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Nothing in biology makes sense except in the light of

evolution.
— [heodosius Dobzhansky, 1973

Nothing in evolution makes sense except when seen

in the light of phylogeny:
— Jay Savage, 1997
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The Tree of Life

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


http://david.bembidion.org/poetry.html

Systematics and Phylogenies
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32 Cat-related (civets, hyenas)
33 Dog-related (bears, seals, otters)
34 Camels, llamas

35 Pigs, peccaries

36 Whales, dolphins, hippos

37 Cattle, deer, giraffes

38 Yinpterachiroptera

39 Yangochiroptera

40 Lemurs, lorises, galagos

41 Tarsiers

42 Old World monkeys, apes

43 New World monkeys

44 Guinea pig-related

45 Saquirrel-related

46 Mouse-related



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

“‘Resolving” the Tree of Life

We can never know the true phylogeny of life on Earth...

FOR EXAMPLE CHOANOFLAGELLATES Q

SPONGES

METAZOANS
CTENOPHORES

WHAT ARE THE

RELATIONSHIPS AT THE CNIDARIANS
ROOT OF THE ANIMAL

PHYLOGENY 2

BILATERIANS

...but we can work to consider all of the data and use rigorous inference
methods to produce reliable estimates.
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The Animal Phylogeny
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Porifera .\(" ’
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(comb jellies)

Cnidaria
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(flatworms) o
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Annelida
(segmented worms) S
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Mollusca ’
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squid)
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Nematoda

(roundworms)

Arthropoda
Segmentation (insects, spiders,
crustaceans)

(in adults) (sea stars,

sand dollars)

b= Chordata
Segmentation (yertebrates,
tunicates)
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ANIMALIA
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Until recently, there was
relatively 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 T
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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

Who's my sister?

PNAS

Error, signal, and the placement of Ctenophora sister
to all other animals a

Nathan V. Whelan®', Kevin M. Kocot®, Leonid L. Moroz¢, and Kenneth M. Halanych®
April 20, 2015 | 112(18)5773-5778 | https://doi.org/10.1073/pnas.1503453112

Research article \ Open access | Published: 23 November 2015

Extracting phylogenetic signal and accounting for bias
in whole-genome data sets supports the Ctenophora
as sister to remaining Metazoa

Marek L. Borowiec &, Ernest K. Lee, Joanna C. Chiu & David C. Plachetzki &3 a

BMC Genomics 16, Article number: 987 (2015) | Cite this article

Letter | Published: 05 March 2008

Broad phylogenomic sampling improves resolution of
the animal tree of life

Casey W. Dunn &3, Andreas Hejnol, David Q. Matus, Kevin Pang, William E. Browne, Stephen A. Smith,

Elaine Seaver, Greg W. Rouse, Matthias Obst, Gregory D. Edgecombe, Martin V. Sgrensen, Steven H. D.

Haddock, Andreas Schmidt-Rhaesa, Akiko Okusu, Reinhardt Mgbjerg Kristensen, Ward C. Wheeler,

Mark Q. Martindale & Gonzalo Giribet

Nature 452, 745-749 (2008) | Cite this article G

PNAS

Genomic data do not support comb jellies as the sister
group to all other animals

November 30, 2015 112 (50) 15402-15407 https://doi.org/10.1073/pnas. 1518127112 ‘

Davide Pisani®®', Walker Pett’, Martin Dohrmann?, Roberto Feuda®, Omar Rota-Stabelli’, Hervé Philippe?",
Nicolas Lartillot’, and Gert Worheide® !

