
or just finite-size deviations with respect to the ERM behavior de-
pending on whether these correlations are permanent or restricted
to finite but large times. In this perspective we introduce here a
simple model which aims at explicitly introducing the presence of
correlations. It is based on the concept of evolvability, i.e. the ability
to evolve (Dawkins, 1989; Brookfield, 2009), as a biological charac-
teristic which is itself inherited by sister species in speciation events.
At each branching event, each species gives rise to two new species.
For these two daughter species, we allow two possible outcomes.

e with probability p, the new species inherit the evolvability of
the mother species, i.e. they have the same capacity as the
mother species to speciate again;

e with probability 1 — p, one of the daughter species is unable
to speciate again, that is, only one of the two daughter species
preserves the ability to evolve. Stemming from the definition
of robustness as the property of a system to remain invariant in
the presence of genetic or environmental perturbations (Masel
and Siegal, 2009), we consider a species’ inability to speciate
its robustness.

The first case gives rise to a symmetric speciation event, in which the
two species emerging from the speciation event are similar, while
the second one gives rise to asymmetries in the tree. If p = 1, we re-
cover the completely balanced binary tree, while in the other extreme
p = 0, the topology obtained is the completely unbalanced binary
tree (Figure 5.1). Thus the model combines symmetric with asym-
metric branching introducing correlations (since one occurrence of
the asymmetric event precludes further speciation on that branch),
with the proportion determined by the parameter p. !

IThe Python code that we used to simulate the model is included in Section H.3.
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Figure 5.1: Depth scaling of the evolvability model. The
mean depth scaling of the trees generated for p = 1 (black
crosses) and for p = 0 (red crosses) coincides with the mean
depth scaling of the fully balanced (green line) and unbal-
anced binary trees (black line), respectively. The trees for
p = 0.25 (green empty diamonds) adjust the average behav-
ior of protein (black empty circles) and organism datasets
(red solid squares) very well. The blue stars correspond to
trees for p = 0.5.

We have generated trees with this algorithm and observed that, by
choosing p = 0.25, the depth scaling of the trees is very close to the
one observed for phylogenetic trees in both PANDIT and TreeBASE
(Figure 5.1). This result identifies the prevalence of unbalanced
branching events (occurring with frequency 1 — p = 0.75) with re-
spect to balanced ones (p = 0.25), which is consistent with results
described in previous works (Mooers and Heard, 1997; Aldous, 2001;
Blum and Francois, 2006).
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It should be said, however, that the correlations introduced by our
model are not permanent and finally a crossover to the random
behavior appears for long sizes. To see this, we calculate the an-
alytical expression of the average depth, d. Taking into account
that the expected number of offsprings of a pair of sister nodes is
2z = 4p + 2(1 — p) = 2(1 + p), starting with the root, the expected
number of nodes after n branching events is
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where z = 1 + p is the expected offspring per sister node. The
expected value of the cumulative branch size is given by
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We have at large n that (A) ~ z" and (C) ~ nz". Taking into account
that d = $ — 1 (see Section 2.2.3), we obtain that for large sizes the
leading order of the mean depth is d ~ In A, which indicates that
what we observe in the simulations is a long transient behavior. This
transient behavior leads to the fact that our model fits the data but
the asymptotic scaling at the larger sizes will finally be d ~ In A, as
in the ERM.

51
Discussion

Different evolutionary models and mechanisms have been proposed
in order to explain the branching patterns arising in evolution (Yule,
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1924; Aldous, 2001; Blum and Frangois, 2006; Ford, 2006; Stich and
Manrubia, 2009; Herndndez-Garcia et al., 2010). Here we have in-
troduced a simple model which allows us to estimate the degree of
evolvability. An increasing number of publications are highlighting
the significance of the interplay between evolvability and robust-
ness in evolution (Wagner, 2005; Lenski et al., 2006; Daniels et al.,
2008; Wagner, 2008b). By understanding evolvability as the potential
of a biological system for future adaptive mutation and evolution
(Brookfield, 2009), and robustness as the property of a system to
produce relatively invariant output in the presence of a perturba-
tion (Masel and Siegal, 2009), we apply these two concepts to the
biological interpretation of the model we propose. In that way, the
symmetric diversification event should correspond to the biologi-
cal context in which the biological system is evolvable, while the
asymmetric diversification process should correspond to a biologi-
cal context where the new biological system, that has just appeared
from the diversification process, is robust and unable to diversify
forever.

The asymptotic behavior of our model at long sizes recovers the
logarithmic behavior of the ERM scaling, so that, as in the models
by Stich and Manrubia (2009), the non-ERM behavior occurs as a
transient for small tree sizes. Despite this, our aim is to point out the
identification of local unbalance in real trees that can be interpreted
in terms of the evolvability concept. The prevalence of unbalanced
branching so found, which is consistent with previous works (Guyer
and Slowinski, 1991; Heard, 1992; Guyer and Slowinski, 1993; Moo-
ers et al., 1995; Aldous, 2001; Blum and Francois, 2006), has been
traditionally explained by the presence of variations in the specia-
tion and/or extinction rates all through the Tree of Life (Kirkpatrick
and Slatkin, 1993; Mooers and Heard, 1997). Different biological
explanations for these variations in the speciation and/or extinction
rates have been proposed, such as: refractory period (Chan and
Moore, 1999), mass extinctions (Heard and Mooers, 2002), special-
ization (Kirkpatrick and Slatkin, 1993) or environment effect (Davies
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et al., 2005). The consideration of an evolutionary scenario based
on the evolvability/robustness interplay has led us to highlight the
effect, over the depth scaling, of the presence of asymmetric diver-
sification events, during the evolutionary process, that give rise to
a new biological system which is unable to undergo a new diver-
sification event. With the aim of broadening the understanding of
the evolutionary processes that lead to such asymmetric diversifi-
cation events, in Appendix E we expanded the evolvability model
including long refractory periods and mass extinction events. This
incapability to diversify is a biological phenomenon that takes place
at different levels of evolution. So, as we discuss in Appendix E, we
can find this incapability at the macroevolutionary level with taxa
that require very long refractory periods or with random massive
extinctions of taxa, but this incapability can also be reflected at the
microevolutionary or at gene level, where the elements unable to
diversify are individuals from a population or genetic variants from
a cell, embryo or individual.

In summary, the universal scaling properties at gene- and species-
level reported in Chapters 3 and 4, strongly suggested the univer-
sality of branching rules, and hence of the evolutionary processes
that drive biological diversification across the entire history of life,
from genes to species. The results presented in the present chapter
prove that the topological characterization of the phylogenetic trees
can be very helpful in the analysis of the relevance of the robustness
of a biological system (species or protein). Thus, the invariance of
the scaling properties at both gene- and species-level suggests that
the mechanisms leading to the incapability of a biological system
to diversify again are present at the rules acting both at genes- and
species-level. However, a detailed analysis of branching times will
be needed so as to reach a deeper understanding of the diversifica-
tion processes.
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Chapter 6

Depth scaling in taxono-
mies

Awareness about biodiversity destruction has led to an increasing
interest in the study and comprehension of evolutionary processes
that give rise to an increase or decrease of biodiversity (Purvis and
Hector, 2000; Butlin et al., 2009). In this direction, a large amount
of works are integrating taxonomic knowledge on the study of evo-
lutionary patterns that take place in nature (May, 1990; Schwartz
and Simberloff, 2001; Samper, 2004; Sahney et al., 2010; Schlick-
Steiner et al., 2010). Compared to the widely assumed reliability
of those studies that apply the phylogenetic approach to the evo-
lutionary comprehension of biodiversity (Kirkpatrick and Slatkin,
1993; Sanderson, 1996; Mooers and Heard, 1997; Vazquez and Git-
tleman, 1998; Ricklefs, 2007; Cavender-Bares et al., 2009; Cadotte
et al.,, 2010), the taxonomic application to the comprehension of
biodiversity evolution has been followed by several controversies
(de Queiroz, 1988, 1997; Benton, 2000; Nixon and Carpenter, 2000;
Bryant and Cantino, 2002; Keller et al., 2003; de Queiroz, 2005; Riep-
pel, 2005, 2006a,b; Hillis, 2007; Ereshefsky, 2007; Yang and Bourne,
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2009). One of the major criticisms to taxonomic approaches is de-
rived from the fact that taxonomic classifications are highly biased
by the taxonomic criteria used. One of the major consequences
derived from this inconvenient is the fact that taxonomic trees, the
evolutionary trees that reflect the hierarchical nature of taxonomic
classifications, are not well-resolved, showing a high presence of
polytomies (Yang and Bourne, 2009). This problem is derived from
the fact that traditional taxonomy is a rank-based taxonomy, i.e. it
is based on predefined taxonomic ranks, so that, regardless of the
number of species considered, the number of taxonomic levels is
fixed (de Queiroz, 1997). An alternative taxonomic criterion, and
the main opponent of the rank-based taxonomic approach is the
phylogenetic nomenclature criterion, which consists of a rank-free
classification exclusively based on evolutionary criteria (de Queiroz,
1988, 1997, 2005).

Our main goal in this chapter is to consider the branching pattern of
the classification trees and to characterize the effects of the increase
of polytomies derived from the resolution problems of the rank-
based taxonomic criteria. With that aim, we carry out a comparative
analysis among rank-based and rank-free taxonomic trees, as well
as phylogenetic trees, based on the characterization of the depth
scaling behavior, and also on the characterization of the distribution
of the polytomies all over the taxonomic trees.!

IThis comparative analysis between taxonomic and phylogenetic trees is based
on biological evolutionary trees. In Appendix F we show the same comparative
approach for language evolutionary trees.
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6.1
Datasets

For this comparative analysis, we used three different kinds of
datasets: a rank-based taxonomic tree, a rank-free taxonomic tree
and a set of phylogenetic trees.

