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Ø Phylogenetic reconstruction
• Maximum parsimony method: use examples

 

• Maximum likelihood method
• Tree searching

(Exhaustive, Branch-and-Bound, Heuristic)
• Branch support (bootstrap analysis, etc.)

TODAY'S TOPICS
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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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Geisler et al. (2011) BMC Evol. Biol. 11:112. 
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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 CRISPR/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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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 Likelihood (ML) 

 • Chooses the tree that makes the observed data the 
  most probable evolutionary outcome 
 • Likelihood = Conditional probability of obtaining 
  the observed sequences given a hypothesis  
  (substitution model and tree)
  L(t, q) = Prob(Data | t, q) 
    = Prob(Aligned sequences | tree, model of evolution)
    t : a tree (including its topology, branch lengths) 
    q : a set of parameters for a substitution model

 ➜  The likelihood calculated is not the probability of tree or 
    evolutionary model!  It is the probability of the data.

6
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Phylogenetic methods (Character-based)
Ø Maximum Likelihood (ML) 

 L(t, q) = Prob(Data | t, q)
 

 • To compute the likelihood of a given tree, 
  t : the topology and the maximum likelihood estimates 
   for the tree's branch lengths (d1, d2, …) need to be found
  q : the best values for the parameters for the evolutionary 

  model need to be found, too
  1

2

3

4

d1

d2

d3

d4

d5

Find the topology that gives the maximum L(t, q), 
and simultaneously estimate all required parameters 
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Phylogenetic methods (Character-based)
Ø Maximum Likelihood (ML)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

All possible combinations

Data Tree1

L(AAGG|Tree)=Prob
A

A

G

G
? ?

8
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

Data

L(AAGG|Tree)=Prob(            ) + Prob(            ) +Prob(            )

+ Prob(             ) +Prob(            ) +Prob(            ) +Prob(            )

+ Prob(             ) + Prob(            ) +Prob(            ) +Prob(            )

+ Prob(             ) + Prob(            ) +Prob(            ) +

Prob(            ) +

Prob(            )

A

A

G

GA

A

G

GA

A

G

G

A

A

G

G

A

A

G

G

A

A

G

GA

A

G

G

A

A

G

G

A

A

G

GA

A

G

GA

A

G

G

A

A

G

G A

A

G

GA

A

G

GA

A

G

G

A

A

G

G

4x4
combinations

Tree1
Ø Maximum Likelihood (ML)

A A G A C A T A

A G G G C G T G

A C G C C C T C

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

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

Data

L(AAGG|Tree)=Prob(           ) + ...
A

A

G

G

PAA(d1) x PAA(d2) x PAA(d5) x PAG(d3) x PAG(d4)
 

Pij(dk): the probability that two sequences 
separated by dk would have character states i and j

d1

d2

d3

d4

d5

Transition probability matrix for JC model
(see Lec. 20 & “Derivation of JC equation”)

dk=atk, and Pij(dk) = rtk if i=j
stk if i≠j

Tree1
Ø Maximum Likelihood (ML)

A A

10
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Phylogenetic methods (Character-based)

1 ATATT
2 ATCGT
3 GCAGT
4 GCCGT

1

2

3

4

Data

LTree1 = L(AAGG|Tree1) x L(TTCC|Tree1) x L(ACAC|Tree1) x 
  L(TGGG|Tree1) x L(TTTT|Tree1)
 = ∏5 Li  where Li = L(sitei|Tree1)

ln(LTree1) = ln[L(AAGG|Tree1)] + ln[L(TTCC|Tree1)] + ln[L(ACAC|Tree1)]
   + ln[L(TGGG|Tree1)] + ln[L(TTTT|Tree1)] 
  = ∑5 ln[L(sitei|Tree1)]

d1

d2

d3

d4

d5

Likelihood of the data (multiple alignment) given Tree1

Tree1
Ø Maximum Likelihood (ML)
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Phylogenetic methods (Character-based)
Ø Maximum Likelihood (ML) 

