
W
ayne M

addison 25 M
arch 2003

Phylogeny

• H
istory + basic ideas

• M
ethods for reconstructing phylogeny

• A
pplications of phylogeny

System
atics &

 Taxonom
y

Beginning 1750’s:

W
hat are the species and how

 are they related?

D
escription of 

species &
 

arrangem
ent 

into groups 
(classification)

By ca. 1950:
• hundreds of 
thousands of 
species 
described

• general idea 
of phylogeny, at 
least for 
m
ulticellular 

creatures



System
atics of m

id 20th century:

(1) Focus w
as not so m

uch classification &
 

phylogeny; focus w
as distinguishing species.

Phylogeny inferred usually w
ithout explicit data or 

analyses (i.e. seat of the pants)

(2) Phylogeny &
 classification w

ere 
perm

itted to differ

Phylogeny:
Classification:

Reptiles
turtles
lizards
crocodiles

Birds
M
am

m
als

turtles
mammalscrocodilesbirds
lizards

M
onophyletic group: 

an ancestor and all of its descendants

or a group consisting of species m
ore closely related to 

each other than to any other species not in the group

or a group w
hose m

ost recent com
m
on ancestor is 

m
ore recent than any com

m
on ancestor shared w

ith 
species outside the group

Paraphyletic group: 
an ancestor and som

e but not all of its descendants

M
ust be contiguous piece of tree (i.e. A

rchaeopteryx + 
ostrich + crow

 isn’t paraphyletic)



Polyphyletic group: 
neither m

onophyletic nor paraphyletic

i.e. discontiguous pieces of the phylogenetic tree

1950’s &
 60’s

form
alizing m

ethods begins

H
ennig 1950 (G

erm
an), 1966 (English)

(1) Form
al logic for reconstructing 

phylogeny

(2) Classification should m
atch phylogeny 

(all groups m
onophyletic)

Before H
ennig:

If a group of species is closely related, they should 
share traits

H
ennig:

If a group of species is m
onophyletic, they should 

share traits derived w
ithin the containing group.

O
ther types of groups (paraphyletic, polyphyletic) are 

not expected to possess derived traits uniquely

Therefore sharing of derived traits is the indicator 
of m

onophyly.

plesiom
orphy

apom
orphy

apom
orphy: derived trait

synapom
orphy: shared derived trait

plesiom
orphy: ancestral trait

Synapom
orphy indicates m

onophyly



1960’s: quantification
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Character w
ith states 0, 1

Form
al coding of data into m

atrix of characters 
and character states
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D
ata m

atrix

D
istance m

atrix
Tree

D
istance m

ethods

som
e loss of inform

ation

O
ptim

ality m
ethods
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D
ata m

atrixTree 4
Tree 3

Tree 2

Tree 5

Tree 1 ?
?

?
?

?

Exam
ine trees, 

choose tree that 
optim

izes som
e 

criterion

D
istance m

ethods 
U
PG

M
A

N
eighbor Joining 

O
ptim

ality m
ethods

Parsim
ony 

—
 seeks tree m

inim
izing evolutionary change

Likelihood 
—
 seeks tree m

axim
izing probability 

                 of observed data



Parsim
ony 

—
 counting steps, exam

ples
—
 seeks “sim

plest explanation” (m
inim

izes ad hoc 
hypothesis against contradictory evidence)

Likelihood: the probability of the data observed given
the hypothesis and assum

ptions   P(D
ata |

H
ypothesis)

G
oal: to find that hypothesis that m

axim
izes the

probabilityABCD

A
A
T
T
G
T
A

B
A
T
T
G
T
A

C
A
C
C
G
C
A

D
A
C
C
G
C
A

O
bserved D

ata

If this w
ere the tree  ... w

hat w
ould be the probability

of these sequences evolving?

Likelihood 
sim

ple exam
ple

1
1

0
0

A
B

C
D

W
hat is 

probability of 
these states 
evolving if 
probability of 
change on each 
branch is 0.1?