For rank-based taxonomic tree we used the taxonomic Tree of Life
reconstructed from the taxonomic classification database Catalogue
of Life: 2010 Annual Checklist (Catalogue_of_Life, 2010). It contains
1,257,735 species grouped among the seven kingdoms of organisms:
Animalia, Archaea, Bacteria, Chromista, Fungi, Plantae, Protozoa
and Viruses. Catalogue of Life (CoL) is a taxonomic classification
based on seven major taxonomic ranks: kingdom, phylum, class,
order, family, genus and species. This database allowed us to de-
velop both a global analysis of the whole taxonomic Tree of Life and
a comparative analysis among the taxonomic trees of the different
kingdoms.

For rank-free taxonomic tree, we used the Tree of Life (ToL) recon-
structed by the Tree_of_Life_Web_Project (2010). This database tries
to get a complete representation of all the phylogenetic relationships
among every species, living or extinct, from the history of life. It
constitutes an appropriate case of a rank-free taxonomic tree (Mad-
dison et al., 2007). On December 2nd 2006 we downloaded, from the
web page of the Tree_of_Life_Web_Project (2010), the evolutionary
tree, with more than 25,500 organisms.

The phylogenetic trees used in our comparative analysis are the set
of 5,212 interspecific phylogenetic trees from TreeBASE database
used in Chapter 3, downloaded on June 30th 2007.
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TreeBASE ToL CoL
TA 1.74 1.61 1.89
Tc 1.53 145 1.80

Table 6.1: 74 and 7 values of the cumulative complementary

distribution functions (CCDFs) for the branch size, F(A) ~

A", and for the cumulative branch size, F(C) ~ C'~c, of
TreeBASE, ToL and CoL.

6.2
Results

The comparative analysis of the cumulative complementary dis-
tribution functions (CCDFs) for the branch size, F(A), and for the
cumulative branch size, F(C), between CoL and Tol taxonomic trees,
shows power-law distributions with the forms of F(A) ~ A" and
F(C) ~ C!7"c respectively, as described in Chapter 3 for the organ-
ism phylogenies (with 74 = 1.74 + 0.03 and 7¢ = 1.53 + 0.02 values
for the interspecific phylogenies). So, on the one hand, CoL dis-
plays a wide power-law distribution, F(A) ~ A'"™, characterized
by 74 = 1.89 £ 0.001, and ToL’s branch size distribution shows a
power-law tail with the form F(A) ~ A"™, where 74 = 1.61 + 0.004
(Figure 6.1(a)). On the other hand, in the case of the cumulative
branch size distribution, F(C), CoL displays a wide power-law dis-
tribution, F(C) ~ C'~"c, with value for 7¢ of 7¢ = 1.80 + 0.001, and
ToL displays a power-law tail with the form F(C) ~ C'~%, where
Tc = 1.45 £ 0.001 (Figure 6.1(b)). These exponents differ between
ToL, CoL and TreeBASE, with ToL closer to TreeBASE (see Table 6.1).

The depth scaling analysis (Figure 6.2) shows differences between
the two different philosophies of taxonomic classifications: rank-
based (CoL) and rank-free (ToL) classification. Thus, ToL displays
a depth scaling behavior similar to the one exhibited by TreeBASE,
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Figure 6.1: Branch size and cumulative branch size distri-
butions of taxonomic trees. (a) Cumulative complementary
distribution functions (CCDFs) averaged and logarithmically
binned of the branch size for ToL (red empty diamonds) and
CoL (black empty circles). Black and red lines correspond to
two power laws, F(A) ~ A1™™, with their corresponding ex-
ponents given by the best fit to the ToL dataset (14 = 1.61) and
CoL dataset (14 = 1.89), respectively. (b) Cumulative comple-
mentary distribution functions (CCDFs) averaged and log-
arithmically binned of the cumulative branch size for ToL
(red empty diamonds) and CoL (black empty circles). Black
and red lines correspond to two power laws, F(C) ~ Cl-c,
with their exponents given by the best fit to the ToL dataset
(tc = 1.45) and CoL dataset (¢ = 1.80), respectively.
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Figure 6.2: Depth scaling of taxonomic and phylogenetic

trees. Plot of the logarithmically binned set of the mean

depth scaling of CoL (black empty circles), ToL (red empty

diamonds) and TreeBASE (green stars). Red line represents
the mean depth scaling of the fully polytomic tree.

while CoL displays a depth scaling behavior closer to the depth
scaling of the star-like tree, the fully polytomic tree. The resemblance
of CoL to the fully polytomic trees is given by the fact that the mean
depth, in both cases, is contrained to a fixed number of levels such
that, regardless of the size of the tree, the mean depth approaches a
constant. For a fully polytomic tree the mean depth is fixed to 2, the
mean depth of the rank-based taxonomic tree of CoL is 8 (i.e. the 7
main taxonomic ranks and the root).

In order to characterize if the average behavior described for the
whole taxonomic tree of the CoL database is also preserved after
discriminating the different kingdoms of organisms, we decided
to analyze the scaling of the mean depth as function of the tree
size for each of the 8 kingdoms included inside the CoL taxonomic
classification (Animal, Archaea, Bacteria, Chromista, Fungi, Plan-
tae, Protozoa and Viruses). The depth scaling analysis for each
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Figure 6.3: Depth scaling of taxonomic kingdoms. Plot of the

logarithmically binned set of the average mean depth scaling

of the different kingdoms of CoL dataset (black empty circles):

Animalia (a), Archaea (b), Bacteria (c), Chromista (d), Fungi

(e), Plantae (f), Protozoa (g), Viruses (h). Red stars correspond

to the logarithmically binned set of the mean depth scaling
of the whole CoL dataset.
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taxonomic kingdom shows that several kingdoms display similar
depth scaling behavior as the exhibited by the whole CoL dataset,
with exception of the kingdoms with low representation (Chromista
(11,987 species), Bacteria (11,877 species), Protozoa (9,406 species)
and, especially, Viruses (2,039 species) and Archaea (364 species)),
which show small deviations from that behavior (Figure 6.3). These
kingdoms differ from the average CoL depth scaling behavior and
display a much closer behavior to the one displayed by the TreeBASE
or ToL datasets.

With the aim of evaluating the presence of polytomies, as well as
their distribution all over the taxonomic trees, we analyzed the de-
gree distribution and its dependence with the depth of the taxonomic
trees obtained from CoL and ToL databases. The degree depicted
the polytomic nature of taxonomic trees, the wider degree distri-
butions of the taxonomies standing out, as compared to the degree
distribution of the TreeBASE phylogenies (Figure 6.4(a)). Therefore,
in the rank-based taxonomy CoL it is possible to find nodes with
degree k = 2,014, as well as in the rank-free taxonomy nodes with
degree k = 416, while for the phylogenetic trees downloaded from
TreeBASE, the larger degree that can be observed is k = 66. The
degree distribution of ToL and TreeBASE can be fitted to a power
law distribution with the form F(k) = k”, where the value of y for
ToL is y = —1.76 + 0.02, while for TreeBASE is y = —2.93 + 0.04.
Otherwise, ToL. and TreeBASE show an outstanding prevalence of
nodes with degree k = 3,i.e. binary bifurcations, which reflects their
tendency towards a binary topology, as compared to the rank-based
taxonomy CoL, which does not show any outstanding prevalence
of the binary bifurcations (Figure 6.4(b)).

The analysis of the correlation of the degree with the mean depth
implies, once again, a discrepancy between the rank-free and the
rank-based taxonomic classification approach. So, while ToL and
the TreeBASE phylogenetic trees exhibit no correlation between the
degree of the taxon and its depth, with a generic average degree
around 3 for all the internal taxa (Figure 6.5(a)), CoL suggested some
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Figure 6.4: Degree distribution of taxonomic and phyloge-

netic trees. (a) Cumulative complementary degree distribu-

tion, F(k), of CoL (black empty circles), ToL (red empty dia-

monds) and TreeBASE (green stars). (b) Degree distribution,

P(k), of CoL (black empty circles), ToL (red empty diamonds)

and TreeBASE (green stars) for the range of degree values
between 1 and 10.
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Figure 6.5: Degree-depth correlation of taxonomic and phy-
logenetic trees. (a) Plot of the logarithmically binned degree-
depth correlation of CoL (black empty circles) and ToL (red
empty diamonds) and TreeBASE (green stars) datasets. In-
set: Enlargement of the range of mean depth values between
1 and 8. (b) Average degree for each of the taxonomic ranks
of CoL (red stars): root (0), kingdom (1), phylum (2), class (3),
order (4), family (5), genus (6) and species (7).
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correlation between the degree of the taxa and their depth. Since in
CoL each taxonomic level is at a certain distance from the root, with
the aim of expanding the comprehension of the correlation between
the degree and the depth of the taxonomic tree, in Figure 6.5(b) we
show the correlation of the degree with the taxonomic rank. The
plot shows significantly higher degrees at those taxonomic ranks
with distances to the root of 1, 5 and 6, corresponding to kingdom,
family and genus, respectively.

With the aim of determining which is the specific contribution of
each kingdom to the degree-taxonomic rank correlation depicted
for the whole CoL taxonomic tree, we discriminated among the
different kingdoms of organisms. In this way, as we can see in
Figure 6.6, the degree-depth correlation analysis for the different
kingdoms shows that the high polytomic nature of family and genus
is especially supplied by those kingdoms with large representation,
i.e. Animalia (1,391,352 species), Plants (448,695 species) and Fungi
(125,205 species). Otherwise, the main contributors to the extremely
high polytomic nature of the taxonomic rank of kingdom are the
kingdoms of Protozoa and Viruses, together with the kingdoms of
Animalia, Plantae and Bacteria. Another remarkable finding is the
low contribution of Archaea kingdom to the polytomic topology of
CoL taxonomic tree. This can be related to its extraordinary low
representation, consisting only of 364 species.