 L(t, q) = Prob(Data | t, q)
 • To compute the likelihood of a given tree, 
  t : the maximum likelihood estimates for the tree's 
   branch lengths (d1, d2, …) need to be found
  q : the best values for the parameters for the evolutionary 

  model need to be found, too
  ➜ [JC model] a (single evolutionary rate) 
   [2-paramter model] transition/transversion ratio (TS/TV) 
   base composition,  gamma shape parameter (a)
   etc. etc.
  ➜ Number of the parameters depends on the model

1

2

3

4

d1

d2

d3

d4

d5

Find the topology that gives the maximum L(t, q), 
and simultaneously estimate all required parameters 

12
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Phylogenetic methods
Ø Clustering vs. search methods
 • Clustering methods (UPGMA, Neighbor-joining)
  ➜  Do not search all possible topologies
  ➜  Very fast
  ➜  Produce only one tree

 • Search methods
  ➜  Use optimality criterion (minimum evolution,
   maximum parsimony, maximum likelihood)
  ➜  Exhaustive search for all possible topologies is not 
   possible for a large number of taxa
  ➜  A heuristic search algorithm needs to be used

UPGMA
NJ

ME
FM

MP
ML

Distances Characters

Clustering 

Optimality
criterion

BIOS477/877 L23 - 
How can we search trees?

13
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Phylogenetic methods: tree searching
Ø Number of possible tree topologies

Number of OTUs Number of rooted trees Number of unrooted trees
2 1 1

A B

BIOS477/877 L23 - 

14

15

Ø Number of possible tree topologies
Number of OTUs Number of rooted trees Number of unrooted trees

2 1 1
3 1

A B

C

A B C C B A A C B

3

Phylogenetic methods: tree searching

BIOS477/877 L23 - 

root
root root

15

16

Ø Number of possible tree topologies
Number of OTUs Number of rooted trees Number of unrooted trees

2 1 1
3 3 1
4 3

A

B

C

D

A

C

B

D

A

D

C

B

5 rooted trees5 rooted trees5 rooted trees

15

Phylogenetic methods: tree searching

BIOS477/877 L23 - 
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Ø Number of possible tree topologies
Number of OTUs Number of rooted trees Number of unrooted trees

2 1 1
3 3 1
4 15 3
5 105 15
6 954 105
7 10,395 954
8 135,135 10,395
9 2,027,025 135,135
10 34,459,425 2,027,025

Impossible to examine all of the possible trees!

Phylogenetic methods: tree searching

BIOS477/877 L23 - 

17

18

Ø Exhaustive search
 • Possible only for a few taxa (11 or fewer)
 • Number of possible unrooted tree:
    t : number of taxa
   e.g., B(7) = 1 x 3 x 5 x 7 x 9 = 945
    B(10) = B(7) x 11 x 13 x 15 > 2 x 106

    B(20) > 2 x 1020

 • An algorithm is required to guarantee generation of 
all possible trees

Tree-searching methods (unrooted)

BIOS477/877 L23 - 

B t( ) = (2i− 5)
i=3

t

∏

18
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Ø Exhaustive search

Tree-searching methods (unrooted)

If there are 2 taxa

A

B

If there are 3 taxa
A

B

C

C

There is only one place to add the third taxon

A

B

C
Only one
topology
possible

D

D D

There are three places to add the fourth taxon

A

D

C

BA

C

B

D

A

B

C

D
Three topologies are possible

Only one possible topology

BIOS477/877 L23 - 
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20

Ø Exhaustive search

A

B

C

D

If there are 4 taxa

E

E

E

E

E

There are five places to add the fifth taxon

D

A

B

C

D

E

A

B

C

D

E

A

B

C

DE

A

B

C
E

A

B

C

DE

Five topologies are possible

Tree-searching methods (unrooted)
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21

Ø Exhaustive search for 5-taxon trees

A

B

C

Tree-searching methods (unrooted)

A

B

C

D

A

D

C

B

A

C

B

D

D

D
D

3 ways to add
another branch E

E
E
E

E

5 ways to add
another branch

Each of the possible topologies 
(3 x 5 = 15 trees for 5-taxon tree) 
will be evaluated to identify optimal 

trees (ME, MP, or ML trees)

