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Na elaboração desta tese, e nos termos do número 2 do Artigo 4º do Regulamento Geral dos Terceiros 

Ciclos de Estudos da Universidade do Porto e do Artigo 31º do D.L.74/2006, de 24 de Março, com a 

nova redação introduzida pelo D.L. 230/2009, de 14 de Setembro, foi efetuado o aproveitamento total 

de um conjunto coerente de trabalhos de investigação já publicados ou submetidos para publicação em 

revistas internacionais indexadas e com arbitragem científica, os quais integram alguns dos capítulos 

da presente tese. Tendo em conta que os referidos trabalhos foram realizados com a colaboração de 

outros autores, o candidato esclarece que, em todos eles, participou ativamente na sua conceção, na 

obtenção, análise e discussão de resultados, bem como na elaboração da sua forma publicada. 
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Genética e Evolução (BIODIV). 

 

 

 

 

 

 

 

  



  FCUP  

Genetic basis of avian traits  

3 

Acknowledgements 

Firstly, I would like to thank to my all supervisors Miguel Carneiro, Ricardo Lopes and Leif Andersson, 

for the demanding task of supervising myself last four years. In particular, I am indebted to Miguel for 

all effort, advice and patience introducing myself to bioinformatics and helping me to establish my 

interest in functional genomics. 

Secondly, I am very grateful to Leif Andersson, Joseph Corbo, Tracy Larson and Thomas Gilbert for 

hosting me at their laboratories for short-term scientific visits to experiment with other techniques and 

experience different scientific environments in diverse countries. 

I was very lucky to establish myself in EVOLGEN group in CIBIO and being part-time member of 

EVOCHANGE group. I would like to express my gratitude for having me last four years, all discussions, 

meetings, journal clubs. With special courtesy of Sandra Afonso for all trouble shooting in the lab and in 

the lab notebook, to Pedro Andrande and Cristiana Marques for exciting work done together, 

discussions and shared troubles with Portuguese  bureaucracy. Finally to Jose Melo-Ferreira to be my 

unofficial co-supervisor, for having additional member of journal club and significantly committing 

towards my academic development. 

I feel privileged that I had an unique opportunity to work with all my collaborators, who significantly 

contributed not only to our manuscripts but also to my grow as a scientists, I especially would like to 

expressing thankfulness to Matthew Toomey, Joseph Corbo and Geoffrey Hill for exchanging countless 

number of emails, all great ideas, corrections and inside jokes. 

I am thankful Beatriz Lacerda and Markella Moraitou, who taught be me how to teach and supervise 

being such a great students. 

My work would not be possible without passion and curiosity of the generations of canary and pigeons 

breeders and fanciers. I thank for generous supply of samples and photographs for my projects. Words 

cannot describe how grateful I am for the best graphical abstract of my PhD to talented cartoonist 

Justyna Kierat. 

I am truly grateful to have such an amazing network of friends all around the world, who helped me to 

stay on my career path and quite often believed in me more than myself. 



  FCUP  

Genetic basis of avian traits  

4 

Finally, the big thanks to my family, for allowing me to develop my interests, realize my crazy ideas and 

just being myself, especially to my parents Anna and Marek Gazda and my beloved sister Barbara 

Gazda-Lewandowska. My PhD in Porto inspired the name for my parent’s admired dog Porto. 

Finally yet importantly I would like to show appreciation Fundação para a Ciência e Tecnologia (FCT) 

for granting a PhD scholarship (PD/BD/114042/2015) therefore creating for me an opportunity to 

perform my doctoral research in Portugal.  



  FCUP  

Genetic basis of avian traits  

5 

Abstract 

One of the 'grand challenges' in contemporary biology is to dissect the genetic basis of traits. 

The main aim of this thesis was to develop comprehensive links between traits with high importance for 

avian evolution and their genetic basis, using four different breeds of domestic birds (canaries and 

pigeons) as model systems. The studies were performed by resequencing whole genomes and 

establishing association between genotype and phenotype. Ultimately, the candidate genes were 

functionally tested to confirm the association and to provide detailed information about gene function.  

The first manuscript focuses on the evolution of traits associated with flying performance and 

spatial orientation. The molecular basis of the superior athletic and navigational capabilities of racing 

pigeons was investigated by using whole-genome and RNA sequencing data. Multiple signatures of 

positive selection distributed across the genome of racing pigeons were inferred, with a signature that 

stood out around the calcium/calmodulin dependent serine protein kinase gene (CASK). This gene was 

implicated in the formation of neuromuscular junctions. Surprisingly, not a single diagnostic allele was 

found between racing pigeons and other breeds and gene expression analysis between racing and non-

racing breeds revealed modest differences in expression in brain and muscle tissue. Taken together, 

these results show that the unique suite of traits that enable fast flight, long endurance, and accurate 

navigation in racing pigeons, do not result from major loci acting as master switches but likely from a 

polygenic architecture that leveraged standing genetic variation available at the onset of the breed 

formation. 

After flying performance, one of the crucial traits for avian evolution is coloration. Yellow, orange, 

and red, carotenoid-based pigmentation is one of the pivotal drivers of avian diversity. Apart from 

producing an impressive range of colors and patterns, it has an important role in individual quality 

signaling and interactions. The carotenoid coloration is generated through the deposition of diet-derived 

pigments, but the mechanisms of carotenoid uptake and transport are not well understood. The next 

three research articles focused on genetic basis of carotenoid-based coloration and related traits in 

common canary (Serinus canaria).  

In the second article, we examined mechanisms of carotenoid uptake taking advantage of the 

white recessive canary breed, which carries an autosomal recessive mutation causing white plumage. 

Biochemical analysis revealed a genetic defect in carotenoid uptake. Detailed genomic analyses 

comparing the white recessive to yellow and red breeds of canaries showed that the white recessive 

allele is due to a splice-donor site mutation in the scavenger receptor B1 gene (SCARB1). Through 

functional assays, we further demonstrate that this mutation leads to a loss of function of the gene. 
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Taken together, the results indicate that SCARB1 is an essential mediator of the expression of 

carotenoid-based coloration in birds and suggest a potential link between visual displays and lipid 

metabolism. 

In the third manuscript, we investigated the genetic basis of bare-part coloration driven by 

carotenoid pigments. The domestic urucum breed of canaries, that carries a mutation leading to bright 

red bills and legs, offered a unique opportunity to understand how leg and bill coloration evolves in birds. 

The causative locus was identified through a range of analyses on re-sequenced genomes in order to 

search for genotype-to-phenotype associations. A nonsynonymous mutation in the gene beta-carotene 

oxygenase 2 (BCO2), an enzyme involved in the cleavage and breakdown of carotenoids was identified. 

Protein structural models and in vitro functional assays confirmed dysfunction of carotenoid cleavage 

activity of mutant BCO2. Additionally, urucum canaries were characterized by a significant reduction in 

levels of carotenoid cleavage products (apocarotenoids) in retinal tissue indicating that BCO2 plays an 

important role in the pigmentation of the cone oil droplets, tuning sensitivity of photoreceptors. Our 

results further suggest that carotenoid-based bare-part coloration might be quickly gained, modified, or 

lost through simple switches in the enzymatic activity or regulation of BCO2 and this gene may be an 

important mediator in the evolution of bare-part coloration among bird species.  

Finally, the fourth manuscript provide insights into molecular mechanisms associated with the 

expression of sexual dichromatism (differences in coloration between males and females). These types 

of dimorphic traits are widely used to illustrate trade-offs between sexual and natural selection, yet, the 

molecular mechanisms through which birds evolve sex-specific coloration are poorly understood. The 

hybrid mosaic canary, a product of an interspecific cross between the sexually dichromatic red siskin 

and common monochromatic canaries, is a unique canary model characterized by pronounced 

differences in carotenoid-based coloration between males and females. Using a combination of genomic 

and transcriptomic approaches, we show dichromatism in mosaic canaries is controlled by a small 

autosomal region of red siskin origin that alters the expression of BCO2 in males and females, but 

specifically to the integument. This allowed us to conclude that dichromatism in mosaic canaries, and 

presumably in red siskin, is explained by variation in the rate of carotenoid degradation in peripheral 

tissues of each sex. Next, to put the results in a broader evolutionary context, we extended our study 

by applying transcriptomic analyses to a continuum of sexual dichromatism in finches. These analyses 

revealed that BCO2 is also implicated in sexual dichromatism in other species. Our results demonstrate 

how large differences in ornamental coloration between sexes can evolve from simple molecular 

mechanisms controlled by genes of major effect and have important implications to theories of honest 

signaling and sexual selection.  
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Overall, the studies described in this thesis provided detailed understanding of the genetic basis 

of traits with high importance for avian evolution. Among these studies, we found a variety of 

evolutionary mechanisms underlying the creation of specific phenotypes, such as de novo mutation, 

introgression, or selection on standing genetic variation. We further found a variety of mutational 

processes, including protein coding changes, regulatory variation, and splice-site mutations. The work 

described in the thesis is therefore a significant contribution towards a better understanding of the 

evolution of avian traits. 

 

Keywords 

Genomics, complex trait, athletic performance, selective sweep mapping, carotenoid, coloration, 

sexual dimorphism 
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Resumo 

Um dos maiores desafios da biologia moderna é dissecar a base genética de caracteres 

fenotípicos. Consequentemente, o principal objetivo desta tese foi estabelecer ligações entre fenótipos 

com grande importância para a evolução das aves e a sua base genética, usando quatro raças distintas 

de aves domésticas (canários e pombos) como organismos modelo e metodologias multidisciplinares. 

Estes estudos foram realizados através da ressequenciação integral de genomas e estabelecimento 

de associações entre genótipo e fenótipo. Finalmente, os genes candidatos foram submetidos a testes 

funcionais de forma a confirmar a sua associação com o fenótipo e providenciar informação detalhada 

acerca da sua função. 

O primeiro manuscrito é focado na evolução de características associadas à performance em 

voo e à orientação espacial. A base molecular da superioridade atlética e de navegação dos pombos-

correio foi investigada através de dados obtidos por sequenciação integral do genoma e do 

transcriptoma. Inferimos múltiplas assinaturas de seleção positiva distribuídas ao longo do genoma dos 

pombos-correio, destacando uma assinatura na região do gene CASK (proteína serina-quinase 

dependente de cálcio/calmodulina). Este gene está envolvido na formação de junções 

neuromusculares. Surpreendentemente, não foi encontrado nenhum alelo diagnóstico entre pombos-

correio e as restantes raças e a análise de expressão génica entre pombos-correio e não-correio 

revelou diferenças moderadas na expressão cerebral e em tecidos musculares. No seu conjunto, estes 

resultados mostram que as características excecionais dos pombos-correio que lhes permitem um voo 

rápido, elevada resistência e navegação precisa não resultam da acção principal e independente de 

um loci de grande impacto, mas sim de uma arquitetura poligénica com origem em variação genética 

pré-existente aquando da formação das várias raças. 

Após a performance em voo, outro caráter fenotípico crucial na evolução das aves é a coloração. 

Seja amarela, laranja ou vermelha, a pigmentação por carotenoides é um dos impulsos fundamentais 

da diversidade aviária. Além de produzir um impressionante leque de cores e padrões, possui um papel 

determinante na comunicação da qualidade individual e nas interações interindividuais. A coloração por 

carotenoides é gerada pela deposição de pigmentos derivados da dieta. Contudo, os mecanismos pelos 

quais os carotenoides são absorvidos e transportados não são completamente conhecidos. Os três 

artigos científicos que se seguem focam-se na base genética da coloração por carotenoides e 

características relacionadas no canário (Serinus canaria). 

No segundo artigo, examinamos mecanismos de absorção de carotenoides tirando partido da 

raça de canário doméstico branco-recessivo, portadora de uma mutação autossómica recessiva que 
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causa plumagem branca. Análises bioquímicas revelaram um defeito genético na absorção de 

carotenoides nesta raça. Uma análise genómica detalhada, comparando canários branco-recessivo 

com raças de cor amarela e vermelha, demonstrou que o alelo branco-recessivo tem origem numa 

mutação localizada no splice-donor site do gene recetor-sequestrador B1 (SCARB1). Com recurso a 

ensaios funcionais, demonstramos ainda que esta mutação conduz à perda funcional deste gene. De 

uma forma geral, os nossos resultados indicam que o gene SCARB1 é um mediador essencial para a 

expressão da coloração por carotenoides nas aves, sugerindo uma potencial ligação entre exibições 

visuais e metabolismo de lípidos. 

No terceiro manuscrito, foi investigada a base genética da pigmentação das partes nuas  

resultante de pigmentos carotenoides. A raça de canário doméstico Urucum, portadora de uma 

mutação conducente a bico e patas de um vermelho intenso, proporciona uma oportunidade única de 

compreender a evolução da coloração do bico e patas em aves. O locus causal foi identificado com 

recurso a uma gama de análises baseadas em genomas ressequenciados de forma a examinar 

associações genótipo-fenótipo. Foi identificada uma mutação não sinónima no gene Beta-caroteno 

oxygenase 2 (BCO2), que codifica uma enzima envolvida na clivagem e degradação de carotenoides. 

Confirmamos que os indivíduos portadores desta mutação no gene BCO2 possuem uma disfunção na 

atividade de clivagem de carotenoides com ensaios funcionais e modelando a estrutura da proteína. 

