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Tree-thinking and introduction to 
phylogenetics
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Nothing in biology makes sense except in the light 
of evolution. 

— Theodosius Dobzhansky, 1973

— Jay Savage, 1997

Nothing in evolution makes sense except when seen 
in the light of phylogeny.
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The Tree of Life

Open Tree of Life Synthetic Tree from Hinchliff et al. (PNAS 2015)

Three billion years the Tree has grown 
From replicators' first seed sown 
To branches rich with progeny: 

The wonder of phylogeny. 

excerpt from the poem “The Tree of Life” 
by David Maddison

https://www.pnas.org/content/112/41/12764.abstract
http://david.bembidion.org/poetry.html
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Systematics and Phylogenies
The study of biodiversity

How are species 
delimited? 

How are species 
organized and 
distributed? 

What evolutionary and 
ecological processes 
produced the patterns of 
biodiversity observed on 
Earth?

Phylogeny of mammals from Upham et al. (PLoS Biology 2019)

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3000494


2025 Workshop on Molecular Evolution – Tracy Heath 

“Resolving” the Tree of Life
We can never know the true phylogeny of life on 
Earth…

…but we can work to consider all of the data and use 
rigorous inference methods to produce reliable estimates.

?
What are the 
relationships at the 
root of the animal 
phylogeny?

sponges

ctenophores

cnidarians

bilaterians

choanoflagellates

metazoans

For example…
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The Animal Phylogeny

Until recently, there 
was little debate about 
the relationships at the 
root of the animal tree 

Morphological 
evidence indicated 
that sponges were 
sister to all other 
animal lineages

Animal phylogeny from Biological Science 8th Edition by Freeman et al. (2024)
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Ctenophores Spark Debate

CreatureCast video: http://www.nytimes.com/2014/01/23/science/earth/moving-without-feet-to-do-so.html 

http://www.nytimes.com/2014/01/23/science/earth/moving-without-feet-to-do-so.html
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Who’s my sister?

!
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New Evidence 
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Large-Scale Gene Order Changes Are Rare

Figure from Steenwyk & King (PLoS Biology, 2024)

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3002632
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Conserved Synteny

Unlikely changes are 
needed for these patterns 
to exist if sponges are 
sister to all other animals 

Convergent fusions 
followed by mixing 

or 

Exact unmixing followed 
by fissions
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Phylogenies Give Evolutionary Context

Figure from Schultz et al. (Nature, 2023)

Understanding the complex history of 
animals requires more research on 
ctenophore & sponge biology since these 
groups are’t well studied & often 
misrepresented 

The evolution of the neuromuscular system is 
more complicated than we originally 
assumed

And new data and/or methods may lead to new 
insights…

https://www.nature.com/articles/s41586-023-05936-6
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Misconceptions

Figure from Schultz et al. (Nature, 2023)

600-800 million years of evolution gave us 
ctenophores, sponges, jellyfish, and humans…
so it is not correct to say “our ancestors were 
comb jellies”

"

#

The most-recent common ancestor of all known 
ctenophores is younger than the ancestor of sponges, 
bilaterians, & cnidarians. A lot has happened during 
the history of animals that we don’t know…

https://www.nature.com/articles/s41586-023-05936-6
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Estimates Change with More Data

1780

1877

Like maps, 
phylogenetic trees are 
estimates that can 
change (and improve) 
with more data and 
better methods

The Metazoa 
phylogeny may 
change again…
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taxa

branches

node

Phylogeny Terminology & Concepts

tip

CC0CC0©T.Heath

a taxon
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Phylogeny Terminology & Concepts

edges

vertex
leaf

CC0CC0©T.Heath
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stem

Phylogeny Terminology & Concepts

CC0CC0©T.Heath

root
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Phylogeny Terminology & Concepts

CC0CC0©T.Heath

nodes can be 
rotated without 
changing the 
relationships of 
the descendant 
branches
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Phylogeny Terminology & Concepts

CC0CC0 ©T.Heath

nodes can be 
rotated without 
changing the 
relationships of 
the descendant 
branches
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Phylogeny Terminology & Concepts

CC0CC0 ©T.Heath

a node represents 
the most-recent 
common ancestor 
(MRCA) of the 
descendant taxa 
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Phylogeny Terminology & Concepts

CC0CC0 ©T.Heath

this tree shows 
that humans and 
chimpanzees are 
more closely 
related to each 
other than either is 
to gorillas

gorillas are sister to 
humans & chimps 
gorillas are NOT basal 
to chimps & humans
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Phylogeny Terminology & Concepts

