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Ray-finned fishes comprise about 50% of the total number of vertebrates 

“Basal Sarcopterygii” 
(8 spp.) 

Actinopterygii 
(27,580 spp.) 

48.7% 

Agnatha 
(108 spp.) Chondrichthyes 

(980 spp.) 

Amphibia 
(6002 spp.) 

10.6% 

Reptilia 
(7483 spp.) 

13.2% 

Aves 
(9924 spp.) 17.5% 

Mammal 
(4554 spp.) 

8.0% 



	
“Had evolution been entirely dependent upon natural 
selection, from a bacterium only numerous forms of 
bacteria would have emerged.  The creation of 
metazoans, vertebrates and finally mammals from 
unicellular organisms would have been quite 
impossible, for such big leaps in evolution required the 
creation of new gene loci with previously non-existent 
functions”	


                                                                                    Susumu Ohno 1970	


Leaps in evolution through  
gene and  genome duplications 

Evolution by Gene Duplication	






Susumu	  Ohno	  

 “In this golden age of biology, a book faces the danger of becoming 
obsolete before its publication.  It is my belief that in order to avoid 
early obsolescence, the author, judging on the basis of the scant 
evidence available, is obliged to anticipate future developments and 
paint a picture with broad strokes of his brush. This I have done 
rather freely in this book” 
 1970 - Evolu-on	  by	  gene	  duplica-on	  	  

Book	  Reviews	  
Phylogene-c	  Mechanism	  Evolu-on	  by	  Gene	  
Duplica-on.	  SUSUMU	  OHNO.	  Springer-‐Verlag,	  
New	  York,	  1970.	  xvi,	  160	  pp.,	  illus.	  $16.50.	  

Blue	  Crossopterygian	  Man	  dominates	  the	  dust	  
jacket.	  A	  forewarning?	  Ah	  yes-‐you	  are	  warned:	  you	  
will	  be	  s-mulated,	  cajoled,	  and,	  unless	  you	  have	  a	  
more	  than	  passing	  acquaintance	  with	  at	  least	  one	  
of	  the	  subject	  maXers	  from	  which	  the	  author	  
spins	  his	  argument,	  perhaps	  misled.	  

Science	  175:	  617-‐618	  (1972)	  by	  Janice	  Spofford	  



“natural	  selec-on	  merely	  modified	  while	  redundancy	  created”	  
Susumu	  Ohno	  (1970)	  



Introduction	


Number	  of	  cita-ons	  of	  Susumu	  Ohno’s	  1970	  book	  	  
“Evolu-on	  by	  gene	  duplica-on”	  
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Introduction	
Since	  Ohno’s	  1970	  book	  	  
“Evolu-on	  by	  gene	  duplica-on”	  

number	  of	  papers	  on	  gene	  and	  genome	  duplica-ons	  

Year	  	  
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Cnidarian �
Echinoderm�
Amphioxus�
Lamprey�
Shark�
Mouse�
Teleost �

Priapulid�
Nematode�

Onychophoran �
Spider�
Fly�

Brachiopod �
Mollusc �
Flatworm�

Nemertine�
Polychaete�

Leech�



Hox gene cluster evolution in animals	


Carroll et al., 2001!

Carroll et al. (2001) “From DNA to Diversity” 



Carroll et al., 2001!
Carroll et al. (2001) “From DNA to Diversity” 



 “Comparisons of developmental gene regulation between 
morphologically divergent animals, analyses of intraspecific variation, 
and the response of organisms and genes to selection all support the 
claim that regulatory DNA is the predominant source of the genetic 
diversity that underlies morphological variation and evolution.” 

