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Ø Phylogenetic reconstruction
• Distance methods (FM, ME, NJ)

• Character-based methods 
(maximum parsimony)

Ø Assignment 10

TODAY'S TOPICS
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Phylogenetic methods
Ø Data types and tree-building methods

UPGMA
Neighbor joining

Minimum evolution
Fitch-Margoliash

Maximum parsimony
Maximum likelihood

Distances Characters

Clustering 

Optimality
criterion

[Data types]
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Examine all possible topologies based on a certain criterion

(Bayesian inference)

Yang and Rannala (2012) Molecular phylogenetics: principles and practice.
Nature Reviews Genetics 13: 303-314.
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Phylogenetic methods (Distance)
Ø Fitch-Margoliash method (weighted least-square)
      (Fitch and Margoliash, 1967)
 • Initial tree: constructed by clustering 2 OTUs with shortest 

distances
  ➜ similar to UPGMA
 • No constant rate assumption (additive trees)
 • Reconstructs unrooted trees
 • Alternative trees are tested to identify the best tree based on 

the smallest percent standard deviation (PSD):   

 
  n: number of taxa in the tree
  Dij: observed distances between i and j
  Eij: estimated distances between i and j (calculated by branch lengths)
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Phylogenetic methods (Distance)
Ø Estimation of branch lengths: 3 taxa
      (Fitch and Margoliash, 1967)

  

  dAB, dAC, dBC: distances between sequences A, B, and C
  a, b, c: branch lengths 
   dAB = a + b  a = (dAB + dAC - dBC) / 2
   dAC = a + c  b = (dAB + dBC - dAC) / 2
   dBC = b + c  c = (dAC + dBC - dAB) / 2

A

B

C

a

b

c
B C

A dAB dAC
B dBC
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Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
     (Fitch and Margoliash, 1967)

 

 
 • Choose two taxa (e.g., with the smallest distance)

A

B

C
a

b

c

D
d

➜ A and B

B C D

A dAB dAC dAD
B dBC dAD
C dCD
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B C D

A dAB dAC dAD
B dBC dAD
C dCD
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Ø Estimation of branch lengths: more than 3 taxa
     (Fitch and Margoliash, 1967)

 

 
 • Choose two taxa (e.g., with the smallest distance)
 • Remaining taxa are combined into a single  
  composite taxon

Phylogenetic methods (Distance)

A

B

C
a

b

c

D
d

A

B

C
a

b

c

D
d

x X

➜ X
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Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
     (Fitch and Margoliash, 1967)

 

 
 Recalculate the distance matrix
 (as shown in UPGMA)

A

B

C
a

b

c

D
d

A

B

C
a

b

c

D
d

x X

B X

A dAB dAX
B dBX
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Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
     (Fitch and Margoliash, 1967)

 

 
 dAX = (dAC + dAD) / 2
 dBX = (dBC + dBD) / 2
 
 ➜ a and b can be calculated as before

A

B

C
a

b

c

D
d

A

B

C
a

b

c

D
d

x X

B X

A dAB dAX
B dBX
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Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
      (Fitch and Margoliash, 1967)

 

 

A

B

C
a

b

c

D
d

A

B

C
a

b

c

D
d

x X

dAB = a + b 
 dAX = a + x 
 dBX = b + x 

a = (dAB + dAX - dBX) / 2
b = (dAB + dBX - dAX) / 2

B X

A dAB dAX
B dBX

10

BIOS477/877 L22 - 11

Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
   (Fitch and Margoliash, 1967)
 

 
 • The two taxa A and B are combined into a single 
  composite taxon ➜ Y
 • Recalculate the distances 
  between Y and other taxa
  (as in UPGMA method)

A

B

C
a

b

c

D
d

Y
A

B

C
a

b

c

D
d

x X y

C D

Y dYC dYD

C dCD

11

BIOS477/877 L22 - 12

Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
      (Fitch and Margoliash, 1967)

 

 
 dYC = (dAC + dBC) / 2
 dYD = (dAD + dBD) / 2
 
 ➜ c and d can be calculated as before

A

B

C
a

b

c

D
d

Y
A

B

C
a

b

c

D
d

x X y

C D

Y dYC dYD

C dCD
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Phylogenetic methods (Distance)
Ø Estimation of branch lengths: more than 3 taxa
      (Fitch and Margoliash, 1967)