Current Biology
ARTICLE - Volume 27, Issue 7, P958-967, April 03, 2017 -

A Large and Consistent Phylogenomic Dataset Supports Sponges as the
Sister Group to All Other Animals

Paul Simion ''7:8 . Hervé Philippe & 2317 & - Denis Baurain 4 - Muriel Jager ! - Daniel J. Richter 567 - %

Contentious relationships in phylogenomic studies can

be driven by a handful of genes

Xing-Xing Shen, Chris Todd Hittinger & Antonis Rokas & a

Nature Ecology & Evolution 1, Article number: 0126 (2017) | Cite this article

Guardian
Evolution row ends as scientists declare
sponges to be sister of all other animals

Nicola Davis
Thu 30 Nov 2017 12.00 EST

Current Biology
REPORT - Volume 27, Issue 24, P3864-3870.E4, December 18, 2017 -

Improved Modeling of Compositional Heterogeneity
Supports Sponges as Sister to All Other Animals %
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Evidence for sponges as sister to all other animals from
partitioned phylogenomics with mixture models and
recoding

Anthony K. Redmond & Aoife McLysaght &2

Nature Communications 12, Article number: 1783 (2021) | Cite this article




New Evidence

Article | Open access | Published: 17 May 2023

Ancient gene linkages support ctenophores as sister to
other animals

Darrin T. Schultz &, Steven H. D. Haddock, Jessen V. Bredeson, Richard E. Green, Oleg Simakov & &
Daniel S. Rokhsar

Nature 618, 110-117 (2023)

Bolinopsis _ ' 8 _ 12 - 6 L . - 10 i o e , : s , 1 2 oo ,
Ctenophora |\ ) WA w Il N ,'{'..'/ LR N w ‘\{M' I "“ ”/ VAL 27 N\ 0T T TR\ ") Vil /),7;' .
Q BMI SO N 'ﬂ . s ) / ) | /f )‘ O | e h“ b f’;’i
@ Hormiphora ~ QFINAANN Y 871IL VI E‘érﬁ\ 6/, | QL 1@ “ {?( | ST NM\ Eﬁm‘m 2/ T fh "\L \M%\\\
>4
"

tenophor " R R T vy = i §) AN AR \ W"
Cte p a WA e A - . , Sl - e e w\\‘\\ \\ N -——-““‘“ \ ‘ /~:
HCA WA\ N\ WV — — e : — B S

Rhopilema
Cnidaria
RES

| (/M. ‘ o \ T ‘___,—- == s g\ TOREY. . RTIRAA \ VAR | ) A ,-,‘ | N 7 74 iy <5 2 /4 Z /4 AN .‘\ ‘ \
,:. A bt 1 — ALY \ S — . Ay '\.:\ \'\ 4 “A, = WS A \ N N \ v' ,_;“._“ .i /| -‘.3 3 4 % ‘ N g N . : <y AR “""/u' “‘\ ‘__.!' H M
Branchiostoma 8l | ,,,;,; ,m\‘ ?Tﬂ RIS (18] V7 :?\ A ; 7 | AT T TR 124 { EONRN Wk ) () O/ il A .43 nk“
Bilateria  {RN) ! NS Pt S ) = Jr" gy 4y e AU N = oy
BFL L .‘ '.‘".‘. A l‘ ”" ‘I”. & ‘,"‘, ’-_.',' R - ——— —_. e o o = 4 2 5 “:',_ . . \ & n‘ i \’ ’\ A\ \ \ <N e R | ":. / ’ |1| ‘ l I} f
(A ' ‘ ‘j'- A ‘\‘;." 3 ',j:ir \‘" ’ ‘/ 4 7 — i = Nl ] : LR \ : IR = \ i | LA

\ )
.““.f * W |

St O
4

®/ ™

t ‘o i \ AU . ¥ £ _ > F A - X \ —_— N ' 4 o
\ v ‘ A v! A % \ "\I 4 0.-. d p = A.-‘ - ; ; ; ; = - . b N A\ N ,"; 1) - 5 ! nl
Ephydatia I\ 2 O 17 i 7 Al £ 04 : ’ 18 ) : AIAN | ‘ é“ l I
. 1 1 W1 i\ ] 3 L '- -— ! “\ 1 1 . RitH" ]

