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88 (2009) 

36 

é 

 

 

 

 

 

 

 

 

 

 



19 

37 

é 

 

 

 

-  

Wooldridge, Bioessays, 32, 615-625, 

(2010) 

 

(zooxanthella) 

 

 

 

38 

é 

 

H+ 

PQ 

 

H+ 

II  

 

 

H2O ½ O2 

e- 2 

 

Cyt e- 2 

e- 2 

 

PC 
e- 2 

I 

 

 e- 2 

 

Fd 
e- 2            NADP  

    Reductase 
e- 2 

NADPH 

+H+ 

NADP 

 + 2 H+ 

ATP  

 

H+ 

ATP 

ADP   

Pi 

H+  

 

 



20 

39 

é 

FAD 

+ 2 H+ 

I 

 

 

NADH 

+H+ 
NAD+ 

+ 2 H+ 

e- 2 

 

III  e- 2 

e- 2 
 

 

C                   

e- 2 
ATP  

 

H+ 

ATP ADP   

Pi 

H+ 

 

FADH 2
 

II  

H+ 

H+ 

H+ 

H+ 

O2 H2O 

40 

é 

 

H+ 

PQ 

 

H+ 

II  

 

 

H2O ½ O2 

e- 2 

 

Cyt e- 2 

e- 2 

 

PC 
e- 2 

I 

 

 e- 2 

 

Fd 
e- 2            NADP  

    Reductase 
e- 2 

NADPH 

+H+ 

NADP 

 + 2 H+ 

ATP  

 

H+ 

ATP 

ADP   

Pi 

H+  

 

 

FAD 

+ 2 H+ 

I 

 

 

NADH 

+H+ 
NAD+ 

+ 2 H+ 

e- 2 

 

III  e- 2 

e- 2 
 

 

C                   

e- 2 
ATP  

 

H+ 

ATP ADP   

Pi 

H+ 

FADH 2
 

II  

H+ 

H+ 

H+ 

H+ 

O2 H2O 

 



21 

41 

é 

FAD 

+ 2 H+ 

 

III  e- 1 

e- 1 
 

 

C                   

e- 1 
ATP  

 

H+ 

ATP ADP   

Pi 

H+ 

FADH 2
 

II  

H+ 

H+ 

H+ 

H+ 

O2 H2O 

II  

 

 

H2O ½ O2 

e- 2 

 

3.  

  

 

42 

 

 
 (1944) 

   

(1970) 
 

 (1969) 

 

 (1989) 

 

 

 

 

 

 

RNA  

 

 
(2002) 

 

 

 
 (2009) 

 

 

 

 (1966) 
 

(1999) 

 



22 

43 

é 

44 

[1].  

(1)  

(2)  

(3) Replication)  

(4) (Transcription )  

(5) (Translation)  

(6) DNA 

(7) mRNA 

(8) tRNA 

(9) (Protein) 

(10) (Enzyme) 

(11) (Metabolic pathway) 



23 

45 

(1)  Genome Structure(Eukaryotes) 

(genome)  

Kihara(1930)

 

 

Centromere Telomeres Telomeres 

Short arm Long arm  

(homologous chromosome) 

(pair)

 

46 

Heredity for Eukaryote (Plant, Animal) Genomes  
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The full complement of genetic information 

both coding and non-coding in the organism 
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Anticodon(tRNA)-codon relationship in Eubacteria 

UUU Phe 

UUC Phe 

UUA Leu 

UUG Leu 

 

CUU Leu 

CUC Leu 

CUA Leu 

CUG Leu 

 

AUU Ile 

AUC Ile 

AUA Ile 

AUG Met 

 

GUU Val 

GUC Val 

GUA Val 

GUG Val 

UCU Ser 

UCC Ser 

UCA Ser 

UCG Ser 

 

CCU Pro 

CCC Pro 

CCA Pro 

CCG Pro 

 

ACU Thr 

ACC Thr 

ACA Thr 

ACG Thr 

 

GCU Ala 

GCC Ala 

GCA Ala 

GCG Ala 

UAU Tyr 

UAC Tyr 

UAA (Stop) 

UAG (Stop) 

 

CAU His 

CAC His 

CAA Gln 

CAG Gln 

 

AAU Asn 

AAC Asn 

AAA Lys 

AAG Lys 

 

GAU Asp 

GAC Asp 

GAA Glu 

GAG Glu 

UGU Cys 

UGC Cys 

UGA (Stop) 

UGG Trp 

 