 

 
 • If no other unresolved taxon remains,
  ➜ z (internal branch length) can be calculated:
   e.g., z = dAC - a - c
 • If there are still more taxa,
  ➜ choose two (e.g., closest) taxa and repeat the above procedure

A

B

C
a

b

c

D
d

x X
A

B

C
a

b

c

D
d

Y y

A

B

C
a

b

c

D
d

z
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Phylogenetic methods (Distance)
Ø Fitch-Margoliash method (weighted least-square)
      (Fitch and Margoliash, 1967)
 • Initial tree: constructed by clustering 2 OTUs with shortest 

distances
  ➜ similar to UPGMA
 • No constant rate assumption (additive trees)
 • Reconstructs unrooted trees
 • Alternative trees are tested to identify the best tree based on 

the smallest percent standard deviation (PSD):   

 
  n: number of taxa in the tree
  Dij: observed distances between i and j
  Eij: estimated distances between i and j (calculated by branch lengths)
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Phylogenetic methods
Ø Data types and tree-building methods

UPGMA
Neighbor joining

Minimum evolution
Fitch-Margoliash

Maximum parsimony
Maximum likelihood

Approximates minimum 
evolution tree

Distances Characters

Clustering 

Optimality
criterion

[Data types]
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]

Examine all possible topologies based on a certain criterion

(Bayesian inference)

Yang and Rannala (2012) Molecular phylogenetics: principles and practice.
Nature Reviews Genetics 13: 303-314.
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Ø Minimum evolution (ME)
 

 • The tree that minimizes the tree length is
  regarded as the best estimate of the phylogeny
  ➜ Tree length = Sum of the branch lengths
   
   n: number of taxa in the tree, ei: length of the branch i
   (There are 2n-3 branches in an unrooted tree of n taxa)

Phylogenetic methods (Distance)

n=3 n=4 n=5

3 branches 5 branches 7 branches
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Ø Minimum evolution (ME)
 

 • The tree that minimizes the tree length is
  regarded as the best estimate of the phylogeny
  ➜ Tree length = Sum of the branch lengths
   
   n: number of taxa in the tree
   ei: length of the branch i
   (There are 2n-3 branches in 
    an unrooted tree of n taxa)
 • reconstructs additive distance trees
 • reconstructs unrooted trees
 • If n is large, impossible to examine all possible topologies

Phylogenetic methods (Distance)

A

B

C

D

A

C

B

D

A

D

C

B

n=3

n=4: 3 trees

n=5:
15 trees
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Phylogenetic methods
Ø Data types and tree-building methods

UPGMA
Neighbor joining

Minimum evolution
Fitch-Margoliash

Maximum parsimony
Maximum likelihood

Approximates minimum 
evolution tree

Distances Characters

Clustering 

Optimality
criterion

[Data types]
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Examine all possible topologies based on a certain criterion

(Bayesian inference)

Yang and Rannala (2012) Molecular phylogenetics: principles and practice.
Nature Reviews Genetics 13: 303-314.
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Phylogenetic methods (Distance)
Ø Neighbor joining (NJ)
  Saito and Nei (1987) and correction by Studier and Keppler (1988)
 

 • Clustering method (fast computation)
 • A good heuristic method for estimating
  the minimum evolution tree
  ➜ No guarantee to find the ME tree
  ➜ In practice, the NJ tree is often the same or very 
   similar to the ME tree
 • No assumption for the constant evolutionary rate
  ➜ Evolutionary rate can vary among lineages
 • reconstructs unrooted trees

ME tree:
has the topology 

with the shortest 
tree length

S = e
i

i=1

2n−3

∑
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Phylogenetic methods (Distance)
Ø Neighbor joining (NJ)

1) Start with a star phylogeny
2) S0: the sum of all branch lengths

 LiX: branch length between OTU i and node X
 dij: distance between OTUs i and j
 m: number of OTUs
 S0 = (d12+d13+d14+d15+d23+d24+d25+d34+d35+d45)/4
  = (.53+.99+.80+1.02+.93+.65+.82+.73+.81+.94)/4
  = 2.055 

