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Eukaryotes Tree of Life

Nothing in 
biology makes 
sense without 
evolution

Theodosuis Dobzhansky
(1973)
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Nothing in 
evolution 
makes sense 
without 
phylogeny
John Avise (2006)

ABCO O ACB++ + +-- - -

The interpretation of how a particular character evolved depends 
on which tree is correct.

+-+ +or -
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Haeckel’s Phylogenetic 
Tree (1866)

Tree of Life (生命の樹)

Universal Common 
Ancestor(UCA)

Hedgehog
インドハリネズミ

Paraechinus 
microps

Tenrec
ハリテンレック

Setifer setosus

食虫目(Insectivora)?
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Cytochrome c tree including 
mammals, birds, reptiles, fishes, 
insects and fungi
(Fitch and Margoliash, 1967)
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How West Nile Virus 
reached  US?

日本脳炎

Neutral Theory of Molecular Evolution
Motoo Kimura (1968)

Evolution in the molecular level is 
driven mostly by neutral substitutions, 
which are not necessarily advantageous.

Dr. Motoo Kimura (1990)
at Cold Spring Harbor
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Mutations which occur in 
the individual level  are not 
sufficient to produce the 
difference of DNA  
between the two species. 
The mutation must be 
fixed in the population so 
as to produce the 
difference of the species.

human

chimp

A mutation in the individual level must be 
distinguished from a substitution in the population 
level.

Rate of molecular evolution: 
v (substitution/site/year)

Population size: N
Mutation rate: μ
Fixation probability of mutant gene: u

v = 2Nμu

集

団

内

の

遺

伝

子

頻

度

Kimura (1983)



2016/5/12

7

Fixation of a mutant gene in the population

2N

Molecular evolutionary rate of  
neutral mutation

Rate of molecular evolution: 
v (substitution/site/year)

Population size: N
Mutation rate: μ
Fixation probability of mutant gene: u

v = 2Nμu
In the neutral case: u = 1/(2N)
 v = 2Nμ/(2N) = μ
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Neutral
中立

Advantageous
有利

Deleterious
有害

v = μ (Neutral mutation rate)
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Neutral
中立

Advantageous
有利

Deleterious
有害

UEP (Unit of 
Evolutionary Period):
Time required to 
produce
1% difference

1%
difference

Time = 1UEP

Dickerson (1971)



2016/5/12

10

Dickerson (1971)

Neutral
中立

Advantageous
有利

Deleterious
有害

v = μ (Neutral mutation rate)

Selective constraint vs Neutral area 
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Hemoglobin

Molecular evolutionary rate of hemoglobin:
Surface area vs. Heme pocket

Region Hemoglobinα Hemoglobinβ
Surface 1.35  (10-9/year/site) 2.73 (10-9/year/site)
Heme pocket 0.165 0.236

After Kimura and Ohta (1973)
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Kimura (1983)

αA-crystallin 
tree
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Non-synonymous differences 
vary very much among different 
genes because of difference of 
constraints. On the other hand, 
synonymous differences do not 
differ very much, and higher than 
non-synonymous differences.  

Synonymous Non-synonymous

Difference between 
human and rat

Ruminants 反芻類
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Hanuman langur
(Colobus;

Leaf-eating 
monkey)

コロブス亜科の系統樹

（疣猴亚科）

Colobinae:
Leaf-eating monkeys
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Convergent evolution of lysozyme

Stewart et al. (1987) Nature 330:401--404

Echolocation of toothed whales and microbats

http://blogs.discovermagazine.com/notrocketscience/2010/01/25/echolocat
ion-in-bats-and-whales-based-on-same-changes-to-same-gene/

Prestin Li et al. 
(2010)
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True tree Prestin tree
Megabat

Microbat

Toothed 
whale

Baleen whale

Echolocation
Convergent 
evolution for 
echolocation

1.human

2.chimpanzee

3.gorilla

4.orangutan

1 CTAGGCTATATACAACTACGCAAAGGCCCCAACGTTGTAGGCCCCTAC

2 CTAGGCTACATACAACTACGCAAAGGTCCCAACATTGTAGGTCCTTAC

3 TTAGGCTATATACAACTACGTAAAGGCCCCAACGTCGTAGGCCCCTAC

4 CTAGGCTATACACAACTACGCAAGGGACCTAACATCGTAGGCCCCTGC

How to reconstruct a molecular phylogenetic tree?
Comparison of DNA or protein sequences from various 
organisms.
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宮田隆「新しい分子進化学入門」（講談社、2010）

Distance method
UPGMA (Un-weighted Pair-Group Method with 
arithmetic average)

1

42

31

4
2
3

1

4

2
3

Unrooted tree with 4 OTUs:
When rate constancy is not assumed,  
the root cannot be determined. In 
order to root the tree, an outgroup, 
known to be outside of the ingroup 
species, is necessary.