Porifera |} l k . _ A _ \ \ T | I DA\ \
EMU .I.l ' ::.l “ _._\ \ ; . . \ : N\ ™ N LY \ w\_ ‘ : w_\ : / N ‘\\‘.\- . 5
Cladorhizid e || | il ﬁ 20 TEREN\ WA _ ;"i,._ N B 13\‘ " M 3 L) OM * |

Porifera
- A2 mm O2

mm C2
CLA mmM ==l =mEa mmAla ==B3 mmQb m=mQa -E =D N  =mB2
e Qd o

R
d
mm C1
mm G

== E =y




Large-Scale Gene Order Changes Are Rare

A _ B C . D .
Microsynteny Macrosynteny Fusion- Fusion-
(gene order) (chromosomal) without-mixing with-mixing

(chromosomal) (chromosomal)

T D E D TED @ @
720D @ @ ( >T2--- )
1D @) D 3@ @ (NI

4@ @G (D
T1
T2
T3
Oooed T4
{v
Q00 D
=> Gene (- ) Chromosome :) Rearrangement A Inversion =P €= Fusion @ Mixing

2026 \Workshop on Molecular Evolution - Tracy Heath Figure from Steenwyk & King (PLoS Biology. 2024)



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

Conserved Synteny

Article | Open access | Published: 17 May 2023

Ancient gene linkages support ctenophores as sister to
other animals

Darrin T. Schultz &3, Steven H. D. Haddock, Jessen V. Bredeson, Richard E. Green, Oleg Simakov &3 &
Daniel S. Rokhsar &3

Nature 618, 110-117 (2023)

Unlikely changes are needed
for these patterns to exist it

sponges are sister to all other
animals

Convergent fusions followed
by mixing

ol

Exact unmixing followed by
fissions

2026 Workshop on Molecular Evolution - Tracy Heath

Salpingoeca outgroup, Ctenophora sister

17 4 27
‘ ' Outgroup
Salpingoeca A

‘ . Ctenophora
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Hormiphora
Porifera
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Etialan Rhopilema
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mixing Bilateria
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D Ctenophora d B TEE B Ctenophora
Ancestral -
. . fusion o .
Convergent Bilateria with mixing . Bilateria
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Phylogenies Give Evolutionary Context

Ichthyosporea .

Understanding the complex history of animals

requires more research on ctenophore & sponge
: : : : /
biology since these groups are't well studied & Holozoa | -
often misrepresented / Choanofiageliatea
Filozoa %
The evolution of the neuromuscular system is / Crenophor Qﬂ
more complicated than we originally assumeo I
. . . o // Porifera 09 =
yncytial nerve net in a ctenophore adds insights on etares
the evolution of nervous systems o
S — TR Y — O F Slatena. gy - A
, MARIA Y. SACHKOVA (%) , AND MAIKE KITTELMANN (&) Authors Info & Affiliations Myriazoa/
Y, Placozoa *
And new data and/ ofr methOdS Spongevcombjellies:.c P
evolution’s first trailblazer? Cnidaria f ﬂf

may lead to new insights...

Figure from Schultz et al. (Nature, 2023)
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https://www.nature.com/articles/s41586-023-05936-6

Misconceptions

A jelly is the ultimate ancestor of all
animal life, finds study

For nearly 100 years, scientists have thought a sponge was the first type of animal on the planet, but new !
genetic technique points to a creature like today's comb jellies

g INDEPENDENT /' Filasterea

Holozoa

Ichthyosporea .

lan Johnston Science Correspondent * Monday 10 April 2017 16:02 BST

600-800 million years of evolution gave us Sl
ctenophores, sponges, jellyfish, and humans...so it is Filozoa *
not correct to say “our ancestors were comp jellies” / Crenophora @

Choanozoa
Comb Jellies May Be the World’s Oldest Animal porfers @
Group | @ T
A new study suggests that ancestors of comb jellies, not sponges, were the first to break off from the Metazoa
common ancestor of all animals
. - Bilateria
" Yot Smithsonian / " @)
May 18, 2023 — Myriazoé
: Placoz
The most-recent common ancestor of all known ctenophores is wos 8
younger than the ancestor of sponges, bilaterians, & cnidarians. A Parahoxozoa
lot has happened during the history of animals that we don't know... sine I?j*