E
E

E
E

E

5 ways to add
another branch

E
E

E
E

E

5 ways to add
another branch BIOS477/877 L23 - 
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22

Ø Exhaustive search
 • searches all possible 
  trees

 
 • guarantees to find
  the optimal trees
 

 • Impractical for many taxa

A

B

C

Tree-searching methods (unrooted)

BIOS477/877 L23 - 
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Ø Branch-and-bound method
 • Alternative exact method
 • Useful for 25 or so taxa
 • Implicitly evaluates all possible trees
 • But cuts off search paths that do not lead 

 to optimal trees
  ➜ Reduces the number of trees to evaluate
  ➜ Will find the optimal tree(s)

Tree-searching methods (unrooted)

BIOS477/877 L23 - 
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Ø Branch-and-bound method

A

B

C

D
A

D

C

B

L=213

L=234

A

D

C

B

E

L=242 
L=249 
L=245
L=242
L=241 
L=246
L=247

(7 6-taxon trees)

Tree-searching methods (unrooted)

BIOS477/877 L23 - 

[To search 6-taxon MP tree]

(MP example: searching the shortest tree length, L)

241 becomes the upper bound (Lu=241)
for searching 6-taxon trees

(MP example: searching the shortest tree length, L)

L=241 

24
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A

B

C

D
A

D

C

B

L=213

L=234
A

D

C

B

E

A

D

C

B

E

A

D

C

BEA

D

C

BE

A

D

C
E

B

L=242 
L=249 
L=245
L=242
L=241 
L=246
L=247

L=268

L=245

L=226

L=233

Tree-searching methods (unrooted)

BIOS477/877 L23 - 

Ø Branch-and-bound method
[To search 6-taxon MP tree]

Larger than the current 
upper bound (Lu=241)

Stop searching

25

26

A

B

C

D
A

D

C

B L=268

L=245

L=226

A

D

C

B

E

A

D

C

B

E

A

D

C

BEA

D

C
EA

D

C

BE B

L=242 
L=249 
L=245
L=242
L=241 
L=246
L=247

L=244 
L=248 
L=229

L=251
L=241 

L=232
L=241

Tree-searching methods (unrooted)

BIOS477/877 L23 - 

Ø Branch-and-bound method L=234

L=233

229 is smaller than the current Lu 

(241) New upper bound: Lu = 229

L=229

[To search 6-taxon MP tree]
L=213

26

27

A

B

C

D
A

D

C

B

L=234

L=268

L=245

L=226

L=233

A

D

C

B

E

A

D

C

B

E

A

D

C

BEA

D

C
EA

D

C

BE B

L=242 
L=249 
L=245
L=242
L=241 
L=246
L=247

L=244 
L=248 
L=229

L=251
L=241 

L=232
L=241

Larger than the current upper bound 
(Lu=229)        Stop searching

Tree-searching methods (unrooted)
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Ø Branch-and-bound method
[To search 6-taxon MP tree]

L=213

27

28

A

B

C

D

A

D

C

B

L=213

D

A

B

C

D
L=221

Lu=229

Tree-searching methods (unrooted)

BIOS477/877 L23 - 

Ø Branch-and-bound method

D

L=280

A

C

D

B
Larger than the current upper bound 
(Lu=229)        Stop searching

[To search 6-taxon MP tree]

28

29

A

B

C

D

D
D

A

D

C

B

A

B

C

D
A

C

D

B

L=213

L=221

L=280 Larger than the current upper bound 
(Lu=229)        Stop searching

L=235

L=251

L=262

L=243

L=227 

Tree-searching methods (unrooted)

Lu=229

BIOS477/877 L23 - 

Ø Branch-and-bound method

> Lu=229

[To search 6-taxon MP tree]

29

30

A

B

C

D

D
D

A

D

C

B

A

B

C

D
A

C

D

B

L=213

L=221

L=280

L=235

L=251

L=262

L=243

L=227 ?
Search continues ...

