
LESSON 02

Phylogenetics 101 
part A - tree thinking

MOLECULAR PHYLOGENETICS





The diversity of living beeings

• All life shares a common genetic history.

• Phylogeny is the framework for studying its diversity.


The Tree of Life

• A branching diagram that illustrates relationships of biological entities.

• A fundamental tool to investigate evolutionary processes.


Why it matters? 
•Helps classify organisms based on shared ancestry.

•Reveals patterns of diversification and adaptation.

• Provides insights into gene and genome evolution.

• Essential for comparative genomics, ecology, and conservation.
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Carl Linneus 
In 1758 proposed the binomial 
nomenclature system - assigning 
each species a two-parts name 
(Genus and species).


Established a nested hierarchy 
(Kingdom, Phylum, Class, Order, 
Family, Genus, Species) that groups 
organisms in a structured manner.


Viewed species as fixed entities, 
consistent with the dominant views 
of his time 😅. Although he noted 
natural variation, he did not 
propose any mechanism for 
evolutionary change.
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Tree depicting the origin of animals, from the Philosophie 
zoologique of Jean-Baptiste Lamarck (1809).

Tree of animal life, from the Zoologia specialis 

of Carl Edward von Eichwald (1829).
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The Paleontological Chart in the publication 'Elementary Geology' 

by Edward Hitchcock (1840).

Généalogie de la classe des poissons" in Recherches sur les poissons 
fossiles by Louis Agassiz (1833).
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Charles Darwin 
In On the Origin of Species (1859), Darwin 
introduced the theory of evolution by 
natural selection, changing our 
understanding of life's diversity.


• Proposed that all living organisms 
share a common ancestor.


• Introduced the Tree of Life concept to 
illustrate evolutionary relationships.


“The affinities of all the beings of the same 
class have sometimes been represented 
by a great tree. I believe this simile largely 
speaks the truth” 

Darwin (1859). On the Origin of Species 
by Means of Natural Selection.

Darwin manuscript ms.dar.00121.38
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https://cudl.lib.cam.ac.uk/view/MS-DAR-00121/38


darwin manuscript ms.dar.205.5.184r darwin manuscript ms.dar.205.5.183r

MOLECULAR PHYLOGENETICS LESSON 02

https://cudl.lib.cam.ac.uk/view/MS-DAR-00205-00005/372
https://cudl.lib.cam.ac.uk/view/MS-DAR-00205-00005/370


The original phylogenetic tree in Darwin's Origin of Species (1859)
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Genealogical tree depicting three kingdoms of life, from Volume II of Generelle 
Morphologie by Ernst Heinrich Haeckel (1866).

Tree of Vertebrates, from The Evolution of Man fifth edition 

by Ernst Haeckel (1910)
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Stiller et al. Complexity of avian evolution revealed by family-level genomes. Nature (2024)
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https://www.nature.com/articles/s41586-024-07323-1


Aristotele’s ladder, Darwin’s tree by J. David Archibald Mark A Ragan. Trees and networks before and after Darwin. Biology Direct (2009)
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https://cup.columbia.edu/book/aristotles-ladder-darwins-tree/9780231164122
https://biologydirect.biomedcentral.com/articles/10.1186/1745-6150-4-43
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mutation 
& 

selection 
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other factors underlie the effect of  selection
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Phylogenetics 
• Phylogenetic systematics, also known as 

cladistics, is a method of biological 
classification that groups organisms based on 
their evolutionary history. 


• Developed by the German entomologist Willi 
Hennig in 1950, cladistics organizes organisms 
into groups called clades—lineages that share a 
most recent common ancestor. 


• The term "clade" comes from the Ancient Greek 
κλάδος, meaning "branch." 


• The evidence used to infer evolutionary 
relationships is based on shared derived 
characteristics (synapomorphies)—traits that 
are unique to a particular group and absent in 
more distant relatives.
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Willi Hennig. Phylogenetic Systematics (1966)
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Synapomorphies (Shared Derived Traits) 
Synapomorphies are evolutionary traits that are shared by two or more taxa and inherited from their 
most recent common ancestor. These traits define monophyletic groups (clades) and provide strong 
evidence of evolutionary relationships. Example: The presence of feathers in birds is a synapomorphy 
that distinguishes them from other reptiles.


Autapomorphies (Unique Derived Traits) 
Autapomorphies traits unique to a single taxon and not shared with any other group. While they help in 
distinguishing individual lineages, they do not provide information about shared ancestry among multiple 
taxa. Example: The elongated neck of giraffes (Giraffa camelopardalis) is an autapomorphy, as it is not 
found in closely related species.


Symplesiomorphies (Shared Ancestral Traits) 
Symplesiomorphies are ancestral traits shared by multiple taxa that were inherited from a common 
ancestor predating the focal clade. These traits are misleading for phylogenetic classification, as they do 
not indicate close relationships among the taxa that possess them. Example: four limbs in mammals, 
reptiles, and amphibians is a symplesiomorphy inherited from the common ancestor of tetrapods.


Plesiomorphies (Ancestral Traits) 
Plesiomorphic traits originated in a distant ancestor and are retained by multiple taxa, but they do not 
define a specific clade. It is a symplesiomorphy discussed in relation to a more derived state. Example: 
vertebrae in mammals is a plesiomorphy because it was inherited from early vertebrates and is also 
found in fish, amphibians, and reptiles.
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Synapomorphies define clades
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Cladistics? Phylogenetics? Systematics? 😱 

•Systematics the broadest field ≈ including taxonomy (identification and 
classification) and phylogenetics (study of evolutionary relationships).


• Taxonomy is theory and practice of identifying, describing, naming, and 
classifying organisms.


•Phylogenetics is a subfield within systematics, specifically focused on 
reconstructing the evolutionary history and relationships among species.


