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• Actual applications: 

•  Tracking Ebola virus evolution 
•  Rapid identification of bacteria/antibiotic resistances  
 
 
 
 
 
 
 
 
 
•  Astrobiology (MinIONs on the International Space Station) 
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Basic NGS experiments 

• RNA-seq 
Sequencing of cDNA 

• ChIP-seq 
Sequencing of DNA associated with binding proteins 
(Chromatin ImmunoPrecipitation) 

• Genome resequencing and genotyping 
Discovery of variation (SNPs and indels) 

• Genome sequencing 
De novo assembly 
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More fish genomes 

Rainbow trout 
Oncorhynchus mykiss 

European eel 
Anguilla anguilla 

Common carp 
Cyprinus carpio 

Atlantic salmon 
Salmo salar 
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The common carp genome 

• Carp is a close relative of zebrafish 

• Important commercial species (aquaculture) 

• Used for immunological studies 

• Genome sequenced to support RNA-seq studies 

• Carp has experienced a (full?) genome 
duplication (~12 Mya) 

 
 

 



The common carp genome 

• Homozygous, pseudotetraploid individual 

• Genome size: ~1.5 Gb  

• Scaffold N50: 17 Kb (not so good) 

 

• Zebrafish genome size: 1.4–1.5 Gb 

• Zebrafish repeat content: ~52% 

• Carp repeat content: ~16% 
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Genome duplication 

• Carp has twice as many genes as zebrafish 

• Zebrafish have more genes than humans 

• Vertebrates have more genes than non-vertebrate chordates 
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Carp transcriptome atlas 

• >100 tissue samples 

 
 

 



Carp transcriptome atlas 





Genome duplication in salmonids 

• Salmonids share  
a whole-genome  
duplication (~100 Mya) 

• This genome duplication 
is independent from the 
carp genome duplication 

 
 

 



Rainbow trout transcriptomics 

• RNA-seq on red and white muscle tissue 

• Swimming and resting fish 

 
 

 



Rainbow trout transcriptomics 

• RNA-seq on red and white muscle tissue 

• Swimmers and resters 
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  The eel life cycle   
  Population structure (RAD-tags) 
  Pituitary transcriptome (RNA-seq) 
  Genome duplication 
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Eel larvae (leptocephali) 

Miller 2009 



Eel biology 

• The eel is a representative of the most primitive teleosts 
(superorder Elopomorpha, diverged quickly after the  
teleost-specific genome duplication) 

• Elopomorpha exhibit indirect development,  
with a distinct larval stage (leptocephalus) 

• Eel species have a long and complex life cycle 

• Only one population (panmictic),  
but some interbreeding with American eels 

• Eels are weird  
(elongated, toxic, fluorescent) 

 

 

 



Why eel genomics? 

• The European eel (Anguilla anguilla) is  
an economically important species 

 

 

 

 

• Currently, eels are in trouble 



Why eel genomics? 

• Eels do not reproduce in captivity 

• Genomics tools are being used to study  
• population structure (RAD-tag sequencing)  
• physiology (RNA-seq, microarrays) 
• development and evolution (genome sequencing) 

 

 



The eel life cycle 

Schmidt 1923/1925 
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Glass eels 
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Silver eel 
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Population structure of European eels 

• Panmictic or not? 
(i.e. one single interbreeding population, or with substructure?) 

• Studied by RAD-tag SNP genotyping 

• 259 glass eels from 8 locations 

• 50354 SNPs indexed 

 

 

 

 



Population structure of European eels 

• 5.9% hybrids with American eels (A. rostrata) in Iceland, 
introgression in mainland Europe 

• Almost no population substructure, but local selection for 
calcium signalling, Wnt signalling, circadian rhythm, etc. 

 

 

 



Local selection in American eels 

• Unambiguously panmictic 

• However, large differences in phenotypes between 
• Freshwater eels: long-lived, large, almost exclusively female 
• Brackish water eels: early migrants, smaller, some males 

 

 

 

 

 

• Phenotypic plasticity or local selection? 