Example: a distance matrix for 5 OTUs

1

2

34

5
X

For 3 OTUs: d12+d13+d23=(a+b)+(a+c)+(b+c)=2(a+b+c)=2S0 
 S0=(Sum of 3 distances)/(3-1)

S0 = LiX
i=1

m

∑ = dij
i< j

m

∑ (m−1)

1 2 3 4 5

1 .53 .99 1.02 .82

2 .80 .93 .73

3 .65 .81

4 .94

5
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Phylogenetic methods (Distance)
Ø Neighbor joining (NJ)
3) Take 2 OTUs (a and b) as a pair (neighbors) and 
 calculate the tree length (Sab) from this topology
4) Find the OTU pair that makes the shortest Sab

3

4

5
2

1

X Y

1

2

34

5
X

Put all other OTUs in one cluster

Only one internal branch

Neighbors: OTU1 and OTU2 

Calculate
S12, S13, S14, 

…, S45

Find the 
shortest Sab
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Phylogenetic methods (Distance)

3') Calculate the sum of all branch 
length (Sab) when OTUs a and b 

 are neighbors.
 If OTUs 1 and 2 are the neighbors:

3

4

5
2

1

X Y

S12 = L1X + L2X + LXY + LiY
i=3

m

∑

L1X + L2X = d12

LiY
i=3

m

∑ = dij
3≤i< j

m

∑ (m−3)

LXY =
(d1i + d2i )

i=3

m

∑ − (m− 2)(L1X + L2X )−

2 LiY
i=3

m

∑

$

%

&
&
&
&
&

'

(

)
)
)
)
)

2(m− 2)

(if OTUs 1 and 2 are neighbors) 

Ø Neighbor joining (NJ)
1 2 3 4 5

1 .53 .99 1.02 .82

2 .80 .93 .73

3 .65 .81

4 .94

5
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Phylogenetic methods (Distance)

Sum of all distances
that include LXY 

Sum of all irrelevant 
branch lengths

∑𝒊"𝟑𝟓 (𝒅𝟏𝒊 +𝒅𝟐𝒊) 
 = d13+d14+d15+d23+d24+d25

 = L1X+ LXY+LY3+L1X+ LXY+LY4+L1X+ LXY+LY5

  +L2X+ LXY+LY3+L2X+ LXY+LY4+L2X+ LXY+LY4

 =3(L1X+ L2X) + 6Lxy + 2(LY3+LY4+LY5)
Thus, Lxy = [(d13+d14+d15+d23+d24+d25)
   -3(L1X+ L2X)-2(LY3+LY4+LY5)]/6

3

4

5
2

1

X Y

LXY = (d1i + d2i )
i=3

m

∑ − (m− 2)(L1X + L2X )− 2 LiY
i=3

m

∑
#

$
%

&

'
( 2(m− 2)

(if OTUs 1 and 2 are neighbors) 

Ø Neighbor joining (NJ)
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Phylogenetic methods (Distance)

3') Calculate the sum of all branch
  length (Sab) for all OTU pairs
  

 

S12 = (d13+d14+d15+d23+d24+d25)/6+d12/2+(d34+d35+d45)/3
   = (.99+1.02+.82+.80+.93+.73)/6+.53/2+(.65+.81+.94)/3
  = 1.95 < S0 = 2.055 

3

4

5
2

1

X Y

S12 = L1X + L2X + LXY + LiY
i=3

m

∑

= d12 +
(d1i + d2i )

i=3

m

∑ − (m− 2)(L1X + L2X )−

2 LiY
i=3

m

∑

#

$

%
%
%
%
%

&

'

(
(
(
(
(

2(m− 2)

+ dij
3≤i< j

m

∑ (m−3)

= (d1i + d2i )
i=3

m

∑ 2(m− 2)+ d12 2+ dij
3≤i< j

m

∑ (m− 2)

(if OTUs 1 and 2 are neighbors) 

Ø Neighbor joining (NJ)
1 2 3 4 5

1 .53 .99 1.02 .82

2 .80 .93 .73

3 .65 .81

4 .94

5
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Phylogenetic methods (Distance)

3) Sum of all branch lengths (Sab) is
 calculated for all pairs of OTUs
4) Find the shortest Sab