6.3
Discussion

Ever since the characterization of the uneven distribution of species
inside genera by J. C. Willis in 1922 (Willis, 1922), a large amount of
studies have focused on the characterization of the distribution of
subtaxa inside taxa all over the Tree of Life, such as Corbet (1942);
Anderson (1974); Burlando (1990, 1993). In the last decades diverse
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studies based on the modern network theory have been carried
out for the analysis and comprehension of the biodiversity patterns
printed in the taxonomic classifications. The major studies can be
classified into two main approaches. On the one hand, several
studies have been published with a focus on the characterization
of the taxon abundance, with the aim of understanding the distri-
bution of subtaxa inside their respective taxa, e.g. species inside
genera, or genera inside families (Chu and Adami, 1999; Reed and
Hughes, 2002; Caldarelli et al., 2004; Reed and Hughes, 2007). On
the other hand, some analyses have focused on the characterization
of the distribution of polytomies, through the analysis of the degree
distribution of the taxa (Cartozo et al., 2008). Taking into account
the great controversy between rank-free and rank-based taxonomic
classification criteria (de Queiroz, 1988, 1997; Benton, 2000; Nixon
and Carpenter, 2000; Bryant and Cantino, 2002; Keller et al., 2003; de
Queiroz, 2005; Rieppel, 2005, 2006a,b; Hillis, 2007; Ereshefsky, 2007;
Yang and Bourne, 2009), in this chapter we decided to characterize
the effect of the different taxonomic classification criteria over the
branching properties of the evolutionary trees.

Our characterization of the effect of the criteria of taxonomic classi-
fication over the topology of the evolutionary trees focused on the
characterization of the depth scaling behavior and in the distribu-
tion of the polytomies all over the taxonomic trees. In general, for all
the analysis of both taxonomic datasets, ToL and CoL, ToL was the
one which showed closer behavior to phylogenetic trees. The char-
acterization of the distribution of subtaxa inside taxa, through the
analysis of the branch size and cumulative branch size distribution,
displayed a power-law distribution for both taxonomic datasets (see
Figure 6.1), in line with the large amount of analyses published in
this direction (Willis, 1922; Corbet, 1942; Anderson, 1974; Burlando,
1990, 1993; Chu and Adami, 1999; Reed and Hughes, 2002; Caldarelli
et al., 2004; Reed and Hughes, 2007). However, ToL’s distributions
showed closer exponents to the ones reported in Chapter 3 for the
branch size and cumulative branch size distribution analysis of or-
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ganism phylogenies than CoL’s distributions did. In addition, the
closeness of the ToL dataset to phylogenetic trees became also evi-
dent in the mean depth scaling analysis (see Figure 6.2), as well as
in the degree distribution (see Figure 6.4).

Some years ago, Cartozo et al. (2008) published a paper based on the
characterization of the degree distribution of the taxonomic tree of
the phylum of vascular plants. The taxonomic classification was not
constrained by the taxonomic ranks considered by CoL, including
intermediate ranks, so the taxonomic ranks that they considered in
this work were: species, genus, family, order, sub-class, class, sub-
phylum, phylum and subkingdom. They reported that the degree
follows a power-law distribution in taxonomies. This result does
not agree well with the distribution displayed by CoL taxonomy,
but it matches up with the distribution described for the rank-free
taxonomy ToL (see Figure 6.4). Since the taxonomic classification
considered by Cartozo et al. (2008) took into account intermediate
taxonomic ranks, by increasing the resolution of the taxonomic clas-
sification (i.e. including intermediate ranks or the consideration
of rank-free criteria), the power-law distribution described by Car-
tozo’s dataset and by ToL and TreeBASE datasets could be explained
by the softening of the constraints imposed by the main seven tax-
onomic ranks of the rank-based taxonomic classification (kingdom,
phylum, class, order, family, genus, specie).

An interesting point in the comprehension of the distribution of
polytomies all over the taxonomic trees is the analysis of the degree
of correlation of the distribution of polytomies with the depth of the
taxa. In that sense, our degree-depth correlation analysis showed
no correlation for ToL, as was also the case for TreeBASE, but CoL
displayed a correlation between the number of polytomies and the
taxonomic level, and it exhibited especially larger average degree
values at the taxonomic ranks corresponding to genus, family and
kingdom (see Figure 6.5). This resultimplies that the higher presence
of polytomies and, therefore, a higher presence of low resolution
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problems at the taxonomic classification is found at those taxonomic
levels: genus, family and kingdom.

The specific analysis of each of the kingdoms of organisms demon-
strates that the just described perturbing effect of the rank-based
criteria over the tree topology of the whole taxonomic classification
of CoL is not reflected at the different kingdoms with the same in-
tensity. As a consequence, while the largely represented kingdoms
(Animalia, Plantae and Fungi) displayed a depth scaling behav-
ior closer to the depth scaling of the fully polytomic tree, the less
represented kingdoms (Archaea and Viruses) drew away from the
average behavior to a depth scaling behavior closer to the one de-
scribed by the rank-free taxonomy of ToL. These discrepancies show
the implication of the rank-based criteria over the high presence of
polytomies in taxonomies like CoL. Since CoL is restricted to 7 taxo-
nomic ranks, regardless of the number of species inside a kingdom,
the more species a kingdom has, the more polytomic behavior its tax-
onomic tree will depict. In addition, the analysis of the correlation
of the degree with the taxonomic rank for the different kingdoms
shows that, while Archaea, due to its low representation, showed a
low contribution for the polytomic topology of CoL, those kingdoms
with a larger representation (Animalia, Plants and Viruses) bear the
responsibility for the polytomic nature of family and genus ranks,
as well as they are the main contributors to the extremely high poly-
tomic nature of the taxonomic rank of kingdom. These kingdoms
are, specifically, the kingdoms of Protozoa and Viruses, along with
the kingdoms of Animalia, Plantae and Bacteria.

In summary, the main aim of this work has been the characterization
of the effect of the different taxonomic criteria over the topology of
the evolutionary trees. The results presented in this chapter show
that rank-based criteria distort considerably the branching pattern
of the evolutionary trees, as compared with phylogenies, while the
rank-free taxonomic criteria are more respectful with the pattern.
The perturbation of the topological properties of the rank-based tax-
onomic trees is caused by the fact that the depth of such trees is
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constrained by a fixed number of taxonomic ranks. This constraint
is what causes the increase in the number of polytomies. Based on
the results obtained here, we can conclude that, from the evolution-
ary point of view, rank-free classification criteria are more respectful
with the evolutionary patterns reflected through the branching pat-
terns of the evolutionary tree than the rank-based taxonomic criteria
and therefore, the rank-free approach constitutes a more realistic
taxonomic classification than the rank-based one.

120



Chapter 7

Branch length scaling

As discussed in Chapter 2, phylogenetic trees provide us with two
major sources of information (Moore, 2007): branching and tempo-
ral information. Traditionally, most of the topological characteriza-
tion studies have focused on the branching pattern analysis, while
the number of works that take into account the information stored
in the branch length of the phylograms is much shorter (Savage,
1983; Kirkpatrick and Slatkin, 1993; Mooers and Heard, 1997). The
sensitivity of the branch length to the reconstruction and timing
methods has made that most of the studies based on branch length
data have focused on the identification of biases derived from the
reconstruction process of the phylogenetic trees (see Section 2.1).
But the improvement in the dating methods in the last decade has
givenrise to the development of databases that provide information,
with considerable precision, about the branch length of the phyloge-
netic trees. An example of those databases is the TimeTree project,
which is in charge of the time calibration of the Tree of Life and
which provides the branch length information (Hedges et al., 2006;
Timetree, 2010). With the aim of contributing to the comprehension
of the evolutionary processes that drive branch length patterns, we
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analyzed the TimeTree of Life database to characterize the branch
length pattern along the Tree of Life.

71
Datasets

On September 13th 2010 we digitalized the circular timetree dis-
played as wall poster at Hedges et al. (2006) and Timetree (2010).
Nowadays, Timetree of Life database constitutes the more accurate
calibration to absolute time of the diversification events depicted all
over the Tree of Life, providing information about the timescales
of the evolutionary processes among all the life forms included in
the Tree of Life. Since it is a work in progress, the available data
are increasing in time. The version downloaded on September 13th
2010 included all three superkingdoms (Eubacteria, Archaea and
Eukarya) and 1,610 families. Timetree of Life resolution stops at
family-level taxa, therefore, the 1,610 families constitute the leaves
of the downloaded Timetree.

7.2
Results

The branch length frequency distribution is quantitatively charac-
terized by calculating the function F(L), which is the complementary
cumulative distribution function (CCDF) of the branch lengths (in
million years (My)), L, in the TimeTree. The branch length dis-
tribution of the TimeTree displays an exponential decay with two
different decay rates (Figure 7.1(a)), with an inflection point around
200 and 300 million years length (inset of Figure 7.1(a)). The de-
tailed analysis of the branch length distribution for the main groups
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Figure 7.1: Branch length distribution. (a) Cumulative
complementary distribution function (CCDF) of the branch
lengths of Timetree (black empty circles). Inset: Zoom in of
the cumulative distribution of branch lengths shorter than 500
million years old. (b) CCDF of the branch lengths for eubacte-
ria (violet empty diamonds), fungi (red empty squares), pro-
tists (green empty triangles), arthopods (blue empty squares),
flowering plants (red empty circles) groups of organisms in
Timetree. Black empty circles correspond to the CCDF of the
branch lengths of the whole Timetree.
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of organisms in the Tree of Life (amphibians, arthropods, birds,
eubacteria, ferns, fishes, flowering plants, fungi, liverworts, mam-
mals, mollusks, mosses and protists) shows exponential distribu-
tions with a single characteristic time for each of those groups (Fig-
ure 7.1(b)). Therefore, the described double exponential distribution
is explained by the different decay rates of the different groups of or-
ganisms. So, while most of the groups show a fast exponential decay
(mosses, liverworts, flowering plants, arthropods, fish, amphibians,
reptiles, birds and mammals), some others show significantly slower
exponential decays, such is the case of eubacteria, archaea, protists
and fungi.