CGU Arg 

CGC Arg 

CGA Arg 

CGG Arg 

 

AGU Ser 

AGC Ser 

AGA Arg 

AGG Arg 

 

GGU Gly 

GGC Gly 

GGA Gly 

GGG Gly 

ICG 

CCG 

mnm4U,UCU 

cmn5UmAA 

CAA 

GAG 

UAG 

CAG 

GGA 

cmo5U, mo5UGA 

CGA 

GCU 

GGC 

mo5U, mo5UGC 

GCC 

U* , U, cmnm5UCC 

CCC 

GGG 

cmo5U, mo5UGG 

CGG 

GGU 

mo5UGU 

CGU 

GAC 

cmo5U, mo5UAC 

GAU 

k2CAU 

C, ac4CAU 

QUU 

Q, GUC 

GCA 

cmnm5U, mnm5sUUG 

CUG 

U* , mnm5s2UUC 

QUG 

mnm5s2U, cmnm5s2UUU 

G, GmAA 
QUA 

CCA 

tRNA Codon tRNA Codon tRNA Codon tRNA Codon 

(Modification and Editing of RNA Edited by Grosjean, H., Benne, R.1998 ASM Press) 
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 1 . 2 . 3 
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Metabolic Pathway 

Activation (+) 
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Genes Genes 
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mRNA Ą Protein 
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mRNA(  
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DNA  

Protein( ) 
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5ô 3ô 
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A B C D E F G H I J K L M 

Protein 

A B C D E 
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G H I J K L M Function 

Unit 

Metabolite 1 Metabolite 2 Metabolite 3 
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A 

G Repression (-) 
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(10)  (10)  
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(11) Metabolic pathway) 
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1.  

DNAĄmRNA 

2.  

mRNA Ą Protein 

3.  

 

 

 

 

4.  

 

(FT-MS,  

GC/MS, LC/MS ) 

GeneChip 

cDNA microarray  

Tiling array 

2D Electrophoresis 

Yeast 2-hybrid System 

Pull-down assay  

2.     

DNA Sequencer  
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[2]  
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(General) 

1.   

Google  http://www.google.co.jp/ 

 

2.   

PubMed http://www.pubmed.gov/ 

http://www.ncbi.nlm.nih.gov/sites/entrez/ 

3.   

NCBI-BLAST   http://www.ncbi.nlm.nih.gov/blast/ 

GeneMarkTM, Glimmer( ) http://exon.gatech.edu/GeneMark/ 

                               http://www.ncbi.nlm.nih.gov/genomes/MICROBES//microbia._taxtree.html/                                                               

4.    

UCSC Genome Browser  http://genome.ucsc.edu/ 

Ensembl(Ensembl Genome Browser) http://www.ensembl.org/ 

5.  

NCBI Protein BLAST http://www.ncbi.nlm.nih.gov/BLAST/ 

DDBJ-Clustalw( )  http://clustalw.ddbj.nig.ac.jp/  

InterProScan(  http://www.ebi.ac.uk/InterProScan/ 

Wolfpsort( ) http://wolfpsort.org/ 

SCOP(Structural Classification of Protein, ) http://scop.mrc-lmb.cam.ac.uk/scop/ 

( ) 

IUBMB  

 

6.   

GO (the Gene Ontology)   http://www.genomeontology.org/ 

 

7.  

KEGG PATHWAY   http://www.genome.jp/KEGG/ 

Lipid  http://lipidbank.jp/cgi-bin/ 

KNApSAcK(FT-ICR-MS ) downloaded from http://kanaya.naist.jp/KNApSAcK/ .  

MassBank ( http://www.massbank.jp/ 

62 

1.  

http://www.google.co.jp/    (  

 http://www.google.co.jp/help/calculator.html 

 

Google  
(1) log(100) 

(2) ln(100) 

(3) sin(90  degrees) 

(4) sin(pi) 

(5) sqrt(81) 

(6) 10! 