Tree-searching methods (unrooted)

Lu=229

B&B method guarantees to find the optimal 
tree without going through all topologies

BIOS477/877 L23 - 

Ø Branch-and-bound method
[To search 6-taxon MP tree]

30
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31

Ø Branch and bound 
search

 • searches only the paths 
under the upper bound (Lu)

 • guarantees to find
  the optimal trees

A

B

C

Tree-searching methods (unrooted)

BIOS477/877 L23 - 
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Ø Heuristic (approximation) method
 • Stepwise addition: greedy algorithm

A

B

C

D

D
D

A

D

C

B

A

B

C

D
A

C

D

B

L=213

L=215

L=280

Tree-searching methods (unrooted)

Add one branch

Evaluate L

Take only the optimal topology
at this level

BIOS477/877 L23 - 
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Ø Heuristic (approximation) method
 • Stepwise addition: greedy algorithm

A

B

C

D

D
D

A

D

C

B

A

C

D

B

L=213

L=280

L=234

L=268

L=245

L=233

L=226 

• No guarantee to find the path that leads to the 
optimal topology

• Rarely identifies a globally optimal topology

Tree-searching methods (unrooted)

A

B

C

D
L=215

Shortest

Shortest

BIOS477/877 L23 - 

33

34

Ø Heuristic (approximation) method
 • Stepwise addition: greedy algorithm
   Rarely finds the global optima
  ➜ Can be improved (refinement)
 • Branch-swapping
  ➜  Cutting off one or more subtrees and  
   reassembling them to generate locally different trees
  ➜ Repeat this process many times to find better 
   topologies
  ➜ Still can be entrapped in local optima

 • Random addition + branch-swapping (many times)
  ➜ Multiple optimal islands can be identified

A

B

C

D

E

Tree-searching methods (unrooted)
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34

35

Tree-searching landscape

Tree topology

Tr
ee

 le
ng

th

Local optima

Global optima

Stepwise addition tree

X
Branch

swapping

BIOS477/877 L23 - 

35

36

Tree-searching landscape
X

X

Random additions

X

Local optima

Global optima

X

Multiple optimal islands can be identified 
by multiple random addition,

which may include the global optima

BIOS477/877 L23 - 

Tree topology

Tr
ee

 le
ng

th

36
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37

Ø Bootstrap analysis
 • Evaluates the reliability of each cluster
 • A sampling technique to estimate the 
  statistical errors 
  when underlying sampling 
  distribution is unknown
  ➜ Approximates the underlying distribution by 

  resampling from the original dataset
 • First applied by Felsenstein (1985) for 
  phylogenetic analysis

Reliability of inferred trees

P(S≥x)

x

BIOS477/877 L23 - 

37

38

Ø Bootstrap analysis
 

 ➜ Resampling is done on sequence data

Reliability of inferred trees

S5

S4

S3

S2

S1

T

T

C

T

T

8

G

A

A

G

G

1

C

C

C

T

C

2

G

A

A

A

A

3

T

C

C

C

C

7

A

A

A

A

A

6

C

C

T

T

T

5

G

A

A

G

G

4 Site #

Multiple alignment

BIOS477/877 L23 - 

38

39

Reliability of inferred trees

Each column of the multiple 
alignment is treated as an 

independent sample

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

8 independent
samples

Configuration for each 
site is not changed

BIOS477/877 L23 - 

Ø Bootstrap analysis
 

 ➜ Resampling is done on sequence data

39

40

Ø Bootstrap analysis

Reliability of inferred trees

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

1
S1 G
S2 G
S3 A
S4 A
S5 G

Columns are
randomly sampled

BIOS477/877 L23 - 

40

41

Reliability of inferred trees

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

Columns are
randomly sampled

14
S1 GG
S2 GG
S3 AA
S4 AA
S5 GG

BIOS477/877 L23 - 

Ø Bootstrap analysis

41

42

Reliability of inferred trees

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

Columns are
randomly sampled

146
S1 GGA
S2 GGA
S3 AAA
S4 AAA
S5 GGA

BIOS477/877 L23 - 

Ø Bootstrap analysis

42
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43

Reliability of inferred trees

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

Multiple samplings
are allowed from
the same column

1461
S1 GGAG
S2 GGAG
S3 AAAA
S4 AAAA
S5 GGAG

BIOS477/877 L23 - 

Ø Bootstrap analysis

43

44

Reliability of inferred trees

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

14614853
S1 GGAGGTTA
S2 GGAGGTTA
S3 AAAAACTA
S4 AAAAATCA
S5 GGAGGTCG

A bootstrap replicate
with the same length
(the same number of 
sites) as the original

alignment

8 samples (sites)