5) Create a new node (A) that 
 connects OTUs a and b.
6) Branch lengths are calculated using 

Fitch-Margoliash method. 1

2

5
4

3

A Y

S34 is the shortest:
(a=3, b=4, m=5)

LAa =
1

2(m− 2)
(m− 2)dab + dai

i=1

m

∑ − dbi
i=1

m

∑
#

$
%

&

'
(

LAb =
1

2(m− 2)
(m− 2)dab − dai

i=1

m

∑ + dbi
i=1

m

∑
#

$
%

&

'
(

0.277

0.373

[S34=1.93 is the shortest è OTUs 3 and 4 are the neighbors]

Ø Neighbor joining (NJ)
1 2 3 4 5

1 .53 .99 1.02 .82

2 .80 .93 .73

3 .65 .81

4 .94

5
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Phylogenetic methods (Distance)

7) The new distance matrix is 
 calculated using the combined OTU 

A (for a and b).
 Distance between the new OTU A and the 

remaining OTUs k (1≤k≤m where k≠a and k≠b):

 dAk = (dak + dbk - dab) / 2

 For a=3, b=4, and m=5,
   k=1, 2, and 5
 dA1 = (d31+d41-d34)/2 = (0.99+1.02-0.65)/2=0.68
 dA2 = (d32+d42-d34)/2 = (0.80+0.93-0.65)/2=0.54
 dA5 = (d35+d45-d34)/2 = (0.81+0.94-0.65)/2=0.55

5

1

2

4

3
A Y 1 2 A 5

1 .53 .68 .82

2 .54 .73

A .55

5

Ø Neighbor joining (NJ)
1 2 3 4 5

1 .53 .99 1.02 .82

2 .80 .93 .73

3 .65 .81

4 .94

5

26

BIOS477/877 L22 - 27

Phylogenetic methods (Distance)

3-7) Repeat the steps:

- For each OTU pair (neighbors), calculate 
Sab,

- Find the smallest Sab, and
- Calculate the next distance matrix.

... 
8) Continue until all OTUs are clustered.

A new distance matrix for 4 OTUs
 (m=4)

5
4

3
1

2
For the last 3 OTUs (see Lecture 21, slide 43):
LAZ=(dA5+dAB-dB5)/2=0.193
LBZ=(dBA+dB5-dA5)/2=0.153
L5Z=(d5A+d5B-dAB)/2=0.358
 (or d5A-LAZ or d5B-LBZ)

0.277

0.373

0.193

0.
32

3

0.358

0.208

0.153

B A 5

B .345 .51

A .55

5

A Z
B

Neighbor Joining (NJ) tree

Ø Neighbor joining (NJ)
1 2 A 5

1 .53 .68 .82

2 .54 .73

A .55

5

(S12 is the shortest: OTUs 1 and 2 are the next neighbors)
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0.1

A

D

B

C

E

0.1225

0.1325

0.265

0.325

0.265

0.325

0.3875

0.07

1

2

5

3

4

0.1

D

A

C

B

E

0.1925

0.3733

0.3225

0.2767

0.1525

0.2075

0.3575

1

2

5

3

4
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Phylogenetic methods (Distance)
NJUPGMA

Ultrametric tree

Rooted

((1:0.3225, 2:0.2075):0.1525, (3:0.2767, 4:0.3733):0.1925, 5:0.3575);

(((1:0.265, 2:0.265):0.1225, 5:0.3875):0.07, (3:0.325, 4:0.325):0.1325);

1 2 3 4 5

1 .53 .99 1.02 .82

2 .80 .93 .73

3 .65 .81

4 .94

5

Unrooted
Evolutionary rates 
can be different

E

A

B

C

D 1

2

5

3

4

28

4

2

3

2
1

5
1

1

1

NJ
2

2

3

1
.75

2.5

2.5
1.25

.65

4.4

UPGMA
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Phylogenetic methods (Distance)
A B C D E F

A 5 4 7 6 8
B 7 10 9 11
C 7 6 8
D 5 9
E 8
F

Assuming constant molecular clock

((A:1, B:4):1, C:2, ((D:3,E:2):1, F:5):1);
(((((A:2, C:2):1, B:3):0.75, ((D:2.5,E:2.5):1.25):0.65, F:4.4);
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Phylogenetic methods
Ø Data types and tree-building methods