ABCD

A
A
T
T
G
T
A

B
A
T
T
G
T
A

C
A
C
C
G
C
A

D
A
C
C
G
C
A

O
bserved D

ata

A
lso depends on:

-the ancestral sequence, or the probabilities of
various possible ancestral sequences
-the probabilities of m

utations per unit tim
e

-the tim
es involved (branch lengths)

Probability of evolving sequences doesn't depend
only on tree

rates of m
utation per unit tim

e



M
odel of sequence evolution:

-probabilities of bases at ancestor

-base rates of m
utations per unit tim

e

-site to site rate variation

Sim
plest:

Jukes-C
antor 1969

A
,C
,G
,T equally

probable at ancestor
A
N
D
 all rates equal

-
α

α
α

T

α
-

α
α

G

α
α

-
α

C

α
α

α
-

A

T
G

C
A

Rates of change

A
ll substitutions 

equally likely

Rates of m
utation per unit tim

e

Exam
ple of likelihood analysis using JC

 69

ABCD

For each candidate tree,
probability of sequences
evolving w

ill depend on
branch lengths and the α
param

eter of the JC
 m

odel
-

α
α

α
T

α
-

α
α

G
α

α
-

α
C

α
α

α
-

A
T

G
C

A

Search: Try alternative trees, branch lengths and
α
's to find com

bination m
axim

izing probability
of observing the data
—
 sim

ultaneous estim
ation

-
α
f
G

βf
C

α
fA

T

α
f
T

-
α
f
C

βfA
G

βf
T

α
f
G

-
α
f A

C

α
f
T

βf
G

α
f
C

-
A

T
G

C
A

M
ore com

plex, realistic m
odels

H
K
Y 85

transitions and
transversions can
differ in rate

equilibrium
 base

frequencies
m
ight not be

equal

-
ρf G

εfC
γfA

T

ρf T
-

δf C
βfA

G

εf T
δfG

-
αf A

C

γf T
βfG

αfC
-

A

T
G

C
A

M
ore com

plex, realistic m
odels

G
TR (G

eneral
tim

e reversible)

all changes can
differ in rate as
long as
sym

m
etrical

equilibrium
 base

frequencies
m
ight not be

equal



A
nother issue: not all sites evolve at the sam

e rate

Protein coding: 2nd positions m
uch slow

er, third
positions and introns fastest

N
on-coding: e.g., ribosom

al or tRN
A
: areas not

vital to secondary structure or interactions m
ay

evolve quickly
frequency of sites
w
ith that rate

rate of evolution

fast
slow α

 = 0.5
α

 = 200

α
 = 50

α
 = 2

O
ne m

odel of site-to-site rate variation:
The gam

m
a distribution

- has one param
eter, the "shape"

Exam
ple of likelihood analysis using G

TR + gam
m
a

ABCD

Search: Try alternative trees, branch lengths
substitution rate param

eters, equilibrium
 base

frequences and gam
m
a shape param

eters to find
com

bination m
axim

izing probability of observing
the data
—
 sim

ultaneous estim
ation of m

odel &
 tree

-
ρfG

εfC
γfA

T

ρfT
-

δfC
βfA

G

εf T
δfG

-
αfA

C

γfT
βfG

αfC
-

A

T
G

C
A

gam
m
a rate

variation
+

tree + JC
 (rate)

tree + H
K
Y (transition &

 transversion
rates + equil. freq.)

tree + G
TR (6 rates + equil. freq.) +

gam
m
a rate variation

m
ore param

eters

few
er param

eters

Better likelihoods w
ith m

ore com
plex m

odel

but should use m
odel only as com

plex as you need!
C

an use likelihood ratio tests to test significance



Parsim
ony 

—
 originally justified as “sim

plicity of explanation”

Likelihood 
—
 statistically best justified, but im

poses assum
ptions 

of uniform
ity of process across characters &

 branches 
of tree

both m
ake explicit predictions about character 

distributions, and assess disagreem
ent betw

een 
predicted &

 observed character distributions

Practical difficulties: com
putation

Searching am
ong all possible

-trees
-branch lengths
-rate m

atrix param
eters

-equilibrium
 base frequencies

-gam
m
a shape param

eters

to find the com
bination m

axim
izing probability

is not easy!

D
ifficulties of searching for optim

al trees

*term
inal taxa, O

TU
’s

num
b

er of taxa* 
num

b
er of p

ossib
le trees

3
3

4
15

5
105

6
945

7
10395

10
3.4 e7

20
8.2 e21

30
4.95 e38

1,000,000
1 e5,866,723

The age of the universe is about 5 e29 
picoseconds

Can’t search exhaustively am
ong all 

trees

H
euristic search (“good guess”)

—
 Build initial tree by adding taxa

—
 H

ill-clim
bing algorithm

 m
aking adjustm

ents to 
tree

at each step check optim
ality criterion to see w

hat 
adjustm

ent to m
ake



D
istance m

ethods (popular 60’s &
 70’s; N

eighbor 
Joining brought back in 90’s)

O
ptim

ality m
ethods

Parsim
ony (popular 80’s &

 90’s; rem
ains popular 

w
ith m

orphological data)

Likelihood (popular 90’s &
 00’s)

Success?

Tree from
 visible

structures &
 color

Trees from
 four

separate gene
regions

Jum
ping spiders: different data agree