Adicionalmente, os canários Urucum apresentam uma redução significativa nos níveis de produtos de 

clivagem (apocarotenoides) nos tecidos da retina, indicando que o BCO2 desempenha um papel 

preponderante na pigmentação das gotículas lipídicas que constituem os cones, afinando a 

sensibilidade dos fotorreceptores. Os nossos resultados sugerem ainda que a coloração carotenoide 

das partes nuas poderá ser rapidamente adquirida, modificada ou perdida através de simples 

alterações na actividade enzimática ou na regulação do BCO2; e que este gene poderá ser um 

mediador importante na evolução da pigmentação das partes nuas entre espécies de aves. 

Por fim, o quarto manuscrito foca-se nos mecanismos moleculares associados a dimorfismo 

sexual na coloração (diferenças na coloração entre machos e fêmeas). Estes tipos de características 

dimórficas são amplamente utilizados para ilustrar os compromissos entre seleção sexual e natural. No 

entanto, os mecanismos moleculares pelos quais as aves evoluem coloração associada ao sexo são 

mal compreendidos. O canário híbrido mosaico, produto de um cruzamento interespecífico entre o 

sexualmente dimórfico “Cardenalito” (Spinus cucullata) e canários monocromáticos, é um modelo 

singular de canário, caracterizado por pronunciadas diferenças de coloração entre machos e fêmeas. 

Combinando abordagens genómicas e transcriptómicas, mostramos que o dimorfismo sexual presente 

nos canários mosaico é controlado por uma estreita região autossómica originária do cardenalito, que 
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altera a expressão do BCO2 em machos e fêmeas, especificamente no integumento. Isto permitiu-nos 

concluir que a variação da coloração entre machos e fêmeas presente em canários mosaico, e 

presumivelmente em cardenalitos, é explicado pela variação na taxa de degradação de carotenoides 

nos tecidos periféricos de cada sexo. De seguida, para colocar estes resultados num contexto evolutivo 

mais abrangente, estendemos o nosso estudo aplicando análises de transcriptómica a um continuum 

de dimorfismo sexual em Fringilídeos. Estas análises revelaram que o BCO2 se encontra, também, 

associado a diferenças de coloração entre sexos noutras espécies. Os nossos resultados demonstram 

de que forma diferenças acentuadas na coloração ornamental entre machos e fêmeas podem evoluir 

a partir de mecanismos moleculares simples controlados por genes de grande impacto, e constituem 

fortes contribuições empíricas para teorias sobre sinalização honesta e de seleção sexual. 

Globalmente, os estudos descritos nesta tese proporcionam uma compreensão detalhada da 

base genética de características com elevada importância na evolução em aves. Entre estes estudos, 

verificamos que uma variedade de mecanismos evolutivos estão na origem de fenótipos específicos, 

tais como mutações de novo, introgressão, ou  seleção de variantes genética pré-existentes. Mais, 

descobrimos uma variedade de processos mutacionais, incluindo alterações proteicas, variação 

reguladora, e mutações splice-site. O trabalho descrito nesta tese é, por conseguinte, uma contribuição 

significativa para uma melhor compreensão da evolução fenotípica em aves. 

 

Palavras-chave 

Genómica; caracter complexo; desempenho atlético; mapeamento de sinais de seleção; carotenoide; 

coloração; dimorfismo sexual 

 

  



  FCUP  

Genetic basis of avian traits  

11 

Table of contents 

  

Nota Previa ............................................................................................................................... 1 

Acknowledgements ................................................................................................................... 3 

Abstract ..................................................................................................................................... 5 

Resumo .................................................................................................................................... 8 

Table of contents .................................................................................................................... 11 

List of figures .......................................................................................................................... 14 

List of tables ............................................................................................................................ 23 

List of abbreviations ................................................................................................................ 25 

Research articles not included in thesis .................................................................................. 28 

Chapter I – General introduction ............................................................................................. 29 

Avian evolution .................................................................................................................... 31 

Traits of high importance in avian evolution ........................................................................ 33 

Athletic performance and orientation ................................................................................ 33 

Bird coloration, with a special focus on carotenoid-based coloration ............................... 35 

Sexual dimorphism ........................................................................................................... 41 

Domestic animals as model for genotype-phenotype association studies ........................... 43 

Bird domestication ............................................................................................................ 43 

Pigeon domestication ....................................................................................................... 44 

Canary domestication ....................................................................................................... 45 

PhD objectives and contribution .......................................................................................... 48 

References .......................................................................................................................... 49 

Chapter II – Signatures of selection on standing genetic variation underlie athletic and 

navigational performance in racing pigeons ............................................................................ 63 



  FCUP  

Genetic basis of avian traits  

12 

Abstract ............................................................................................................................... 64 

Introduction .......................................................................................................................... 65 

Results ................................................................................................................................ 68 

Discussion ........................................................................................................................... 76 

Materials and methods ........................................................................................................ 80 

Acknowledgments ............................................................................................................... 85 

References .......................................................................................................................... 86 

Supplementary Material ....................................................................................................... 94 

Chapter III – The high-density lipoprotein receptor, SCARB1, is required for carotenoid 

coloration in birds .................................................................................................................. 107 

Abstract ............................................................................................................................. 108 

Introduction ........................................................................................................................ 109 

Results .............................................................................................................................. 111 

Discussion ......................................................................................................................... 119 

Materials and Methods ...................................................................................................... 121 

Acknowledgements ........................................................................................................... 123 

References ........................................................................................................................ 124 

Supporting information ...................................................................................................... 129 

Chapter IV – Genetic basis of de novo appearance of carotenoid ornamentation in bare-parts 

of canaries ............................................................................................................................ 156 

Abstract ............................................................................................................................. 157 

Introduction ........................................................................................................................ 158 

Results .............................................................................................................................. 160 

Discussion ......................................................................................................................... 167 

Materials and methods ...................................................................................................... 169 

Acknowledgements ........................................................................................................... 176 



  FCUP  

Genetic basis of avian traits  

13 

References ........................................................................................................................ 177 

Supplementary materials ................................................................................................... 182 

Chapter V – A molecular mechanism for sexual dichromatism in birds ................................ 198 

Abstract ............................................................................................................................. 199 

Introduction ........................................................................................................................ 200 

Results .............................................................................................................................. 202 

Discussion ......................................................................................................................... 213 

Methods ............................................................................................................................. 215 

Acknowledgments ............................................................................................................. 225 

References ........................................................................................................................ 226 

Supplementary materials ................................................................................................... 232 

Chapter VI – Discussion ....................................................................................................... 257 

Simple versus complex genetic basis of traits ................................................................... 259 

Selection on standing genetic variation, de novo mutations, or introgressed variants ....... 260 

Protein coding mutations versus regulatory changes ........................................................ 261 

Slow but gradual process of understanding the genetic basis of a given trait ................... 262 

Challenges......................................................................................................................... 262 

Perspectives ...................................................................................................................... 263 

References ........................................................................................................................ 267 

 

  



  FCUP  

Genetic basis of avian traits  

14 

List of figures 

Figure 1.1. Conceptual design of study looking for genetic basis of trait (in the example red coloration 

in birds). The study needs a proper characterization of two divergent phenotypes and sampling 

individuals from each phenotype. The genomic data is generated and differentiation statistics (e.g., FST) 

allow to find one or more candidate genes (A and B). Next step is to validate candidate gene e.g. to 

perform qPCR or RNAseq (C). The final part of the study is to experimentally and functionally (here an 

example of biochemistry approach) validate candidate gene showing its activity and impact on 

phenotype (D and E)  Source: (Toews, Hofmeister, and Taylor 2017). 

Figure 1.2. Outstanding diversity of avian coloration (source: https://academy.allaboutbirds.org/how-

birds-make-colorful-feathers/3/). 

Figure 1.3. Bird coloration, different mechanisms, possible colors and groups of birds .(source: 

https://www.deviantart.com/eurwentala/art/A-Small-Guide-to-Bird-Colours-680800507). 

Figure 1.4. Red Feather Coloration Is Mediated by Carotenoid Ketolation (A and B) domestic canary 

(Serinus canaria): (A) yellow canary (B) red factor canary. (C and D) northern cardinal (Cardinalis 

cardinalis) (C) wild-type male (D) rare red mutant male. (E and F) house finch (Haemorhous mexicanus) 

(E) yellow male (F) red male. (G and H) scarlet tanagers (Piranga olivacea) (G) nonbreeding male (H) 

breeding males (I). Examples of the metabolic conversions used by birds to produce ketocarotenoids 

from yellow dietary precursors via the action of a carotenoid ketolase (source: (Lopes et al. 2016)). 

Figure 1.5. A reconstruction of the evolutionary history of carotenoid pigmentation in feathers. Branches 

are colored according to the proportional likelihood of carotenoid-consistent colors at the preceding 

node. Solid purple points indicate species for which carotenoid feather pigments were confirmed present 

from chemical analysis; open black points represent those for which where carotenoids were not 

detected in feathers after chemical analysis. Source: (Thomas et al. 2014). 

Figure 1.6. Sexual dichromatism is widespread and well pronounced in birds (source: Wikicommons). 

Figure 1.7. Phenotypic variation among domestic pigeon breeds. (A) frillback,,(B) old German owl, (C) 

African owl, (D) scandaroon, (E) English trumpeter, (F) Indian fantail, (G) archangel, (H) fairy swallow, 

(I) old Dutch capuchin, (J) figurita, (K) English pouter. Source: (Domyan and Shapiro 2017). 

https://academy.allaboutbirds.org/how-birds-make-colorful-feathers/3/
https://academy.allaboutbirds.org/how-birds-make-colorful-feathers/3/
https://www.deviantart.com/eurwentala/art/A-Small-Guide-to-Bird-Colours-680800507
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Figure 1.8. Phenotypic diversity in domesticated canaries: (A) gibber italicus (B) belgian 

malinois waterslager (C) fife fancy (D) red canary (E) norwich (F) gloster (G) lizard (H) persian frilled (I) 

southern dutch frill (J) spanish timbrado, (K) yellow.  

Figure 2.1. The white recessive canary has white plumage and very low carotenoid levels in its tissues. 

Representative images of the A) lipochrome domestic canary, and B) white recessive canary. C) 

Carotenoid concentrations of the liver, retina, skin, and feathers of typical yellow (yellow points) and 

white recessive (open points) canaries. The lines represent the means for each breed and tissue. 

Carotenoid measurements were made using high performance liquid chromatography. Carotenoid 

concentration was calculated relative to protein content in liver, retina, and skin samples, or dry mass 

of feathers. All carotenoid types within a given sample were summed to give total concentration. 

Figure 2.2. Mapping of the white recessive mutation. A) Selective sweep mapping. FST between white 

recessive and non-white breeds/populations across the autosomal scaffolds. Each dot represents FST 

in 20 kb windows iterated every 10 kb. The different scaffolds are presented along the x-axis in the same 

order as they appear in the canary reference genome assembly. B) FST zoom in and IBD mapping.. The 

top graph shows FST in 20 kb windows iterated every 10 kb across the outlier region (delineated by 

vertical lines). Below, the protein coding genes found within this region are indicated as green boxes 

and black lines point to the position of the genotyped SNPs in the IBD analysis. For the IBD analysis, 

38 SNPs were genotyped for 24 white recessive canaries and 61 individuals belonging to 8 breeds with 

yellow or red coloration. Alleles more common in white recessive canaries are represented in white 

boxes, the alternative alleles in yellow, and heterozygotes in orange. The red boxes indicate  a segment 

of high homozygosity in white recessive canaries. 

Figure 2.3. Splicing variants and expression levels of SCARB1 in white recessive and wild-type 

individuals. A) SCARB1 contains alternative splice-donor sites that potentially yield different transcript 

isoforms. To investigate these alternatives we designed primers (fragment) to amplify across this region 

yielding different amplicon sizes from each isoform (panel B). To quantify the abundance of each 

alternative isoform (panel C) we designed qPCR primers spanning the each potential splice junction 

(dashed lines). B) Capillary electrophoresis fragment analyses of amplicons across the exon 4 splice 

junctions, generated from skin cDNA of white recessive or yellow canaries, indicate that three alternative 

SCARB1 transcript isoforms are present in the skin of the white recessive canary. This multi-template 

amplification is biased toward short amplicons, therefore the intensity of the peaks does not necessarily 

reflect transcript abundance. C) The mean ± SD relative expression of SCARB1 transcript isoforms in 

the duodenum, liver, eye, and skin of yellow (n = 4, yellow bars) and white recessive (n = 4, white bars) 
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canaries. For each sample, expression was measured by qPCR and calculated relative to a transcript 

region 3’ of the splice sites (exon 7/8) and then normalized to the sum of the four isoforms. * indicates 

a significant difference between yellow and white recessive (p ≤ 0.045). 

Figure 2.4. Analysis of the carotenoid transport function of SCARB1 splice isoforms. Here are presented 

the total carotenoid concentration (µg carotenoid per gram of protein) of avian fibroblast cells expressing 

wild-type SCARB1 (yellow points), the exon 4-deficient isoform (isoform 4) of SCARB1 (open points), or 

a florescent protein only control (black points). The cells were supplemented with carotenoid-containing 

whole chicken serum to a final concentration of 0.81 μg ml-1 of carotenoid in media  (Experiment 1) or 

1 μg ml-1 of pure zeaxanthin solubilized with Tween 40 (Experiment 2).  The lines represent the mean 

for each condition within each experiment. Significant differences (p ≤ 0.006) between conditions are 

denoted with an asterisk.   

Figure S2.1. The UV-Vis spectra of the carotenoids measured by high performance liquid 

chromatography in the A) feathers, B) skin and liver and C) retinas of canaries.  