 Sean Carroll,  Cell 2000 (pp. 577–580) 

But see debate between Hoekstra & Coyne contra Wray 

The current dogma 



Regulation of Hox gene expression in the vertebrate hindbrain	


Carroll et al. (2001) “From DNA to Diversity” 



    One mechanism of divergence in gene function -  
combining gene duplication and regulatory evolution	


Force et al. (1999) Genetics	
 Carroll et al. (2001) “From DNA to Diversity” 



Division: Teleostei   
(25,000 species) 

Subclass: Neopterygii 

Subclass: Chondrostei 

Zebrafish 

Pufferfish 

Cichlid 

Medaka 

Eel 

Arapaima 

Gar 

Bichir 

Subdivision: Euteleostei   

Land vertebrates 
Hoegg, Brinkmann & Meyer  Journal of Molecular Evolution (2004) 

Evolution of the fish genome - phylogenetic timing of the FSGD 



Lampreys

Hagfishes

Placentals

Marsupials

Monotremes

Crocodiles

Turtles

Tuatara

Lizards + Snakes

Caecilians

Salamanders

Frogs

Lungfishes

Coelacanth

Teleosts

Bowfins

Gars

Bichir

Chimaeras

Sturgeons

Sharks + Skates

Mammals

Reptiles (including Birds)

Amphibians

Ray-finned fishes

Birds

Lobe-finned fishes

Cartilaginous fishes

Agnathans

AMNIOTA

TETRAPODA

SARCOPTERYGII

OSTEICHTHYES

GNATHOSTOMATA

Meyer & Zardoya 2003, Ann. Rev. Ecol. Syst.  



Evolution of vertebrate Hox gene clusters) 

loss of 3 genes

loss of 6 genes
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Modified from: 
Meyer (1998) Nature 
Widtbrodt, Meyer & Schartl (1998) BioEssays 
Meyer & Malaga (1999) Current Biology 
Malaga & Meyer (2001)  Am. Zool. 



Evolution of vertebrate Hox Aalpha clusters 	
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Malaga & Meyer (2001) Am. Zool. 



Bass

Cichlid

Fugu

Medaka

Zebrafish

Mouse

Human

Chick

Lungfish

Shark

0.01 changes

82

100

72

92

60

79

Phylogenetic analysis of hoxa4/a9 sequences 

Malaga & Meyer (2001) Am. Zool. 



Santini, Boore & Meyer (2003) Genome Research 

Tilapia
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Mouse
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Length comparisons among HoxA clusters



  Pipmaker (Schwartz et al., 2000)  

•  computes alignments of similar regions in two or more DNA 
sequences - the alignment is summarized with a “percent identity 
plot” (pip)  from 50-100% 

•  the alignment engine is BlastZ, an experimental variant of the 
Gapped Blast program (Altschul et al. 1997; Zhang et al. 1998), 
designed for aligning long sequences 

•  accommodates small overlaps between adjacent alignments 

•  permits a variety of “gap penalties” to be charged for offsets 
between two adjacent alignments in an optimal chain (particularly 
reducing the negative score due to gap opening and extension) 



Comparison of HoxAa sequences	


exon	
 undescribed conserved region	
intron	
 described conserved region	
 gene	
 cds	
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Pipmaker analyses of fish and tetrapod Hox Aa clusters 

Santini, Boore & Meyer  (2003) Genome Research 



       Variation in Hox A cluster size is correlated with genome size	
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Santini, Boore & Meyer (2003) Genome Research 



The lengths of intergenic conserved sequence blocks  
        decreases from 3’ to 5’ in the in Hox A clusters  

Santini, Boore & Meyer (2003) Genome Research 



Evolution of vertebrate Hox gene clusters) 

Meyer & Van de Peer BioEssays (2005) 



Example:	  Hox14	  

Kuraku	  et	  al.	  PNAS	  105:	  6679	  (2008)	  	  

Many	  gene	  losses	  in	  each	  lineage	  –	  clarifica-on	  of	  “iden-ty”	  

ML	  (JTT+I+G4)	  
58	  amino	  acids	  
BPP/ML/NJ-‐BP	  

-‐	  Hox1–14	  in	  the	  vertebrate	  ancestor	  

-‐	  AmphiHox14	  paralogous	  to	  	  
	  	  vertebrate	  Hox14	  

Amphioxus	  

Vertebrates	  

9	   10	  11	  12	   13	  14	   15	  

9	   10	   11	   13	  12	   14	  

Inferred	  based	  on	  Holland	  et	  al.,	  2008.	  Genome	  Res.	  18:	  1100	  

tandem	  duplica-ons	  

orthology?	  



