
Coloration: a great system to study genotype-
phenotype relationships

M1 – ENS
Module "Genomes and Phenotypes" 

Nov. 14th 2019

© Aleksey Stemmer 

Thibault Lorin



Volff's lab

Laudet's lab

(No lab)



© Aleksey Stemmer 

Introduction



"Coloration"    or     "pigmentation"?



"Structural colors"





"Coloration"  ≠ "pigmentation"



2011

"Coloration"  ≠ "pigmentation"



Genotype-phenotype relationships

Relationships between 
genes and the phenotype, 
and their modulation by 

the environment 



Genotype-phenotype relationships

(more detail and info here)
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Introduction

I. Coloration: a great system to study 
genotype-phenotype relationships

a. Coloration in the History of Science

b. Coloration in Vertebrates



Why study coloration?



Why study coloration?

→ Aesthetic

→ Profitable

→ Convenient



Coloration and naturalists' interest

“Everybody is interested in pigeons” . 
[A book like this would] “be reviewed 
in every journal in the kingdom and 

soon be on every table.”

Whitwell Elwin Charles Darwin



Coloration and naturalists' interest

"I do not hesitate to affirm that some domestic 
races of the rock-pigeon differ fully as much 

from each other in external characters as do the 
most distinct natural genera."



Maize has varied in an extraordinary and 
conspicuous manner ….. The seeds are coloured

– white, pale-yellow, orange, red, violet …

Coloration and naturalists' interest… also in plants!



Alfred R. Wallace (1823-1913)

Wallace and "coloration"
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Alfred R. Wallace (1823-1913)

Wallace and "coloration"



Alfred R. Wallace (1823-1913)

Camouflage

Intra- or Interspecific 
communication colors

Wallace and "coloration"



Alfred R. Wallace (1823-1913)

Camouflage

Intra- or Interspecific 
communication colors

Wallace and "coloration"



Coloration and the History of the comprehension of GP relationships



Mendel

Gregor Mendel 
(1822-1884)

"Father of modern 
genetics“

→ Discovery of “heredity
factors”

→ Coloration at the basis of the Mendel's Laws of Inheritance: 

Law of Segregation, Law of Independent Assortment, Law of Dominance



Morgan

Thomas Hunt 
MORGAN 

(1866-1945)

1909 (Nobel 1933)

white  gene

Lilian MORGAN 
(1870-1952)



McClintock

Barbara McClintock
(1902-1992)

Maize variegation



Barbara McClintock
(1902-1992)

→ Coloration at the basis of the 
discovery of major genome
sequences, transposable 

elements ("controlling elements")

Warren, Naville, Chalopin et al. (2015)

Maize variegation

McClintock



Coloration and the History of genetics: a summary (in Vertebrates only)

Hoekstra (2006) Genetics, development and evolution of adaptive pigmentation in vertebrates
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I. Coloration: a great system to study 
genotype-phenotype relationships

a. Coloration in the History of Science

b. Coloration in Vertebrates



Knecht et al. (2002) Nat. Rev. Gen. 

Pigment cells in vertebrates originate from the neural crest





Developmental, cellular and molecular basis of pigmentation in Vertebrates

Melanocytes (eu-
or pheo-melanin) 

Xanthophores/ 
erythrophores
(pteridins, 
carotenoids) 

Iridophores
(purines) 

Lorin et al. (2018) G3: Genes|Genomes|Genetics 



Developmental, cellular and molecular basis of pigmentation in Vertebrates



Bennett and Lamoreux (2003) Pigment Cell Res.

Coloration is a very diverse trait…



Coloration is a very diverse trait… encoded by a plethora of genes

Bennett and Lamoreux (2003) Pigment Cell Res.



Coloration is a very diverse trait… encoded by a plethora of genes

Lorin et al. (2018) G3



Changes in "coding sequences" → changes in coloration: "direct GP relationship"

Irion et al. (2014) eLife

gene cx41.8 in zebrafish



But… The GP relationship is more complex than "one gene / one trait" 

Ducrest  et al. (2008) TREE

→ One gene / MULTIPLE traits: Pleiotropy of "color genes"



But… The GP relationship is more complex than "one gene / one trait" 

Ducrest  et al. (2008) TREE

→ One gene / MULTIPLE traits: Pleiotropy of "color genes"

→ MULTIPLE genes / one trait



Coloration is sometimes due to regulatory sequences rather than "genes"

Santos  et al. (2014) Nature Comm.