Figure S2.2. White recessive canaries have a mutation in the highly conserved splice-donor site of exon 

4 of SCARB1. Multi-species alignment of birds surrounding the candidate splice-donor site mutation in 

SCARB1. The splice site mutation is highlighted in red. Sequence corresponding to SCARB1 exon 4 is 

delineated by a black box. Note that the exon 4 annotation in the reference genome was lacking one 

base pair that we confirmed by mRNA sequencing. The dots represent the same nucleotide as the 

reference wild-type canary allele at a given position and dashes represent indel variation. 

Figure S2.3. Alignment of the exon 3 to 5 fragments of wild-type SCARB1 transcript and the three 

alternative isoforms identified in white recessive canaries. 

Figure S2.4. SCARB1 expression differed among the tissues of yellow and white recessive canaries. 

The mean ± SD expression of the exon 7/8 portion of the SCARB1 common to all of the splice isoforms 

as measured by qPCR and quantified relative to the house keeping gene GAPDH. The results of Tukey 

posthoc comparisons are shown above each bar, ns - indicates no significant difference. 

Figure S2.5. Exon 4 of Serinus canaria SCARB1 encodes amino acid residues that are broadly 

conserved and homologous to functionally important residues in CD36-family receptors. A) A linear 

alignment of the amino acid sequence of Serinus canaria SCARB1 with the sequences of 

representatives from four different vertebrate classes. The amino acids encoded by exon 4 are written 

in red, “*” indicate identity among the species, and “.” indicates similarity (PAM 250 matrix analysis). B) 

SCARB1 structure was modeled using the recently deposited structure of CD36 and SWISS-MODEL 
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software as described in the methods section. In the modeled representation canary SCARB1 is 

predicted to have N- and C- transmembrane sequences serving as membrane anchors with two short 

N- and C- terminal sequences oriented towards the luminal side of the bilayer. Exon 4 encodes a portion 

of domain II (shown in red) which contains 4 α-helices and 2 β-strands (α4, α5, α6, α7, β7 and β6 

respectively).  C) A detailed view of the predicted SCARB1 structure shows the location of two potential 

lipid pathways (arrowheads 1 & 2) that are similar to those recently reported for CD36 (20). Also 

identified are amino acids F152 and T173 that are encode by exon 4 and homologous to amino acids 

with demonstrated roles in HDL/LDL binding and cholesterol transport in human CD36 and SCARB1, 

respectively (20, 22). These observations suggest that the amino acid residues encoded by exon 4 are 

likely important for the docking of lipoproteins and the lipid transport function of SCARB1. 

Figure 3.1. Racing pigeons being released from Perpignan (France) to Belgium in 2011. In modern 

pigeon races, birds are transported to a common location in trucks similar to the one in the picture. After 

birds get released, they fly to their own lofts and are clocked by their owners. The average speed is 

used to rank the birds and it is a function of the time elapsed and distance to each individual loft. The 

winner of this race flew ~900 km at an average speed of 69 km/h (source PIPA; https://www.pipa.be/). 

Figure 3.2. Genetic relationships among pigeon breeds. (A) Unrooted Neighbor-Joining tree. The 

cluster of racing pigeons is highlighted and the bootstrap value of the node is given. Bootstrap values 

for all nodes with support ≥ 80 are provided in Figure S1 (B) Principal Component Analysis (PCA). (C) 

ADMIXTURE clustering shown for multiple values of K. Individuals are shown as vertical bars colored 

in proportion to their estimated ancestry from each cluster. 

Figure 3.3. Levels and patterns of allele frequency differentiation between racing and non-racing 

pigeons based on individual variants. (A) Histogram of ΔAF values between racing and non-racing 

pigeons for all variants. (B) Percentage of the total number of major alleles found in racing pigeons for 

variants with ΔAF equal or higher than 0.5 across all individuals in the dataset (C) Ratio of variants of 

high ΔAF (>0.50) and low ΔAF (<0.10) for multiple functional categories (nonsynonymous, intronic, and 

intergenic). 

Figure 3.4. Signatures of selection in racing pigeons. (A) Manhattan plot of DCMS values over the entire 

genome in a comparison of racing versus non-racing pigeons. Thresholds for significance at P = 0.01 

(bottom line) and P = 0.001 (top line) are indicated. Different colors represent different scaffolds in the 

same order as they appear in the reference genome assembly (Cliv_1.0). (B) A zoom in of population 

genetics statistics and DCMS scores in the CASK region (scaffold NW_004973256.1; homologous to 

https://www.pipa.be/
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zebra finch chromosome 1). Each data point is based on a sliding window analysis using 100 kb 

windows with 50 kb steps. Annotated protein-coding genes are drawn across the top. 

Figure 3.5. Differential gene expression between racing and non-racing pigeons. The left panel 

summarizes the results for brain (A) and the right panel for muscle (B). Log fold change (y-axis) vs. 

average Log counts per million (LogCPM) values (x-axis) for the 15,685 transcripts evaluated in our 

study. Red dots indicate significant differences in gene expression after correction for multiple testing 

using a false discovery rate of 5%. Black dots indicate no significant change. Details of the gene 

expression analysis can be found on File S3.2. 

Figure S3.1. Unrooted Neighbor-Joining tree with bootstrap values for all nodes with support ≥ 80. 

Figure S3.2. Linkage disequilibrium (LD) decay in racing and non-racing pigeons. Each dot represents 

R2 values (y-axis) averaged in windows of 5 kb of physical distance (x-axis). 

Figure S3.3. Histogram summarizing the length of identical by descent tracks in pairwise contrasts 

between the 10 racing pigeons used in this study. 

Figure 4.1. Representative picture of (A) urucum canary and (B) lipochrome red canary. 

Figure 4.2. Tissue carotenoid accumulation patterns among urucum and wild-type canaries. Points 

indicate the value for each individual sampled. The concentration of total carotenoids per gram of tissue 

are shown for (A) beak and (B) feathers of wild-type (WT) and urucum canaries with red-factor (denoted 

in red) or yellow lipochrome (denoted in yellow) genetic backgrounds. (C) The concentration of total 

carotenoids in the retina per gram of total protein sampled. (D) The concentration of carotenoid cleavage 

products, apocarotenoids, in the retina per gram of total protein sampled. Details of the specific 

carotenoid composition of each tissue are available in Tables S4.1-3 and Figures S4.1-5. 

Figure 4.3. Mapping of the urucum mutation. (A) Selective sweep mapping. FST between urucum and 

lipochrome red breed across the genome. Each dot represents FST in 20-kb windows iterated every 5 

kb. The different scaffolds are presented along the x axis in the same order as they appear in the canary 

reference genome assembly. (B) FST zoom-in and IBD mapping. (Top) FST in 20-kb windows iterated 

every 5 kb across the outlier region (delineated by vertical lines). (Bottom) The protein-coding genes 

found within this region are indicated by grey boxes. For the IBD analysis, 30 SNPs were genotyped for 

27 urucum canaries and 14 individuals belonging to three breeds with yellow, red and white coloration. 

Alleles more common in urucum canaries are represented by red boxes, alternative alleles are 
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represented in white, and heterozygous are represented in orange. The black-outlined box indicates a 

segment of high homozygosity in urucum canaries and black boxes indicate missing data. 

Figure 4.4. Structural consequences of the R413H substitution in canary BCO2. (A) Multi-species 

alignment of vertebrates surrounding the candidate missense mutation in the highly conserved exon 9 

of BCO2 (the missense mutation is highlighted in red).The dots represent the same nucleotide as the 

reference wild-type canary allele at a given position. (B) Homology model of canary BCO2 based on an 

RPE65 template. Blades are numbered according to convention. (C) Close-up view of R413 forming a 

twin salt bridge interaction with Asp374 within a pocket composed of predominantly non-polar side 

chains. (D) Substitution of Arg413 with His results in predicted steric clashes with surrounding side 

chains that would disrupt the protein structure or cause a protein folding defect. 

Figure 4.5. In vitro assay of the cleavage activity of urucum and wild-type variants of BCO2. (A) A 

Coomassie-stained SDS-PAGE gel visualizing protein expression in the BL21 DE3 cultures before (pre) 

and after (post) the induction of recombinant protein expression. Arrowheads indicate the enrichment of 

an ~60 kDa band that is consistent with the induction of the expression of the recombinant wild-type 

(WT) and mutant (Mut) BCO2. (B) Representative HPLC chromatograms of carotenoids extracted from 

reactions containing canthaxanthin substrates and wild-type, mutant, or wild-type heat denatured 

bacterial lysates. (C) UV-Vis light absorbance spectra of peaks 1 and 2. Note that these samples have 

been reduced with sodium borohydride and the canthaxanthin substrate (peak 2) has been reduced to 

isozeaxanthin (β,β-carotene-4,4’-diol). The short retention time and short-wavelength shifted 

absorbance spectrum of peak 1 is consistent with an apocarotenoid which we hypothesize to be 10’-

Apo-β-carotene-4,10’-ol. We found no evidence of this apocarotenoid in the mutant or denatured BCO2 

assays. 

Figure S4.1. Representative HPLC chromatograms of carotenoid extracts from the beak tissue wild-

type and urucum canaries. The UV/Vis spectra of each labeled peak are presented in Figure S4.3. 

Figure S4.2. Representative UV/Vis light absorbance spectra, normalized to absorbance maximum, of 

the major carotenoids observed in extracts from the beak tissues and feathers of wild-type and urucum 

canaries. 

Figure S4.3. Representative HPLC chromatograms of carotenoid extracts from the feathers of wild-type 

and urucum canaries. The UV/Vis spectra of each labeled peak are presented in Figure S4.2. 

Figure S4.4. Representative HPLC chromatograms of retinal carotenoid extracts from wild-type and 

urucum canaries. The (A) ketocarotenoid, (B) other xanthophyll, and (C) apocarotenoid components 
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were measured at differ wavelength and are presented separately. The UV/Vis spectra of each labeled 

peak are presented in Figure S4.5.  

Figure S4.5. Representative UV/Vis light absorbance spectra, normalized to absorbance maximum, of 

the major (A) ketocarotenoid, (B) other xanthophyll, and (C) apocarotenoid components of the retinas 

of wild-type and urucum canaries.  

Figure S4.6. Retinal canthaxanthin accumulation patterns among urucum and wild-type canaries. 

Points indicate the value for each individual sampled. The concentration of canthaxanthin is given per 

gram of total protein in sample.  

Figure S4.7. Urucum canaries have a mutation in the highly conserved exon 9 of BCO2 (the missense 

mutation is highlighted in red). Multi-species alignment of vertebrates surrounding the candidate 

missense mutation in BCO2. The dots represent the same nucleotide as the reference wild-type canary 

allele at a given position. 

Figure S4.8. (A) Representative HPLC chromatograms of carotenoids extracted from reactions 

containing zeaxanthin substrates and wild-type, mutant, or wild-type heat denatured bacterial lysates. 

(B) UV-Vis light absorbance spectra of peaks 1 and 2. The short retention time and short-wavelength 

shifted absorbance spectrum of peak 1 matches an authentic standard of the apocarotenoid galloxanthin 

(10’-Apo-β-carotene-4,10’-ol). Trace amounts of galloxanthin are also present in the mutant or 

denatured BCO2 assays but are likely the product of non-enzymatic oxidation of the zeaxanthin 

substrate. 

Figure 5.1. Diagram of the crosses used to obtain canaries carrying the mosaic factor and 

representative images of a mosaic male and female canaries exhibiting sexual dichromatism, a male 

and female of common domesticated canaries, and a male and female red siskin. Photo credits: Antonio 

Carlos Lemo (mosaic and red siskin) and Charles Loukeris (common canaries and F1 hybrid). 

Figure 5.2. Genetic mapping of the mosaic factor using whole-genome sequencing. (A) FST values 

between mosaic and non-mosaic canaries across the genome. Dots represent FST averaged in 20 kb 

windows with 5 kb steps across each scaffold. (B) -Log10 values per variant of the CMH statistic 

configured to detect consistent differences in allele frequency between mosaic and non-mosaic 

canaries. (C) The fraction of introgression (fˆd) from red siskin to mosaic canaries summarized in non-

overlapping windows of 100 SNPs. (D) Divergence between mosaic and non-mosaic canaries 

summarized across the genome using RND. Dots represent a non-overlapping window of 10,000 

polymorphic and nonpolymorphic positions passing filters. The 99.9th percentile of the empirical 
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distribution of FST, fˆd, and RND is shown by a red horizontal line. In the CMH plot, the significance 

threshold after Bonferroni correction is shown by a black horizontal line. (E) From the outermost semi-

circle to the innermost semi-circle: 1) genomic coordinates in megabases (Mb); 2) genes positions 

shown by green boxes; and 3) genotyping results of variants that are fixed for alternative alleles between 

red siskin and wild canaries. Each column represents one SNP and each row represents one individual 

(56 mosaic canaries, 14 non-mosaic canaries, and 8 red siskins). For representation purposes not all 

SNPs are shown. Shades of green indicate positions homozygous for the red siskin allele, homozygous 

for the wild canary allele, and heterozygous for both alleles. Black boxes indicate missing data. The 

candidate region is denoted in light gray and the names of the genes within the region are highlighted. 

Figure 5.3. Gene expression analysis in mosaic canaries. (A) qPCR measurements of BCO2, PTS, and 

TEX12 to GAPDH in the uropygium skin and liver of mosaic males and females. (B) Relative expression 

(%) of the red siskin and canary alleles in three regions of the integument (head, back, and uropygium) 

in heterozygous males and females. The relative values are the average of two nonoverlapping 

amplicons (see Table S5.3). Photo credits: Carlito Lemo. (C) Unstained sections and in situ hybridization 

of BCO2 in regenerating feather follicles. In the left panel is shown a representative feather follicle with 

carotenoid pigments in the developing barb ridges and in the right panel a feather follicle lacking 

carotenoids. See Figure S5.3 for further details. 