In order to see how the branch lengths are distributed all over the
Timetree of Life, we plot the length of each of the branches that
we find at each time (Figure 7.2(a)). This plot shows a positive
correlation of branch length with age. So, ancient branches are more
likely to be long than young branches. This behavior contrasts with
the one characteristic for random trees, in which the length of their
branches showed no correlation with their age (inset of Figure 7.2(a)).
The positive correlation is softer if we include the branches that
connect leaves in the analysis since there are some of those branches
that bifurcated very soon, and which have been present most of
the time in the tree and, therefore, they tune down the positive
correlation with age. In Figure 7.2(b), we can see that while most of
the leaves are connected by short branches, numerous branches are
very long, responsible for tuning down the time correlation.

7.3
Discussion

The availability of branch length information in the last decades has
led to an increase in the number of studies focused on the analysis
of how the branch lengths are distributed all over the phylogenetic
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Figure 7.2: Branch length-time correlations. (a) Plot of the
logarithmically binned set of branch lengths for each time
(in million years ago (Mya)) for the whole Timetree (black
empty circles) and for the Timetree without leaves (red empty
diamonds). Inset: Plot of the logarithmically binned set of
the branch lengths for each Markovian step for generated
random trees. (b) Histogram of the lengths of the branches
that connect the leaves of Timetree.
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trees (Fiala and Sokal, 1985; Rohlf et al., 1990; Zink and Slowinski,
1995; Salisbury, 1999; Pybus and Harvey, 2000; Nee, 2001; Popovic,
2004; Qiao et al., 2006; Francois and Mioland, 2007; Paradis, 2008;
Venditti et al., 2010). While the predominance of the analysis of
the branching patterns has led to a large amount of information
about the biological mechanisms that contribute to the branching
patterns of the phylogenetic trees, the description of the biological
mechanisms that take part in the branch length patterns of the Tree
of Life is still just incipient (Mooers and Heard, 1997). With the
aim of broadening the knowledge of the phylogenetic branch length
patterns, we characterized the branch length distribution all over
the Timetree of Life.

The frequency distribution of the branch lengths in the Timetree of
Life displayed an exponential decay with two different decay rates,
a lower rate for branch lengths longer than around 200-300 My,
and a higher rate for branch lengths shorter than around 300-200
My. These different decay rates are due to the different exponen-
tial behaviors of the different groups of organisms: those groups of
organisms that diversified in the last 500 My (mosses, liverworts,
flowering plants, arthropods, fishes, amphibians, reptiles, birds and
mammals) show higher exponential decays, while those groups of
organisms that diversified before 500 Mya (eubacteria, archaea, pro-
tists and fungi) exhibit lower exponential decays. The exponential
frequency distribution observed here confirms the results published
by Venditti et al. (2010), who described an exponential frequency
distribution of the branch lengths for 101 phylogenies from a nar-
row taxonomic range of species. Besides, the distribution of the
branch length showed a non-random stemmy behavior with a pos-
itive correlation with age (see Figure 7.2(a)), short branches being
more likely to be found close to the tips, while long branches are
close to the root.

From the biological point of view, a possible explanation for the
high frequency of the branch lengths shorter than 200-300 My and
for the stemminess of Timetree could be that both are consequences
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of faster diversification rates of the recent taxa. In fact, based on
the stemmy nature of the Timetree, most of the branches shorter
than 200-300 My are close to the tips. And, taking into account that
the land colonization in the late Paleozoic Era (359-251 Mya) com-
prised an extraordinary diversification rate increase, we could relate
the change in the exponential frequency distribution with such an
increase in the diversification rate (Hedges and Kumar, 2009). How-
ever, before considering these sorts of biological explanations, we
have to take into account some methodological caveats claimed by
the authors of this first version of Timetree database (Hedges and Ku-
mar, 2009). First of all, the analyzed Timetree version includes only
living organisms sampled by molecular methods, which involves
the exclusion of extinct taxa. And, since older taxa have more time
to go extinct than recent taxa, the absence of extinct taxa leads to
stemmier evolutionary trees (Nee et al., 1994a). Another problem,
derived from this first caveat, is that, due to a limited availability
of molecular data for certain groups of organisms, the different taxa
are unequally covered. Third, taxonomic criteria are very arbitrary
with evolutionary time and, therefore, there is no guarantee that a
group of organisms that corresponds to a certain taxonomic rank
can be compared to a different group of organisms of the same tax-
onomic rank (Barraclough and Nee, 2001; Avise and Mitchell, 2007;
Hedges and Kumar, 2009). An example of a consequence derived
from these drawbacks could be the high frequency of long branches
in the old groups of organisms (eubacteria, archaea, protists and
fungi), which could be explained as the result of wrong taxonomic
criteria and unequal coverage of those taxa, rather than as the result
of low diversification rates.

Summing up, as a first step towards the characterization of the
branch length pattern along the Tree of Life, we have confirmed the
exponential frequency distribution of the branch lengths in the Tree
of Life, as well as the stemminess pattern of the Timetree depicted
in the positive age correlation of the branch length distribution.
Nonetheless, we should wait for improved versions of the Timetree

127



CHAPTER 7. BRANCH LENGTH SCALING

database for extracting round biological conclusions from this kind
of analysis.
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Chapter 8

Conclusions

Within the context of complex network theory, the main purpose of
this work has been to provide new tools for the topological charac-
terization of evolutionary trees, as well as to contribute to enlarg-
ing the knowledge of the evolutionary patterns depicted in them.
Thereby, we have proposed an approach based on the depth scal-
ing analysis of phylogenetic trees in order to carry out comparative
studies between micro- and macroevolutionary phylogenies, gene
and species evolutionary trees, as well as a comparative study of
the effects of the rank-based and rank-free taxonomic criteria over
the topology of evolutionary trees. Besides, we have examined the
information stored in the branch length of the phylograms, in order
to characterize the branch length distribution along the Tree of Life.

In the first place, we applied, in Chapter 3, the depth scaling ap-
proach to the characterization of intra- and interspecific phyloge-
nies across kingdoms, reproductive strategies and environments.
This analysis showed similar branching and scaling patterns, both
in intraspecific and interspecific phylogenies, suggesting the con-
servation of branching rules and, hence, of evolutionary processes
that drive biological diversification across the entire history of life.

129



CHAPTER 8. CONCLUSIONS

The deviation from the null ERM model of the phylogenies ob-
served suggests the operation of a mechanism generating a corre-
lated branching, where some memory of past evolutionary events is
maintained along each branch.

With the aim of checking if the universality found in the scaling
properties of organism phylogenies is also extrapolable to the gene-
level, in Chapter 4 we characterized the depth scaling of protein
families. The results presented there showed that the branching and
scaling patterns in protein families do not differ significantly from
the branching patterns observed in organism phylogenies, suggest-
ing that the branching rules and evolutionary processes that drive
biological diversification are conserved both in species- and in gene-
level.

As a proposal of an evolutionary process that can be conserved in
gene- and in species-level, in Chapter 5 we introduced an evolution-
ary model based on the evolvability/robustness interplay of genes
or organisms. This model showed the ERM scaling as asymptotic
behavior, but there was a distinct non-logarithmic behavior for finite
sizes. It reproduced the branching and scaling properties displayed
by the phylogenies analyzed in Chapters 3 and 4, showing a preva-
lence of asymmetric diversification events, i.e. events in which one
of the two daughter species or genes is unable to diversify for a very
long time or at all.

In Chapter 6 we characterized the effect of the different taxonomic
classification criteria over the branching properties of the evolution-
ary trees. The analysis showed a very distorting effect of the rank-
based taxonomic criteria over the biodiversity distribution through
the evolutionary trees, while the rank-free criteria proved to be more
respectful with it. This perturbation effect was especially reflected
in a high presence of polytomies in the taxonomic ranks of genus,
family and kingdom, as well as on the depth scaling of the kingdoms
of organisms with larger representation such as Animalia, Plantae
and Fungi. We note that the distinct behavior of taxonomies and
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phylogenies revealed by our topological methods confirms that the
universality of results reported in Chapters 3 and 4 is not a conse-
quence of the analysis methodology used, but it is a property of the
biological datasets.