UPGMA
Neighbor joining

Minimum evolution
Fitch-Margoliash

Maximum parsimony
Maximum likelihood

Distances Characters

Clustering 

Optimality
criterion

[Data types]

[T
re

e-
bu

ild
in

g 
m

et
ho

ds
]

Examine all possible topologies based on a certain criterion

(Bayesian inference)

Yang and Rannala (2012) Molecular phylogenetics: principles and practice.
Nature Reviews Genetics 13: 303-314.
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 • Chooses the tree(s) that require(s)
  the fewest evolutionary changes = the shortest tree(s)
 • Data: individual sites
 • For each site (column), reconstruct the evolution of 
  that site based on a given tree topology and with
  fewest possible evolutionary changes
 • Tree length = Sum of the minimum numbers of
   character changes over all sites
     t: tree topology 
     N: number of sites (characters)
     li: tree length for a single site i
         (amount of character change)

L τ( ) = li
i=1

N

∑

31
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)

A

A

G

G

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

? ?

Ancestral characters

32
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

Among these four scenarios, which is more parsimonious?

A

A

G

G

A

A

G

G

A

A

G

G

A

A

G

G
1 change

Ø Maximum Parsimony (MP)

A G G A A A G G

33
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

A

A

G

G

A

A

G

G

A

A

G

G
5 changes 2 changes 2 changes

Most parsimonious!

A

A

G

G
1 change

Ø Maximum Parsimony (MP)

A G G A A A G G
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

1 change

A

A

G

G

Ø Maximum Parsimony (MP)

A G
T

T

C

C
1 change

T C

35
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

A

C

A

C

A

C

A

C

A

C

A

C

A

C

A

C
3 change

Ø Maximum Parsimony (MP)

A C C A A A C C

(a) (b) (c)

36
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

1 change

A

A

G

G

Ø Maximum Parsimony (MP)

A G
T

T

C

C
1 change

T C
A

C

A

C
2 changes

A A

Tree length: L = 1+1+2+1+0 = 5

T

G

G

G
1 change

0 change

G G

40
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

1

3

2

4

1

4

2

3

1 2 3
3 possible topologies from 4 OTUs 5 sites

4 
O

TU
s

L(1)=5

Find the tree length from 
each possible tree topology

L(2)=? L(3)=?

Ø Maximum Parsimony (MP)

41
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

Positions
t: Tree 1 2 3 4 5 Total

1: ((1,2),(3,4)) 1 1 2 1 0 5
2: ((1,3),(2,4)) 2 2 1 1 0 6
3: ((1,4),(2,3)) 2 2 2 1 0 7

1

3

2

4

1

4

2

3

1 2 3
3 possible topologies from 4 OTUs 5 sites

Minimum number of required changes

L τ( ) = li
i=1

5

∑

Tree 1 is
the MP tree!

4 
O

TU
s

Ø Maximum Parsimony (MP)
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Phylogenetic methods (Character-based)

1 A T A T T
2 A T C G T
3 G C A G T
4 G C C G T

A

C

A

C
A A

Phylogenetically 
uninformative sites

Phylogenetically
informative sites

T

T

C

C
T C

Homologous

Common ancestor

Ø Terminologies for character evolution

43
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Phylogenetic methods (Character-based)

1 A T A T T
2 A T C G T
3 G C A G T
4 G C C G T

A

C

A

C

T

T

C

C

Ø Terminologies for character evolution

Homologous

Common ancestor

A AT C

Phylogenetically 
uninformative sites

Phylogenetically
informative sites

They are NOT 
homologous

Homoplasy:
Independently 

acquired similarity

44
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Phylogenetic methods (Character-based)
Ø Homoplasy 

 • Sharing of identical character 
  states that cannot be explained by 

 inheritance from the common 
  ancestor of a group of taxa
 • Caused by
  ➜ parallel or back substitutions

 • Homoplasy obscures the actual 
  number of evolutionary events

 • Fewer homoplasy is better

Parallel substitutions

A

C C

A

C

A

C

A

A A

A

C C

A

Back substitutions
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

 Not based on an explicit model of evolution  

 ➜  What do we do if substitution patterns are biased?
  (e.g., saturation in transitional substitutions)
 

