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This short, but intensive course, has the purpose to introduce students to the main concepts of 
molecular evolution and phylogenetic analysis:

Historical Background

Applications of Phylogenies

Cladograms & Phylograms

Homology & Similarity

Molecular Evolution

Models of Sequence Evolution 

Phylogenetic Methods: 

Distances, 
Statistical Approaches 

Maximum Likelihood
Bayesian Inference

The course consists of a series of lectures, and PC. Lab. sessions that will familiarise the student 
with the statistical problem of phylogenetic reconstruction and its multiple uses in biology.

About



Tree Basic questions

Tree basic questions

•  Why use phylogenies? 

• Like astronomy, biology is an historical science !

• The knowledge of the past is important to solve many questions related to biological 
patterns and processes.

• Can we know the past? 

• We can postulate alternative evolutionary scenarios (hypothesis)

• Obtain the proper dataset and get statistical confidence 

• What means to know “...the phylogeny”?

• The ancestral-descendant relationships (tree topology) 

• The distances between them (branch lengths)

Phylogenies are working hypotheses !!!



What are the roots of modern phylogenetics?

• Phylogenies have been inferred by systematics ever since they were discussed by Charles 
Darwin (1837), and Ernst Haeckel (1866). In mid-July 1837 Darwin started his "B" 
notebook on Transmutation of Species, and on page 36 wrote "I think" above his first 
evolutionary tree.
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However, since 1950s-60s classifications began to be more numerical, algorithmic and statistical. 
Principally due to progress in molecular biology, protein sequence data and computer development 
(initially, using punched card machines). 

Roughly, systematists divided in two:

1. Proponents of the ”Evolutionary Systematic School” classify organisms using different historical, 
ecological, numerical, and evolutionary arguments. It attempts to represent, not only the 
branching of phyletic lines (cladogenesis) but also its subsequent divergence (anagenesis) 
leading the invasion of a new adaptive zone by a particular class of organisms (a grade). Its 
represents were Ernst Mayr (1942), and George G. Simpson ((1944), among others.
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2. Proponents who rejected the notion of theory-free method of classification, introduced 
objectivity by using explicit numerical approaches.

(i) Numerical Taxonomy’s school (Phenetics) originated by in Kansas:

Charles Michener. A quantitative approach to a problem of classification. Evolution, 11: 490–499, 1957,  
Peter Sneath.  The application of computers to taxonomy. Journal of general microbiology, 17: 201–226, 
1957, and Robert Sokal. 1963. Principles of Numerical Taxonomy, 1963.

Main idea
To score pairwise differences between OTU’s (Operational Taxonomic Units) using 
as many characters as possible. Cluster by similarity using an algorithm that 
produces a single dendogram (Phenogram). The objective is classification not 
phylogeny

Punch Cards
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(ii) Statistical Approaches  developed around human blood groups data sets.

• Edwards and Cavalli-Sforza worked on the spatial representation of human gene 
frequencies differences, developed the Minimum Evolution and the Least Square 
distance methods, respectively. In order to reconcile results, they worked out an 
impractical Maximum Likelihood method and found that it was not equivalent to either 
of their two methods! Indeed, they discussed similarities between a Maximum 
Parsimony method and likelihood 

L. L. Cavalli-Sforza and A. W. F. Edwards. Analysis of human evolution. In Genetics Today. Proceeding of the XI International 
Congress of Genetics, The Hague, The Netherlands., volume 3, pages 923–933. Pergamon Press, Oxford, 1965. 

Ronald Fisher

Luigi L. Cavalli-Sforza
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• In the 1960s the molecular sequence data was mostly proteins. Margaret Dayhoff began 
to accumulate in the first molecular database! produced in a printed form. In the second 
edition of the ”Atlas...” they describe the first molecular parsimony method, based on a 
model in which each of the 20 amino acids was allowed to change to any of the 19 others 
in a single step (unordered method).

She originated one of the first substitution matrices, Point accepted mutations or (PAM). The one-letter code used for amino 
acids was developed by her, reflecting an attempt to reduce the size of the data files used to describe amino acid sequences in an 
era of punch-card computing.

http://en.wikipedia.org/wiki/Margaret_Dayhoff
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• Although distance methods were first described by Edwards and Cavalli-Sforza, Walter 
Fitch and E. Margoliash (Construction of phylogenetic trees: a method based on mutation distances as 
estimated from cytochrome c sequences is of general applicability. Science, 155:279–284, 1967) popularised 
distance matrix methods based on least squares. The distances were fractions of amino 
acids differences between a particular pair of sequences. The least squares was weighted 
with a greater observed distance given less weight. This introduces the concept that large 
distances would be more prone to random error owing to the stochasticity of evolution.