Finally, in Chapter 7 we took a first step toward the characterization
of the branch length pattern all over the Tree of Life, and we reported
the exponential frequency distribution of the branch length in the
Timetree of Life, as well as the stemminess pattern of this Tree of
Life. This branch length distribution can be associated with faster
diversification rates of recent taxa, but some caveats derived from
the reconstruction of the first version of the Timetree database oblige
us to be cautious and not to draw any definite conclusion before
analyzing improved versions of the Timetree database which still
have to be published.
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Appendix A

Intra- and interspecific
datasets

The interspecific dataset analyzed in Chapter 3 consists of 5,212
phylogenetic trees downloaded from TreeBASE (2010). Given that a
database similar to TreeBASE does not exist for intraspecific phylo-
genies, we constructed our intraspecific dataset by manually com-
piling 67 phylogenetic trees from several published references (see
Table A.1). The difference in size between the two datasets calls
for some additional checking on the appropriateness of a compar-
ison between them. As a way to close the gap between the two
datasets we compiled a third set of trees consisting of phylogenies
of interspecific character, like the data in TreeBASE, but these were
manually extracted from published references (see Table A.2) follow-
ing the same criteria as the intraspecific set analyzed in Chapter 3,
and with the same size, 67 trees. Our selection criteria insure that
our tree datasets contained organisms from terrestrial, marine and
fresh water environments, from all the main climatic regions, from
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Animalia Devitt (2006); Driscoll and Hardy (2005); Heilveil and Berlocher
(2006); Jensen et al. (2002); Kawamoto et al. (2007); Lefébure et al.
(2006); Marmi et al. (2006); Martinez-Solano et al. (2006); Miller
et al. (2006); Ozeki et al. (2007); Roberts (2006); Rowe et al. (2006);
Ruzzante et al. (2006); Ursenbacher et al. (2006); Verovnik et al.
(2004); Zink et al. (2006)

Bacteria Ehling-Schulz et al. (2005); Hahn et al. (2005); Hommais et al. (2005);
Humbert et al. (2005); Ko et al. (2003); Lin et al. (2003); Sogstad et al.
(2006); Vancanneyt et al. (2006); Ward et al. (2004); Zorrilla et al.
(2003)

Fungi Choi et al. (2006); Marimon et al. (2006); Perneel et al. (2006); Scott
and Chakraborty (2006)

Plantae Albach et al. (2006); de Casas et al. (2006); Huang et al. (2001); van
Ee et al. (2006)

Protozoa Beszteri et al. (2005); Cupolillo et al. (2003); Monis et al. (2003);
Thangadurai et al. (2006); Whipps and Kent (2006); Zhang et al.
(2006b)

Viruses Gottschling et al. (2007); Michitaka et al. (2006); Perk et al. (2006);
Zhang et al. (2006a)

Table A.1: Intraspecific phylogenies datasets.

all kingdoms (see Table 3.1), and they were reconstructed with the
main phylogenetic tree estimation methods.!

IThe 134 phylogenetic trees that constitute our manually compiled dataset of
intraspecific and interspecific phylogenies are available at: http://ifisc.uib-csic.
es/~alejandro/phylotreedata/.
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Animalia

Archaea
Bacteria
Fungi

Plantae

Protozoa

Viruses

Benz et al. (2006); Dohrmann et al. (2006); Duda and Kohn (2005);
Fuchs et al. (2007); Fulton and Strobeck (2006); Gaubert and
Cordeiro-Estrela (2006); Lavoué et al. (2007); Le et al. (2006); Mal-
latt and Giribet (2006); Mann et al. (2006); Maraun et al. (2004);
Moyle and Marks (2006); Ohlson et al. (2007); Robalo et al. (2007);
Sagegami-Oba et al. (2007); Sjolin et al. (2005); Sullivan et al. (2006);
Zanatta and Murphy (2006); Zuccon et al. (2006)

Dighe et al. (2004); Garcia et al. (2000); Wright (2006)
Brindefalk et al. (2007); Huang et al. (2005); Zhang et al. (2001)

Fitzpatrick et al. (2006); Garcia et al. (2006); Stchigel et al. (2006);
Wang et al. (2006)

Andreasen and Bremer (2000); Ellison et al. (2006); Endress and
Doyle (2007); Gamage et al. (2006); Hahn (2002); Hyvonen et al.
(2004)

Gast (2006); Li et al. (2006); Moreira et al. (2007); Saldarriaga et al.
(2003); Serensen and Giribet (2006)

Habayeb et al. (2006)

Table A.2: Interspecific phylogenies datasets.

137






Appendix B

Outgroup effect over the
allometric scaling of phy-
logenies

The results presented in Chapter 3 were published in 2008 highlight-
ing the non-random universal patterns of phylogenetic differentia-
tion, and suggesting the relevance of similar evolutionary forces that
drive diversification across the broad range of scales, from microevo-
lutionary to macroevolutionary processes, shaping diversity of life
on Earth (Herrada et al., 2008). Almost a year after the publication
of this work, a paper was published criticizing the universality of
our results and arguing that the alleged universal behavior could
be caused by the effect of the artifacts introduced by the outgroups
over the allometric scaling of the phylogenetic trees (Altaba, 2009).

Based on that criticism, we have checked the effect of the outgroups
over the allometric scaling of the phylogenetic trees. With that pur-
pose, we collected 9 phylogenies from published research papers
(Spinks and Shaffer (2005); Rowe et al. (2006); Fuchs et al. (2008,
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Figure B.1: Outgroup effect over the allometric scaling. Com-

parative allometric scaling plot between complete phyloge-

nies (black empty circles) and their corresponding ingroup

taxa (red crosses) for the phylogenies published in: Fuchs

et al. (2008) (a), Fuchs et al. (2009) (b), Yi et al. (2009) (c) and

Wahrmund et al. (2010) (d). Line corresponds to the power
law C ~ A", with the exponent value of = 1.44.

2009); Pyron and Burbrink (2009); Yi et al. (2009); Wahrmund et al.
(2010); Wilson et al. (2009)) and we contrasted them with the results
published by Altaba (2009).

The comparison between the allometric scaling of each phyloge-
netic tree with the allometric scaling of its corresponding phyloge-
netic tree without outgroups displays no differences. It also shows
the same scaling behavior as the one described in Chapter 3. In
Figure B.1 we show the allometric scaling for 4 of the phylogenies
analyzed. Complementing this result, the plot of the allometric scal-
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Figure B.2: Outgroup effect over the allometric scaling based
on the data published by Altaba (2009). Comparative allo-
metric scaling plot for the values of the branch size, A, and the
cumulative branch size, C, corresponding to the root of the
complete phylogenies (black empty circles) and to the root
of their corresponding ingroup taxa (red crosses), published
in Altaba (2009). (a) Phylogenies reconstructed by maximum
likelihood. (b) Phylogenies reconstructed by maximum par-
simony. (c) Phylogenies reconstructed by neighbor joining.
(d) Phylogenies reconstructed by bayesian inference. Line
corresponds to the power law C ~ A", with the exponent
value of 1 = 1.44.
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APPENDIX B. OUTGROUP EFFECT OVER THE ALLOMETRIC
SCALING OF PHYLOGENIES

ing relationship between the cumulative branch size, C, and branch
size, A, values for the roots of the complete phylogenies and ingroup
taxa analyzed in Altaba (2009) shows also the same scaling behavior
as the one described in Chapter 3 (Figure B.2).

The main function of the outgroup is rooting the ingroup taxa, which
means that the difference between both sets of data (whole phylo-
genies and its corresponding ingroups) is due to a few points con-
cerning the internal nodes that connect the outgroup(s) with the
root. The results presented here demonstrate that the absence of
those nodes does not affect the allometric scaling of the phyloge-
nies, denying the presence of artifacts introduced by the outgroups
over the allometric scaling of the phylogenetic trees, as was claimed
by Altaba (2009), and reaffirming the universality in the allometric
scaling of the phylogenetic trees described in Chapter 3.
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Appendix C

Orthologs-paralogs
correlation

As we described in Section 1.1.2, the two main processes responsible
for protein family diversification are speciation (orthology) and gene
duplication (paralogy) (Koonin, 2005). In order to broaden the un-
derstanding of protein family evolution, in the present appendix we
compute which of those diversification processes contributes more
to protein family diversification, through the measure of the num-
ber of species per protein family as function of the protein family
size. For a protein family that diversifies only by speciation events
(fully-orthologous protein family) the number of species inside the
protein family increases directly proportional to the size of the fam-
ily, while for a protein family that diversifies exclusively by gene
duplication events (fully-paralogous protein family) the number of
species inside the family remains constant to 1, since all the diversifi-
cation events due to gene duplication take place in the same species.
Taking this into account, we plot how the number of species inside
each family changes with the size of the protein family for the “real”
protein families.
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Figure C.1: Number of species per protein family size. Plot
of the number of species as function of the protein family size
for each the protein families of Pfam database (black empty
dots). Red stars and green patterned diamonds represent the
logarithmically binned set of values of the number species
as function of the protein family size for the Pfam protein
families and for the random model (see text), respectively.
Blue and red lines represents the extreme behaviors corre-
sponding, respectively, to the fully-orthologous (y = x) and
fully-paralogous (y = 1) protein families.

The protein families analyzed in this study were the protein families
from the database Pfam (Pfam, 2010). On November 7th 2008, we
downloaded the 8,192 protein families that were collected at this
time in Pfam database. The size of the protein families ranges from
3 to more than 2,000 members.

In Figure C.1 we plot the number of species as function of the protein
family size. While the number of species per protein family size for
all the Pfam families were enclosed between the two extreme behav-
iors (those corresponding to fully-orthologous and fully-paralogous
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protein families), the mean values show an intermediate behavior
and they are close to the average behavior of a random uniform
model. In this random model, for each protein family size, a cer-
tain value for the number of species was randomly chosen from an
uniform distribution inside the range that corresponds to the range
enclosed between the two extreme behaviors, y = x and y = 1 that
is [1, T], where T corresponds to the protein family size.

The result presented here does not give any conclusive idea about the
prevalence of the gene duplication over the speciation, or vice versa,
in the protein family diversification. The coincidence of Pfam pro-
tein families with the random model may suggest that diversification
of protein families could be the result of a uniform combination of
both evolutionary mechanisms, without forgetting other evolution-
ary mechanisms that take part of protein diversification processes
(see Section 1.1.2), such as: horizontal gene transfer (xenology), bar-
rier to sex chromosome recombination (gametology), whole-genome
duplication (ohnology) or hybridization of two species (synology).
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Appendix D

Activity model

The activity model constitutes an example that tree shapes distinct
from the ERM model may also result from a memory in terms of
internal states of the nodes. This model is conceptually similar
to the class of models suggested by Pinelis (2003). However, the
present model makes a distinction only between active and inactive
nodes and has a single parameter controlling the spread of activity.!