 • Cost matrix (or weight matrix or step matrix)
  ➜ When counting the number of changes, use different 

   weighting depending on the reliability of character 
   change information
  Transversion weighting
  • Ts could be saturated and may not reflect the correct evolutionary 

   relationships (less phylogenetic information) ➜ down-weight Ts
  • Phylogenetic information from Tv is more reliable ➜ up-weight Tv 

   (more information from Tv is used)
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

     t: tree topology
     N: number of sites (characters)

 li: length for a single site i (amount of character change)

 
 n: number of OTUs (2n-3: number of branches)
 Cxy: the cost associated with the change from state x to y
 a(k), b(k): the states assigned to the nodes at either end of the branch k

n = 3
(2n-3 = 3 branches)

CAG = 1, CAA = 0

A T
n = 2

(2n-3 = 1 branch)
CAT = 1

1 A

G

A
1

0
A

0

L τ( ) = li
i=1

N

∑
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

 • Cost matrix (or weight matrix or step matrix)

A T C G
A 0 1 1 1
T 1 0 1 1
C 1 1 0 1
G 1 1 1 0

A T C G

A 1 0 0 0

T 0 1 0 0

C 0 0 1 0

G 0 0 0 1

Identity substitution matrix
used for alignment

A T
n = 2

(2n-3 = 1 branch)
CAT = 1

1

To maximize the identityTo minimize the
changes
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

 • Simple parsimony

A T C G
A 0 1 1 1
T 1 0 1 1
C 1 1 0 1
G 1 1 1 0

Cxy = 0 for x = y
Cxy = 1 for x ≠ y

Cxy: the cost associated with the 
change from state x to y

CAT = 1
CAG = 1

1

A

G

A

T1

A A L = 1 + 1 = 2 
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

 • Generalized parsimony (weighted parsimony)

A T C G
A 0 w w 1
T w 0 1 w
C w 1 0 w
G 1 w w 0

Cxy = 0 for x = y
Cxy = 1 for transition
Cxy = w for transversion

Cxy: the cost associated with the 
change from state x to y

A

G

A

T

A A

1 w

CAT = w
CAG = 1

Transversions are weighted 
more than transitions

L = 1 + w 
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Transversions are weighted 
more than transitions

BIOS477/877 L22 - 51

Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

 • Generalized parsimony (weighted parsimony)

A T C G
A 0 4 4 1
T 4 0 1 4
C 4 1 0 4
G 1 4 4 0

Cxy = 0 for x = y
Cxy = 1 for transition
Cxy = 4 for transversion

Cxy: the cost associated with the 
change from state x to y

CAT = 4
CAG = 1

A

G

A

T

A A

1 4 L = 1 + 4 = 5 
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP)
 

 • Transversion parsimony

Cxy = 0 for x = y
Cxy = 0 for transition
Cxy = 1 for transversion

Cxy: the cost associated with the 
change from state x to y

Only transversions are 
counted

A T C G
A 0 1 1 0
T 1 0 0 1
C 1 0 0 1
G 0 1 1 0

CAT = w
A

G

A

T

A A

1 L = 1
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP): simple, not weighted

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

Sites
Tree 1 2 3 4 5 Total

1: ((1,2),(3,4)) 1 1 2 1 0 5
2: ((1,3),(2,4)) 2 2 1 1 0 6
3: ((1,4),(2,3)) 2 2 2 1 0 7

1

2

3

4

1

3

2

4

1

4

2

3

1 2 3

MP tree!

A T C G
A 0 1 1 1
T 1 0 1 1
C 1 1 0 1
G 1 1 1 0

L τ( ) = li
i=1

5

∑
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Phylogenetic methods (Character-based)
Ø Maximum Parsimony (MP): weighted

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

8 (4x2) changes

A T C G
A 0 4 4 1
T 4 0 1 4
C 4 1 0 4
G 1 4 4 0

1 change

A

A

G

G

A

C

A

C

T

T

C

C
1 change

T

G

G

G
4 changes

0 change

Tree length: L = 1+1+8+4+0 = 14

A G T C A A G G
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

Sites
Tree 1 2 3 4 5 Total

1: ((1,2),(3,4)) 1 1 8 4 0 14
2: ((1,3),(2,4)) 2 2 4 4 0 12
3: ((1,4),(2,3)) 2 2 8 4 0 16

1

2

3

4

1

3

2

4

1

4

2

3

1 2 3

MP tree!