8 samples (sites)

BIOS477/877 L23 - 

Ø Bootstrap analysis

44

45

Reliability of inferred trees

T
T
C
T
T
8

G
A
A
G
G
1

C
C
C
T
C
2

G
A
A
A
A
3

T
C
C
C
C
7

A
A
A
A
A
6

C
C
T
T
T
5

G
A
A
G
G
4

14614853
S1 GGAGGTTA
S2 GGAGGTTA
S3 AAAAACTA
S4 AAAAATCA
S5 GGAGGTCG

85851124
S1 TTTTGGCG
S2 TTTTGGTG
S3 CTCTAACA
S4 TCTCAACA
S5 TCTCGGCG

74761232
S1 CGCAGCAC
S2 CGCAGTAT
S3 CACAACAC
S4 CACAACAC
S5 TGTAGCGCMany resamplings are done

(~ 1000 times)
BIOS477/877 L23 - 

Ø Bootstrap analysis

45

46

Reliability of inferred trees

14614853
S1 GGAGGTTA
S2 GGAGGTTA
S3 AAAAACTA
S4 AAAAATCA
S5 GGAGGTCG

85851124
S1 TTTTGGCG
S2 TTTTGGTG
S3 CTCTAACA
S4 TCTCAACA
S5 TCTCGGCG

74761232
S1 CGCAGCAC
S2 CGCAGTAT
S3 CACAACAC
S4 CACAACAC
S5 TGTAGCGC

A phylogeny is reconstructed from each pseudoreplicate

S1

S2
S3
S4
S5

...
(~1000 trees)

S1

S2
S3
S4
S5

...
(~1000 alignments)

S1

S2
S3
S4
S5

BIOS477/877 L23 - 

Ø Bootstrap analysis

46

47

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

...
(~1000 trees)

Reliability of inferred trees
Ø Bootstrap analysis

BIOS477/877 L23 - 

Count the number of each cluster

(S1, S2), (S3, S4, S5)(S1, S2), (S3, S4, S5)(S1, S2), (S3, S4, S5)

(S1, S2), (S3, S4, S5): 3/3 = 100%

47

(S1, S2), (S3, S4, S5): 3/3 = 100%

48

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

...
(~1000 trees)

Reliability of inferred trees
Ø Bootstrap analysis

BIOS477/877 L23 - 

(S1, S2, S3), (S4,S5) (S1, S2, S3), (S4,S5)

Count the number of each cluster

(S1, S2, S3), (S4,S5): 2/3 = 67%

(S3, S4), (S1, S2, S5)

(S3, S4), (S1, S2, S5): 1/3 = 33%

(S1, S2), (S3, S4, S5)(S1, S2), (S3, S4, S5)(S1, S2), (S3, S4, S5)

48



9

49

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

...
(~1000 trees)

(S1, S2), (S3, S4, S5)
(S1, S2, S3), (S4,S5)

(S1, S2), (S3, S4, S5)
(S3, S4), (S1, S2, S5)

(S1, S2), (S3, S4, S5)
(S1, S2, S3), (S4,S5)

Reliability of inferred trees
Ø Bootstrap analysis

BIOS477/877 L23 - 

S1

S2
S3
S4
S5

100%
67%

(S3,S4) is not 
compatible
➔ not included

Consensus tree

(S1, S2), (S3, S4, S5): 3/3 = 100%
(S1, S2, S3), (S4,S5): 2/3 = 67%

(S3, S4), (S1, S2, S5): 1/3 = 33%

49

50

Consensus tree

Reliability of inferred trees

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

S1

S2
S3

S4

S5

Bootstrap 
support (%)