Sequenced Hox BAC clones Astatotilapia burtoni	


Aa 

Ab 

Ba 

Bb 

Ca 

Da 

Db 

Hoegg, Boore, Kuehl and Meyer (2007) BMC Genomics 



Seven Hox clusters mapped to seven chromosomes in Astatotilapia burtoni	


Sanetra, Henning, Fukamachi and Meyer (2009) Genetics 



(Novel) Phylogenetic relationships among 10 fish model systems  
- based on ESTs 

Steinke, Salzburger & Meyer (2006) Journal of Molecular Evolution 



Phylogenetic relationships among teleost species	


ML tree based on 24 Hox genes (20009 bp) 

Hox clusters 

Hoegg, Boore, Kuehl and Meyer (2007) BMC Genomics 



Hox clusters 

Hoegg, Boore, Kuehl and Meyer (2007) BMC Genomics 

Gain and loss of Hox genes during teleost evolution	




Hox clusters 

Hoegg, Boore, Kuehl and Meyer (2007) BMC Genomics 

MicroRNA evolution in teleost fish	




Hox clusters are rich in conserved non-coding sequences	


Hoegg, Boore, Kuehl and Meyer (2007) BMC Genomics 



Hoegg, Boore, Kuehl and Meyer (2007) BMC Genomics 

CNS regions in Hox clusters of several fish models 



Meyer & Van de Peer BioEssays (2005) 

Evolution of vertebrate Hox gene clusters) 

Hoegg & Meyer Trends in Genetics  (2005) 



Kuraku and Meyer, Int. J. Dev. Biol., in press 

Evolu5on	  of	  Hox	  clusters	  in	  vertebrates	  

Post-‐TSGD	  type	  

Amniote	  type	  

Non-‐teleost	  fish	  type	  

Ancestral	  gnathostome	  	  
(jawed	  vertebrate)	  type	  

Kuraku	  &	  Meyer	  2009	  



    One mechanism of divergence in gene function -  
combining gene duplication and regulatory evolution	


Force et al. (1999) Genetics	
 Carroll et al. (2001) “From DNA to Diversity” 
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Mindell	  &	  Meyer	  2001,	  “Homology	  evolving”	  	  
Trends	  in	  Ecology	  and	  Evolu-on	  

Idealized	  phylogene-c	  tree	  illustra-ng	  seven	  forms	  of	  homology	  



Division: Teleostei   
(25,000 species) 

Subclass: Neopterygii 

Subclass: Chondrostei 

Zebrafish 

Pufferfish 

Cichlid 

Medaka 

Eel 

Arapaima 

Gar 

Bichir 

Subdivision: Euteleostei   

Land vertebrates 
Hoegg, Brinkmann & Meyer  Journal of Molecular Evolution (2004) 

Evolution of the fish genome - phylogenetic timing of the FSGD 



Does comparative genomics provide evidence  
for an ancient genome duplication event in fish ? 

(not only Hox cluster data?) 
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Genes with two copies in zebrafish 

Taylor, Van de Peer, Braasch & Meyer (2001)  Phil. Trans. Roy. Soc. 
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Genome duplication shared by all fish ? 
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Van de Peer, Frickey, Taylor & Meyer (2002) Gene 
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Dating the fish-specific genome duplication  

Van de Peer, Taylor, Braatsch & Meyer (2001) Journal of Molecular Evolution 



Meyer & Zardoya 2003, Ann. Rev. Ecol. Syst.  

Dating the fish-specific genome duplication  

Major phylogenetic relationships among basal Actinopterygii:	




Fish-specific genome duplication (FSGD)  
precedes major diversification of ray-finned fishes  

sox and tyr data 

Hoegg, Brinkmann, Taylor & Meyer  Journal of Molecular Evolution  (2004)	


gar	

sturgeon	




Dating the fish-specific genome duplication  

Hoegg, Brinkmann & Meyer  Journal of Molecular Evolution (2004) 



Evolution of the fish genome 



Fish: origin, age and diversity through time  

Meyer & Van de Peer (2005) BioEssays 

Evolution of the fish genome 
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Meyer & Schartl (1999) Curr. Op. Cell. Biol. 