CC0CC0 ©T.Heath

the term basal 
refers to something 
that is "closer to the 
base", so please 
never use this for 
extant taxa

the 10 Mya fossil 
Chororapithecus 
abyssinicus can 
be called a basal 
ape (Sewa et al 2007)

see: http://for-the-love-of-trees.blogspot.com/2016/09/the-ancestors-are-not-among-us.html

http://for-the-love-of-trees.blogspot.com/2016/09/the-ancestors-are-not-among-us.html
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Groups in a Phylogeny
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Monophyly a monophyletic group 
includes an ancestor and 
all of its descendants

a monophyletic 
group can be 
pruned with a 
single cut

monophyletic group = clade



2025 Workshop on Molecular Evolution – Tracy Heath 

Paraphyly a paraphyletic group 
includes an ancestor and a 
subset of its descendants

e.g., "reptiles" is a 
paraphyletic group 
unless it includes birds
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Polyphyly

e.g., the red panda is 
more closely related 
to raccoons than it is 
to the giant panda (a 
bear), so "pandas" is 
a polyphyletic group

a polyphyletic group includes 
a set of taxa, but not their 
common ancestor
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Phylogeny: Branch Lengths

can have no 
meaning & just 
show the 
pattern of 
relationships

(figure adapted from Heath et al. 2014)

http://www.pnas.org/content/111/29/E2957.abstract
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Phylogeny: Branch Lengths

can represent 
the amount of 
genetic 
difference

(figure adapted from Heath et al. 2014)

http://www.pnas.org/content/111/29/E2957.abstract
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Phylogeny: Branch Lengths

can represent the 
duration of time 
between nodes

(figure adapted from Heath et al. 2014)

http://www.pnas.org/content/111/29/E2957.abstract
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Phylogeny: Rooting

a tree can be 
rooted to show 
the direction or 
relative timing 
of divergence

(figure adapted from Heath et al. 2014)

http://www.pnas.org/content/111/29/E2957.abstract
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Phylogeny: Rooting

a tree can be 
unrooted 
showing only 
relationships 
among 
lineages

(figure adapted from Heath et al. 2014)

http://www.pnas.org/content/111/29/E2957.abstract
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Resolved Phylogeny

a tree can be 
bifurcating or 
binary when all 
nodes split into 
only 2 descendants 
(such a tree is also 
called "resolved")

(Yang 2014)

http://abacus.gene.ucl.ac.uk/MESA/
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Unresolved Phylogeny

polytomies 
allow us to 
represent 
unresolved 
nodes

(Yang 2014)

http://abacus.gene.ucl.ac.uk/MESA/
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Representing Trees

we can represent 
trees using Newick 
format, which uses 
sets of nested 
parentheses

((A,D),(C,B));

B

A

C

D

https://en.wikipedia.org/wiki/Newick_format
https://en.wikipedia.org/wiki/Newick_format
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What is the Newick representation 
for this tree?
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Representing Trees

this format also 
accommodates 
branch information

((A:0.5,D:0.3):1.1,(C:0.1,B:0.2):0.3);

0.2
B

C

D

A
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Draw the tree

((((A,C),D),(B,E)),F);



2025 Workshop on Molecular Evolution – Tracy Heath 

Phylogenies

Ebola
outbreak

Genetic structure in barley

doi.org/10.1038/nature11631

doi.org/10.1126/science.1259657

doi.org/10.1038/ng.2447
doi.org/10.1371/journal.pone.0139068

doi.org/10.1098/rsbl.2014.0479 doi.org/10.1098/rstb.2010.0378

https://doi.org/10.1038/nature11631
https://doi.org/10.1126/science.1259657
https://doi.org/10.1038/ng.2447
https://doi.org/10.1371/journal.pone.0139068
https://doi.org/10.1098/rsbl.2014.0479
https://doi.org/10.1098/rstb.2010.0378
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Phylogenetics & Epidemiology

https://nextstrain.org/ncov/gisaid/global

https://nextstrain.org/ncov/gisaid/global
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Inferring Phylogenies

to estimate a 
phylogeny, 
we need to 
start with data 

the data are 
observations 
of character 
states for a 
set of taxa

a column in the matrix is a 
character 

the form that character 
takes is its state

taxa character 1 character 2 character 3
T1 pointed blue present
T2 pointed blue present
T3 round blue absent
T4 round black absent
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taxa character 1 character 2 character 3
T1 A T C
T2 A T T
T3 G T G
T4 G T G

discrete characters can be 
molecular or morphological

Inferring Phylogenies

to estimate a 
phylogeny, 
we need to 
start with data 

the data are 
observations 
of character 
states for a 
set of taxa
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Inferring Phylogenies
we infer 
phylogenies by 
evaluating tree 
topologies 

for 4 taxa we can 
evaluate all 
possible unrooted 
topologies (there 
are only 3) 

T1

T4

T2

T3

T1

T2

T3

T4

T1

T3

T2

T4
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How many trees?

(Yang 2014)

http://abacus.gene.ucl.ac.uk/MESA/
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How many trees?

at 51 taxa, the number of trees exceeds the number of particles in the observable universe 

(Yang 2014)

http://abacus.gene.ucl.ac.uk/MESA/
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How to find the "best" tree?
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It depends on how you measure "best"

(Yang 2014)

http://abacus.gene.ucl.ac.uk/MESA/
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Searching Tree Topologies

a number of heuristic 
tree-search algorithms 
have been developed 
(Yang 2014, Ch. 3)

these methods allow 
us to evaluate just a 
subset of the possible 
trees

http://abacus.gene.ucl.ac.uk/MESA/
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Searching Tree Topologies
importantly, we need 
tree-search methods 
that can find the 
global optimum

these approaches are 
useful for maximum 
parsimony, maximum 
likelihood, and 
Bayesian methods