(7) 5^2 

(8) sqrt(100) 

(9) 5 choose 2 

(10) 3th root of 27 

http://www.google.co.jp/
http://www.pubmed.gov/
http://www.ncbi.nlm.nih.gov/sites/entrez/
http://www.ncbi.nlm.nih.gov/blast/
http://exon.gatech.edu/GeneMark/
http://www.ncbi.nlm.nih.gov/genomes/MICROBES//microbia._taxtree.html/
http://genome.ucsc.edu/
http://www.ensembl.org/
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ebi.ac.uk/InterProScan/
http://wolfpsort.org/
http://scop.mrc-lmb.cam.ac.uk/scop/
http://scop.mrc-lmb.cam.ac.uk/scop/
http://scop.mrc-lmb.cam.ac.uk/scop/
http://www.genomeontology.org/
http://www.genome.jp/KEGG/
http://kanaya.naist.jp/KNApSAcK/
http://www.google.co.jp/
http://www.google.co.jp/help/calculator.html
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2.  

http://www.ncbi.nlm.nih.gov/sites/entrez/ 

64 

2.PubMed  

http://www.ncbi.nlm.nih.gov/sites/entrez/ 

 

 

 

(Arabidopsis alcohol dehydrogenase) 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez/
http://www.ncbi.nlm.nih.gov/sites/entrez/
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Pubmed 

 

>Arabidopsis alcohol dehydrogenase  
msttgqiirc kaavaweagk plvieeveva ppqkhevrik ilftslchtd vyfweakgqt  
plfprifghe aggivesvge gvtdlqpgdh vlpiftgecg ecrhchsees nmcdllrint  
erggmihdge srfsingkpi yhflgtstfs eytvvhsgqv akinpdapld kvcivscgls  
tglgatlnva kpkkgqsvai fglgavglga aegariagas riigvdfnsk rfdqakefgv  
tecvnpkdhd kpiqqviaem tdggvdrsve ctgsvqamiq afecvhdgwg vavlvgvpsk  
ddafkthpmn flnertlkgt ffgnykpktd ipgvvekymn kelelekfit htvpfseink  
afdymlkges irciitmga  

66 

3.  

http://www.ebi.ac.uk/InterProScan/ 

(1)  

(2)òsubmit jobò 

 

 

(Zinc) NAD(P)

GroES-like

 

http://www.ebi.ac.uk/InterProScan/
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4.  

http://wolfpsort.org/ 

ProteinSubcellular Localization Prediction  

(1)  

(2)  

(3)  

When processing is finished, you should be automatically redirected to this result page: 

http://wolfpsort.org/results/p06ffd0085e9fd934f72eec0bb90fe19e.html  

 

 

68 

5.  

http://scop.mrc-lmb.cam.ac.uk/scop-1.55/index.html 

ĄSuperfamily 

http://supfam.org/SUPERFAMILY/hmm.html 

 

(1)  

(2) Notification  

(3) Submit  

GroES like NAD(P)-

binding Rossmann-fold domains

 

http://scop.mrc-lmb.cam.ac.uk/scop-1.55/index.html
http://scop.mrc-lmb.cam.ac.uk/scop-1.55/index.html
http://scop.mrc-lmb.cam.ac.uk/scop-1.55/index.html
http://scop.mrc-lmb.cam.ac.uk/scop-1.55/index.html
http://scop.mrc-lmb.cam.ac.uk/scop-1.55/index.html
http://supfam.org/SUPERFAMILY/hmm.html
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>Arabidopsis alcohol dehydrogenase  
msttgqiirc kaavaweagk plvieeveva ppqkhevrik ilftslchtd vyfweakgqt  
plfprifghe aggivesvge gvtdlqpgdh vlpiftgecg ecrhchsees nmcdllrint  
erggmihdge srfsingkpi yhflgtstfs eytvvhsgqv akinpdapld kvcivscgls  
tglgatlnva kpkkgqsvai fglgavglga aegariagas riigvdfnsk rfdqakefgv  
tecvnpkdhd kpiqqviaem tdggvdrsve ctgsvqamiq afecvhdgwg vavlvgvpsk  
ddafkthpmn flnertlkgt ffgnykpktd ipgvvekymn kelelekfit htvpfseink  
afdymlkges irciitmga  

 

GroEL -like(Alcohol dehydrogenase-like, N-termain) domein 

NAD(P)-binding Rossmann-fold domains(Alcohol dehydrogenase-like, C terminal domain) 

 

Č (Zinc) NAD(P)  

 

Č  

 

Arabidopsis thaliana At3g15850, At4g23660  

(1) (2)  
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5  
BRENDA 

http://www.brenda-enzymes.info 

 

1.Natural Substrates..  

2. ( Gibberellin A12 ) 

ċ 

Gibberellin A12

 

http://www.brenda-enzymes.info/
http://www.brenda-enzymes.info/
http://www.brenda-enzymes.info/
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6. - DB KNApSAcK  

http://kanaya.naist.jp/knapsack_jsp/top.html 
-  

1.  

(  

2.  

