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Evolutionary Genomics	





History of Bioinformatics 
•  Biology + Informatics (= computer science) 
•  Numerical Taxonomy (1950’s~) 
•  Molecular evolutionary studies (1960’s~) 
•  Amino acid sequence database (1960’s~) 
•  Protein 3D structure database (1970’s~) 
•  Nucleotide sequence database (1980’s~)  
•  Genome sequence database (1990’s~) 
•  Emergence of Bioinformatics Field 
•  Omics studies (2000’s~) 



Evolutionary Genomics	


(1) Gene tree construction to estimate species tree	


(2) Elucidate evolutionary dynamics of gene/genome duplications	


(3) Estimation of synonymous and nonsynonymous substitutions	


(4) Detection of evolutionarily conserved DNA regions 	


(5) Infer mutational patterns from polymorphism data	


(6) Comparison of closely related multi-species	


(7) Comparison of genome sequences and other omic data (GWAS)	


(8) Evolution of repeat sequences (transposons, short repeats, etc.)	


(9) Functional changes of proteins and cis-regulatory elements	


(10) ………..	


(11) ………..	


(12) ………..	





Topics Covered in This Lecture	



-  Data Retrieval via keyword search using ARSA 
-  Homology Search using BLAST 
-  Multiple Alignment of Nucleotide Sequences using MISHIMA 

1. Multiple Alignment 
2. What is Phylogeny? 
3. Evolutionary distances 
4. Phylogenetic Tree Making Methods 
5. Some exercises	




Example of multiple alignment	
 

AGGTGGTGGTGGACA	
 	
 Human	
 
AGGTGGTGGTGGACA	
 	
 Chimpanzee	
 
AGGTGG---TGGACA	
 	
 Gorilla	
 
AGGTGG---TGGACA	
 	
 Orangutan	
 
AGGTGGTGGTAGACA	
 	
 Old	
 World	
 Monkey	
 



Two possible explanation of 
multiple alignment"

Human 
Chimpanzee"
Gorilla 
Orangutan         
Old World Monkey 



Two possible pairwise alignments"
For same two sequences"

（Ａ）配列1	
 	
 ATGCGTCGTT	
 
	
 配列2	
 	
 ATCCG-CGAT	
 

（Ｂ）配列1　AT--GCG-TCGTT	
 
	
 配列2　ATCCGCGAT�



Different outcomes can be obtained by 
changing gap penalties"
Human = Rh50_trembl_O43514, medaka = Rh50_ AB036511"

(A) gapopen = 10, gapext = 0.2, gapdist = 8	
human           GILQSQGQXXXKFNIGIKNMINADFSAATVLISFGAVLGKTSPTQMLIMTILEIVFFAHN	
medaka          GWFHHFDYSTGKIYIGIESLINADFCCAASLIAYGAILGKVSPVQLMVVTLFGVTLFAVE	
                * ::  .    *: ***:.:*****..*: **::**:***.**.*::::*:: :.:** :	

(B) gapopen = 2, gapext = 0.1, gapdist = 4�
human           GILQXXXXSQGQKFNIGIKNMINADFSAATVLISFGAVLGKTSPTQMLIMTILEIVFFAH	
medaka          GWFHHFDYSTGXKIYIGIESLINADFCCAASLIAYGAILGKVSPVQLMVVTLFGVTLFAV	
                * ::    * * *: ***:.:*****..*: **::**:***.**.*::::*:: :.:** 	



Nucleotide Substitution Matrix for one-parameter and two-
parameter models	
 



N:	
 No.	
 parameters	
 

RAND：完全任意モデル	
 
GTR：一般時間可逆モデル	
 
SYM：対角対称モデル	
 
GIN：五條堀-石井-根井のモデル	
 
TN：田村-根井のモデル	
 
TK5：高畑-木村の５変数モデル	
 
HKY：長谷川-岸野-矢野のモデル	
 
TK4：高畑-木村の４変数モデル	
 
EI：等入力モデル	
 
B4：BarryとHartiganの４変数モデル	
 
K3：木村の３変数モデル	
 
T3：田村の３変数モデル	
 
K2：２変数法のモデル	
 
JC:１変数法のモデル	
 

TN 

GTR 

Relationship of different nucleotide substitution models 
N 



Estimation of branch lengths from pairwise distances"

D[E,G] = 
 B[E-W] + B[W-G] 

B[W-G] = 
{D[E,G] + D[F,G] - D[E,F]}/2  



How substitutions accumulate in DNA sequences	
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Extinct Neandelthal	



Modern East Eurasian	


Modern Oceanian	


Mondern West Eurasian	


Modern African	



Mitochondrial DNA	


Gene Genealogy	





Gene Duplications in Rh gene family	





Exterior (blue) and 	


interior (white) nodes	


Exterior (blue) and 	


interior (red) branches	



What is Tree in Graph Theory?	





