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Maximum Parsimony
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Small Maximum Parsimony Phylogeny Problem:
Given 𝑚 × 𝑛 matrix 𝐴 = [𝑎!,#] and tree 𝑇 with 𝑚 leaves, find 

assignment of character states to each internal vertex of 𝑇
with minimum parsimony score.

Large Maximum Parsimony Phylogeny Problem:
Given 𝑚 × 𝑛 matrix 𝐴 = [𝑎!,#], find a tree 𝑇 with 𝑚 leaves labeled 

according to 𝐴 and an assignment of character states to each internal 
vertex of 𝑇 with minimum parsimony score.



Binary Characters
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Characters
5 Characters only have 

two possible states

Possible Encoding:
0 : not-mutated
1 : mutated

Possible Encoding:
0 : no wings
1 : wings
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5 Characters only have 

two possible states

Possible Encoding:
0 : not-mutated
1 : mutated

Possible Encoding:
0 : no wings
1 : wings

Question: Given n binary characters, 
what is the smallest parsimony score?



Somatic Mutations and Cancer
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“typical tumor”:  ~10 driver mutations
100’s – 1000’s of passenger mutations



Somatic Mutations and Cancer
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“typical tumor”:  ~10 driver mutations
100’s – 1000’s of passenger mutations

Sequence genome



Progression of Somatic Mutations
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0110001

1110101

1011011

0 = normal
1 = mutated

Normal cell

Tumor cells

… CGTAATTAG …

… CGTCATTAG …

Single nucleotide mutation

Root is the normal, founder cell and leaves are cells in tumor.



Progression of Somatic Mutations
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0110001

1110101

1011011

0 = normal
1 = mutated

Normal cell

Tumor cells

… CGTAATTAG …

… CGTCATTAG …

Single nucleotide mutation

Root is the normal, founder cell and leaves are cells in tumor.

Infinite sites assumption: each locus mutates only once.



Infinite Sites Model = Two-state Perfect Phylogeny
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Infinite sites model: multiple mutations 
never occur at the same position

[Kimura, 1969]

…

…

The genome is large

Mutations are rare
A
B
C
D
E

Mutated Loci

1: mutated
0: not

0  0  0  0  1   1
0  0  0  1  1   1
0  0  1  0  1   0
1  0  0  0  0   0
1  1  0  0  0   0

All sites are bi-allelic: mutated or not.



Two-state Perfect Phylogeny
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Two-state Perfect Phylogeny Problem
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Input:



Try it yourself!
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Only one of these matrices can be used to build a perfect phylogeny. 
(1) As a group, decide on an approach to try to determine which one is which.
(2) Try out your approach to see if you can construct the tree.
(3) What did you learn from your attempt?

A
B
C
D
E

0   1   0   0   0 
0   0   1   0   0 
1   1   0   0   0
0   0   1   1   0
1   1   0   0   1 

C1 C2 C3  C4  C5

Characters

M1 =
A
B
C
D
E

0   0   1   1   0 
0   0   1   0   1 
1   1   0   0   1
1   1   0   0   0
0   1   0   0   1 

C1 C2 C3  C4  C5

Characters

M2 =
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Integer Characters
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0 2 1 2 2

1 2 1 1 1

1 1 0 1 2
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5 Characters have k

possible states

Question: Given n integer characters with k states, 
what is the smallest parsimony score?



Infinite Alleles Model = Multi-state Perfect Phylogeny
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Infinite alleles model: 
• For any mutation, there are an 

infinite number of possibilities of 
what mutation looks like (states).

• So, the same position can be 
mutated multiple times, but it 
never mutates to the same “allele” 
or state.   

…

…

Mutation Site

Characters have integer states

Site History:

Time



Infinite Alleles Model = Multi-state Perfect Phylogeny
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Infinite alleles model: 
• For any mutation, there are an 

infinite number of possibilities of 
what mutation looks like (states).

• So, the same position can be 
mutated multiple times, but it 
never mutates to the same “allele” 
or state.   

…

…

Mutation Site

Characters have integer states

Site History:

Time



Infinite Alleles Model = Multi-state Perfect Phylogeny
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Infinite alleles model: 
• For any mutation, there are an 

infinite number of possibilities of 
what mutation looks like (states).

• So, the same position can be 
mutated multiple times, but it 
never mutates to the same “allele” 
or state.   

…

…

Mutation Site

Characters have integer states

Site History:

Time
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[Bodlaender, Fellows and Warnow]
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Multi-state Cladistic Perfect Phylogeny
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Small and a Large Problem
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Small Maximum Parsimony Phylogeny Problem:
Given 𝑚 × 𝑛 matrix 𝐴 = [𝑎!,#] and tree 𝑇 with 𝑚 leaves, find 

assignment of character states to each internal vertex of 𝑇
with minimum parsimony score.

Large Maximum Parsimony Phylogeny Problem:
Given 𝑚 × 𝑛 matrix 𝐴 = [𝑎!,#], find a tree 𝑇 with 𝑚 leaves labeled 

according to 𝐴 and an assignment of character states to each internal 
vertex of 𝑇 with minimum parsimony score.



General Large Maximum Parsimony Phylogeny
• This problem is 

NP-hard

• Heuristics using 
local search (tree 
moves)
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Example: Nearest-Neighbor Interchange (NNI)
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Distance-based Phylogeny
• Small additive distance phylogeny problem

• In P
• Recursive algorithm using neighboring leaves

• Large additive distance phylogeny problem
• In P -- two algorithms:

1. Find degenerate triples and resolve these
2. Neighbor joining: identifies neighboring leaves even 

when tree is not given
• Complete characterization of additive matrices using 

the four-point condition

37

Character-based Phylogeny
• Small maximum parsimony problem

• Sankoff algorithm: dynamic programming

• Two-state perfect phylogeny problem 
• In P: O(mn) time
• Complete characterization as conflict free 

binary matrices

• Multi-state perfect phylogeny problem
• NP-hard in general
• In P given state trees

• Large maximum parsimony problem
• NP-hard
• Heuristic using local search