Figure 5.4. Transcriptomics in three species of finches varying in the degree of sexual dichromatism. 

(A) Representative pictures of male and female of the three studied species: canary (C), European serin 

(SE), house finch (HF). (B) Experimental design of the RNA-seq experiment. We identified 10 different 

comparisons that are characterized by pronounced differences in the intensity of carotenoids, which 

include contrasts between sexes, species and patches. The bird body parts are abbreviated as ch-chest, 

be-belly. (C) Volcano plots of log-fold change (y-axis) against average CPM (counts per million) (x-axis) 

for both chest and belly and between males and females of the three species. Significant genes are 

depicted as red dots. (D) Intersection of differentially expressed genes among the multiple types of 

contrasts defined in panel B. In total, we found 42 genes that were shared by ≥5 contrasts. BCO2 is 

marked in red. (E) BCO2 patterns of expression among the contrasts defined in panel B. Significant 

differences between conditions are denoted with an asterisk. Each dot represents a CPM value. 

Figure S5.1. Box and whisker plots of the carotenoid content of feathers sampled from the lores of male 

and female mosaic canaries. Concentration is given in µg of carotenoid per gram of feather, each 

carotenoid type is presented in a separate panel, and the points represent each individual observation.  
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Figure S5.2. Sequence identity diagram obtained from a consensus of red siskin Nanopore reads 

aligned to the canary reference assembly. The location of the exons of the three genes overlapping the 

candidate region is indicated (PTS, BCO2 and TEX12). In the alignment black indicates homology, while 

grey indicates sequence mismatches from point mutations. Sections in white refer to portions of the 

canary reference assembly without any read coverage from red siskin. 

Figure S5.3. Representative images of in situ hybridizations of the developing feather follicles of 

pigmented and white unpigmented feathers of the mosaic canary with probes targeting the BCO2 and 

β-keratin (LOC103814588). β-keratin is known to be expressed developing feather follicles and serves 

as a positive control.  The sense probe of BCO2 was included as a negative control. The BCO2 transcript 

localized to the developing barb ridges of unpigmented feather follicles but expression was not apparent 

in pigmented feathers. Scale bar = 100 µm. 
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Chapter I – General introduction 

One of the 'grand challenges' in contemporary biology is to dissect the genetic basis of traits 

within and among species (L. Andersson & Georges, 2004). Insights into the genetic basis underlying 

particular phenotypes or diseases bring us one step closer towards a more detailed understanding of 

the molecular mechanisms, tissue specificity, gene regulation, or gene interactions, that have an 

important role in physiology and evolution. Detailed comprehension of the genetic basis of traits has 

also a great potential for economically important applications, such as disease screening, gene therapy 

or improved breeding programs. However, establishing genotype-phenotype correlations remains a 

challenge.  

With the ongoing development of new sequencing technologies and bioinformatics, molecular 

tools have now opened new avenues of research that allow addressing questions of general interest in 

evolutionary biology. However, a vast majority of our biological knowledge comes from studies 

performed on classical model organisms, such as yeast (Saccharomyces cerevisiae), roundworm 

(Caenorhabditis elegans), fruit fly (Drosophila melanogaster), or mouse (Mus musculus). Model 

organism studies provided a lot of invaluable knowledge about cell biology, development and genetics, 

but they only represent a very limited range of phenotypic variety in nature. Therefore, most of 

evolutionary and ecological questions remain unsolved, including a central question in biology “What 

creates and underlies phenotypic variation?”. In fact, our understanding of environmental pressure and 

its impact on the genome remains a challenge.  

Evolutionary genomics provides a unique opportunity for comprehensive understanding of 

organismal biology by integrating a variety of approaches from different fields such as molecular 

ecology, evolutionary modelling, ecology, morphology, physiology, functional genetics and genomics, 

and likely many more. There are many examples of truly interdisciplinary studies involving genomics 

and other disciplines, e.g., with archeology to trace the tradition of viticulture (Ramos-Madrigal et al., 

2019), with phylogeny and developmental biology to get insights into flight loss (Sackton et al., 2019), 

with behavior to find genetic basis of parental care in mice (Bendesky et al., 2017) and many more. 

However, our understanding of traits in wild animals is very constrained due to limited genomic 

resources and because these traits often lack polymorphism within species, which limits the genotype-

phenotype association studies.  
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Figure 1.1. Conceptual design of study looking for genetic basis of trait (in the example red coloration in birds). The study needs a proper 

characterization of two divergent phenotypes and sampling individuals from each phenotype. The genomic data is generated and differentiation 

statistics (e.g., FST) allow to find one or more candidate genes (A and B). Next step is to validate candidate gene e.g. to perform qPCR or 

RNAseq (C). The final part of the study is to experimentally and functionally (here an example of biochemistry approach) validate candidate 

gene showing its activity and impact on phenotype (D and E)  Source: (Toews, Hofmeister, & Taylor, 2017). 

In nature, we can find an outstanding diversity of phenotypic variation. With recent development 

of genomic resources, some iconic phenotypes in wild populations were investigated. For example, 

industrial melanism in British peppered moths was associated with a transposon insertion in the cortex 

gene (Hof et al., 2016), ruff social hierarchy was discovered to be controlled by a supergene (Küpper et 

al., 2015; Lamichhaney et al., 2015), and the insulin resistance in cave fish was shown to be caused by 

a mutation in the insulin receptor gene insra, the same mutation as patients with Rabson–Mendenhall 

syndrome (Riddle et al., 2018). However, in many cases, it is not very straightforward to study it from a 

genetics point of view due to the lack of polymorphism within species. 

Domesticated species provide a unique opportunity to establish explicit links between genotype 

and phenotype. Throughout history, humans have selectively bred a wide array of taxa for several 
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purposes, most often for food production, labour, transport or simply for recreation and aesthetics 

(Zeder, 2012). Such strong directional selection, together with years of selective breeding, created an 

enormous diversity of phenotypes within breeds (so within one species), which can be compared with 

diversity between species in nature (L. Andersson & Georges, 2004). There are numerous traits in 

domestic animals that were revealed using genomic methods, e.g., Icelandic horses gait was associated 

with DMRT3 mutation (L. S. Andersson et al., 2012), chicken rose-comb is caused by a large inversion 

altering the expression of MNR2 (Imsland et al., 2012), red coloration in canary birds is mediated by 

CYP2J19 carotenoid ketolation (Lopes et al., 2016). Due to the decreasing costs of sequencing, rapid 

development of new methods (both laboratory and computational) and growing number of available 

resources (sequences, reference genomes, annotations etc.) we are in the genomic-golden rush era. 

This has the potential to lead to many exciting discoveries that were not possible earlier and opens up 

future avenues of even more exciting research lines. 

Avian evolution 

Birds are one of the most diversified, conspicuous and adapted to every environment group of 

currently living animals, represented by more than 10,000 species distributed all across the world (Jetz, 

Thomas, Joy, Hartmann, & Mooers, 2012). They exhibit a huge variation in body size ranging from 2 

grams in bee hummingbird (Mellisuga helenae) up to 156’000 grams in ostrich (Struthio camelus) 

(Brusatte, O’Connor, & Jarvis, 2015). Birds possess a unique combination of different outstanding 

characteristics, such as the ability to fly, vocal learning behaviour and high metabolic rates. Birds, after 

mammals are also the second major group using tools (Boire, Nicolakakis, & Lefebvre, 2002). Birds, 

throughout the human history were always an inspiration for explorers, scientists, aristocrats and 

amateurs. Darwin’s finches and pigeons were source of inspiration for Darwin’s theory of evolution. Bird 

watching and breeding attracts a lot of attention of many people all around the world: bird-watchers, 

bird-fanciers, breeders, ornithologists and scientists. Overall, birds are great models to study many 

aspects of evolution, including phenotypic diversity, adaptation, gain and loss of traits, speciation, 

hybridization and many more.  

The sequencing of the first bird genome - the chicken (Gallus gallus) (Chicken & Sequencing, 

2004), opened a new avian comparative studies era, allowing to contrast avian genomes within and with 

other taxonomic groups. Together with the development of high-throughput sequencing, the number of 

available avian genomes keeps increasing. Recently, a combination of reference-assisted chromosome 

assembly with PCR and lab-based molecular approaches allowed to substantially improve and generate 

additional chromosome-level genomes of bird species that include the saker falcon (Falco cherrug), 

budgerigar (Melopsittacus undulatus) and ostrich (Struthio camelus) (O’Connor, Farré, et al., 2018). 
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Avian genomes have some characteristics that make them an ideal genetic study system. For example, 

avian genes have reduced length in comparison with other amniotes (Erich D Jarvis et al., 2014) and 

the avian genome consists of a relatively low proportion of repetitive elements (Feschotte & Pritham, 

2007; E. D. Jarvis et al., 2014; Kidwell, 2002).  

One of the big questions in evolutionary biology was “How did birds originate and achieve such 

a great diversity and evolutionary success?”. For a long time, the evolutionary origin of birds remained 

unknown until last two decades. An interdisciplinary research approach - using data from newly 

discovered fossils, molecular phylogenies of currently living species and numerical approaches (Xu et 

al., 2014) - led to a detailed understanding of these major transitions in the history of life. New 

discoveries completely revolutionized our views on bird origins and evolution. To current knowledge, 

birds gradually evolved during the Jurassic (around 165–150 million years ago) from theropod dinosaurs 

(reviewed in Brusatte, O’Connor, and Jarvis 2015). In Jurassic and Cretaceous, early birds diversified 

and gained its ability to fly, but at end of the Cretaceous many species went extinct together with their 

close dinosaurian relatives (Brusatte, Butler, et al., 2015). This mass extinction marked the beginning 

of modern birds’ era (members of the avian crown group), with a diversification boom that ultimately 

made birds a prominent animal group. With more research evidence, it became clear that many features, 

which we only observe now exclusively in birds, such as feathers, egg brooding or wishbones, had 

already evolved in dinosaurian ancestors (Brusatte, Lloyd, Wang, & Norell, 2014). However, other 

characteristics such as beak, rapid growth or pygostyle were absent in the dinosaurian ancestors and 

evolved during the Cretaceous in modern bird ancestors, often multiple times (Benson & Choiniere, 

2013).  

Overall, the avian genome structure has been very conserved both on karyotypic and 

microsynteny level for the last 150 million years (G. Zhang et al., 2014). Some of this gene synteny 

already existed in non-avian reptiles, therefore it has been conserved for over 225 million years 

(O’Connor, Romanov, et al., 2018). Insights into genome conservation raised the paradox of evolving 

extraordinary phenotypic diversity with few genome rearrangements, which highlights the importance of 

other mechanisms, such as gene regulation. The evolutionary history of birds teaches us an important 

lesson about the long timescale of evolution and deep history of major living groups, which went long 

and unpredictable evolutionary meanders. Provided that they survived massive extinctions, they were 

given an unexpected opportunity to radiate. Recent advances in our understanding of avian evolution 

are a good example of how powerful is to combine multiple sources of data coming from different 

disciplines (fossils, morphology, phylogeny, genomic, statistics) to answer key evolutionary questions 

and finally explain how birds became so prominent in modern world. Therefore, birds with its enormous 
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diversity, occupation of a wide range of ecological niches, and many adaptations, are a unique system 

to study evolutionary biology. 

Traits of high importance in avian evolution 

Athletic performance and orientation 
Citius, Altius, Fortius, is a Latin motto for Modern Olympic Games and stays for "Faster, Higher, 

Stronger". Every fourth year people around the world follow this sport competition and achievements in 

human athletics. However, in comparison with wild or domestic animals that were selectively bred for 

athletic performance such as racehorses (Thoroughbred), greyhounds, sled-dogs, racing camels or 

racing pigeons, our own achievements are far behind. Looking at the Olympic Games motto including 

other animal species, the winners would respectively be: “faster”: peregrine falcon (Falco peregrinus) 

(260 km/h), “higher”: Ruppell’s vulture (Gyps rueppellii) (11,3 km) and “stronger”: 190-ton blue whale 

(Balaenoptera musculus); in such comparison humans do not offer any competition (Sharp, 2012). Even 

if we restrict the Games only to terrestrial animals, we could not keep up with the cheetah (Acinonyx 

jubatus) (104.6 km/h), the red kangaroo (Macropus rufus) (3.1 m) and the 12-ton bull African bush 

elephant (Loxodonta africana) (Sharp, 2012).  