• Explicit models of sequence evolution correcting the effects of multiple replacement was first 
implemented by Jukes & Cantor in 1969 

http://en.wikipedia.org/wiki/Walter_M._Fitch
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(iii) Phylogenetic Systematic school (Cladistics) originated by:

• Willi Hennig in Germany. (Grundzu ̈geeinertheoriederphylogenetischensystematik. Deutscher 
Zentralverlag, Berlin, 1950. W. Hennig. Phylogenetic systematics. University of Illinois Press, Urbana, 1966); 
and followed in USA by W. H. Wagner Jr., A. G. Kluge and J. S. Farris. No numerical 
methods postulated from them. Camin, Edwards, and Dayhoff elaborated numerical 
methods for parsimony..

• Osvaldo Reig translates the book to Spanish (Elementos de una Sistemática Filogenética. Ed 
Eudeba, Buenos Aires, 1966). Many spanish scientists learnt cladism from this book

Main idea

To use recency of common ancestry to construct hierarchies of relationship, NOT similarity. 
Relationships depicted by phylogenetic tree show sequence of speciation events (Cladogram). 
Hennig’s auxiliary principle states that homology should be presumed in the absence of 
evidence to the contrary. Homoplasy ought not be postulated beyond necessity, that is to say 
parsimony.

Felsenstein (2004) asserts that although Edwards and Cavalli-Sforza introduced parsimony, modern work on it springs 
from the paper of Camin and Sokal (1965) 

Willi Hennig Warren Wagner James Farris Osvaldo ReigJoseph Camin
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Phylogenetic information is used in different areas of biology. From population genetics to 
macroevolutionary studies, from epidemiology to animal behaviour, from forensic practice to 
conservation ecology. In spite of this broad range of applications, phylogenies are used by making 
inferences from:

1. Tree topology and branch lengths: 

Applications in evolutionary genetics deducing partial internal duplication of genes, recombination, 
reassortment, gene conversion, translocations or, xenology.

Applications in population genetics1 in order to quantify parameters and processes like gene flow, 
mutation rate, population size, natural selection and speciation 

Applications by estimating rates and dates in order to check clock- like behaviour of genes, to date events 
in epidemiological studies , or macroevolutionary events.

Applications by testing hypotheses of coevolution, co-speciation , biogeography,  molecular adaptation, 
neutrality, convergence, tissue tropisms (HIV clones), the origin of genetic code, stress effects in 
bacteria, etc.

 Applications in conservation biology, forensic or legal cases, and the list is far less than exhaustive!!!

2. Mapping character states on to a known tree: 

 Applications in comparative biology, in areas of animal behaviour, development, speciation and 
adaptation

1 Coalescence theory brings many possibilities to test for different hypotheses associated to population genetic parameters. 
   See: Hein, J; Schierup, M. H., and Wiuf, C. Gene Genealogies, Variation and Evolution – A Primer in Coalescent Theory. Oxford University Press, 2005.

Applications of phylogenetics





Phylogenomics



Genome scale phylogenetic analysis to be applied in :

✴ Systematic problems

Testing the new animal phylogeny, ecdysozoa (arthropods + nematodes) vs coelomata (vertebrates + 
arthropods). Phylogenetic relationships among H. sapiens, D.melanogaster and C. elegans were unsolved. 

They are model species with full genome sequenced. Single gene and phylogenomics results contradicts 
each other.

Phylogenomics



Coelomata
1,000 sequences

Ecdysozoa
1,000 sequences

The use of a high number of characters gives strong 
support on trees, but sometimes it is not sufficient ... LBAE



Phylogenomics

Genome scale phylogenetic analysis to be applied in :

✴ Medical and Bioinformatics problems

‣ Mapping selective constraints on protein codon sequences and 

‣ Apply the method to all the human, rat and mouse genome proteins



Cladograms, Phylograms & Tree Representations

Trees showing branching order exclusively (cladogenesis) are principally the interest of systematists1 to make 
inferences on taxonomy2. Those interesting in the full evolutionary processes emphasise on branch lengths 
information also (anagenesis).