•Cladistics is a specific approach within phylogenetics that focuses on 
common ancestry and shared derived traits.


So, in a way … Systematics > Phylogenetics > Cladistics


Cladistics is an approch within phylogenetics, which is part of systematics.

All cladistics is phylogenetics, but not all phylogenetics is cladistics.
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monophily 

A grouping of organisms which contains: (1) its own most recent common ancestor, i.e. excludes 
non-descendants of that common ancestor; (2) all the descendants of that common ancestor, 
without exception. The condition of a taxonomic grouping being a clade. 
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polyfily 

A polyphyletic group is an assemblage that includes two or more separate groups, each with a 
separate common ancestor. The most recent common ancestor of the species in the polyphyletic 
assemblage would be the ancestor also of species not included in them.
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parafyly 

A group that consists of the grouping's last common ancestor and some but not all of its 
descendant lineages. The grouping is said to be paraphyletic with respect to the excluded 
subgroups.
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ingroup and outgroup 

• ingroup: a group of tips assumed a priori to represent a clade, and the 
focus of our phylogenetic analyses.


• outgroup: a group of tips assumed a priori to lie outside the monophyly 
of the focal clade. It also serves to give a direction to our tree.
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node 

Nodes are the points at the ends of branches which represent real sequences or hypothetical 
sequences at various points in evolutionary history. In a tree of species an internal node in a tree is, 
biologically, an ancestor. You can also thin to nodes as bipartitions or splits.
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https://en.wikipedia.org/wiki/Split_(phylogenetics)


nodes (terminal or external) 

The sequence that we sampled and used to construct our phylogeny occur on single terminal 
branches, known as tips or leafs. Often referred to as OTU, which stands for Operational Taxonomic 
Unit, a noncommittal term used for the objects of study (be they species, populations or individuals).
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branch 

The branching structure of the tree is its topology. It is of particular significance because it 
indicates patterns of relatedness among taxa. Beware: any internal node can be rotated and the 
tree is the same.
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cladogram 

A cladogram only represents a branching pattern; branch lengths do not have a meaning and do 
not represent either time or relative amount of character change. They are just a function of the 
order of branching on the tree.
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scale: evolutionary change

The line segment shows the length of branch that represents an amount of change of 0.05. The 
vertical dimension in this figure has no meaning and is used simply to lay out the tree visually with 
the labels evenly spaced vertically. This tree is a phylogram.

0.05 nucleotide substitutions per site
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scale: time

A chronogram is a phylogenetic tree that explicitly represents time through branch lengths. This 
tree is a chronogram or timetree. The process of obtaining such a phylogeny is often called a 
divergence time analysis.

5 million years
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root 

The root is a specific internal node representing the most recent common ancestor of all tips in 
the tree. It is therefore the oldest part of the tree and tells us the direction of evolution. There are 
two main approaches that we can use to root a tree: outgroup rooting and midpoint rooting.
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polytomy 

Trees can either be bifurcating (fully dicototmous) or multifurcating (containing a politomy). A 
polytomy is a node in a phylogenetic tree where more than two descendant lineages emerge, 
indicating an unresolved evolutionary relationship. 
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root? 

The simplest ambiguous tree is a quartet, the unambiguous one a triplet. Trees may be rooted or 
unrooted. In a rooted tree, each node with some descendants represents the most recent common 
ancestor of those descendants. In the practical we will see that complexity grows quickly 😱.
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trees are not ladders 
The ladder concept (Scala Naturae) is an old 
view that tend to organize ancestry based

on complexity or some putative evolutionary 
superiority. Terms as “primitive”, “ancient” or 
“lower” referred to a lineage are misleading as 
they imply ladder-thinking 😑.

Kette der Wesen, Scala Naturae by Charles Bonnet (1781).

Ernst Haeckel's tree from the The Evolution of Man (1879).
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The red tip is more closely related tot he blue tip than to the green tip because it share a common 
ancestor more recently with the blue tip (ancestor = light gray node) than they do with the green 
tip (ancestor = dark gray node). 

The purple tip is more closely related to the green tip then they are to the pink tip because the 
purple tip shares a common ancestor with the green tip more recently (ancestor = orange node) 
than they do with the pink tip (ancestor = yellow node). 

The pink tip is equally related to blue as they are to the purple tip. This is less intuitive, but if you 
trace back to the MRCAs you will see why: the blue tip and purple tip share the same common 
ancestor (yellow node) with pink tip, so neither species is more closely related to pink tip.
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Common misconceptions pt. 1

Taxa that are adjacent on the tips of phylogeny are more closely related to one another than 
they are to taxa on more distant tips of the phylogeny.

In a phylogeny, information about relatedness is conveyed by the pattern of branching, not by the 
order of taxa at the tips of the tree. Organisms that share a more recent branching point (i.e., a more 
recent common ancestor) are more closely related than are organisms connected by a more ancient 
branching point (i.e., one that is closer to the root of the tree).
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Common misconceptions pt. 2

Taxa that appear near the “bottom” of a phylogeny are more “advanced” than other 
organisms on the tree.

Taxa that are nearer the “top” of a phylogeny represent the ancestors of the other organisms 
on the tree.
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IMPORTANT 

• A phylogenetic tree is always an hypothesis 
about how species are related through evolution. 


• Evolution describes events occurring in the past 
and that cannot be directly observed. 


• Phylogenetic trees are inferred from data and are 
subject to revision as new evidence emerges.
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SOME LEXICON: 
rooted versus unrooted tree

clade

polytomy

monophily

poliphily

parafyly

internal node

terminal node

branch

bipartitions

cladogram

phylogram

chronogram or timetree

dicotomous versus non-dicotomous

automorphy

sinapomorphy
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FINISH 
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