Athletic performance is a fascinating subject to study, with a rich literature for human and other 

species with close relation to us, such as horses and dogs. There are many more studies focused on 

physiology and behavior (Brass, Peters, Hinchcliff, He, & Ulrich, 2009; Douglas, Price, & Peters, 2012; 

Joyner & Coyle, 2008; Scott & Milsom, 2006) than on the genetic basis of athletic performance in these 

species (Ahmetov, Egorova, Gabdrakhmanova, & Fedotovskaya, 2016; Ostrander, Huson, & Ostrander, 

2009; Rivero & Hill, 2016; Schröder, Klostermann, & Distl, 2011). The most famous large effect gene 

associated with racing performance, is the myostatin gene (MSTN), a member of transforming growth 

factor beta family responsible for controlling skeletal muscle growth and development throughout the 

body. Polymorphisms in MSTN were associated with muscularity and improved performance in dogs 

and horses (E. W. Hill et al., 2010; Mosher et al., 2007; Petersen et al., 2013). However, some studies, 

e.g. in sledge-dog and Nordic horses show that athletic performance is highly polygenic (Huson et al., 

2012; Kim et al., 2018; Velie et al., 2019). This pattern is more similar to what we observe in humans, 

even though ACE (angiotensin-1 converting enzyme) and ACTN3 (a-actinin-3) were shown to be strong 

candidates for power-related performance and elite endurance (Montgomery et al., 1998; Puthucheary 

et al., 2011; Yang et al., 2003). Overall, athletic performance seems to be highly polygenic, with many 

genes contributing with small effect to phenotype (Bray et al., 2009; Ostrander et al., 2009).  
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Racing pigeons are the avian equivalent to human ultra-marathon runners. These birds fly home, 

without stopping, at average speed usually >70 km/h over very long distances (100 - 1,000 km). Racing 

pigeons are not only great athletes but they are homing species, what makes them a good model for 

studying navigation. The source of those navigational abilities has been proposed to be a combination 

of genetic predisposition, multimodal learning and spatial cognition (Lipp, 1983; Wallraff, 2001). Homing 

ability in pigeons has already been associated with several orientation mechanisms, such as using 

olfactory cues (Papi, Ioalè, Fiaschi, Benvenuti, & Baldaccini, 1974), sun compass (Schmidt-Koenig, 

1990), the Earth’s magnetic field (Visalberghi & Alleva, 1975) or through visual landmarks, as well as 

experience and motivation (Bingman, 1993). The hippocampus is known to play an important role in 

navigation and spatial awareness (Sherry, Jacobs, & Gaulin, 1992), and is influenced by both heritability 

and experience (Cnotka, Möhle, & Rehkämper, 2008; Mehlhorn, Haastert, & Rehkämper, 2010). The 

identity of the genes underlying heritability of homing in pigeons has not been, to my knowledge, 

explicitly addressed. Polymorphism in the gene DRD4 (dopamine receptor D4, (Proskura, Kustosz, 

Dybus, & Lanckriet, 2015), involved in neuronal signaling in the brain, has been linked to increases in 

performance in homing pigeons, but this was not explicitly related to homing, but rather to possible 

differences in personality. Studies conducted on wild passerine populations using genome scans or 

differential gene expression suggest that the heritable basis for orientation during migratory periods in 

these birds is associated with a small cluster of genes, usually related to circadian clock regulation, 

nervous system functioning and cell signaling (e.g. (Delmore & Liedvogel, 2016; Lundberg et al., 2013)). 

Despite some of these genes overlapping with the results of candidate gene studies, it is not yet known 

to what degree these “navigation genes” are co-opted for this function in different avian groups. 

Rather than navigation, there is more research focused on migration in which orientation plays 

a central role. Based on experimental crossbreeding of wild migratory birds, orientation seems to be 

associated with a small number of large effect loci (Helbig, 1991; Pulido & Berthold, 2003). Recently, 

the number of expression studies and genome-scans of populations or species of passerine birds with 

different migratory behavior has been rapidly growing (Delmore et al., 2015; Delmore & Liedvogel, 2016; 

Johnston, Paxton, Moore, Wayne, & Smith, 2016; Lundberg et al., 2013, 2017; Ruegg, Anderson, 

Boone, Pouls, & Smith, 2014; Toews, Taylor, Streby, Kramer, & Lovette, 2019; von Ronn, Shafer, & 

Wolf, 2016). In trushes, a large genomic region explains differences in migratory orientation between 

two different populations (Delmore & Liedvogel, 2016). A recently published work associated the gene 

VPS13A (Vacuolar Protein Sorting 13 Homolog A) with differences in migration directionality between 

two warblers (Toews et al., 2019), but the study focused only on genetics, therefore the claims are not 

yet well supported and some functional experiments are required to confirm causality of this association. 
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Despite these advances, the molecular basis of navigation and orientation in birds still remains mostly 

unknown.  

Bird coloration, with a special focus on carotenoid-based coloration 

Figure.1.2. Outstanding diversity of avian coloration (source: https://academy.allaboutbirds.org/how-birds-make-colorful-feathers/3/) 

Birds are one of the most diverse and conspicuous colored group of animals (Figure 1.2). 

Coloration can be generated through two different mechanisms: pigment coloration (created by pigment 

presence and absorption of specific wavelengths of light) or structural coloration (which result from 

physical interactions of nanostructured surface with light waves that lead to scattering of light) (for review 

(Kinoshita & Yoshioka, 2005)). In birds, many different types of pigments can be found: carotenoids, 

flavins, melanins, porphyrins, psittacofulvins, pterins, purines and turacin (examples in the Figure 1.3). 

Many of these pigments are rare and are only present in specific groups of birds (Galván, García-

Campa, & Negro, 2017), in contrary to melanins and carotenoids that are widespread across bird 

species and contribute significantly to avian plumage color diversity.  

https://academy.allaboutbirds.org/how-birds-make-colorful-feathers/3/
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Figure 1.3. Bird coloration, different mechanisms, possible colors and groups of birds .(source: https://www.deviantart.com/eurwentala/art/A-

Small-Guide-to-Bird-Colours-680800507). 

Melanin based coloration in birds is produced by combinations of two chemical variants of melanin: 

brown/black eumelanin and yellow/redish pheomelanin (Prota, 1992) at varying concentrations 

(McGraw KJ. Hill GE, 2006). Melanin pigments are found in melanosomes, organelles that are deposited 

from melanocytes directly during feather development (Bagnara & Hadley, 1973). In birds. melanin-

based coloration is frequently due to two loci of large effect, MC1R and ASIP (Mundy, 2005; Toews et 

al., 2017; Uy et al., 2016), but the overall genetic landscape of melanin coloration seems to be much 

more complex and still needs to be explored more. 

After melanin, the most common type of pigment in birds are carotenoids (McGraw & Hill, 2006). 

Carotenoid-based bright yellow, orange or red hues attracted a vast amount of researchers’ attention. 

Carotenoids are organic compounds: tetraterpenoids, a 40-carbon molecule containing eight 5-carbon 

https://www.deviantart.com/eurwentala/art/A-Small-Guide-to-Bird-Colours-680800507
https://www.deviantart.com/eurwentala/art/A-Small-Guide-to-Bird-Colours-680800507
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isoprene subunits (CH2=C(CH3)CH=CH2). Interestingly, there are over 750 carotenoids described in 

nature (George Britton, Liaaen-Jensen, & Pfander, 2004) that are produced by plants, bacteria and 

fungi, but only a small fraction is acquired and used by avian metabolism (McGraw & Hill, 2006). 

Functional carotenoids classification is based on groups that are substituted onto the end rings (G 

Britton, 1995): unsubstituted: carotenes (e.g. β-carotene); with oxygen: xanthophylls, that can be further 

divided into: a) hydroxyl carotenoids (e.g. lutein) and b) ketocarotenoids (e.g. astaxanthin). Absorption 

of blue-green light (400-500 nm), and therefore generation of yellow, orange or red color results from 

the length of the chromophore (a series of altering single and double conjugated bonds) (Hao & Iqbal, 

1997). The longer the system, the longer wavelength absorbed, the redder the color. Normally, red 

coloration will be produced through deposition of C4-ketocarotenoids, such as canthaxanthin, 

astaxanthin, and adonirubin and for yellow pigmentation will be zeaxanthin, lutein, and xanthophylls 

(McGraw & Hill, 2006). Conversion from yellow to red carotenoids is mediated by ketolation (Figure 1.4). 

Figure 1.4. Red Feather Coloration Is Mediated by Carotenoid Ketolation (A and B) domestic canary (Serinus canaria): (A) yellow canary 

(B) red factor canary. (C and D) northern cardinal (Cardinalis cardinalis) (C) wild-type male (D) rare red mutant male. (E and F) house finche 

(Haemorhous mexicanus) (E) yellow male (F) red male. (G and H) scarlet tanagers (Piranga olivacea) (G) nonbreeding male (H) breeding 

males (I). Examples of the metabolic conversions used by birds to produce ketocarotenoids from yellow dietary precursors via the action of a 

carotenoid ketolase (source: (Lopes et al., 2016)). 

Green, orange, and yellow-colored (in addition to blue) individuals are not determined by the 

coloration of specific pigments, but might be produced through structural mechanisms (Figure 1.3), 

(Prum & Torres, 2003). More saturated colors might be a sign of combination of structural and 

pigmentary mechanism of color production. To sum up carotenoid-based coloration is influenced by the 

following factors: type of carotenoid, the pigment concentration (Andersson, Prager and Johansson 
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2007), presence and interactions with other pigments (e.g. melanin), presence and interactions with 

structural coloration, and carotenoid-protein interactions (Mendes-Pinto et al., 2012; Stradi, Celentano, 

Rossi, Rovati, & Pastore, 1995).  

Not only birds, but vertebrates in general, are not capable of synthetizing carotenoids de novo 

so they must be acquired from the diet. Carotenoids can migrate freely through the bird body but, in the 

end, they are deposited in the feathers, bare parts and egg yolk. The abundance of carotenoids is a 

limiting factor, and therefore, carotenoid coloration is considered to be an honest signal of individual 

quality (Blount, J. & McGraw, 2008; Weaver, Santos, Tucker, Wilson, & Hill, 2018). A recent study in 

chickens showed a relationship between mutations in BCO2 and the ability to deposit more carotenoids, 

even when exposed to carotenoid limited diet, suggesting an influence of carotenoid acquisition on 

fitness (Fallahshahroudi, Sorato, Altimiras, & Jensen, 2019). Carotenoids have also been implicated in 

many biologically important processes such as antioxidation (Miki, 1991; Svensson P.A. & Wong B. B. 

M., 2011), immune response/system (Blount, Metcalfe, Birkhead, & Surai, 2003), vitamin A production 

(Moore, 1930), energy consuming process of carotenoids metabolism (Geoffrey E. Hill, 2000) and cell-

cell communication (L. X. Zhang, Cooney, & Bertram, 1992).  

Carotenoid-based plumage coloration is widespread across bird taxa and is present in 2956 (out 

of 9993 species) from 105 families in total (Thomas et al., 2014), which constitute 40% of perching bird 

species (Passeriformes) and 13% of non-passerine species (Figure 1.5). It seems that carotenoid-based 

plumage coloration evolved multiple times independently in modern birds (Figure 1.5) (Thomas et al., 

2014). However, mechanisms to extract and circulate carotenoids in the body are conserved across all 

vertebrates (Holmes & Cox, 2012) and regulated by nutrient-uptake and delivery mechanisms (e.g. 

lipoproteins) (Duggan, Marie, & Callard, 2002; During, Dawson, & Harrison, 2005; Walsh, Dale, 

McGraw, Pointer, & Mundy, 2012). This means that the dietary uptake of carotenoids is plesiomorphic 

to all birds, dinosaurs and reptiles (discussed (Walsh et al., 2012)). Super-tree modelling of modern 

birds tracked the earliest origin of carotenoid plumage pigmentation to 56 million years ago, to a 

theoretical ancestor of living perching birds (Passeriformes) (Jetz et al., 2012). The evolutionary 

reconstructions strongly suggest that ancient Cenozoic plumages exhibited the full color range that we 

now see in modern birds. Surprisingly, in some orders such as Anseriformes and Galliformes, it seems 

that carotenoid plumage pigmentation appeared only recently (Thomas et al., 2014). 
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Figure 1.5. A reconstruction of the evolutionary history of carotenoid pigmentation in feathers. Branches are colored according to the 

proportional likelihood of carotenoid-consistent colors at the preceding node. Solid purple points indicate species for which carotenoid feather 

pigments were confirmed present from chemical analysis; open black points represent those for which where carotenoids were not detected 

in feathers after chemical analysis. Source: (Thomas et al., 2014). 

Avian carotenoids can be involved in sexually selected signals associated with intersexual (G. 

E. Hill, 1999) and intrasexual competition (Pryke and Andersson 2003.; Pryke, Andersson, and Lawes 

2001; Murphy et al. 2009). Despite general benefits from carotenoids, they might cause toxicity at high 

concentrations. Carotenoids can cause oxidative stress and toxicity through auto-oxidizing and forming 

carotenoid radicals, which will further oxidase and result in toxic forms of aldehydes known as apo-
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carotenals (Hartley & Kennedy, 2004). Due to carotenoid toxicity, an intensive bright plumage can be 

seen as a handicap, due to the costs of carotenoids detoxification (McGraw & Hill, 2006). The 

detrimental effects of carotenoids were demonstrated in cases of generous doses of supplementation 

that induced ROS production and generated oxidative stress in kestrels (Falco tinnunculus) (Costantini, 

Coluzza, Fanfani, & Dell’Omo, 2007), and from a direct relation between levels of carotenoids and 

muscle deterioration and flight performance decrease in American goldfinches (Spinus tristis) (Huggins, 

Navara, Mendonça, & Hill, 2010). The underlying mechanism are, however, not yet well understood. 

Bare parts (including beak, leg’s skin, feet, ceres and wattles) are characterized by different 

structure and function from feathers, therefore known mechanisms of carotenoid coloration for feathers 

are likely to differ between these tissue types. Many bird, reptile, and fish taxa exhibit bare-part 

carotenoid color based signals (Iverson and Karubian 2017; García-de Blas et al. 2014; Anbazahan et 

al. 2014.; Fitze et al. 2009) and some studies focused on the evolution of honest signaling in bare parts 

(Alonso-Alvarez, Bertrand, Faivre, Chastel, & Sorci, 2007; García-de Blas, Mateo, Viñuela, Pérez-

Rodríguez, & Alonso-Alvarez, 2013; Iverson & Karubian, 2017; Pérez-Rodríguez, Mougeot, & Alonso-

Alvarez, 2010). Bare part coloration in most animals is more plastic and can be affected by factors such 

as blood flow (Negro, Sarasola, Fariñas, & Zorrilla, 2006) and carotenoid esterification (García-de Blas 

et al., 2013). Due to its’ rapid plasticity, bare parts provide more dynamic information about a signaler, 

allowing to adjust signaling strategies to maximize fitness (Iverson & Karubian, 2017), and at the same 

time, is more challenging to study and unambiguously interpret signals.  