A A

B
B
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1:C

4:C2:T

3:T 1:C

3:T

2:T

1:C

3:T

2:T

4:C

4:C

The parsimony method chooses 
a tree with the minimum 
number of substitutions.

CT

CT

CT

CT

CT

C C

C T

C C

最節約法(Maximum Parsimony Method)

1:CGT・・・

4:CGT・・・2:TGT・・・

3:TAT・・・ 1:CGT・・・

3:TAT・・・

2:TGT・・・

1:CGT・・・

3:TAT・・・

2:TGT・・・

4:CGT・・・

4:CGT・・・

Choose the tree with the 
minimum number of 
substitutions in total of the 
sequence.

最節約法(Maximum Parsimony Method)
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Possible number of trees
3                                                        1
4                                                        3
5                                              3x5=15
6                                        3x5x7=105
7                                    3x5x7x9=945
8                         3x5x7x9x11=10,395
9                 3x5x7x9x11x13=135,135
10       3x5x7x9x11x13x15=2,027,025
22                                             3x1023
50                                             3x1074
100                                          2x10182

Number of OTUs

近隣結合法

Neighbor-joining 
method
(NJ法)

Saitou and Nei (1987)
Mol. Biol. Evol. 4, 406
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Total branch 
lengths (TBL) for 
Fig.5.9(b)

Choose the tree 
with minimum 
TBL

ACCG

ACCG ACCG

ACTG GCCG

ACGG GCCG

CT

TG

AG

Multiple substitutions

While substitutions occurred 3 times, only 2 sites differ because of 
multiple substitutions in a site. Maximum parsimony does not take 
account of this. Although the distance methods such as NJ can take 
account of this to some extent, it is difficult to evaluate the effect of 
multiple substitutions between distantly related sequences pair-wisely 
without taking account of ancestral sequences.
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Joe Felsenstein (1981)
Evolutionary trees from DNA sequences: 
a maximum likelihood approach.
J. Mol. Evol. 17:368-376.

Joe Felsenstein in 1998 at ISM

A statistical method for 
phylogenetic inference 
based on an explicit model 
for substitutions during 
evolution

L = P(data|model)
model: substitution model + 
tree topology

Maximum Likelihood Method(最尤法、似然法)
Likelihood L = P(data|model)

Likelihood is the probability of realizing the data
under the given evolutionary model.
Model: substitution model+ tree topology

1.Human

2.Chimp

3.Gorilla

4.Orang

1 CTAGGCTATATACAACTACGCAAAGGCCCCAACGTTGTAGGCCCCTAC

2 CTAGGCTACATACAACTACGCAAAGGTCCCAACATTGTAGGTCCTTAC

3 TTAGGCTATATACAACTACGTAAAGGCCCCAACGTCGTAGGCCCCTAC

4 CTAGGCTATACACAACTACGCAAGGGACCTAACATCGTAGGCCCCTGC

A G

CT
Model for nucleotide
substitutions
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AGCTTCACC GGCGCAGTCA TTCTCATAAT
AGCTTCACC GGCGCAATTA TCCTCATAAT
AGCTTCACC GGCGCAGTTG TTCTTATAAT
AGCTTCACC GGCGCAACCA CCCTCATGAT

 =


X


Likelihood function

P: transition probability, π: base composition

Markov model of nucleotide (or amino acid) substitution
Transition probability matrix P(t) during time t

P (t) = eQt
where Q is instantaneous rate matrix during infinitesimal time
interval dt

P (dt) = 1 + Q dt
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Poisson model
(Jukes and Cantor model)

Fig. 1 - Jukes-Cantor model.