Unrooted tree topology
Unrooted tree topology

• Cladogram is a branching diagram depicting the hierarchical arrangement of taxa defined by cladistic 
methods (the distribution of shared derived characters -synapomorphies-)

Phylogram is a phylogenetic tree that indicates the relationships between the taxa and also conveys a sense 
of time or rate of evolution. The temporal aspect of a phylogram is missing in a cladogram.

1 The study of biological diversity. 2 The theory and practice of describing, naming and classifying organisms



Unrooted phylogram Rooted phylogram

Circular phylogram
Triangular tree representation

cladogram or phylogram 
No distance information

0.5 0.5

0.5

Distance scale represents the number of differences between sequences (e.g. 0.1 means 10 % differences)
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Homology

The Archetype Concept

Richard Owen’s (1847) most famous contributions to theoretical comparative 
anatomy was to distinguish between homologous and analogous features in 
organisms and to present the concept of archetype. 

The vertebrate archetype consists of a linear series of ”vertebrae” and 
”appendages”, little modified from a single basic plan. 

Each vertebra of the archetype is a serial 
homologue of every other vertebra of the 
archetype. 

Two corresponding vertebrae, each from 
different animal, are special homologues 
of one another, and general homologues of 
the corresponding vertebra of the 
archetype.

Homologue...”The same organ in different 
animals under every variety of form and 
function”. 

Analogue...”A part or organ in one animal 
which has the same function as another part or 
organ in a different animal”.



Darwin & Homology. The Origin of Species. Chapter 14.

“What can be more curious than that the hand of a man, formed for grasping, that of a mole for digging, the leg 
of the horse, the paddle of the porpoise, and the wing of the bat, should all be constructed on the same pattern, and 
should include similar bones, in the same relative positions?”

“How inexplicable are the cases of serial homologies on the ordinary view of creation!”

“Why should similar bones have been created to form the wing and the leg of a bat, used as they are for such 
totally different purposes, namely flying and walking?”

Homology is the result of descent with modification from a common ancestor (Charles Darwin, 1859)

G. Wagner. The developmental genetics of homology. Nat Rev Genet (2007)
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Homology and Homoplasy

S3S1 S2 S4 S5

Homologous character states 

Morphological diversity 

LYSPRO PRO LYS PHE

CA A C A

S3S1 S2 S4 S5

Similarity among species could represent true homology (just by sharing the same ancestral character state) 
or, homoplastic events like convergence, parallelism or reversals

Homology is a posteriori tree construction definition !!

Colour conserves  more phylogenetic signal than morphology 
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Also, think of hedgehogs, porcupines, echidnas, cactus & sea urchin — they all have (independently-developed) spikes!

Homoplasy is the similarity that is not due to common ancestry. If such similarity is misinterpreted as 
homology, we probably mislead the phylogeny reconstruction.

Homoplasy: Convergences

Convergence
Independent evolution of the same feature from different ancestral condition

S3S1 S2 S4 S5 S3S1 S4 S2 S5

True Tree Misleading Reconstruction
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Marsupial and placental faunas: moles (Notoryctes sps), tasmanyan wolf, Sugard-gliders (Petaurus breviceps), Flying Squirrel  (Sciuridae family)

Homoplasy is the similarity that is not due to common ancestry. If such similarity is misinterpreted as 
homology, we probably mislead the phylogeny reconstruction.

Homoplasy: Parallelism

Parallelism
Independent evolution of the same feature from the same ancestral condition

S3S1 S2 S4 S5 S3S1 S4 S2 S5

True Tree Misleading Reconstruction

Thylacosmilus Smilodon
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A study in sticklebacks (Gasterosteus aculeatus) suggests that the fish may have 

"evolved in reverse" in Lake Washington, developing more armoured plating for 

protection after a cleanup of the lake made the fish more visible to predators. The 

founders of the lake population were the marine sticklebacks with a similar phenotype. 

Current Biology (2008) vol. 18 (10) pp. 769-774

Homoplasy is the similarity that is not due to common ancestry. If such similarity is misinterpreted as 
homology, we probably mislead the phylogeny reconstruction.

Homoplasy: Reversals

Reversals
Reversion to ancestral condition

S3S1 S2 S4 S5 S3S1 S4 S2 S5

True Tree Misleading Reconstruction
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Similarity

For molecular sequence data, homology means that two 
sequences or even two characters within sequences descend 
from a common ancestor.