Recently many exciting insides into genetic basis of carotenoid-based coloration were revealed. 

Carotenoid cleavage enzymes (BCO1 and BCO2) were identified in birds and mammals, and more 

specifically, BCO1 was implicated in cleavage of β-carotene to pigment production in retina (Olson & 

Hayaishi, 1965), and BCO2 was associated with cleavage of multiple carotenoids such as β-carotene, 

lutein and zeaxanthin (Mein, Dolnikowski, Ernst, Russell, & Wang, 2011). BCO2 is a gene involved in 

two major animal physiological functions: carotenoid coloration and color vision. In the avian retina, 

BCO2 is responsible for the initial cleavage of dietary carotenoid (Toomey et al., 2016). Importance of 

BCO2 for pigmentation has been shown across many taxa (mammals, birds, reptiles), both 

domesticated (cow, sheep and chicken) (Eriksson et al., 2008; Våge & Boman, 2010) and wild animals 

(lizards, birds (Andrade et al., 2019; Toews et al., 2016)). The first study showing relationship between 

leg color and BCO2 as well as an introgression event, on the red-junglefowl, revealed a regulatory 

mechanism of tissue specific gene control, while studies on domestic animals such as cows and sheeps 

pointed out protein coding mutations. BCO2 was shown to positively influence concentrations of beta-
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carotenoids in milk (Tian, Pitchford, Morris, Cullen, & Bottema, 2010) and recently was associated with 

higher fitness in chicken in limited environments (Fallahshahroudi et al., 2019). 

Another gene required for carotenoid metabolism and conversion of yellow dietary carotenoids 

into red ketocarotenoids was recently revealed in two independent studies in two different systems: 

canary (Lopes et al., 2016) and zebra finch (Mundy et al., 2016)). CYP2J19, a member of the 

Cytochrome P450 family of monooxygenases, serves in detoxification as well as vitamin D and hormonal 

metabolism (Werck-Reichhart & Feyereisen, 2000). Intriguingly, in zebra finches we observe sub 

functionalization of CYP2J19, with two copies: CYP2J19A and CYP2J19B, acting on tissue specific 

manner (Mundy et al., 2016). CYP2J19A is only expressed in the retina and CYP2J19B is expressed in 

integument and weakly in the retina. This show the importance of carotenoid metabolism, specifically 

ketolation in vision and pigmentation in birds. Despite these advances, our understanding of the 

molecular pathways underlying carotenoid-based pigmentation remain poorly resolved, especially 

compared to melanin-based pigmentation, for which hundreds of genes have now been implicated. 

Sexual dimorphism 

 Figure 1.6. Sexual dichromatism is widespread and well pronounced in birds (source: Wikicommons) 

Sexual dimorphism is pervasive in nature and can be defined as pronounced differences in 

morphology, behavior or physiology between males and females (Figure 1.6). Differences between 

sexes fascinated people for a very long time, and generations of evolutionary biologists ever since 

Darwin (1871) have attempted to find evolutionary explanation of this phenomena. Krebs, 100 years 

after Darwin, stated that tracing evolutionary mechanism generating sexual dimorphism, is one of the 
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most difficult questions in evolution. Until today, even with the growing number of studies, we still have 

a poor understanding of many aspects of sexual dimorphism, especially regarding the underlying 

molecular basis.  

Sexual selection is expected to be a major driver of sexual dimorphism (reviewed by Savalli 

1995; Badyaev and Hill 2003)). A traditional explanation for sexual dimorphism, interprets it as a 

consequence of mating system and parental care (for review (M. B. Andersson, 1994; Butcher & 

Rohwer, 1989). In polygamous species, with increasing competition in males, we can observe more 

ornamented males and more selection by the females. The sex responsible for parental care is expected 

to have more cryptic plumage. Nevertheless, the development of molecular methods and a better 

understanding of mating systems (high numbers of extra-pair copulations and some observations), 

challenged that theory. The extra-pair paternity seems to be positively correlated with degree of sexual 

dimorphism in plumage brightness (Møller & Birkhead, 1994).  

The role of hormones to create and control sexual dimorphism cannot be dismissed. A recent 

review showed that in many species the showy type of plumage is the default version of plumage that 

develops in the absence of gonadal hormones (Major & Smith, 2016). This implies that cryptic plumage 

is an effect of suppressing expression of showy-patterns rather than being a default pigmentation 

(Owens & Short, 1995). Similarly to coloration classification, there are three possible basis of sexual 

dimorphism in plumage: melanin-based dimorphism, carotenoid- based dimorphism, and structurally 

based dimorphism. Here we focus on carotenoid-based dimorphism.  

Evolutionary switches between monochromatism and dichromatism are not uncommon, and are 

thought to result from a response to rapidly changing conditions and selective pressure. Sexual selection 

is an important trait for avian biology, speciation and evolution, and plays a key role in mate choice, 

interactions between individuals and fitness (Price, 2007). The repeated gains and losses of sexual 

dichromatism illustrate flexibility and easiness to change between states.  Overall sexual dimorphism is 

one of the most fascinating phenomena in biology and insights into genetic basis of this trait are 

discussed in this thesis. 
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Domestic animals as model for genotype-phenotype association studies 

Co-existence of domesticated plants and animals with human populations for over 10,000 years 

transformed significantly human evolution by creating resources that allowed population size growth 

and sedentary lifestyle. We did not only affect the environment around us, but we also started a long-

term genetic experiment. All currently cultivated crops and bred animals are genetically modified, which 

results from a gradual process driven by human artificial selection. Domesticated species substantially 

contribute to our everyday life by providing us with food, clothing, company, entertainment and transport. 

The power of artificial selection to create extreme phenotypes in plants and animals was already noted 

by Charles Darwin in On the Origin of Species (Darwin, 1859) and Variation of Animals and Plants Under 

Domestication (Darwin, 1968). Domestic animals share some common characteristics such as 

tameness, shifts in reproductive timing, variation in coat color, floppy ears, as well as dwarf and giant 

varieties. Domesticated characteristics have been the subject of intense research for at least the last 

150 years.  

Domestic animals are a great source of phenotypic variety, exemplified by the number of different 

breeds, and have contributed greatly to improve of our understanding of genotype-phenotype 

interactions. Due to curiosity and passion of breeders we can admire and study a breathtaking range of 

phenotypic diversity in hundreds of rabbits, pigeons, canaries and other animals’ breeds. Domestic 

animals are good models for finding the genetic basis of traits because of many reasons. Most 

importantly, many of the traits are polymorphic within the species, what is not necessarily very common 

in nature. Notably, the phenotypic divergence for some traits between breeds (so within species) can 

be the same or even superior than between species in nature. In addition, due to artificial selection, 

quite often focused on a specific trait, the phenotypic variation is more pronounced and often 

characterized by a simple genetic architecture, thus facilitating the dissection of the genetic basis using 

genetic mapping approaches. Finally, domestic animals are easy to breed and keep in the laboratory 

setting and many resources are available what also contribute to overall facilitation of studies. 

Bird domestication 
Bids were among the earliest animals to be domesticated. Two birds, the chicken (Gallus gallus) 

and the pigeon (Columba livia), have a particularly important role in this history, with its’ “ancient” 

domestication dated around of the establishment of a sedentary lifestyle and the spread of agriculture 

(Etges and Noor 2003). Turkey (Meleagris gallopavo), duck (Anas platyrhynchos), goose (Anser anser), 

quail (Coturnix coturnix and Colinus virginianus), guinea fowl (Numida meleagris) are other examples 

of domesticated birds, kept mostly for meat and eggs. The differences between wild species abilities 

and commercial breeds are really striking e.g. modern layers lay over 300 eggs in one year instead of 
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1 clutch of max 10 eggs like jungle fowl, commercial broilers weight 2.5 kg so over three times more 

than their wild ancestor. Turkey selection for meat (turkey breast!) resulted in low fertility and body 

conformation that is not favorable for natural mating, therefore turkey industry is heavily dependent on 

artificial insemination.  

Small passerines such as canaries (Serinus canaria) and budgerigars (Melopsittacus undulatus) 

were bred and kept in captivity for entertainment and aesthetic purposes. Canaries, and other birds 

were selected for many different traits to entertain human eye and ear, and  therefore they diverged into 

many different breeds, characterized by colors, ornaments (e.g. crest), vocalizations or morphology. 

Many of those ornamental traits are in many ways similar to those subjected to sexual selection in wild 

populations. Already Darwin was the one who linked artificial breeding with sexual selection on traits 

(1872, p. 353). The idea of artificial selection in birds can be summarized as appreciation of beauty, 

exaggeration and novelty. Newly appearing mutations are immediately apparent therefore, so they 

represent in many cases large effect genes. The number of breeds in different bird species is a function 

of time and selection: in canaries, there are 72 breeds, in chicken 146, and in pigeons 350. Many breeds 

of domesticated birds display specific combination of multiple traits such as body morphology, posture, 

ornaments and plumage. Many of birds were selected for color, therefore the color breeds represent a 

significant fraction of the phenotypic diversity. Overall, through artificial selection in birds, humans 

created a great resource to appreciate diversity and beauty but also created a unique setup for studying 

genetic basis of traits. 

Pigeon domestication 
Pigeons have been domesticated for more than 10000 years (Blechman, 2007). Descendants of 

the rock dove (Columba livia) changed cliff habitat for urban habitat in the Near East. The oldest written 

and pictorial records providing evidence for humans keeping pigeons come from Egypt and 

Mesopotamia (Serjeantson, 2009). Pigeons have many extreme phenotypes (Figure 1.7) with 350 

phenotypically different breeds (Shapiro & Domyan, 2013; Stringham et al., 2012). Pigeons as model 

species, have provided important insight into the genetics of multiple traits, such as behavior, 

vocalizations, skeletal morphology, feather ornaments, colors, and color patterns (Theunissen, 2012).  
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Figure 1.7. Phenotypic variation among domestic pigeon breeds. (A) frillback,,(B) old German owl, (C) African owl, (D) scandaroon, (E) English 

trumpeter, (F) Indian fantail, (G) archangel, (H) fairy swallow, (I) old Dutch capuchin, (J) figurita, (K) English pouter. Source: (Domyan & 

Shapiro, 2017) Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND) 

Despite much attention being devoted to the extreme ornamentation of many pigeon breeds, another 

set of less conspicuous phenotypes, but also extreme, is found within racing breeds. Racing pigeons 

(also known as homing pigeons, or racing homers) are selectively bred for athletic and navigational 

capabilities that enable these birds to find their way home as quickly as possible over what are often 

extremely long distances (Walcott, 1996). Contemporary race results underline the incredible 

performances of these birds: in competitive races of almost 800 km, pigeons often finish within minutes 

of each other, travelling at average speeds of more than 65 km/h without stopping to rest or feed. 

However, due to the long history and competitive nature of races, the genealogy and details on the 

selection process of pigeons are not available, remaining partially known only to breeders. Racing 

pigeons is a serious sport, that has a substantial economic importance and individuals birds can be sold 

for large amounts of money (e.g. 1.25 million euros). Due to their characteristics, racing pigeons offer a 

unique opportunity to investigate the evolution and genetic basis of traits associated with flight 

performance and navigational ability. 

Canary domestication 
Domesticated canaries are derived from wild populations of the island canary (Serinus canaria) 

native to the Canary Islands (Collar Nigel, Newton Ian, Clement Peter, & Arhhipov Vladimir, 2010). 

Domestic canary has been over the centuries a popular pet that is commonly bred and finds admiration 

from a large group of bird fanciers. The most precious birds, winners of the international bird shows, 

have substantial economic value and attract a lot of people attention. Canaries present striking 

phenotypic variation of color, feather structure, posture, song and many other characteristics 

(Figure 1.8), which result of artificial selection by humans. This makes them a great model system to 

study genetic basis of many traits with high importance for avian evolution. 
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Figure 1.8. Phenotypic diversity in domesticated canaries: (A) gibber italicus (B) belgian malinois waterslager (C) fife fancy (D) red canary (E) 

norwich (F) gloster (G) lizard (H) persian frilled (I) southern dutch frill (J) spanish timbrado, (K) yellow.  

The history of canary breeding is one of very long-standing luxurious hobbies, with introduction 

of canaries in Spain in 15th-16th century. The canary song attracted attention of Spanish kings and 

aristocrats. One of the purposes of strong directional selection was to admire and make the song of the 

small bird even more melodious, and in that way song canaries were created (Güttinger, 1985). Since 

introduction to Europe, canary breeding hobby quickly spread around Europe, and more and more 

variations appeared and were maintained by breeders. Probably around the end of 17th century, two 

color mutations were already in the gene pool, the yellow and white dominant canary. In a relatively 

short time, since the 17th century until today, many different mutations appeared massively, which is 

likely explained by a process of intensive directional crosses and many fancier experimenting with 

different phenotypes such as color hues probably not imaginable for breeders from the 17th century.  

Among all its characteristics, canary stands out as a great model to study the evolution of 

coloration. Canary pigmentation is determined by two types of pigment: melanin and lipochrome. 