2026 Workshop on Molecular Evolution - Tracy Heath Figure from Schultz et al. (Nature, 2023)



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

Estimates Change with More Data
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Phylogeny Terminology
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Phylogeny Terminology & Concepts
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Phylogeny Terminology & Concepts

. root
stem
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Phylogeny Terminology & Concepts

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

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

a node represents the ( W(
most-recent common

ancestor (MRCA) of the
descendant taxa
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Phylogeny Terminology & Concepts

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

2026 Workshop on Molecular Evolution - Tracy Heath

gorillas are NOT basal
to chimps & humans




Phylogeny Terminology & Concepts

the term basal refers to
something that Is "closer
to the base’, so please

never use this for extant

AL 17/ the 10 Mya fossil
Chororapithecus
abyssinicus can be

t called a basal ape
axd (Sewa et al 2007)

2026 Workshop on Molecular Evolution - Tracy Heath ) .//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

Groups in a Phylogeny

MONOPHYLETIC POLYPHYLETIC PARAPHYLETIC

® H A ¢ W ¥ & X M v
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MQnQphy|y a monophyletic group includes an
ancestor and all of its descendants

MONOPHYLETIC

® H A & O 9 -~ % ¥ % M ¥

a monophyletic group
can be pruned with a
single cut

monophyletic group = clade

2026 Workshop on Molecular Evolution - Tracy Heath |92



a paraphyletic group includes an ancestor

Paraphyly

and a subset of its descendants

PARAPHYLETIC

® H A & O 9 A % ¥ % M ¥

e.g., reptiles” Is a

paraphyletic group
unless it iIncludes birds

2026 Workshop on Molecular Evolution - Tracy Heath (S



a polyphyletic group includes a set of taxa,

POIyphny but not thelr common ancestor

POLYPHYLETIC

H A & O ¢ & ¥ 3 x M @

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

2026 Workshop on Molecular Evolution - Tracy Heath




Phylogeny: Branch Lengths

can have no meaning
& Just show the pattern
of relationships

y,
»
»
A
D,
.
Y3
-

2026 Workshop on Molecular Evolution - Tracy Heath (hgure adapted from Heath et al. 2014)



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

Phylogeny: Branch Lengths

2

can represent the
amount of genetic
difference

0.03 base substitutions/site

2026 Workshop on Molecular Evolution - Tracy Heath (fgure adapted from Heath et al. 2014)



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

Phylogeny: Branch Lengths

can represent the duration of time
between nodes

2026 Workshop on Molecular Evolution - Tracy Heath

y,
»
»
A
D,
.
y.p)
-

Oligocene

Plio
Pleis

Miocene

I
20 0
Time (My)

(hgure adapted from Heath et al. 2014)



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

Phylogeny: Rooting

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

0.03 base substitutions/site

2026 Workshop on Molecular Evolution - Tracy Heath (fgure adapted from Heath et al. 2014)



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

Phylogeny: Rooting

a tree can be ”

unrooted snowing

A

only relationships =

among lineages

v,

0.03 base substitutions/site

™

2026 Workshop on Molecular Evolution - Tracy Heath (fgure adapted from Heath et al. 2014)



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

Resolved Phylogeny

| |

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

fully-resolved tree

2026 Workshop on Molecular Evolution - Tracy Heath (Yang 2014)



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

Unresolved Phylogeny polytomy

M AN

star tree partially-resolved tree

polytomies allow us to
represent unresolved nodes polytomy

star tree partially-resolved tree

2026 Workshop on Molecular Evolution - Tracy Heath (Yang 2014)



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

Representing Irees
(CA,D),(C,B));

we can represent trees
using Newick format, which
Uses sets of nested
parentneses
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https://en.wikipedia.org/wiki/Newick_format

What is the Newick representation for this tree?