A T C G
A 0 4 4 1
T 4 0 1 4
C 4 1 0 4
G 1 4 4 0

L τ( ) = li
i=1

5

∑

Ø Maximum Parsimony (MP): weighted
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Tursiops truncatus
Delphinus 

Globicephala 
Grampus griseus
Pseudorca crassidens

Orcaella brevirostris

Leucopleurus acutus

Orcinus orca

Phocoena phocoena
Phocoenoides dalli
Monodontidae
Inia geoffrensis
Pontoporia blainvillei
Lipotes vexillifer
Mesoplodon 

Ziphius cavirostris
Tasmacetus shepherdi

Berardius 
Platanista 

Kogia 
Physeter macrocephalus

Balaenoptera physalus
Megaptera novaeangliae

Eschrichtius robustus
Caperea marginata
Balaenidae

Hippopotamidae

Bos taurus
Sus scrofa
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Nuclear

Face: 31

Melon/Nasal Sacs: 13

Cervical: 3 

Sexual Dimorphism: 1 

Forelimb: 8 

Integument: 4 

Thoracic: 3 

Vertex: 23

Mandibular: 11 Zygomatic Arch: 7 Sternum: 3 

Lumbar: 5

Petrotympanic: 76 

Caudal: 1 

Digestive: 1 

Orbit: 17 

Rostrum: 25 

Occiput: 6 

Temporal 

Fossa: 15

Dental: 9

Basicranial: 42 
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  Globicephala
  Grampus griseus
  Pseudorca crassidens
  Orcaella brevirostris
  Delphinus
  Tursiops truncatus
  Orcinus orca
  Leucopleurus acutus
  Phocoena phocoena
  Phocoenoides dalli
  Monodontidae
†Albireo whistleri
†Atocetus nasalis
  Inia geoffrensis
†Pliopontos littoralis
†Brachydelphis mazeasi
  Pontoporia blainvillei
†Kentriodon pernix
†Parapontoporia wilsoni
†Parapontoporia sternbergi
  Lipotes vexillifer
  Mesoplodon
  Berardius
  Tasmacetus shepherdi
†Ninoziphius platyrostris
  Ziphius cavirostris
  Platanista
  Physeter macrocephalus
  Kogia
†Orycterocetus crocodilinus

†Squaloziphius emlongi
†Xiphiacetus bossi
†Zarhachis flagellator
†Squalodon calvertensis
†Notocetus vanbenedeni
†ChM PV4802
†Prosqualodon davidis
†Patriocetus kazakhstanicus
†ChM PV4961
†Waipatia maerewhenua
†ChM PV2764
†ChM PV2761
†Simocetus rayi
†Agorophius pygmaeus
†ChM PV5852
†ChM PV4178
†ChM PV4834
†ChM PV5711
†ChM PV2758
†Xenorophus sp.
†Xenorophus sloanii
†ChM PV4746
†Archaeodelphis patrius

  Megaptera novaeangliae
  Balaenoptera physalus
†Parabalaenoptera baulinensis
  Eschrichtius robustus
  Caperea marginata
  Balaenidae

†Pelocetus calvertensis
†Diorocetus hiatus
†Eomysticetus whitmorei
†Micromysticetus rothauseni
†Chonecetus goedertorum
†Aetiocetus cotylalveus
†Mammalodon colliveri
†Janjucetus hunderi
†ChM PV5720
†ChM PV4745

†Zygorhiza kochii
†Georgiacetus vogtlensis

  Hippopotamidae
  Bos taurus
  Sus scrofa
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Maximum Parsimony (MP): examples

Molecular data (~61k bases) + 
304 morphological characters

From 29 extant & 45 extinct taxa
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Jones et al. (2020) Genome Biol. 21: 92

Maximum Parsimony (MP): examples

- Each cell is tagged by indels induced by CRIPR/Cas9 gene-
editing

- Cell growth was tracked for 21 days (34,557 cells in total)
- Indel information is obtained via Illumina sequencing
- A character matrix is generated from indels 
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