Lipochrome canaries are characterized by uniform plumage bright carotenoid-based coloration with no 

melanin-based pigment in the feathers (Walker & Avon, 1993). We can distinguish two forms of 

lipochrome-based color: yellow lipochrome and red lipochrome. Different domesticated breeds were 
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selectively bred for carotenoid-based coloration, including the solid bright yellow of the stereotypical 

domestic canary (T. R. Birkhead, Schulze-Hagen, & Kinzelbach, 2004; Tim R. Birkhead, 2003). 

Breeders used traditional methods of line breeding to create canaries of such exaggerated color, pairing 

their most colorful males with their most colorful females to produce exceptionally colorful offspring 

(Walker & Avon, 1993). Artificial selection through line breeding of colorbred canaries has therefore 

imposed strong selection for a monochromatic bright population by favoring increased coloration in both 

sexes. Studying domestic species like the canary presents a rare opportunity to study trait evolution 

because we have a known starting point (wild-type plumage) and a known duration of selection (at most 

500 years).  

In late 1930s, canary breeders created what has been considered by many the first genetically 

engineered bird, by establishing crosses between canaries and the Red Siskin (Carduelis cucullata) in 

order to create the red canary (Tim R. Birkhead, 2003). After a couple of generations of backcrosses 

with canaries, all the visible traits of siskin origin, except for redness were removed (Tim R. Birkhead, 

2003). In the process of selection, one more breed was created, since red siskin is sexually dimorphic 

bird with dull females and bright males, therefore sexual dimorphism was introgressed to domestic 

canaries (Tim R. Birkhead, 2003) and that was a subject of one of the studies presented in this thesis. 

Canaries are not only a great model to study coloration but they are well established model for 

studying neurobiology (Vellema et al., 2019), physiology (Frankl-Vilches et al. 2015), mate choice 

(Alward, Madison, Gravley, & Ball, 2016) and many others. Together with zebra finches, canaries are 

the most important model species to study song, singing behavior and cognition (P. C. Mundinger & 

Lahti, 2014). In contrast with zebra finches, canaries are open-learners, which means that they can learn 

new elements of the song throughout life, what is quite unique in avian species (Nottebohm, Nottebohm, 

& Crane, 1986). Regarding song, there are different breeds that are characterized by different 

characteristics of the song, such as amplitude, frequency, and syntax  (P. Mundinger, 2010), making 

canaries also an excellent model to study the genetic basis of vocal learning behavior. To sum up 

canaries are an exceptional model system to study many genotype-phenotype associations. 
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PhD objectives and contribution 

The work presented in this thesis is the culmination of a four-year PhD project carried out at 

CIBIO, University of Porto, Portugal under the supervision of Miguel Carneiro, and co-supervised by 

Ricardo Jorge Lopes (CIBIO) and Leif Andersson (Uppsala University). During my PhD, I did four 

different short-term research visits, learning new methods and working on different aspects of my 

project: Leif Andersson lab in Uppsala, Sweden; Joseph Corbo lab in St. Louis, MO, United States of 

America, Tracy Larson lab in Charlottesville, VA, United States and Tom Gilbert lab, Copenhagen, 

Denmark.  

The aim of my PhD was to develop comprehensive investigations linking traits with high 

importance for avian evolution with its genetic basis, by looking at the genome and providing, in several 

cases, explicit links between genotype and phenotype (see Figure 1.1 for a graphical overview of the 

conceptual approach). Briefly, we started by selecting an appropriate model, followed by whole genome 

sequencing and genome scans to associate genomic regions with a specific phenotype. This procedure 

can use complementary mapping approaches (e.g. selective sweep mapping, linkage mapping, 

association analysis, or identical by descent mapping), with the main objective of narrowing down the 

number of potential candidate genes. Then, selected genes are screened to reveal the candidate gene, 

that can be confirmed with gene expression analysis (RNA-seq and/or qPCR), followed by functional 

experiments to ultimately confirm the gene function. 

The thesis is divided into a general introduction, two published papers, two manuscripts and a 

final discussion. The first paper focus on the genetic basis for the athletic performance and orientation 

in racing pigeons. Here I find it is very polygenic trait, which arose through selection on standing genetic 

variation. Next paper provides insights into carotenoid coloration in canaries. Using white recessive 

canaries we show that SCARB1 is a necessary gene for acquisition of carotenoids, additionally linking 

carotenoid metabolism with lipid metabolism. The third chapter demonstrates the importance of BCO2, 

as the only enzyme preventing bare coloration in canary, by studying loss of function on a mutant 

(urucum canary). In the last chapter, I focus on the genetic basis of sexual dichromatism in passerine 

birds and the importance of regulatory regulation of BCO2 gene. Finally, I integrate my findings and 

discuss future perspectives.    
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Abstract 

Racing pigeons have been selectively bred to find their way home quickly over what are often extremely 

long distances. This breed is of substantial commercial value and is also an excellent avian model to 

gain empirical insights into the evolution of traits associated with flying performance and spatial 

orientation. Here, we investigate the molecular basis of the superior athletic and navigational capabilities 

of racing pigeons using whole-genome and RNA sequencing data. We inferred multiple signatures of 

positive selection distributed across the genome of racing pigeons. The strongest signature overlapped 

the CASK gene, a gene implicated in the formation of neuromuscular junctions. However, no diagnostic 

alleles were found between racing pigeons and other breeds, and only a small proportion of highly 

differentiated variants were exclusively detected in racing pigeons. We can thus conclude that very few 

individual genetic changes, if any, are either strictly necessary or sufficient for superior athletics and 

navigation. Gene expression analysis between racing and non-racing breeds revealed modest 

differences in muscle (213) and brain (29). These transcripts, however, showed only slightly elevated 

levels of genetic differentiation between the two groups, suggesting that most differential expression is 

not causative but likely a consequence of alterations in regulatory networks. Our results show that the 

unique suite of traits that enable fast flight, long endurance, and accurate navigation in racing pigeons, 

do not result from few loci acting as master switches but likely from a polygenic architecture that 

leveraged standing genetic variation available at the onset of the breed formation. 
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Introduction 

Pigeon racing is a worldwide hobby that mobilizes a substantial amount of funds, with single birds often 

being sold for hundreds of thousands of euros. This sport consists of releasing birds at specific locations 

with distances ranging from 100 to over 1,000 km, which then race back to their home lofts and have 

their average speed recorded (Figure 2.1). Racing pigeons (also known as homing pigeons, or racing 

homers) are the product of crosses between a number of previously existing pigeon breeds, followed 

by more than 100 years of strong directional selection for extreme flying and spatial orientation 

capabilities with the purpose of producing faster birds (Blechman 2007).  

Figure 2.1. Racing pigeons being released from Perpignan (France) to Belgium in 2011. In modern pigeon races, birds are transported to a 

common location in trucks similar to the one in the picture. After birds get released, they fly to their own lofts and are clocked by their owners. 

The average speed is used to rank the birds and it is a function of the time elapsed and distance to each individual loft. The winner of this race 

flew ~900 km at an average speed of 69 km/h (source PIPA; https://www.pipa.be/). 

Racing pigeons are phenotypically diverse in plumage color, eye color, size, among other traits, 

but breeding decisions made by breeders are strictly focused on race results. While some breeders 

employ more sophisticated breeding practices similar to that employed in other domesticated species 

bred for production traits or athleticism, such as line breeding or inbreeding, most breeders simply 

outcross the best racers available to them. Since elite performers are often not available or very 

expensive, breeders can also purchase close relatives from specific bloodlines that are known for their 

consistency in racing performances over several generations. There are no records of significant 
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interbreeding between racing pigeons and other pigeons after the initial formation of the breed. The 

long-term selection regime imposed on racing pigeons culminated in a variety of physical, physiological, 

and behavioral changes. Contemporary race results underline the outstanding performances of these 

birds. For example, in competitive races up to 800 km pigeons often finish within minutes of each other, 

flying without stopping to rest or feed at average speeds usually higher than 70 km/h. Racing pigeons 

thus offer a rare opportunity among birds to investigate the evolution and genetic basis of traits 

associated with athletic performance and navigation ability. 

The genetics of athletic performance has been the target of multiple studies in mammals, such 

as dogs, horses, and humans (Ostrander et al. 2009; Schröder et al. 2011; Ahmetov et al. 2016; Rivero 

and Hill 2016). While the physical, physiological, and behavioral factors underlying superior athletic 

performance are well described for several of these species (Scott and Milsom 2006; Joyner and Coyle 

2008; Brass et al. 2009; Douglas et al. 2012), few genes have been implicated in the genetic basis of 

these changes. Perhaps the most notable example of a gene with a large effect on racing performance 

phenotypes is the myostatin gene (MSTN). This gene encodes a transforming growth factor that controls 

the growth and development of muscle tissue, and polymorphisms in the MSTN region have been 

convincingly associated with increases in muscle mass and superior racing performance both in dogs 

and horses (Mosher et al. 2007; Hill et al. 2010; Petersen et al. 2013). In humans, two genes, ACE 

(angiotensin-1 converting enzyme) and ACTN3 (α-actinin-3), have been consistently associated with 

elite endurance and power-related performance (Montgomery et al. 1998; Yang et al. 2003; Puthucheary 

et al. 2011). However, the search for genes underlying athletic performance in humans has so far led to 

the rejection of the “single-gene-as-magic-bullet” hypothesis, as a large number of genes of small effect 

appear to be implicated in athletic capability (Bray et al. 2009; Ostrander et al. 2009). For dogs and 

horses, although there are some known genes of large effect such as MSTN, the same scenario is likely 

to be true. The genetics of athletic performance has received little attention in birds. In pigeons, large-

scale studies are lacking and candidate gene approaches using racing and non-racing pigeons have 

uncovered potential associations between athletic performance phenotypes and LDHA (lactate 

dehydrogenase; Dybus et al. 2006; Proskura et al. 2014) and MSTN (Dybus et al. 2013). 

Less is known about the genetics of navigation and orientation (Liedvogel et al. 2011; Delmore 

and Liedvogel 2016). Crossbreeding experiments conducted on wild birds show that the heritable basis 

for orientation during migratory periods is often simple and associated with a small number of loci of 

large effect (Helbig 1991; Pulido and Berthold 2003). More recently, a growing body of work has utilized 

genomic-scans of genetic differentiation or differential gene expression between populations or species 

of passerine birds that differ in migratory behavior (Lundberg et al. 2013; Ruegg et al. 2014; Delmore et 
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al. 2015; Delmore and Liedvogel 2016; Johnston et al. 2016; von Rönn et al. 2016; Lundberg et al. 

2017). One of these studies has successfully uncovered a large effect genomic region that is implicated 

in differences in migratory orientation between populations of thrushes (Delmore et al. 2016). Functional 

enrichment analyses in these studies also revealed a variety of functions associated with migratory 

behavior, such as circadian clock regulation, nervous system functioning, and cell signaling (Lundberg 

et al. 2013; Delmore et al. 2016). It should be noted, however, that many of these studies are not directly 

targeting orientation but instead migratory behavior and many of its additional components, such as 

timing of migration, propensity to migrate or fat deposition. In pigeons, another candidate gene approach 

study identified a polymorphism in the gene DRD4 (dopamine receptor D4) potentially associated with 

superior performance in short length races (Proskura et al. 2015). Although this gene has a well-

established function in neurosignaling in the brain, it is unclear whether DRD4 is implicated in navigation 

and orientation or it is rather associated with personality traits, which are also connected to racing 

performance. Thus, the identity of individual genes controlling navigation and orientation in birds 

remains largely unknown. 

 In this study, we present the first comprehensive study of levels and patterns of genetic diversity 

in racing pigeons. To localize signatures of positive selection across the genome, we generated whole-

genome resequencing data for racing pigeons, which we contrast with previously published data for 

fancy and utility breeds (Shapiro et al. 2013). To further help dissect the molecular underpinnings of 

racing performance phenotypes in pigeons, we used RNA-sequencing (RNA-seq) to investigate 

differential gene expression between racing pigeons and other breeds in two tissues relevant for athletic 

performance (pectoral muscle) and navigation (brain). Unlike some famous examples of genes or loci 

implicated in athletic performance in mammals and navigation in birds, our results suggest that selection 

in racing pigeons likely acted through modest shifts in the frequency of many pre-existing alleles that 

were already present as standing genetic variation within domesticated pigeons. Our study further 

provides a manageable list of candidate genes for functional studies that can provide insights into the 

genetics of traits of general relevance in avian biology. 
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Results 

To investigate the genomic basis of athletic performance and navigation in pigeons we started by 

collecting genome-wide polymorphism data for eight racing pigeons by means of whole genome 

sequencing (10-14X sequence coverage). These eight individuals were combined with existent whole-

genome resequencing data for two additional racing pigeons, 37 birds from 35 breeds, and one outgroup 

species (Columba rupestris) all available from a previous publication (Shapiro et al. 2013). We 

processed a total of 7.3 billion reads that were mapped to the pigeon reference genome, resulting in an 

average coverage of 12.4X per individual (see Table S3.1 for sampling and resequencing details).  