(Above) Rooted Tree  (Below) Unrooted Tree	
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Add one more node to 3-node unrooted tree	
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Five topologies for 5-node unrooted tree	





Successive Addition of Nodes	





Nr(n): Number of all possible rooted tree	


Nu(n): Number of all possible unrooted tree	


	

   for n nodes 	



Nr(n) = 1×3×5× ... ×(2n-3)	


	

 	


Nu(n) = 1×3×5× ... ×(2n-5)	



          = (2n - 5)! / [2n-3 (n - 3)!]	





---------------------------------------------------------------------	


��No. nodes� No. possible unrooted tree	


---------------------------------------------------------------------	


	

 3	

 1	


	

 4	

 3	


	

 5	

 15	


	

 6	

 105	


	

 7	

 945	


	

 8	

 10,395	


	

 9	

 135,135	


	

 10	

 2,027,025	


	

 11	

 34,459,425	


	

 12	

 654,729,705	


	

 13	

 13,749,310,575	


	

 14	

 316,234,143,225	


	

 15	

 7,905,853,580,625	


	

 16	

 213,458,046,676,875	


	

 17	

 6,190,283,353,629,375	


	

 18	

 191,898,783,962,510,625	


	

 19	

 6,332,659,870,762,850,625	


	

 20	

 221,643,095,476,699,771,875	


----------------------------------------------------------------------	





How to describe one tree?	





How to describe one tree?	

 List of branches	


[1, 10]	


[2, 10]	


[3, 11]	


[4, 12]	


[5, 12]	


[6, 14]	


[7, 15]	


[8, 16]	


[9, 16]	


[10, 11]	


[11, 13]	


[12, 13]	


[13, 14]	


[14, 15]	


[15, 16]	





How to describe one unrooted tree?	





Newick (New Hampshire) Format 

•  (I, II, III); 
•  I = 1,2,3,4 II = 5,6 III = 7,8 
•  I = (1,2) 
•  I = ((1,2),3) 
•  I = (((1,2),3),4) 
•  ((((1,2),3),4),(5,6),(7,8)); 
• = (((((1,2),3),4),(5,6)),7,8); 





Example of Newick Format Output	


( ( query:0.00000, P35367:0.00000) 952:0.00602, 	
( Q9N2B2:0.00334, ( Q9N2B0:0.00927, ( P30546:0.12375, 	
( ( P31390:0.03809, P70174:0.03963) 1000:0.09702, 	
P31389:0.21965) 948:0.03175) 1000:0.05940) 991:0.00925) 	
642:0.00089, Q9N2B1:0.00672)TRICHOTOMY; 	

Cycle 1 = SEQ: 7 ( 0.03809) joins SEQ: 8 ( 0.03963)  
Cycle 2 = Node: 7 ( 0.09702) joins SEQ: 9 ( 0.21965)  
Cycle 3 = SEQ: 6 ( 0.12375) joins Node: 7 ( 0.03175)  
Cycle 4 = SEQ: 5 ( 0.00927) joins Node: 6 ( 0.05940)  
Cycle 5 = SEQ: 1 ( 0.00000) joins SEQ: 2 ( 0.00000)  
Cycle 6 = SEQ: 3 ( 0.00334) joins Node: 5 ( 0.00925)  
Cycle 7 (Last cycle, trichotomy):  
Node: 1 ( 0.00602) joins  
Node: 3 ( 0.00089) joins  
SEQ: 4 ( 0.00672) 	


Same information in original NJ output (by Saitou)	




How to describe one tree?	