Starting from a single node (the root), a binary tree is generated as
follows. At each step, a leaf i of the tree is chosen and branched
into two new leaves. Each of the two new leaves, independently of
the other, is set active with probability p or inactive with probability
1 —p. The branching leaf, i, is chosen at random from the set of
active leaves if this set is non-empty. Otherwise, i is chosen at
random from the set of all leaves. Figure D.1 shows that for p = 1/2
the model generates trees with mean depth growing as the square
root of tree size (note the log-log scale). Figure D.2 displays a small-
size example of such trees and examples from other models, such
as the ERM model (Figure D.2 a)) and the alpha model (Figure D.2

I The work described in this appendix has been published in (Hernandez-Garcia
etal., 2010).
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Figure D.1: Average depth versus size for the activity model
for various values of the activation probability p. Data points
displayed by symbols give the average distance of leaves with
respect to the root. Error bars give the standard deviation
taken over different realizations (1000 trees per data point).
Data in the rugged curves are for all subtrees of trees with
size 22! = 2097152. The dashed line represents a power law
scaling with exponent 1/2, corresponding to the scaling of
the p = 0.5 curve, as discussed in the text.
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Figure D.2: Examples of trees with 32 leaves, generated from

several models. a) Tree generated with the ERM model. b)

The completely unbalanced tree. c) A tree generated with the

alpha model (described in Subsection 2.3.2) for a = 0.5. d) A

tree generated with the activity model for p = 0.5. The trees

in ¢) and d) display an imbalance intermediate between a)
and b).
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APPENDIX D. ACTIVITY MODEL

c)). For values of p below or above 1/2, N, the average distance from
the leaves to the root (defined in Section 2.2.1), seems to increase
logarithmically with #.

Here we give a simplified argument to understand the observed
exponent 1/2 of the distance scaling with system size in the case
p = 1/2. At the time the growing tree has 1 leaves in total, let D, (1)
be the expected sum of distances of active leaves from the root,
and Dy(n) the analogous quantity for the inactive leaves. When a
randomly chosen active leaf —at distance d, from root- branches, the
expected increase of D,(n) is

AD,(n)
P2 (d, +2)

D,(n +1) = Dy(n) =
2p(1—p)-1+ (1 —p)*(~da)
2p-1d, +2p. (D.1)

+

Here the three terms of the second line are for the activation of
two, one and zero of the new leaves, respectively. This expression
is appropriate as far as the number of active nodes is not zero.
Simultaneously, the expected change in Dy () during the same event
is

ADb(I/l)
p*-0 2p(1 = p)(da + 1) + (1 = p)*2(da + 1)

2(1-p)(d, +1). (D.2)

+

We now average AD,(n) over the different choices of the particular
active leave that has been branched. This amounts to replacing
d, in the above formula by (d,),, the average depth of the active
leaves in a tree of n leaves. Writing D;(n + 1) = D;(n) + AD;(n),
for i = a,b, one would get a closed system for the quantities D;(n)
provided {d,), is expressed in terms of them. This can be done by
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writing (d,), = D,(n)/a(n), where a(n) is the expected number of
active leaves in a tree of n leaves. This expected value is used here
as an approximation to the actual number of active leaves.

The recurrence equations for D;(n) are specially simple in the most
interesting case p = 1/2, since the dependence in {d,), disappears
from one of the equations:

D,(n+1)
Dy(n+1)

D,(n) +1 (D.3)
Dy(n) + (d,), + 1. (D.4)

The solution (with initial condition D,(1) = 0) of Eq. (D.3) is simply:

D,(n)=n-1. (D.5)

Since the probabilities of an increment or decrement (by one unit) of
the number of active leaves are the same and time-independent for
p = 1/2, the number of active nodes performs a symmetric random
walk with a reflecting boundary at 0 (this last condition arises from
the prescription of setting active one node when the number of active
nodes has reached zero in the previous step). For such random walk
the expected value of active leaves, a(n), increases as the square root
of the number of steps. Since a new leaf is added at each time step,
this leads to:

a(n) ~ n/?. (D.6)

Combining (D.5) and (D.6) we obtain the average distance of active
nodes from root at large tree sizes:

D(n) 1
o "

(da}n = (D.7)
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APPENDIX D. ACTIVITY MODEL

Now we can plug this result into Eq. (D.4), which can be solved
recursively:

n-1 n-1
Dy(n) = Dy(1) + Y (da) + 1) ~ Y P ~n¥2 . (DS8)
t=1 t=1

The totally averaged depth, N,,, which counts both the active and
the inactive leaves, is

N, = D,(n) + Dy(n) nt’2 4 n32 a2

n

; ; (D.9)

which explains the asymptotic behavior observed in Figure D.1 for
p=1/2

We note that the growth dynamics presented here may be mapped
to a branching process (Harris, 1963), with the difference that here
the death (inactivation) of a node does not lead to its removal from
the tree. The special case p = 1/2 corresponds to a critical branching
process.

DA
Discussion

As we have commented on in Chapter 5, activity model constitutes,
together with Ford’s alpha model, two simple models which lead
to non-logarithmic scaling of the tree depth. In contrast with many
of the available models having this behavior (Banavar et al., 1999;
Aldous, 2001; Blum and Frangois, 2006; Ford, 2006) activity model
is formulated as a dynamical model, involving growing trees, so
that rules are given to obtain the tree at the next time step from the
present state. Its introduction has been motivated since, as we have
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D.1. DISCUSSION

described in Chapter 3, one of the depth scaling behaviors suggested
to explain the branching mechanisms of real phylogenies is a non-
logarithmic scaling of the depth, such as: d ~ n%# (remind that the

scaling of d and N with  is the same).

As we discussed in Chapter 5, a recent analysis of several evolu-
tionary models including species competition (Stich and Manrubia,
2009) indicates that in these models correlations are finally destroyed
by mutation processes and persist only for a finite correlation time.
Thus, sufficiently large trees would have a scaling behavior closer
to the asymptotic ERM predictions. As described in Chapter 5, this
finite-size transient behavior is also obtained with the evolvability
model. Since the largest phylogenies in databases such as TreeBASE
and PANDIT have only hundreds or some thousands of leaves,
respectively, it is possible that the observed imbalance and depth
scaling is a finite-size regime. Nevertheless, models going beyond
the ERM scaling are needed at least to explain this finite-size regime,
and also to elucidate the true asymptotic scaling behavior.

The final aim of the modeling of phylogenetic trees is to provide bi-
ological mechanisms explaining the branching topology of the Tree
of Life. In this direction, the branching of internal edges in the Ford
model (described in Section 2.3.2) has no obvious biological inter-
pretation. The activity model puts the mechanisms of birth-death
critical branching (Harris, 1963) within a framework of transitions
between node internal states similar in spirit to the approach of
Pinelis (2003). The need to tune a parameter to attain the non-
ERM critical behavior is, however, a limitation for its applicability.
Much additional work is still needed to identify the proper bio-
logical mechanisms behind evolutionary branching and adequate
modeling of them.
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Appendix E

Evolvability model with re-
fractory period and mass
extinctions

In Chapter 5 we proposed an evolutionary branching model based
on the relevance of the existence of taxa which are unable to undergo
anew diversification event. With the aim of exploring the biological
meaning of the prevalence of these taxa in real phylogenies, in this
appendix we are going to consider how the depth scaling of our
evolvability model is affected by, on the one hand, the presence of a
refractory period, i.e. this period of time in which a newly formed
species is unable to speciate again (Chan and Moore, 1999), and, on
the other hand, the presence of random mass extinction events.

As described in Chapter 5, the evolvability model is based on two
possible outcomes. On the one hand, the new species inherit the
same capacity as the mother species to speciate again. On the other
hand, one of the daughter species is unable to speciate again, i.e. it
cannot undergo a new diversification event. With the purpose of an-
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APPENDIX E. EVOLVABILITY MODEL WITH REFRACTORY
PERIOD AND MASS EXTINCTIONS

Figure E.1: Depth scaling of the evolvability model with re-
fractory period. Mean depth scaling of the trees generated
with the evolvability model for p = 0.25 (green empty dia-
monds) when adding different refractory periods: RP = 1
(red patterned diamonds) and RP = 23 (black patterned
squares) for a total of 32 speciation events, and RP = 8 (blue
patterned circles) for a total of 26 speciation events. Green
line corresponds to the ERM model.
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alyzing the effect of the refractory period on the depth scaling of the
evolvability model, we replace the never-speciating outcome with a
certain refractory period, thatis, a certain period of time that the new
species uncapable to speciate has to wait before being able to speci-
ate again. In that sense, we included the refractory period (RP) in
the generation of trees with p = 0.25, the ones which reproduced the
depth scaling of the real phylogenies (Figure E.1). Those trees with
RP =1, i.e. one markovian step uncapable to speciate, reproduce
the ERM-depth scaling and, as we were increasing the refractory
period, the depth scaling was drawing away from the ERM-depth
scaling, getting closer to the one described by the trees generated
with the evolvability model without refractory period (RP = oo) with
p = 0.25. Therefore, for long refractory period, the depth scaling of
the generated trees reproduced the same depth scaling of those trees
with taxa unable to diversify with p = 0.25.