This term is frequently mis-used as a synonym of similarity. 

as in two sequences are 70% homologous. 

This is totally incorrect! 

Sure sequences show a certain amount of similarity, and it will 
be high if they “recently” descend form a common ancestor

From this similarity value, and using the proper phylogenetic 
methods we can infer if sequences are homologous or not

Homology is like pregnancy! You are either pregnant or not! 

Two sequences are either homologous or they are not.
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Sequence Homology
In molecular studies it is important to distinguish among kinds of homology

Orthologous: Homologous that diverged from each other after speciation events (e.g., human β and chimp β-globin)

Paralogous: Homologous that diverged from each other after gene duplication events (e.g., β and γ-globin)

Xenologous: Homologous that diverged from each other after lateral gene transfer events (e.g., antibiotic resistance genes 
in bacteria).

Speciation Event 1

Speciation Event 2

Duplication Event

beta

1 4 2 5 3  6 

alpha

1 2 3 4 5 6 

betaalpha

Orthologous Orthologous

Paralogous
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Opazo J C et al. PNAS 2008;105:1590-1595 

An evolutionary hypothesis regarding the evolution of the β-globin gene family. 
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Positional Homology

Common ancestry of specific amino acid or nucleotide positions in different genes.



Gene Trees & SpeciesTrees

Sure, all phylogenetic reconstruction of sequences are genes trees. 

The naive expectation of molecular systematics is that phylogenies for genes match those of the 
organisms or species (species trees). There are many reasons why this needs not be so!!

1. If there were duplications, (gene family) only the phylogenetic reconstruction of 
orthologous sequences could guarantize the expected or true species tree.

Molecular Evolution

The expected tree is the three that can be constructed using a infinetily long sequences 

HIST1H1E_HUMAN
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2. Lineage Sorting. The process by which, following separation of two species, the ancestry of every gene 
converges to the overall phylogeny of the species. This process takes about 2N generations, 
and incomplete lineage sorting implies discordance between genealogies.

To obtain a reliable tree of intraspecific populations 
or closely related species, a large number of 
unlinked genes need to be used.



Molecular Clock

The molecular clock hypothesis postulates that for any given macromolecule (a protein or DNA 
sequence), the rate of evolution -measured as the mean number of amino acids or nucleotide sequence 
change per site per year- is approximately constant over time in all the evolutionary lineages .

Zuckerkandl E. and L. Pauling. Molecules as documents of evolutionary history. J Theor Biol, 8:357–366, 1965 

This hypothesis has estimulated much 
interest in the use of macromolecules in 
evolutionay studies for two reasons:

Sequences can be used as molecular 
markers to date evolutionary events.

The degree of rate change among 
sequences and lineages can provide in- 
sights on mechanisms of molecular 
evolution. For example, a large increase in 
the rate of evolution in a protein in a 
particular lineage may indicate adaptive 
evolution.
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First, the clock was envisaged as a stochastic clock due to the random nature of the amino 
acid or nucleotide-substitution process. 

It ‘ticks’ at random intervals rather than regularly as a wristwatch normally does. 

Under the Markov models of nucleotide or amino acid substitution, substitution events 
(‘ticks’) arrive at time intervals that are exponentially distributed. 

Second, it was noted from the beginning that different proteins or regions of a protein 
evolve at drastically different rates, so that the clock hypothesis allows for such rate 
differences among proteins; the different proteins are said to have their own clocks, which 
tick at different rates. 

Third, rate constancy may not hold globally for all 
species and usually applies to a group of species. For 
example, we may say that the clock holds for a 
particular gene within primates.

Fourth, Gene-expression level (measured as mRNA 
abundance) correlates strongly and negatively with the 
rate of protein evolution in yeast (R2 = 0.29 for 
individual genes). Evolutionary rate (non-synonymous 
divergence).

Nature Reviews Genetics, 7(5), 337–348.



Relative Rate Test

The relative rate test evaluates the molecular clock hypothesis comparing whether dAO − dBO 
is significantly different from zero. 

The sign of the difference indicates which taxon is evolving faster or slower. 