*

_
4
4
A




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

A

this format also
accommodates pranch
iNnformation C

0.2
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Draw the tree

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



Phylogenetic Trees Depict Relatedness

Fungi are more closely related to Animals
than they are to Plants
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100

o0 — Tachypleus tridentatus

— Limulus polyphemus

100

Nephila clavipes

Sarcoptes scabiei
100

Tetranychus urticae

100

Ixodes scapularis

100

Metaseiulus occidentalis
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Phylogenetic Trees Reveal Evolutionary Origins

Host

’ Cattle E%

@ wild bird E?
. Poultry

O Domestic mammal g

L) Wild mammal [e=
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-

Phylogenetic analysis of infectious
diseases enable the stuady of the
transmission dynamics

This Is a phylogeny H5N1 sequences
collected in North America Dec 2021
to April 2024

Highly pathogenic avian flu spread In
dairy cattle after a single spillover
event from wild birds

(Nguyen et al, Science. 2025)



Phylogenetic Trees Expose Shared History

Phylogenetic methods are used to understand
the history of human cultural evolution

This tree shows the diversification of Indo-
European languages over time
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Phylogenetic Trees llluminate Tempo & Mode

Phylogenetic methods provide
statistical tests for macroevolution

Using several different data
sources, we can learn about

* NOW genomes change over time
e shifts In speciation & extinction

rates

e Wwhen traits evolved that enabled
occupation of new ecological

NiIches

e the geographical history of a
group of species
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Inferring Phylogenies

taxa character 1 character 2 character 3

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

T1 pointed blue present
to estimate a phylogeny, T  pointed  blue  present
we need to start with T3 round  blue  absent
data T4 round  black  absent

the data are observations a column in the matrix is a
of character states for a character

set of taxa
the form that character takes

S Its state
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Inferring Phylogenies

taxa character 1 character 2 character 3

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

no A r.. o
to estimate a phylogeny, = 1
we need to start with ™ & T G
data T4 T
the gata are observations
of character states for a discrete characters can be
set of taxa molecular or morphological
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Inferring Phylogenies

we Infer phylogenies by
evaluating tree topologies

for 4 taxa we can evaluate all
DOSSIble unrooted topologies

(there are only 3)

L 12
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How many trees?

n Unrooted trees (Up)

3 T

4 3

5 15

6 103 (2n —5)!

7 945 ) = ——
8 10,395 & 2n=3(n — 3)!
9 135,135

10 2,027,025

20 ~2.22 x 1040
50 ~2.84 x 1074

2026 Workshop on Molecular Evolution - Tracy Heath (Yang 2014)



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

How many trees?

n Unrooted trees (Up) Rooted trees (Rp)
3 T 3

4 3 15

5 15 105

6 105 945

7/ 045 10,395

8 10,395 135,135

9 135,135 2,027,025
10 2,027,025 34,459,425
20 ~2.22 x 10%° ~8.20 x 107
50 ~2.84 x 1074 ~2.75 x 1076
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P (2n—3)!

=2y — 2)!

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

(Yang 2014)
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How to find the "best" tree?

"4

* > 0 Qg ¢

BETTER

WORSE
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It depends on how you measure "best"

Table 3.2 Optimality criteria used for phylogeny reconstruction

Method Criterion (tree score)

Maximum parsimony Minimum number of changes, minimized over ancestral states

Maximum likelihood Log likelihood score, optimized over branch lengths and model parameters
Minimum evolution Tree length (sum of branch lengths, often estimated by least squares)
Bayesian Posterior probability, calculated by integrating over branch lengths and

substitution parameters

2026 Workshop on Molecular Evolution - Tracy Heath (Yang 2014)
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Searching Tree Topologies

a number of heuristic
free-search algorithms
have been developed

(Yang 2014, Ch. 3)

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


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

Searching Tree Topologies

V\ importantly, we need tree-
‘ search methods that can

find the global optimum

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