 

 

 

 



Local selection in American eels 

• Studied by RAD-tag SNP genotyping 

• Eels from 16 locations  

• 42424 SNPs indexed 

 

 

 

 



Local selection in American eels 

• 331 SNP differences between  
freshwater/saltwater eels 

• Associated genes: developmental, 
urinary transport, respoiratory system 
 

 

 

 



population structure 

evo-devo 

physiology of 
maturation 



The European eel genome 

• Sequenced and assembled in Leiden 2010–2011 

• Funding from The Netherlands, Japan, Norway, France 

• ~1.1 Gbp genome size 

• Scaffold N50 = 78 Kbp 

• Fragmented draft assembly because of short read sequencing 
(Illumina) and high levels of heterozygosity 

• (We will try to improve this using nanopore sequencing) 

 

 

 

 



The European eel genome 

• Physiology of maturation 
(RNA-seq and microarray studies of gonads, fin clips, pituitary) 

• Evolution and development 
(body plan, life cycle, genome evolution) 

 

 

 

 



RNA-seq on the pituitary gland 



RNA-seq on the pituitary gland 



RNA-seq on the pituitary gland 

• Silver eel pituitary:  
•  >30% of mRNA codes for pro-opiomelanocortin (POMC) 
•  POMC affects stress levels, skin colour, energy metabolism 
•  Very high expression of POMC-processing enzymes 
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Hox genes and clusters 

• Hox genes are transcription factors involved in the 
determination of cell fate during development 

• Hox gene count ~ developmental complexity 

• Hox genes proliferate through duplication 
(tandem gene duplication and full genome duplication) 

• Usually, duplicate genes disappear, unless functional 

 

 

 



Hox-clusters 

• Hox genes encode 
transcription factors involved  
in patterning the embryo 
(body plan) 

• Occur in tightly organized 
clusters in most animals 

• Cluster counts increase 
through genome duplication 

• Tetrapods have four clusters 

 

 

 



Hox cluster duplications in carp 

• Zebrafish: 
51 genes, 
7 clusters 

• Carp: 
88 genes 

• 40% gene loss 
after duplication? 
 



The fate of duplicated genes 
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Gene duplication 

“Natural selection 
merely modified, while 
redundancy created” 

(1970) 



Genome duplication and innovation 

Lynch 2007 

• Three rounds of genome 
duplication in vertebrate 
evolution 

• Duplicate Hox genes/clusters 
are freed from functional 
constraints 

• This leads to evolutionary 
novelties and increases in 
complexity 

• Or morphological flexibility: 
teleosts are not more complex 
than tetrapods 
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Phylogenetic position 



Hox gene clusters of A. anguilla 

• 73 genes in 8 clusters 

• All are expressed at 26 hours post-fertilization  

 



Hox expression 



2R: jaws, paired appendages 

3R: increased morphological plasticity? 

1R: neural crest, big brain 



Eel Hox paradoxes 

• The eel’s Hox clusters have lost very few genes since the 
teleost-specific genome duplication (~300 Mya) 

• More (stable) Hox genes = higher developmental complexity ? 



Eel Hox hypotheses 

• Eels have a strange, elongated from 

• However, many of their Elopomorpha relatives do not 

• Amongst eels, a lot of diversity in mechanisms 
 

• The leptocephalus larval form emerged quickly  
after the genome duplication 

 



Leptocephalus larvae 

Inoue 2004 



Hox clusters and complex life cylces? 

• The eel life cycle is tied to increased developmental complexity 

• Is this a general phenomenon for migratory fish species? 

 

 

 

 



Hox clusters and complex life cylces? 

3 genome duplications (ancient) 
73 Hox genes 
stable and functional 
extra larval stage 

4 genome duplications (recent) 
88 Hox genes 
unstable, functional? 
no extra larval stage 

4 genome duplications (ancient) 
118 Hox genes 
stable, functional? 
extra larval stages 

 
 

 

 

 

 

 

 

 



Genomics and the eel life cycle 

• SNP genotyping uncovers the eel population structure  
and selection pressures 

• Transcriptomics illuminate eel physiology at distinct life stages 

• Genomics explain the origin of the eel body plans 
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