S1

S2
S3
S4
S5

...
(~1000 trees)

BIOS477/877 L23 - 

Ø Bootstrap analysis & consensus tree

Majority consensus tree
➔ reflects the majority 

relationships

100%
67%

(100%)

(No need 
to show)

50

51

Consensus tree

Reliability of inferred trees

S1

S2
S3
S4
S5

S1

S2
S3
S4
S5

S1

S2
S3

S4

S5

All 100% 
bootstrap 
support

S1

S2
S3
S4
S5

...
(~1000 trees)

BIOS477/877 L23 - 

Strict consensus tree
➔ includes only
 clusters supported 
 by all trees
➔ Most conservative

Ø Bootstrap analysis & consensus tree

51

Ø  Bootstrap values can be considered to measure
 ➜  the probability of the branch length being greater than 0
 

 

52

Interpreting bootstrap support

BIOS477/877 L23 - 

No cluster supported

><A
B

C
D

No internal branch
(branch length = 0)

A/B cluster supported

>  <A
B

C
D

90% E

A,B,C,D,E

E

Internal branch exists
(branch length > 0)
➔ supported by 90%

A,B C,D,E
Supported partitions

C/D/E cluster is 
also supported

• Bootstrap values > 95% or 99% (often 70~80% used as a threshold)
 ➜  the internal branch length is considered to be significantly 

positive (>0); the two partitions are supported

52

53

Ø  Bootstrap values can be considered to measure
 ➜  the probability of the branch length being greater than 0
 • Bootstrap values are also shown to give often conservative 

estimates of statistical confidence
 • If the internal branches are very short or close to 0, 
  both underestimation and overestimation could happen

Alfaro et al. (2003) Mol. Biol. Evol. 20(2):255–266. 2003

Ranges of bootstrap values obtained for correct internodes

Median % of correct nodes that received support ≥70% / ≥95% 
BIOS477/877 L23 - 

Interpreting bootstrap support

53

54

Interpreting branch supporting values

BIOS477/877 L23 - 

Anisimova et al. (2011)

Used in PhyML
(default: SH-aLRT)

SBS: Standard bootstrap
RBS: Rapid bootstrap (used in RAxML)
aLRT: Approximate Likelihood-Ratio Test (used in PhyML)

Hoang et al. (2018)

UFBoot2: Ultrafast bootstrap (used in IQ-TREE)

54
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55

Transfer distance (or R distance):
The minimum number of elements to be transferred (or removed) 
to transform on partition into the other 

BIOS477/877 L23 - 

(S1, S2), (S3, S4, S5) (S1, S2), (S3, S4, S5)

(S1, S2, S3), (S4, S5) (S1, S2), (S3, S4, S5)

Distance=0

Distance=1

(S1, S2, S3), (S4, S5)  vs.  (S1, S2), (S3,S4, S5) or (S1, S2, S4), (S3,S5)

d(b,b*): Distance between branch b in tree T and 
branch b* in BS tree T*:

- Compare the two partitions defined by branch b in 
 tree T and all branches in BS tree T*
- Find the b* with the minimum d(b,b*) 

Reference (original)
tree T

b

S1

S2
S3

S4

S5

Bootstrap tree T*

b1*
S1
S2

S4
S3

S5

S1
S2

S4
S3

S5
b2*

d(b,b1*)=1,  d(b,b2*)=2

Transfer Bootstrap Expectation (TBE)
for branch b:

p: number of taxa from the smaller of the two clusters

Average from all 
BS trees

BS: count only identical partitions
TBE: include most similar partitions 

(no need to be identical)

55

Transfer bootstrap for big phylogenies

BIOS477/877 L23 - 

Standard bootstrap proportion (SBP) > 70% Transfer bootstrap expectation (TBE) > 70%

-Deep branches in large phylogenies are often not supported by SBP
-TBE supports are higher without inducing falsely supported branches 56

56