The relative rate test assumes that the phylogenetic relationships among the taxa are known.
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## treatement of 2 lineages

equally weighted sequences:
> Outgroup:
bull 1
> lineage 1:
hsap 0.5
ptro 0.5
> lineage 2:
mmus 1

mean GC Outgroup: all positions=0.674 position1=0.728 position2=0.737 position3=0.558 
mean GC lineage 1: all positions=0.677 position1=0.793 position2=0.694 position3=0.544 
mean GC lineage 2: all positions=0.630 position1=0.654 position2=0.668 position3=0.567 

mean number of synonymous sites compared: 198.8
mean Ks lineage 1: 0.387166
mean Ks lineage 2: 0.397199
dKs: -0.0100328 standard deviation (sd): 0.0439469 ratio dKs/sd: -0.228294
exact probability (P): 0.81942

mean number of non synonymous sites compared: 452.2
mean Ka lineage 1: 0.360689
mean Ka lineage 2: 0.533611
dKa: -0.172922 standard deviation (sd): 0.0418418 ratio dKa/sd: -4.13276
exact probability (P): 3.77151e-05

4 651
hsap GGGGCCTTGC ACGGAGCCCT GCGGCTACTG CCAACCACCT GGCTTCTATG
ptro GGGGCCCTGC ACCGCCACAC ACGGCTACTC TGTTCCCGCA GAGATACTGA
mmus GGGACCCTGC GCAGAACCCT GTGGCTCTTG TGTCCCACCT GGCTTCTATA
bull GGGACCCTGC GCAGAACCCT GTGGCTCTTG TGTCCCACCT GGCTTCTATA

AACATGGCGA TGGCTGCGTG TCCTGCCCCA CGAGCACCCT GGGGAGCTGT
CTGTGGGACC TGCCTGCCTG GCTTCTATGA ACATGGCGAT GGCTGCGTGT
TACGTGGCAA TGACTGCACG TCCTGCCCCA CGGGCTTCAG CAGCGTTTGC
TACGTGGCAG ATGGCTGCGT GTCCTGCCCC ACGAGCACCC TGGGGAGCTG

......................

RRTree in Phylemon 2.0



Neutral Theory of Molecular Evolution

At molecular level, the most frequent changes are those involving fixation in populations of 
neutral selective variants.

Allelic variants are functionaly equivalent

Neutralism does not deny adaptive evolution 

Fixation of new allelic variants occurs at a constant rate μ. 

This rate does not depends on any other population parameter, 
then it’s like a clock!! 

2Nμ ∗ 1/2N = μ 

Motoo Kimura & Tomoko Otha, 1968



Mutation rate & Substitution rate

Assuming an “Infinite Allele Model 1”

New alleles enter the population by mutation with 
frequency of 1/2N

Most alleles are lost. Those that go to fixation take an 
average of  4Ne generations

The trajectory of neutral alleles in a population.

A: Moderate size population (Ne)

B: The same popularion size but a high mutation 
rate gives a less time between fixations of alleles.

C: A smaller population has alleles that go to 
fixation more rapidly, but the time of fixation is the 
same 1/u

1. The IAM (Kimura & Crow, 1964) assumes that all alleles mutate at equal rates, 
and when they do, all give rise only to new alleles that have never been seen 
before. When it is used for nucleotide sequences, this model in effect treats 
all sequences as differing, without inquiring at which sites they differ or by 
how many sites. Any statistical treatment based on this method will thus 
necessarily discard all information about which alleles are historically close 
to each other.

Ne

Ne

ne



Mutation rate & Substitution rate

The ranges of mutation rates, given as mutations per site per round of replication, for viruses with 
different genomic architectures are summarized in the upper part of the figure. The ranges of average 
substitution rates, given as substitutions per site per year, are shown in the lower part of the figure. 

The ranges are bound by the extremes of average substitution rates: for the retrotranscribing viruses (Retro), human immunodeficiency 
virus type-1

Nature Reviews Genetics 9, 267-276 (April 2008)



Mutation rate & Substitution rate

In the upper portion of the figure, the factors that increase viral substitution rates are shown in red and those that decrease it 
are shown in blue. The baseline substitution rate is determined by the neutral mutation rate, μ. Because increasing mutation 
rate can increase the substitution rate, the factors increasing mutation rate are also shown in red and those decreasing mutation 
rate in blue. It is important to note that many of these factors are not independent; for instance, smaller genomes tend to replicate 
faster, or vertically transmitted viruses sometimes become latent in the host genome and so experience fewer generations 
compared with obligately lytic, horizontally-transmitted viruses. UV, ultraviolet irradiation.

Nature Reviews Genetics 9, 267-276 (April 2008)
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