From the macroevolutionary point of view, if we consider a taxon
that has suffered a mass extinction event as this in which all its
daughter subtaxa were exterminated, from a topological point of
view we could identify this taxon with a never-speciating taxon. In
that sense, in order to analyze the consequences of mass extinction
events in the evolvability model, as well as to prove if the mass ex-
tinction events can be considered as one of the biological causes of
the existence of never-speciating taxa, we applied random mass ex-
tinction events to trees generated with the evolvability model where
asymmetric and symmetric events had the same probability to take
place (p = 0.5). For this purpose, we made a random selection of
internal nodes of the phylogenetic trees, and eliminated all the sub-
trees pending from the selected one. After eliminating around 80%
of the nodes of the phylogenetic tree with a p = 0.5, we obtained a
depth scaling behavior similar to the one that fits with the phyloge-
netic trees without extinctions, that is with p = 0.25 (see Figure E.2).
In a previous paper, Heard and Mooers (2002) reported that the
presence of mass extinction events does not change the scaling of
the ERM trees. We see here that, in the range of sizes in which our
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APPENDIX E. EVOLVABILITY MODEL WITH REFRACTORY
PERIOD AND MASS EXTINCTIONS

Figure E.2: Effect of the extinction events on the depth scaling
of the evolvability model. The depth scaling of the trees
generated for p = 0.5 (blue stars) and subjected to massive
extinction events (eliminating the 80% of the nodes) (green
empty diamonds) fits the depth scaling of proteins (red solid
squares) and organisms (black empty circles).

model has non-ERM behavior, mass extinction events are able to
alter the topology of the resulting trees.

In this appendix we have analyzed the effect of the existence of
refractory period and mass extinction events over the depth scaling
of the trees generated with evolvability model. This study proposes
that, from the biological point of view, long refractory periods and
mass extinction events can be considered as some of the evolutionary
processes that can lead to the existence of those sorts of taxa that we
identified here as taxa incapable of undergoing a new diversification
event for a very long period of time.
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Appendix F

Organism vs language tax-
onomies

In Chapter 6, with the main aim of characterizing the perturbing
effect of the rank-based taxonomic criteria on the topological prop-
erties of the evolutionary trees, we described a comparative analysis
between biological taxonomic and phylogenetic trees. In order to
expand on the study of this phenomenon, in the present appendix
we apply the same comparative approach to a different evolution-
ary system: language evolutionary trees. Thus, we will show the
results from the comparative analysis between the trees obtained
from a rank-based hierarchical classification of language families,
and the phylogenetic trees of language families .

Firstly, for the analysis of language rank-based taxonomy, we resort
to the database Ethnologue (2010), a catalogue of the 6,909 known
living languages of the whole world, grouped in 128 families. Ow-
ing to the fact that the downloading of the whole database implied
several problems derived from the way in which some classification
ranks are labelled, we focused our analysis on the first five levels
(starting from the root) out of the nine levels that the classification
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APPENDIX F. ORGANISM VS LANGUAGE TAXONOMIES

Austronesian Gray and Jordan (2000)
Bantu Rexova et al. (2006)
Indo-European Gray and Atkinson (2003)

Table F.1: Language phylogeny datasets.

can reach in the largely represented families, such as Niger-Congo
(1532 languages) and Austronesian (1257 languages) language fam-
ilies. Thus, on March 15th 2010 we downloaded the set of 128 trees
of the language families that constitute the Ethnologue database.
Secondly, concerning the analysis of language phylogenies, the low
number of works published on the application of the phylogenetic
approach to the reconstruction of language evolution made it diffi-
cult to compile a representative database of language phylogenies.
In this way, for our analysis, we compiled the 3 major works on
the phylogenetic reconstruction of the language families which are
most thoroughly studied (Austronesian, Bantu and Indo-European
language families) (see Table F.1).

As was the case for organisms, the scaling of the mean depth, d, as
function of the tree size of language taxonomy and language phy-
logenies differs. In this sense, it is remarkable that, while language
phylogenies follow the same depth scaling as the one described for
organism phylogenies (see Figure F.1), language rank-based taxon-
omy Ethnologue shows, like for the organism rank-based taxonomy
CoL, a depth scaling behavior very similar to the one described by
the fully polytomic tree, with a maximum mean depth of 5 for the
largest language families.

Following the same methodology as when studying organism evo-
lutionary trees, we used the degree distribution as a way to char-
acterize the distribution of polytomies in the language taxonomy
from Ethnologue. This distribution follows, as was the case of the
rank-free taxonomy of organisms (ToL), a power-law scaling with
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Figure E1: Depth scaling of language taxonomies and lan-

guage phylogenies. Plot of the logarithmically binned set of

the mean depth scaling of Ethnologue (black empty circles)

and language phylogenies (red empty squares) compared

with the mean depth scaling of the organism phylogenies

from TreeBASE (green stars). Red line represents the mean
depth scaling of the fully polytomic tree.
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Figure E.2: Degree distribution of language taxonomic trees.
Plot of the degree distribution of the language taxonomic
trees obtained from Ethnologue. Black line corresponds to a
power law P(k) ~ k¥ with an exponent y = 2.73 + 0.07.

the form P(k) ~ k7 (Figure E2), with y ~ 2.73. Note that, since the
language phylogenies analyzed are almost fully binary, the degree
distribution analysis of those phylogenies become irrelevant.

The degree-depth correlation analysis for language taxonomy and
language phylogenies shows the same features as that for organism
analysis described in Chapter 6. On the one hand, language phylo-
genetic trees show no correlation between the degree of the nodes
and the average depth, with an average depth value for all the in-
ternal nodes of 3, the same value found for TreeBASE phylogenies.
On the other hand, language taxonomy shows a correlation pattern,
with a substantial presence of polytomies at all levels (Figure E.3).

In this appendix, with the main goal of characterizing the effect of
the rank-based taxonomies on the topology of the language evolu-
tionary trees, we exported the approach carried out for organisms in
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Figure E3: Degree-depth correlation in language taxonomic
and phylogenetic trees. Comparison between the degree-
depth correlation of language taxonomic tree (black empty
circles) and language phylogenies (red empty squares). In-
set: Zoom of the degree-depth correlation of language tax-
onomic tree (black empty circles) and language phylogenies
(red empty squares) for the range of average depth from 1-5.
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Chapter 6 and applied it to the case of languages. We have described
interesting similarities between language and organism phyloge-
nies, and we also have observed that language rank-based taxon-
omy, represented by the Ethnologue database, showed an increase
in the presence of polytomies with respect to phylogenies, which
were almost fully binary. This increase is translated in a change in
the depth scaling, and in the correlation exhibited between the de-
gree and the average depth of the language taxonomy. The results
reported here suggest that the disturbing effect of the rank-based
taxonomic criteria over the branching pattern of the evolutionary
trees, studied in Chapter 6, can be also found in language evolution-
ary trees. But wider analyses of a refined version of the Ethnologue
dataset, as well as of other databases, such as the Multitree (2010)
are needed in order to reach further conclusions.
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Appendix G

Depth scaling measures for
phylograms

The measures that we used in Chapters 3, 4, 5 and 6 for the depth
scaling analysis were proposed in Section 2.2.3 for unweighted di-
rected tree-like networks. A direct generalization of this approach is
the definition of those measures for weighted directed tree-like net-
works. In this direction, Zhang (2009) and Zhang and Guo (2010)
derived the branch size and the cumulative branch size for weighted
networks. With the same purpose, in this appendix we will define
branch size and cumulative branch size, for weighted tree-like net-
works, and apply these measures so as to characterize the depth
scaling of the Timetree of Life used in Chapter 7.

In Section 2.2.3 we defined branch size, A;, as follows: for a certain
subtree rooted in node i, S;, its branch size, A;, is the number of
subtaxa that diversify from node i (including itself). Likewise, its
cumulative branch size, C; , is the sum of the branch sizes associated
to all the nodes in subtree S;, C; = Y, A j- From these definitions we
obtained respective measures for weighted tree-like networks. In
a weighted subtree S;, rooted in node i, the links are associated to
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APPENDIX G. DEPTH SCALING MEASURES FOR
PHYLOGRAMS

a scalar, [;;, which in the case of phylograms represents the length
of the branch that connects taxon i with its subtaxon j. The branch
weight, A/, constitutes the sum of the lengths, [;;, of all the links inside
subtree S;, and the weighted cumulative branch size, C!, would be
defined as the sum of branch sizes A; for all the nodes in subtree S;,
ponderated by its corresponding branch length, /;;:

C = Z(Ajl,-]-) .
]

As an expansion of these measures, we propose, firstly, a measure
of the mean diversification time of a certain lineage by means of the
mean branch weight

’

A’ Ai
A= 55

where A; — 1 corresponds to the number of links in subtree S; of this
lineage. Secondly, we also propose a measure of the average depth
in time units of a certain lineage through the mean weighted depth

’

C Ci
¢ i>‘A,-—1‘

As observed in Figure G.1(a), the mean diversification time, (A’), as
function of the size of subtree S;, A;, of Timetree does not display
any correlation (p = 0.38, for non-significant correlation), showing a
constant mean speciation time of around 100 million years (My). By
comparing the scaling behavior of the mean weighted depth, (C’),
with the scaling behavior of the measure for the mean depth, d, (used
in Chapters 3, 4, 5, 6) we observe that the scaling of (C’) as function
of the subtree size, A, of Timetree shows a scaling slope similar to
the one displayed in the mean depth scaling, d, as function of the
subtree size, A, (Figure G.1(b)).
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Figure G.1: Weighted depth scaling. (a) Logarithmically

binned set of values of the mean branch weight (in million

years), (A’), as function of the branch size, A, of Timetree. (b)

Logarithmically binned set of values of the mean weighted

depth (in million years), (C’), (black empty circles) and the

mean depth, d, (red empty squares) as functions of the branch
size, A, of Timetree.
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APPENDIX G. DEPTH SCALING MEASURES FOR
PHYLOGRAMS

The absence of correlation of the mean branch weight, (A"), with
the size of the lineage, as well as the absence of divergence between
the mean weighted depth and the mean depth scalings imply that
neither (A’) nor (C’) measures provide additional information on
branch length distribution which was not already in the topological
analysis.