( Gibberellin A12 ) 

3.List  

4. C_ID  

72 

8.  

http://www.genome.jp/kegg/kegg2.html 

 

1.  

KEGG  

2.  

( Gibberellin A12 ) 

3.Go  

 

http://www.genome.jp/kegg/kegg2.html
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é 

Gibberellin A12 

(1)  

EC1.14.13.79: Gibberellin A12 aldehyde + Oxygen + NADPH <=> Gibberellin A12 + H2O 

+ NADP+  

EC1.14.11.12: Gibberellin A12 + 2-Oxoglutarate + Oxygen <=> Gibberellin A15 open 

lactone + Succinate + CO2  

Unclear reaction 

Gibberellin A12 <=> Gibberellin A53  

 

(2)  

Allium cepa, Arabidopsis thalian, Camellia sinensis, Catharanthus roseus, Cucurbita maxima, Dioscorea polystachya, 

Lilium elegans, Lilium longiflorum, Malus domestica, Malva sylvestris, Marah macrocarpus, Ornithogalum thyrsoides, 

Orobanche minor, Picea abies, Pinus sylvestris, Pisum sativum, Raphanus sativus, Sechium edule, Silene armeria, 

Spinacia oleracea, Thlaspi arvense Zea mays 

 

(1) (-)-Epicatechin lycopene  

(2)  

74 

[3]   
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[3.1]  

1(1945-71) 
Evolution of biopathways (Horowitz, 1945) 

von Neumann architecture (1945) 

Factors governing protein stucture (Pauling et al., 1951 ) 

DNA Structure of DNA (Watson and Crick, 1953) 

Problem of information transfer from nucleic acids to protein (Gamow et al., 1956) 

Definition of grammars (Chomsky, 1959) 

Evolution of genes and protein (Ingram, 1961) 

Molecular homology (Florkin, 1962) 

Information theory  (Shannon and Weaver, 1962) 

Structural constraints of polypeptide chains (Ramachandran et al, 1963) 

Information properties of DNA sequences (Gatlin, 1966) 

Theory of computation (Chaitin, 1966) 

Random strings (Martin-Lof, 1966) 

Theory of Games (Neumann, 1966) 

Accuracy of the translation process (Crick, 1966) 

Preferential substitution of amino acids residues in protein sequences (Epstein, 1967) 

Construction of phylogenetic trees  (Fitch and Margoliash, 1967) 

Information properties  of protein sequences (Nolan and Margoliash, 1968) 

Origin of the genetic code (Crick, 1968) 

Helical wheel representation for protein sequence (Dunnill, 1968) 

Protein sequence alignment (Cantor, 1968) 

Molecular evolution (Kimura, 1968) 

Gene regulation (Britten and Davidson, 1969) 

Models for selection-free molecular evolution (King and Jukes, 1969) 

Merging of population genetics with molecular evolution (Kimura, 1969; Ohta and Kimura, 1971) 

 

 

 

String      ( ) 

Sequence (  
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2(1970-74) 

1970 

Sequence alignment algorithm 

 (Gibbs and McIntyre, 1970; Needleman and Wunsch, 1970) 

Theory of evolution by gene duplication (Ohno, 1970) 

Central dogma (1970) 

1971 

Substitution mutation rates (Koch, 1971) 

Calculation of solvent accessibility on protein structure (Lee and Richards, 1971) 

Parsimonial determination of tree topology (Fitch, 1971) 

RNA structure  prediction (Tinoco et al, 1971) 

Sequence alignment (Beyer et al., 1974; Gibbs et al., 1971; Grantham, 1974; Sackin, 1971; Sellers, 

1974; Wagner and Fischer, 1974) 

1972 

Constancy of the evolutionary rate of proteens (Jukes and Holmquist, 1972) 

1973 

String comparison problem in computer 

science (Levin, 1973; Sankoff and Seller, 1973; Wagner and Fischer, 1974) 

1974 

Molecular clock hypothesis (Kimura and Ohta, 1974)ĄTheory of neutral evolution (Kimura, 1983) 

The first phylogenic analyses of macromolecular families (Wu et al, 1974) 
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3(1975-80) 

1975 

String and sequence alignment theory 

(Aho et al., 1976, Chvatal and Sankoff, 1975; Delcoigne and Hansen, 1975; Hirschberg, 1975; Lowrance and Wagner, 

1975; Okuda et al., 1976; Waterman et al., 1976) 

Evolutionary tree analysis and construction 

(Felsenstein, 1978; Klotz et al., 1979; Sattath and Tvertsky, 1977; Waterman and Smith, 1978; Waterman et al., 1977) 