Synteny:  

paralogous chromosomes 



Evidence for a fish-specific (3R) genome duplication - analyses of the paranome!

Vanderpoele, Wouter, Taylor, Meyer and Van de Peer PNAS (2004) 	




Evidence for a fish-specific (3R) genome duplication!

Vanderpoele, Wouter, Taylor, Meyer and Van de Peer PNAS (2004) 	




Evidence for a fish-specific (3R) genome duplication!

Meyer and Van de Peer BioEssays (2005) 	




Evidence for a fish-specific (3R) genome duplication!
 - estimated ages of duplicate genes (paralogs)!

Vanderpoele, Wouter, Taylor, Meyer and Van de Peer PNAS (2004) 	




Asymmetric rates of duplicated genes in fish	


Steinke, Salzburger  Braasch & Meyer BMC Genomics (2006) 



Steinke, Salzburger  Braasch & Meyer BMC Genomics (2006) 

Phylogeny of the studied fish species. 	

The proportion of genes with significantly lower (red) or higher (blue) distance to the human ortholog 	

than to other fish species, are mapped onto the phylogeny as proportional triangles. 	

Numbers within the triangle represent the total abundance of those genes. 	

The percentages represent the corresponding proportion of transcription factors.	


Asymmetric rates of duplicated genes in fish	




Asymmetric rates of duplicated genes in fish	


Steinke, Salzburger  Braasch & Meyer BMC Genomics (2006) 



Asymmetric rates of duplicated genes in fish	


Steinke, Salzburger  Braasch & Meyer BMC Genomics (2006) 



Asymmetric rates of duplicated genes in fish	


Steinke, Salzburger  Braasch & Meyer BMC Genomics (2006) 



Known genome duplications 
in eukaryotes   

Van de Peer, Maere & Meyer Nature Review Genetics (2009) 

Whole genome duplications across the phylogeny of eukaryotes. 
Schematic and heavily pruned phylogenetic tree of eukaryotes, showing taxa 
that have experienced whole genome duplications.  Paleopolyploidy events 
are indicated as red bars, and are based on studies published previously for 
plants 6, 21, 28, fishes 11, 61, 62, vertebrates 120, fungi 22, and ciliates 14.  
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Reciprocal gene loss or subfunctionalization  and speciation   

Van de Peer, Maere & Meyer Nature Review Genetics (2009) 

Figure 3: Reciprocal gene lo ss or subfunctionalization facilitates 
speciation.  (a) Red bands on c hromosomes represent a locus t hat is 
duplicated (along with all other loci) during a tetraploidization event. In this 
hypothetical example, following d iploidization, the duplicated gene i s 
present on two d ifferent chromosomes. Af ter geographic isolation, both 
populations have lost the duplicate on different chromosomes.  If individuals 
from isolated populations mate, t heir ‘hybrid’ pro geny would be 
heterozygous, possessing a functional allele at each locus of the duplicated 
gene. However, crosses between the F1 individuals produce some 
(approximately 6%) 1/16th F2 individuals with only null alleles at both loci in 
question (black sq uare), and therefore lacking viability and/or fertility.  
Others would receive from one allele (light grey squares), which might 
reduce functionality when a gene is haploinsufficient to three or f our 
functional alleles (dark grey squares), which might have a negative dosage 
effect. All these might lead to post-mating reproductive isolation 52. (b) Red 
bands again represent a locus that is duplicated during a tetraploidization 
event but this tim e, following diploidization and geographic isolation, the 
duplicated genes in the different populations have subfunctionalized 
(orange and yellow bands on c hromosomes). Hybrids between the two 
populations should in general develop normally but in the F2, a portion o f 
their offspring will be homozygous fo r alleles lackin g one essential 
subfunction (1/16th of the F 2) or the other (another 1/16th) (black 
squares), thus reducing the fitness of hybridizing individuals. Other F2 
individuals might, as in (a) show reduced fitness due to dosage of 
haploinsufficiency effects. 