1. Cis-regulatory sequences

Cichlid fish



Coloration is sometimes due to regulatory sequences rather than "genes"

Bradley  et al. (2017) Science

1. Cis-regulatory sequences

2. Non-coding RNAs



Coloration is sometimes due to regulatory sequences rather than "genes"

Dolinoy (2008)

1. Cis-regulatory sequences

2. Non-coding RNAs

3. Epigenetics

”Yellow mice are hypomethylated at the 
transposable element upstream of the Agouti 
gene allowing maximal ectopic expression”



Why study coloration?

→ Profitable

→ Aesthetic

→ Convenient



Why study coloration?

Coloration is a fast-evolving trait



Coloration is a fast-evolving trait

Gautier  et al. (2018) Current Biol.



Adapted from Litsios et al. (2012), Litsios, Pearman et al. (2014) and Litsios and Salamin (2014) 
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Introduction

I. Coloration: a great system to study 
genotype-phenotype relationships

a. Coloration in the History of Science

b. Coloration in Vertebrates

→ Many cell types and genes
→ Not only genes
→ Fast evolution
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Introduction

I. Coloration: a great system to study 
genotype-phenotype relationships

a. Coloration in the History of Science

b. Coloration in Vertebrates

II. A case study: clownfish coloration

a. Clownfish: a new model system

b. Determinism of clownfish coloration
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Why a new model system ?



Ecology and evolution of clownfish Amphiprion ocellaris

Topology adapted from Litsios et al. (2012), Litsios, Pearman et al. (2014) and Litsios and Salamin (2014) 

fishbase.org

8



Lifecycle of clownfish A. ocellaris



Pigmentary changes during A. ocellaris post-embryonic development

Roux et al. (2019)
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Cells present in each band in A. ocellaris 

Pictures: N. Roux



Cells present in each band in A. ocellaris 

Pictures: N. Roux

?



Cells present in each band in A. ocellaris 

Pictures: N. Roux

?
→ Genetic determinism of white band

→ Identify new candidate genes for white band development



Comparison white vs. orange skin using RNA-Seq



White skin of A. ocellaris  harbors iridophores, not leucophores

Salis*, Lorin* et al. (2019) 



Salis*, Lorin* et al. (2019) 

RNA-Seq comparison of white vs. orange skin 

83 genes

86 genes



RNA-Seq comparison of white vs. orange skin 

83 genes

86 genes

Comparable with
zebrafish iridophores 

Salis*, Lorin* et al. (2019) 



10 most DEGs in white skin 

83 gènes

86 gènes

19

Salis*, Lorin* et al. (2019) 



Salis*, Lorin* et al. (in prep.) / Santos et al. (2014) Nature Comm.

83 gènes

86 gènes

19

10 most DEGs in white skin 



83 gènes

86 gènes

10 most DEGs in white skin 

non-annotated
→ roshi-a

Salis*, Lorin* et al. (2019) 



Functional validation using CRISPR-Cas9 in D. rerio

Salis*, Lorin* et al. (2019) 



Functional validation using CRISPR-Cas9 in D. rerio

Salis*, Lorin* et al. (2019) 
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I. Coloration: a great system to study 
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a. Coloration in the History of Science
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a. Clownfish: a new model system

b. Determinism of clownfish coloration

Conclusion



Evolution of GP relationships

The EVOLUTION of



Lorin et al. (in prep.) 

Top 3.6%

Structure and putative function of Roshi-a



Lorin et al. (in prep.) 

Carnitine
acetyltransferase

Aspartyl peptidase HIT-like Aminoacyl-tRNA
synthetase

Structure and putative function of Roshi-a



Roshi-a is a "Long Putative Multifunctional Cytosolic Enzyme"

Lorin et al. (in prep.) 

Carnitine
acetyltransferase

Aspartyl peptidase HIT-like Aminoacyl-tRNA
synthetase

Structure and putative function of Roshi-a



Roshi has a patchy distribution within animals

Lorin et al. (in prep.) 



Lorin et al. (in prep.) 

Roshi has a patchy distribution within animals



Lorin et al. (in prep.) 

Viruses.... Iridoviruses!

Roshi has a patchy distribution within animals



Lorin et al. (in prep.) 

roshi gene tree does not correspond to species tree



Lorin et al. (in prep.) 

roshi gene tree does not correspond to species tree



roshi gene tree does not correspond to species tree

Lorin et al. (in prep.) 

Lateral Gene 
Transfer ?



Hypothetical scenario for roshi  evolution



Lorin et al. (2018) G3

Iridophore evolution: monophyly within vertebrates?



Lorin et al. (2018) G3

Iridophore evolution: monophyly within vertebrates?



Evolution of GP relationships

The EVOLUTION of
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Thank you for your attention
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"Chemical" colors...

Pigment-containing layer



Pigment-containing layer

Reflective layer

"Chemical" colors.... Need structural layers!