 

Protein folding  ñSecond genetic codeò 

Chothia, 1975; Chou and Honig, 1978; Crippen, 1978;Nagano and Nasegawa, 1975; éé) 

Algorithms for secondary structure prediction (Chou and Fasman, 1974; Lim, 1974) 

Invention of distance geometry for the calculation of structure from distance constraints (Crippen, 1977) 

 

Evolutionary ñstoriesò for specific protein family 

Selection evolution of haemoglobin (Goodman, et al., 1975) 

Dehydrogenases and kinases (Eventoff and Rossmann, 1975) 

Cytochrome c (Fitch, 1976) 

 

Analyses of metabolism 

loss of metabolic capacities (Jukes and King, 1975) 

Evolution of catalytic efficiency (Albery and Knowles, 1976) 

Evolution of energy metabolism (Dickerson et al., 1976) 

Simulation of metabolic regulation (Heinrich and Rapoport, 1977) 

 

Exon-intron  question (Gilbert, 1978) 

Evolution of bacterial genomes (Riley and Anilionis, 1978) 

RNA structure prediction (Waterman and Smith, 1978) 

: compilation of computer archives for the storage, curation and distribution of 

protein sequence (Dayhoff, 1978) and structure (Bernstein et al, 1977) information. 
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4(1975-80) 

1980s 

Computer analysis of nucleotide sequences was essential for the better understanding of 

biology (Gingeras and Roberts, 1980) 

 

Sequence comparison continued to benefit from parallel developments in computer science 

(Hall and Dowling, 1980) 

 

Dot-matrix model of sequence comparison (Maizel and Lenk, 1981) 

Preferential codon usage formulated on the basis of computer analysis (Grantham et al, 1980) 

 

Progress in DNA and RNA structure prediction  

(Trifonov and Sussman, 1980; Nussinov and Jacobson, 1980) 

 

Evolution of prokaryotes with the identification of the Archaea as a separate domain of life 

(Fox et al., 1980) 

 

Notion of selfish DNA  

 

Neural networks (Hopfield, 1982) 

 

Complexity and cellular automata  

(Burks and Farmer, 1984; Reggia et al., 1993; Wolfram, 1984) 

 

Theory of clustering  

(Shepard, 1980) 

Sequence analysis 

Molecular databases 

Protein structure prediction 

Molecular evolution 
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5(1981-2000)  

1977 

Complete genome of bacteriophage genome (phaiX174) 

(Sanger and Gilbert, 1977) 

1981 

Smith-Waterman algorithm for local protein sequence (Smith and Waterman, 1981) 

Human mitochondrial genome (Anderson et al., 1981) 

1982 

GenBank Release 3 made public  

Phage lambda genome (Sanger et al., 1982) 

1985 

Fast sequence similarity searching:FASTP/FASTN (Lipman and Pearson, 1985) 

1990 

Basic local alignment search tool: BLAST (Altschul et al., 1990) 

1994 

Hidden Markov Models of multiple alignment (Baldi and Chauvin, 1994) 

1995 ---< > 

Haemophilus influenzae Rd, éé 

2000 Complete genome of Arabidopsis thaliana (Arabidopsis Genome Initiative) 

2001  

 

(Post-Genome) 

(Transcriptome) 

(Proteome) 

(Interactome) 

(Metabolome) 

Stringò 

DNA ñSequenceò

Stringò

Sequenceò  
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[4]  

 

[4.1]  

[4.2]  

82 

 

 
V = ATCTGAT  

W = TGCATA 

n=7, m=6 

Alignment 
     o o o o  

V = AT - C- TGAT 

W = - TGCAT- A-   

s(V, W) = 4 

d(V, W)= n + m -2 s(V, W) = 7 + 6 -2 x 4= 5  (-) 

 

(strings):  V = v1v2........ vn  ,   W = w1w2........ wm 

s(V, W) : V W   

d(V, W) = n + m ï 2 s(V,W)  

: V W  
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s(V,W)  

V 1-i v1v2....vi (1 ¢ i ¢ n )  

W 1-j w1w2....wj (1 

¢ j ¢ m )  

si,j  

(1) i j si, 0 = s0, j = 0 

(2) si,j  

î
í

î
ì

ë

=+

=

--

-

-

jiji

ji

ji

ji

wvifs

s

s

s

1

max

1,1

1,

,1

,

  

 

si,j-1 si,j  
(i) 

si-1,j 

si-1,j-1 +1  

if v i = wj 
(i-1) 