A G

T



C


T        C       A       G  
T    -3α       α       α        α

Q = C     α -3α     α        α
A      α        α      -3α      α 
G      α        α       α -3α

T            C           A           G  
T    1-3αdt       αdt        αdt         αdt

P(dt) = C      αdt 1-3αdt      αdt        αdt
A       αdt         αdt      1-3αdt      αdt 
G       αdt         αdt        αdt 1-3αdt

Kimura 2-parameter model
(Kimura, 1980)

purines
pyrimidines

transversion
transition



A G

T



C
bb

Motoo Kimura
(1924—1994)

T            C           A              G  
T   -(α+2β)       α           β               β

Q = C       α -(α+2β)   β β
A        β β       -(α+2β)        α 
G        β β α -(α+2β) 

T               C               A             G  
T    1-(α+2β)dt    αdt            bdt           bdt

P(dt) = C       αdt 1-(α+2b)dt    bdt           bdt
A        bdt           bdt       1-(α+2b)dt     αdt 
G        bdt           bdt            αdt 1-(α+2b)dt
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Hasegawa, Kishino and Yano (1985) model
(HKY model)

General time-reversible model (GTR model)

The most general model with time-reversibility
πiQij = πjQji
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Heterogeneity among sites
• Partition among different categories of sites
• Taking account of invariable sites  Later 

improved with the discrete G-distribution model by 
Ziheng Yang

Neglect of these factors gives gross underestimation 
of the number of nucleotide substitutions, and 
accordingly an older estimation of the date when 
calibration is taken at a deeper node.

Amino acid substitution model
(Empirical matrix)

• Dayhoff (1972) model
• JTT model (Jones, Taylor and Thornton, 

1992)
• mtREV model (Adachi and Hasegawa, 

1996)
• cpREV model (Adachi, Waddell, Martin, 

and Hasegawa, 2000)
• WAG model (Whelan and Goldman, 2001)
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The substitutions with red squares occur frequently because of similar 
physico-chemical properties. 

Amino acid substitution of proteins encoded by nuclear genome 
for the time period of 1 substitution per 100 amino acids

Code table

Met

Trp

Stop
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Transition probability matrix
of the mtREV model for 1PAM
x107

x105

In vertebrate mitochondria 
LysArg substitutions 
occur in the frequency of
1/10 of that in nuclear 
genes because of the 
different code-table.。

宮田隆「新しい分子進化学入門」（講談社、2010）

座位の相対置換速度

Site-heterogeneity is approximated 
by the Γ-distribution.
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Akaike Information Criterion (AIC) for 
model selection (Akaike, 1973)

AIC = - 2xln L + 2x #parameters 
The better the fitting of the model to the data, the 
lower is the 1st term. The more complex is the 
model, the higher is the 2nd term. A model which 
minimizes the AIC is considered to be the most 
appropriate model. This implies that, when there 
are alternative models whose values of ln L are 
nearly the same, we should choose the one with 
the smallest number of parameters.

Hirotsugu Akaike

human

chimpanzee

gorilla

orangutan

Traditional  idea

Brown et al. (1982)
mtDNA 896bp
MP

New idea 

Hasegawa et al. (1984)
ML
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mtDNA 896bp
Portions of NADH4 & NADH5 genes, 
and 3 tRNA genes (His, Ser & Leu)

MP tree
The MP method prefers 
Tree-1.

ML tree
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The transition differences of 3rd codon positions do not differ between 
uman/chimp and human/mouse comparisonsMultiple transition-type 
substitutions 

Why MP and ML method gave different tree?

V: transversion difference, S: transition difference, r: number of sites. Class 1 sites: 3rd
codon positions, Class 2 sites: other  sites. 1: Mouse, 2: Bovine, 3: Gibbon, 4: Orang-utan, 
5: Gorilla, 6: Chimpanzee (Hasegawa, Kishino & Yano, 1985) 

コドンの3番目
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Bootstrap method (Felsenstein, 1985) 
(系統樹推定の誤差評価)

Tree-1:((Human,Chimp),Gorilla) Tree-2:((Human,Gorilla),Chimp) Tree-3:((Chimp,Gorilla),Human)
Tree-1 is the ML tree, but Tree-3 with 16%BP cannot be excluded. Later Horai et al. (1995) established Tree-1 with the whole mitgenome sequences.
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X:Sequence data
θ:Parameters of the 
model