Developmental, cellular and molecular basis of pigmentation in 
Vertebrates

Mosaic 
pigment cells



Lorin et al. (in prep.) 

Roshi  a été dupliqué et retenu après la Ts3R

24



Kurita and Nakajima (2012) Viruses

Roshi-b a été transféré à un virus de manière horizontale

Séquences de Mégalocytivirus...

Virus

- Anémies
- Hémorragies
- Exophtalmie
- Gonflement de la rate

... qui sont des Iridovirus !

24

Percomorpha
(100 Ma)



La phylogénie de roshi ne correspond pas à la phylogénie des 
espèces

Lorin et al. (in prep.) 

Transfert :
- de "qui" vers "qui" ? 
- "quand" ? 
- "comment" ?

Vincent Daubin

Patron évolutif suggérant une transmission horizontale du 
gène



Estimation des âges de transfert de roshi  chez les Animaux

Lorin et al. (in prep.) 

Roshi  a moins de 450 
Ma et plus de 350 Ma 

27



Estimation des âges de transfert de roshi  chez les Animaux

Lorin et al. (in prep.) 

< 400 Ma 

< 200 Ma

Roshi  a moins de 450 
Ma et plus de 350 Ma 

< 100 Ma 

< 500 Ma

27



More recently… "Color" is still a first-considered trait

Nature  cover (1981)

Among all possible mutants used to describe the 
emergence of a new model system, guess which 

one was used? 

Golden… a pigmentary mutant!



More recently… "Color" is still a first-considered trait

Nature  cover (1981)

Among all possible mutants used to describe the 
emergence of a new model system, guess which 

one was used? 

Golden… a pigmentary mutant!

Potential biases in the choice 
of model systems?



Distribution de roshi  chez les Eumycètes 

29



Quels sont les modes de transfert envisagés pour roshi  ?

1. Les HGT sont moins fréquents mais tout de même possibles chez les 
Eucaryotes

2. Les HGT "inter-Animaux" sont rares

3. Les mécanismes de transfert reposent probablement sur des vecteurs viraux

a. Roshi-b transféré horizontalement à des Iridovirus
b. Roshi présent chez des Acariens
c. Ecologie compatible (aquatique)

Waddington et al. (2015)
Biol. Letters

30

Moran et al. (2010) Science
Sun et al. (2015) Sci Rep

Gilbert et al. (2012) Mol Biol Evol
Graham et al. (2012) BMC Evol Biol
Peccoud et al. (2017) PNAS

Gilbert et al. (2010) Nature
Gilbert and Cordaux (2017) Curr Opin Virol



Quels sont les modes de transfert envisagés pour roshi  ?

1. Les HGT sont moins fréquents mais tout de même possibles chez les 
Eucaryotes

2. Les HGT "inter-Animaux" sont rares

3. Les mécanismes de transfert reposent probablement sur des vecteurs viraux

4. Au sein des Champignons, les transferts horizontaux sont possibles 

Fitzpatrick (2012) FEMS Microbiol Lett
Xie et al. (2008) BMC Evol Biol

30

Moran et al. (2010) Science
Sun et al. (2015) Sci Rep

Gilbert et al. (2012) Mol Biol Evol
Graham et al. (2012) BMC Evol Biol
Peccoud et al. (2017) PNAS

Gilbert et al. (2010) Nature
Gilbert and Cordaux (2017) Curr Opin Virol



Salis*, Lorin* et al. (in prep.) 

La peau blanche a une "identité d'iridophores"

Higdon et al. (2013) Plos One

18



Salis*, Lorin* et al. (in prep.) 

La peau blanche a une "identité d'iridophores"

Higdon et al. (2013) Plos One

18



Lorin et al. (2018) G3

Lorin et al. (2018) G3
33

Roshi et d'autres gènes invitent à envisager l'évolution des 
iridophores chez les Vertébrés sous un nouvel angle



Wallace et la "coloration animale"
Une classification revisitée sur l'exemple des poissons coralliens



Adapté de Knecht et al. (2002) Nat. Rev. Gen. et de Simoes-Costa et al. (2015) Development

Les cellules pigmentaires proviennent de la crête neurale



Salis*, Lorin* et al. (in prep.) 

Peau orange en microscopie



Salis*, Lorin* et al. (in prep.) 

Pipeline utilisé pour l'analyse des différences d'expression



Salis*, Lorin* et al. (in prep.) 

La peau blanche a une "identité d'iridophores"

Higdon et al. (2013) Plos One



Salis*, Lorin* et al. (in prep.) 

La peau blanche a une "identité d'iridophores"

Higdon et al. (2013) Plos One



Megalocytivirus (Iridoviridae)