(j -1) (j)  
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Example of computing s(V, W)  

(1) i j si, 0 = s0, j = 0 
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Example of computing s(V, W) 

si,j-1 si,j  
(i) 

si-1,j 

si-1,j-1 +1  

if v i = wj 
(i-1) 

(j -1) (j)  
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Example of computing s(V, W) 
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Example of computing s(V, W) 
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for i « 1 to n  
  for j « 1 to m  
     if v i  = wj  

       bi,j  « 
     else if  si - 1,j  = si,j - 1                      
              bi,j  «  
          else if s i - 1,j > s i,j - 1 
                  bi,j  «  
               else  
                  bi,j «  
         

si,j-1 (i) 

si-1,j 

if v i = wj 

(i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  
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si,j-1 (i) 

si-1,j 

if v i = wj 

(i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  
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si,j-1 (i) 

si-1,j 

if v i = wj 

(i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  

si,j-1 (i) 

si-1,j (i-1) 

(j -1) (j)  
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si-1,j 

if v i = wj 

(i-1) 
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si,j-1 (i) 
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       oo oo  

V = ATCTG - AT-  

W = --- TGCATA    

     o o o o  

V = AT - C- TGAT   

W = - TGCAT- A-  

    o o  oo  

V= AT - CTGAT-  

W= - TGC-- ATA 
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V = ATCTGAT  

W = TGCATA 

n=7, m=6 

  

Alignment 
       oo oo  

V = ATCTG - AT-  

W = --- TGCATA    

     o o o o  

V = AT - C- TGAT   

W = - TGCAT- A-  

    o o  oo  

V= AT - CTGAT-  

W= - TGC-- ATA 

  

s(V, W) = 4 

d(V, W)= n + m -2 s(V, W) = 7 + 6 -2 x 4= 5 
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 V W
 

--   A G C T A G C T A G  

  0 0 0 0 0 0 0 0 0 0 0  

A 0  

T 0  

G 0  

C 0  

A 0  

T 0  

G 0  

C 0  

A 0  

T 0  

s(V, W) =  

d(V, W) = 

Alignment 

V = ATGCATGCAT 

W = AGCTAGCTAG 
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 V W
 

--   T T T T A T T A T A  

  0 0 0 0 0 0 0 0 0 0 0  

T 0 

T 0 

A 0 

T 0  

T 0 

A 0 

T 0 

T 0 

T 0  

A 0 

 

s(V, W) =   
d(V, W) = 

 

LCS:  

V = TTATTATTTA  

W = TTTTATTATA 
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Gene-duplication 

Gene-duplication 

Speciation 

Speciation 

C2 C3  

C2 B2, C3 B2 . 

C2 A1, C3 A1   

AB1 6  (horizontal transfer) 

The transfer of the B1 

gene from species B to 

species A 

Fitch WM., Trends Genet., 16, 227-231 (2000) 
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Orthologs   

Gene A-1 

Gene A-2 

Gene A-i 

Gene A-N 

Gene B-1 

Gene B-2 

Gene B-j  

Gene B-M 

Genome A Genome B 

x 
Gene A-1 

Gene A-2 

Gene A-i 

Gene A-N 

Gene B-1 

Gene B-2 

Gene B-j  

Gene B-M 

Genome A Genome B 

O 

( )=1/ (N M) 
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Orthologs   

Gene A-1 

Gene A-2 

Gene A-i 

Gene A-N 

Gene B-1 

Gene B-2 

Gene B-j  

Gene B-M 

Genome A Genome B 

A 
Gene A-1 

Gene A-2 

Gene A-i 

Gene A-N 

Gene B-1 

Gene B-2 

Gene B-j  

Gene B-M 

Genome A Genome B 

B 

( )=1/ (N M) 
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Gene Duplication in Arabidopsis (Vision et al., Science,2000) 
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 Omics  

a 

b c 

d e f g 

h i k m 

j l 

5ô 

5ô 3ô 

3ô 

A B C D E F G H I J K L M Protein 

A B C D E 
F 

G H I J K L M 
Function 

Unit 

Metabolite 1 Metabolite 2 Metabolite 3 

Metabolite 4 

Metabolite 5 

Metabolite 6 

B C 

D E 
F 

I L 

H K 
Metabolic Pathway 

G 

Activation (+) 
A 

G Repression (-) 

a 
b c 

d e f g 
h i k m 

j l 
5ô 

5ô 3ô 
3ô 

Genome  

Transcriptome  

Proteome Interactome  

Metabolome  