In this appendix we have proposed an extended definition of the
branch size, A, and the cumulative branch size, C, for the case of
weighted tree-like networks, mean branch weight, (A’), and mean
weighted depth, (C’), respectively. Our findings show that these
measures display no additional sensitivity in the characterization of
the branch length distribution all over the Timetree. Therefore, we
must continue the search for alternative definitions of these mea-
sures with the aim of applying the depth scaling approach for the
characterization of the branch length distribution in phylograms.
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Appendix H

Python codes

In this appendix we include the Python codes used for the compu-
tation of the depth scaling analysis (Section H.1), for the conversion
of tree files from Newick format to columns format (Section H.2), as
well as the Python code used for the simulation of the evolvability
model (Section H.3).

H.1

AC.py

"""It computes A, C, A’ and C’ for each node of the phylo-

genetic tree. The input file is a .txt file where the phy-

logenetic tree is defined in columns format, and the output
file is a .dat file with 5 columns corresponding to: node,

A, C, A’ and C’.

i

Copyleft 2010, Adrian Jacobo and Alejandro Herrada.
import sys
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import os
nombreArch = "prueba_tree.txt"

if len(sys.argv)>1:
nombreArch = sys.argv[1]

lista = [ i for i in os.listdir("./") if ".txt" in i]

for nombreArch in lista:
nodel=[]
node2=[]
dist=[]
nodes_all=[]
hijosdelpadre={}
hijos=[]
j=0
dic_dist={}
a={}
c={}
a_d={}
c_d={}
flag=1
auxleft=[]
calcc=0
tempc=0
tempa=0
calcc_d=0
tempc_d=0
tempa_d=0

try:
f
o]

open(nombreArch ,"r'")
open("./out/"+nombreArch[0:-3]+'dat’,"w")
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H.1. AC.PY

except:
print "El fichero ’'%s’ no se pudo abrir"%nombreArch
sys.exit()

for i in f:
nodes = i.split()
nodel.append(int (nodes[0]))
node2.append(int (nodes[1]))
dist.append(float(nodes[2]))
nodes_all = [nodel,node2,dist]

for i in nodes_all[1]:
j=0
while j < len(nodes_all[1]):
if nodes_all[1][j] == i:
hijos.append(nodes_all[0][j])
j+=1
hijosdelpadre[i]= hijos

j=0

for i in nodes_all[0]:
dic_dist[i]=dist[j]
j=j+1

for i in nodes_all[0]:
if not hijosdelpadre.has_key(i):
a[i]=1
c[i]l=1
a_d[i]=0
c_d[i]=0

flag=1
auxleft=hijosdelpadre.keys()
while flag==1:

flag=0
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left=auxleft
auxleft=[]
for i in left:
calcc=0
tempc=0
tempa=0
calcc_d=0
tempc_d=0
tempa_d=0
for j in hijosdelpadre[i]:
if c.has_key(j):
tempc=tempc+c[j]
tempa=tempa+alj]
if c_d.has_key(j):
tempc_d=tempc_d+a[j]l*dic_dist[j]+c_d[j]
tempa_d=tempa_d+a_d[j]+dic_dist[j]
else:
calcc=1
calcc_d=1
flag=1
auxleft.append(i)
break

if calcc==0:
c[i]=tempc+tempa+1l
ali]=tempa+1

if calcc_d==0:
c_d[i]=tempc_d
a_d[i]=tempa_d

for i in a_d.keys(Q):
o.write ("%d\t %d\t %d\t %.4f\t %.4f\n" %(i, a[i], c[i],
a_d[i], c_d[il))

o.close()
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H.2. NEWICK2COLUMNS.PY

H.2
newick2columns.py

non

It converts phylogenetic trees represented in Newick
format into columns format. The input file is a .nwk file
where the phylogenetic tree is defined in Newick format,
and the output file is a .txt file with the phylogenetic
tree defined in columns format.

nmon

Copyleft 2010,Adrian Jacobo and Alejandro Herrada

import sys
import os
import re

nombreArch = "default.dat"
if len(sys.argv)>1:
nombreArch = sys.argv[1l]

lista = [ i for i in os.listdir("./") if ".nwk" in i]

for nombreArch in lista:
bracket_index=[]
tree=()
p=0
pold=0
nodo_num=0
acumulador=1
pos=[]
i=0
listree=[]
j=0
dic={}
rev_index=[]
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try:
file = open(nombreArch ,"r")
o = open("./out/"+nombreArch[0:-3]+’txt’,"w'")
except:
print "El fichero '%s’ no se pudo abrir"%nombreArch
sys.exit()

tree=file.readline()
if tree!="":

nodo_num=0

acumulador=1

pos=[]

bracket_index=[]

listree=[]

i=0
tokens=[’)’,’,’,’:’,’C,”;’]

for j in range(len(tree)):
if tree[j] in tokens:
pos.append(j)

j=0
dic={}
nodenum=0
for i in range(len(pos)):
t=tree[pos[i]]
ift==") ort=="C or t=="7,":
if tree[pos[i+1]] != "(’:
listree.append(t)
listree.append(nodenum)
nodenum=nodenum+1
else:
listree.append(t)
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elif t == ":’:
dic[nodenum-1]=tree[pos[i]+1:pos[i+1]]

newtree="’
for i in listree:
newtree=newtree+str(i)

level=0
niveles={}
closepar=0
for token in listree:
if token =="(":
level=level+1

if type(token).__name__==’int’:
try:
niveles[level].append(token)
except:

niveles[level]=[token]
if closepar==1:
closepar=0
for j in niveles[level+1]:
try:
o.write("%s\t %s\t %s\n" %(j, token, dic[j]))
except:
pass
niveles[level+1]=[]

if token ==")’:
level=level-1

closepar=1

o.close()
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H.3
evolvabilitymodel.py

nun

It runs the evolvability model. It prints two different
output files per tree generated: i) a .dat file with the
tree generated, defined in columns format; and ii) a .dat
file with the sequences of the leaves of the tree generated.

Copyleft 2010, Alejandro Herrada."""

import sys
import os
import random

####FUNCION PRIMERA (MUTACION ALOPATRICA)#####
def mutacion_alo(DIC, PAD, NEW_SEQS):
seq=DIC[PAD]
tamseq=len(seq)
contdor=max(DIC.keys())
pos=random.randrange (0, tamseq) #Selec. posicion
mut=random.randrange(0,4) #Generar mutacion

seq_new=seq[:pos]+[mut]+seq[pos+1:]

contdor+=1

DIC[contdor]=seq_new #incluye en {num(h):sequ_i}
hijol=contdor #asigna numero al hijo

NEW_SEQS. append(contdor)

o.write (’%d\t %d\n’ %Chijol, PAD))

contdor+=1

DIC[contdor]=seq #madre cambia numero y pasa a hija
hijo2=contdor

NEW_SEQS. append (contdor)

o.write (’%d\t %d\n’ %Chijo2, PAD))
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####FUNCION PRIMERA (MUTACION SIMPATRICA)#####
def mutacion_sim(DIC, PAD, NEW_SEQS):
seq=DIC[PAD]
tamseq=len(seq)
contdor=max(DIC.keys())
pos=random.randrange (0, tamseq) #Selec. posicion
mut=random.randrange(0,4) #Generar mutacion

seq_new=seq[:pos]+[mut]+seq[pos+1:]

contdor+=1

DIC[contdor]=seq_new #incluye en {num(h):sequ_i}
hijol=contdor #asigna numero al hijo

NEW_SEQS. append(contdor)

o.write ("%d\t %d\n’ %(Chijol, PAD))

contdor+=1

DIC[contdor]=seq #madre cambia numero y pasa a hija
hijo2=contdor

o.write ("%d\t %d\n’ %(Chijo2, PAD))

outfiles=0
while outfiles < 20:
######Hacer una lista para las secuencias######

HAHARHH#H#H#H#H#HACER LOS DICCIONARIOS#H#E#H#A##A#HHHHH#H
contdor=0

new_seqs=[]

NUM_SEQS={}

NUM_SEQS[contdor]=seq
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hojas=[]

hojas.append(contdor)
o=open(’./outd4__05/tree’+str(outfiles)+’.dat’,"w")
s=open(’./out4__05/sequ’+str(outfiles)+’.dat’,’w’)

mutevent=0
while mutevent < 17: ####Mutaciones#####
new_seqs=[] #lista actual de hojas
for hoja in hojas: #cada sec. de lista
padre=hoja
spp=random. random()
if spp>0.5:###ESPECIACION ALOPATRICA###
mutacion_alo(NUM_SEQS, padre, new_seqs)
else:###ESPECIACION SIMPATRICA###
mutacion_sim(NUM_SEQS, padre, new_seqs)
hojas=new_seqgs
mutevent+=1
o.close()

for hoja in hojas:
if NUM_SEQS.has_key(hoja):
sec=""’
for num in NUM_SEQS[hoja]:
if num==0:
sec=sec+’a’
if num==1:
sec=sec+’c’
if num==2:
sec=sec+’'g’
if num==3:
sec=sec+’'t’
s.write (’>sequence_%s\n %s\n’ %(hoja, sec))
s.close()
outfiles+=1
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Related publications

Publications related with this thesis:
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Garcia, E. and Duarte, C.M. 2008. Universal scaling in the branch-
ing of the Tree of Life. P1oS ONE, 3: €2757.

e Herndndez-Garcia, E., Tugrul, M., Herrada, E.A., Eguiluz,
VM. and Klemm, K. 2010. Simple models for scaling in phy-
logenetic trees. Int. . Bifurcat. Chaos, 20: 805-811.

Publications in proceedings:

e Hernandez-Garcia, E. Herrada, E. A., Rozenfeld, A. F., Tes-
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Nonequilibrium Statistical Mechanics And Nonlinear Physics:
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Nonlinear Physics, Ed. by O. Descalzi, O.A. Rosso and H.A.
Larrondo. AIP Conference Proceedings Volume 913, Ameri-
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