One way to describe one tree unamgibuously 	


And one-to-one	





Phylogenetic tree-making 
methods 

•  Tree search - Stepwise clustering or 
examining final bifurcating trees 

•  Kind of data - distance matrix or 
character state   



Example of distance matrix �
==========================================�
        OTU (Operational Taxonomic Unit) �
------------------------------------------�
 OTU     1    2    3    4    5    6    7 �
------------------------------------------�
  2      7 �
  3      8    5 �
  4     11    8    5 �
  5     13   10    7    8 �
  6     16   13   10   11    5 �
  7     13   10    7    8    6    9 �
  8     17   14   11   12   10   13    8 �
===========================================�



             A                           B                                                          C                                    
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Non-singular variations in the HoxA cluster

Regions

H
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G

α (∗)
H

C
G

β

H

C
G



 

 

 

α



 





β+γ
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Region
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Region
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23
Region

A+B+C



31

 

 

9

 

 

40

P < 0.01

Number of topology supported

γ

γγγγ γ γ βββ

H: human,  C: chimpanzee, G: gorilla, O: orangutan

Example of Character-state	





Tree-making methods (1) 

• Distance matrix method using Stepwise 
clustering algorithm 
– UPGMA (Sokal & Sneath 1963) 
– Distance Wagner (Farris 1972) 
– Modified UPGMA (Li 1980) 
– Modified Distance Wagner (Tateno et al. 

1982) 
– Neighbor-Joining (Saitou & Nei 1987) 



UPGMA (Unweighted Pair-Group Method with Arithmatic mean) �
==========================================�
        OTU (Operational Taxonomic Unit) �
------------------------------------------�
 OTU     1    2    3    4    5    6    7 �
------------------------------------------�
  2      7 �
  3      8    5 �
  4     11    8    5 �
  5     13   10    7    8 �
  6     16   13   10   11    5 �
  7     13   10    7    8    6    9 �
  8     17   14   11   12   10   13    8 �
===========================================�

Step 1: Find the OTU pair with the smallest distance	





UPGMA (Unweighted Pair-Group Method with Arithmatic mean) �
==========================================�
        OTU (Operational Taxonomic Unit) �
------------------------------------------�
 OTU     1    2    3    4    5    6    7 �
------------------------------------------�
  2      7 �
  3      8    5 �
  4     11    8    5 �
  5     13   10    7    8 �
  6     16   13   10   11    5 �
  7     13   10    7    8    6    9 �
  8     17   14   11   12   10   13    8 �
===========================================�

Step 2: Join the OTU pair with the smallest distance	





UPGMA (Unweighted Pair-Group Method with Arithmatic mean) 	
==========================================�
        OTU (Operational Taxonomic Unit) �
------------------------------------------�
 OTU     1    23     4    5    6    7 �
------------------------------------------�
 23      7.5 �
  4     11    6.5 �
  5     13    8.5    8 �
  6     16   11.5   11    5 �
  7     13    8.5    8    6    9 �
  8     17   12.5   12   10   13    8 �
===========================================�

Step 3: Make the new distance matrix	





UPGMA tree for the distance matrix	





True phylogenetic relationship for the distance matrix	





Distance transformation using one OTU as reference �
==========================================�
        OTU (Operational Taxonomic Unit) �
------------------------------------------�
 OTU     1    2    3    4    5    6    7 �
------------------------------------------�
  2      7 �
  3      8    5 �
  4     11    8    5 �
  5     13   10    7    8 �
  6     16   13   10   11    5 �
  7     13   10    7    8    6    9 �
  8     17   14   11   12   10   13    8 �
===========================================�

Transformed Distance [1,2] = {D[1,3]+D[2,3]-D[1,2]}/2 = 3	





表２．表１の距離行列を OTU３を基準として変換したもの

==================================
                     OTU
----------------------------------
 OTU     1    2    4    5    6    7
----------------------------------
  2      3
  4      1    1     
  5      1    1    2    
  6      1    1    2    6    
  7      1    1    2    4    4    
  8      1    1    2    4    4    5    
==================================

Transformed Distance Matrix using OTU 3 as reference 	
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From Saitou and Nei (1987)	
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From Saitou and Nei (1987)	





==========================================	
        OTU (Operational Taxonomic Unit)	
------------------------------------------	
 OTU     1    2    3    4    5    6    7 	
------------------------------------------	
  2      7	
  3      8    5	
  4     11    8    5 	
  5     13   10    7    8 	
  6     16   13   10   11    5	
  7     13   10    7    8    6    9	
  8     17   14   11   12   10   13    8	
===========================================	

From Saitou and Nei (1987)	





From Saitou and Nei (1987)	



Stepwise clustering in the Neighbor-Joining method	





Major softwares including the NJ 
method 

• Clustal W, Clustal X (Higgins) 
•  Phylip (Felsenstein) 
• MEGA series (Tamura, Kumar, Nei) 
•  PAUP* (Swofford) 



Tree-making methods (2) 
•  Distance matrix method comparing completely 

bifurcating trees 
–  Minimum %SD (Fitch & Margoliash 1967) 
–  Least Square (Cavalli-Sforza & Edwards 1967) 
–  Minimum Evolution 1 (Cavalli-Sforza & Edwards 1967) 
–  Minimum Evolution 2 (Saitou & Imanishi 1989) 
–  Minimum Evolution 3 (Rzhetsky & Nei 1992) 
–  Minimum %SD with optimization (FITCH of Phylip) 



Tree-making methods (3) 

•  Character-state method using Stepwise 
clustering algorithm 
– Maximum-Likelihood 1 (NJ-like; Saitou 1989) 
– Maximum-Likelihood 2 (Star-Decomposition option 

of MOLPHY; Adachi & Hasegawa) 
– Maximum-Likelihood 3 (NJML & NJML+; Oota & Li 

2000, 2001)  



Tree-making methods (4) 

• Character-state method comparing 
completely bifurcating trees 
– Maximum Parsimony（PAUP*, MEGA3, Phylip） 
– Maximum Likelihood（Phylip, MOLPHY, PAUP*） 
– Compatibility (Phylip) 



============================	
 
　　　	
 	
 Nucleotide	
 Position	
 
　　　　	
 	
 	
 	
 	
 	
 	
 	
 	
 11111111112	
 
　　　　12345678901234567890	
 
----------------------------	
 
配列ア　aacgtttcatgagatacgtg	
 
配列イ　.t.......g..........	
 
配列ウ　c........ga.........	
 
配列エ　ctac.....g.t........	
 
配列オ　cta.ga...g..........	
 
配列カ　ctacga...g..cg......	
 
配列キ　ctacgag..g..........	
 
配列ク　ctacgag..g....a.....	
 
配列ケ　ctacgagtcg.....g....	
 
配列コ　ctacgagttg..........	
 
============================	
 



=================


配列ア　aacgtt


配列イ　.t....


配列ウ　c.....


配列エ　ctac..


配列オ　cta.ga


配列＊　ctacga


=================


＊＝カ，キ，ク，ケ，コ	


Reduced sequences after SSJ operation 



Finding maximum 
parsimony tree "
by sequence addition"



Finding maximum parsimony tree "
by site addition"



Construction of phylogenetic network "



Unrooted tree of 5 external nodes and 3 internal nodes	
 



Maximum Likelihood Method"
Using NJ-like search"
(Saitou 1989)	
 



-------------------------------------------------------------------------------------------------------------------------------------------------------- 
                          1              2                3                4                5                 6                7               8                 9 
--------------------------------------------------------------------------------------------------------------------------------------------------------  
 2   0.0516 
 3   0.0550 0.0031 
 4   0.0483 0.0221 0.0253 
 5   0.0582 0.0651 0.0685 0.0549 
 6   0.0094 0.0416 0.0450 0.0384 0.0549 
 7   0.0125 0.0584 0.0619 0.0551 0.0651 0.0157 
 8   0.0284 0.0687 0.0722 0.0654 0.0754 0.0317 0.0285 
 9   0.0925 0.1221 0.1259 0.1185 0.1370 0.0820 0.0786 0.0927 
 10 0.1921 0.2183 0.2228 0.2054 0.2309 0.1798 0.1795 0.1833 0.1860 
-------------------------------------------------------------------------------------------------------------------------------------------------------- 



UPGMA tree	
 



NJ tree"









 Data Retrieval via keyword search using ARSA	

 Homology Search using BLAST	




Data Retrieval via keyword search using ARSA	





Taxonomy	



<-- Taxonomy Information	





	

 	

 	

 	

 	

 Obligatory taxa	


Eukaryota; 	


    Metazoa;                              	

 <--- kingdom 	


       Chordata;                          	

 <--- phylum 	


          Craniata; 	


	

 Vertebrata; 	


               Euteleostomi; 	


                 Mammalia;              	

 <--- class 	


                    Eutheria; 	


	

            Primates;            	

 <--- order 	


                         Catarrhini; 	


	

                 Hominidae;   	

 <--- family 	


	

 	

        Pan             	

 <--- genus	


                               Pan troglodytes	

 <--- species	



Taxonomical Position of Chimpanzee	





Homology Search using BLAST	





Special Features of DDBJ BLAST	





Multiple Alignment of Nucleotide Sequences using MISHIMA	



K. Kryukov and N. Saitou (2010)  
MISHIMA - a new method for high speed multiple alignment of 
nucleotide sequences of bacterial genome scale data.  
BMC Bioinformatics, Vol. 11, No.142 