Population structure and differentiation: We began by investigating overall patterns of genetic 

differentiation and population structure between racing pigeons and the remaining breeds. Levels of 

genetic differentiation between the two groups, as measured by the absolute difference in allele 

frequency (ΔAF) averaged across all variants, were low to moderate (ΔAF = 0.08). However, the 

topology of the phylogenetic tree, the spatial clustering in the PCA plot, and the ADMIXTURE analysis, 

all showed that racing pigeons could be well distinguished from all other pigeon breeds (Figure 2.2; 

Figure S2.1). The close relatedness among racing pigeons is also well demonstrated by the clustering 

of the eight racing pigeons sequenced in our study and the two racing pigeons from Shapiro et al. 2013, 

even though the eight individuals were sampled from different European breeders and the other two 

were sampled in the United States.  
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Figure 2.2. Genetic relationships among pigeon breeds. (A) Unrooted Neighbor-Joining tree. The cluster of racing pigeons is highlighted and 

the bootstrap value of the node is given. Bootstrap values for all nodes with support ≥ 80 are provided in Figure S2.1 (B) Principal Component 

Analysis (PCA). (C) ADMIXTURE clustering shown for multiple values of K. Individuals are shown as vertical bars colored in proportion to their 

estimated ancestry from each cluster. 

 

In the lower values of K in the ADMIXTURE analysis, it can also be seen that racing pigeons 

share the same cluster with other breeds (Figure 2.2C). One of the few breeds that shares a cluster with 

racing pigeons at K=4 is the English Carrier. This breed is the last breed to share a cluster with racing 

pigeons (K=9) and is also one of the breeds that groups closely with racing pigeons in the phylogenetic 

analysis (Figure 2.2A). This clustering is in agreement with previous genetic studies (Stringham et al. 

2012; Shapiro et al. 2013) and tentatively supports historical records that indicate the English carrier as 

one of the primary breeds employed to develop the racing pigeon breed (Blechman 2007). Overall, our 

results show that racing pigeons form a well-defined genetic entity. 
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Genome-wide patterns of allele frequency differentiation: We next calculated for every variant in 

the genome (both SNPs and indels) the ΔAF between racing and non-racing pigeons. As expected from 

the low overall levels of genetic differentiation described above, the great majority of variants showed 

ΔAF values lower than 0.20 (88.8%; Figure 2.3A). Given the low levels of genetic differentiation and the 

broad sampling of fancy and utility breeds used in our analysis, highly differentiated variants between 

racing and non-racing pigeons are likely to be enriched for causative mutations, or overrepresented due 

to hitchhiking in regions of the genome targeted by selection in the lineage leading to racing pigeons.  

Figure 2.3. Levels and patterns of allele frequency differentiation between racing and non-racing pigeons based on individual variants. (A) 

Histogram of ΔAF values between racing and non-racing pigeons for all variants. (B) Percentage of the total number of major alleles found in 

racing pigeons for variants with ΔAF equal or higher than 0.5 across all individuals in the dataset (C) Ratio of variants of high ΔAF (>0.50) and 

low ΔAF (<0.10) for multiple functional categories (nonsynonymous, intronic, and intergenic). 

 

Strikingly, among a dataset of 17,425,765 million variants we did not find a single example of a 

variant with diagnostic alleles between racing and non-racing pigeons and only 26 variants showed a 

ΔAF above 0.8. These 26 variants are clustered in five independent genomic regions that overlap or 
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map in the vicinity (<174kb) of several protein-coding genes: CASK (calcium/calmodulin-dependent 

serine protein kinase), LOC102086099 (cystathionine beta-synthase like), FAM217B (family with 

sequence similarity 217, member B), PTPRD (Protein Tyrosine Phosphatase, Receptor Type D), and 

SIK1 (salt inducible kinase 1). CASK, SIK1, and PTPRD are good candidates to be implicated in racing 

performance phenotypes. CASK has been implicated in the development of neuromuscular junctions 

(Gardner et al. 2006; Oliva et al. 2012), which play a critical role in the function of skeletal muscle. 

Differences in the morphology and physiology of such junctions have been associated with muscle 

performance (Deschenes et al. 1994). SIK1 has been shown to regulate muscle function and growth by 

controlling the expression of muscle specific genes (Berdeaux et al. 2007; Stewart et al. 2013). SIK1 

has also been shown to regulate hepatic lipogenesis, which plays an important role in energy 

homeostasis (Yoon et al. 2009). PTPRD influences the magnitude of long-term potentiation of synapses 

in the hippocampus (Uetani et al. 2000), a brain region that plays a role in spatial memory and is thought 

to be associated with bird navigation (Cnotka et al. 2008; Mehlhorn et al. 2010). 

The proportion of variants with private alleles – alleles present in racing pigeons but absent in 

non-racing pigeons – was low (~1.6%) and the great majority also displayed ΔAF values below 0.2 

(89.7%). Of the 36,191 variants with ΔAF higher than 0.5, only a small fraction were variants with private 

alleles (1.3%). To investigate which breeds could have potentially contributed alleles that were 

subsequently selected in racing pigeons, we counted for each non-racing individual the number of racing 

pigeon major alleles for variants with ΔAF equal or higher than 0.5 (Figure 2.3B). The total percentage 

of these alleles carried by each racing pigeon was remarkably similar, and consistent with the genetic 

structure analyses, we found that the English carrier was the bird with the highest percentage among 

all individuals from non-racing breeds. Interestingly, individuals from non-racing breeds in all cases 

carried 20% or more of these alleles. Although we may have missed potential variants due to the 

moderate sequencing coverage or gaps in the reference assembly, our high resolution map of genetic 

differentiation shows that diagnostic alleles between racing and non-racing pigeons are extremely rare 

or even inexistent, and that the great majority of alleles showing high ΔAF also segregate in fancy and 

utility breeds. 

We next interrogated our list of 36,191 variants with ΔAF higher than 0.5 for variants of potential 

functional significance. We reasoned that among these variants there might be candidates for mutations 

directly targeted by selection in racing pigeons. Since detailed functional epigenomic maps do not exist 

for pigeons or birds in general, we focused our attention on mutations altering protein sequences and 

highlight two main findings. First, gene inactivation does not seem to be a major mechanism underlying 

racing performance in pigeons since we found only one stop-gain (ΔAF = 0.61) and two frameshift 

mutations (ΔAF = 0.69 and ΔAF = 0.61) among our list of highly differentiated variants. The premature 
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stop mutation occurs in the TKT gene (transketolase). TKT is a thiamine-dependent enzyme that is 

associated with channeling the excess of sugar phosphates to glycolysis in the pentose phosphate 

pathway, and has therefore an important role in energy metabolism. The frameshift mutations occur in 

HSF2BP (Heat Shock Transcription Factor 2 Binding Protein) and AAK1 (AP2 Associated Kinase 1), 

two genes with no obvious link to racing performance. Second, our list contained 130 nonsynonymous 

mutations. To test whether this number of highly differentiated nonsynonymous mutations is higher than 

expected, we compared the ratio of variants of high ΔAF (>0.50) and low ΔAF (<0.10) between 

nonsynonymous and synonymous, intronic, and intergenic positions. If anything, we found a slight 

underrepresentation of nonsynonymous mutations among relatively high ΔAF mutations (Figure 2.3C). 

This result suggests that most of these nonsynonymous mutations are unlikely to be causative and the 

high differentiation probably results from genetic drift or hitchhiking. Together with the few examples of 

gene-inactivating mutations, it further suggests that regulatory variants are likely to have been the major 

targets for selection in racing pigeons. 

 

A catalog of putative selection signals across the genome: Evidence of selection across the 

genome of racing pigeons was investigated through five complementary statistics designed to detect 

molecular signatures of positive selection (see Material and Methods for details). These statistics differ 

in their power to detect selective events depending on the mode of selection or demographic history, 

and explore different aspects of the data, including genetic diversity (Δπ), genetic differentiation (FST), 

the allele frequency spectrum of mutations (ΔTD as well as Fay and Wu’s H), and haplotype structure 

(XP-EHH). To localize and delineate putative selected regions, the different statistics were combined 

using the de-correlated composite of multiple signals method (DCMS; Ma et al. 2015), a composite 

method for detection of selection that combines molecular signals of multiple tests and takes into 

account potential correlations among the different tests. These types of methods are expected to 

increase resolution and reduce the proportion of false positives (Grossman et al. 2010; Ma et al. 2015). 

DCMS was calculated in 100kb windows across the genome and the size of the window was chosen 

based on patterns of linkage disequilibrium decay and identity-by-descent (IBD) (see Methods). 

Despite the paucity of fixed genetic variation between racing and non-racing pigeons, our 

genome-wide screen identified multiple signatures of positive selection in racing pigeons. We identified 

200 windows that displayed a significant DCMS score (P-value < 0.01; Figure 2.4A). The pigeon 

reference genome is not assembled in chromosomes but these windows are homologous to segments 

of the genome located on many zebra finch chromosomes (Table S3.2) and represent 65 regions after 

collapsing significant windows separated by less than 200Kb (see Table S3.2 for details). These regions 

had a median size of 150Kb, encompassed ~1.2% of the genome (15.2Mb), and based on the pigeon 
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genome annotation the candidate regions and their immediate vicinity (50kb upstream and downstream) 

contained 265 genes. Nine regions showed the strongest evidence of selection (P-value < 0.001; 

Table S3.2), and the top DCMS value in the genome overlapped the CASK gene described above 

(Figure 2.4A). The signature of selection in the CASK region is supported by all the statistics utilized and 

is apparently stronger close to the promotor region (Figure 2.4B). We performed a functional enrichment 

analysis based on the overall list of genes contained within candidate regions but we failed to detect 

significant enrichment for any particular function after correction for multiple testing (File S2.1).  

Figure 2.4. Signatures of selection in racing pigeons. (A) Manhattan plot of DCMS values over the entire genome in a comparison of racing 

versus non-racing pigeons. Thresholds for significance at P = 0.01 (bottom line) and P = 0.001 (top line) are indicated. Different colors represent 

different scaffolds in the same order as they appear in the reference genome assembly (Cliv_1.0). (B) A zoom in of population genetics statistics 

and DCMS scores in the CASK region (scaffold NW_004973256.1; homologous to zebra finch chromosome 1). Each data point is based on a 

sliding window analysis using 100 kb windows with 50 kb steps. Annotated protein-coding genes are drawn across the top. 
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Differential gene expression analysis: To further investigate the genetics of superior flight and 

orientation ability in racing pigeons, we profiled gene expression using RNA-seq data from whole-brains 

and from the pectoral muscle, the latter being responsible for the powerful down stroke of the wing that 

supports a bird in flight. We sampled four racing pigeons and four individuals from four fancy breeds 

that do not have a record of selection focused on racing performance. All animals were adults. We 

generated a total of 439,799,906 read pairs, with an average of ~20 and ~35 million pairs per sample 

for muscle and brain, respectively. Gene expression differences were evaluated for a total of 15,685 

transcripts. Table S3.3 summarizes the details of the dataset.  

 Our RNA-seq analysis revealed low to moderate changes in gene expression between racing 

and non-racing pigeons (Figure 2.5). A total of 242 transcripts were inferred to be differentially expressed 

(FDR < 0.05; File S3.2) and the contrast using brain showed fewer differences (29) when compared to 

muscle (213). None of the transcripts were common to both tissues. We found a slight excess of 

downregulated transcripts in racing pigeons both for brain (upregulated = 11 and downregulated = 18) 

and muscle (upregulated = 90 and downregulated = 123). We carried out functional analysis based on 

this list of differentially expressed genes (File S3.1) and found a significant enrichment of 75 gene 

ontology (GO) terms in muscle tissue (the top significant GO terms were associated with ribosome 

functioning, catabolic processes and protein metabolism), while for brain tissue a single GO term was 

significantly enriched (xenobiotic metabolic processes). 

Figure 2.5. Differential gene expression between racing and non-racing pigeons. The left panel summarizes the results for brain (A) and the 

right panel for muscle (B). Log fold change (y-axis) vs. average Log counts per million (LogCPM) values (x-axis) for the 15,685 transcripts 

evaluated in our study. Red dots indicate significant differences in gene expression after correction for multiple testing using a false discovery 

rate of 5%. Black dots indicate no significant change. Details of the gene expression analysis can be found on File S3.2. 
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We next asked whether differentially expressed genes were located in regions of the genome 

that differed most markedly between racing and non-racing pigeons. We tested this in three ways. First, 

we evaluated whether the 242 differentially expressed genes were overrepresented in the 65 regions 

inferred to be under positive selection in racing pigeons using DCMS. However, we found only three 

genes overlapping putative selected regions, which is not a significant overlap (Fisher’s exact test, 

P=0.452). Second, we compared the average ΔAF within the coordinates of differentially expressed 

genes (plus/minus 5kb) to the average ΔAF in the remainder of the genome. Average ΔAF for 

differentially expressed genes was slightly but significantly higher (ΔAF = 0.084) when compared to the 

genome-wide average (ΔAF = 0.080; Mann-Whitney U test, P < 2.2x10-16). A similar pattern and 

magnitude is seen when we restricted the analysis to the promotor regions (5kb upstream) of 

differentially expressed genes (ΔAF =0.086), which are expected to be enriched for regulatory elements, 

when compared to the genome-wide average (ΔAF = 0.080; Mann-Whitney U test, P = 6.0x10-13). 

Finally, we evaluated whether variants with ΔAF values > 0.5 were enriched compared to the total 

number of variants within the coordinates of differentially expressed genes (plus/minus 5kb). We found 

a slight but significant enrichment (0.0025 vs. 0.0021, Chi-square test, P-value = 1.9x10-5). The fact that 

levels of genetic differentiation were only slightly elevated in genomic regions harboring differential 

expressed genes suggests that the great majority of differentially expressed genes are unlikely to be 

causative for racing performance phenotypes. 

One potential exception is NFIA (Nuclear Factor I A). This gene is differentially expressed in 

muscle (Log fold change = -2.1; FDR = 4.03E-03; File S2) and overlaps a putative selected region 

(Table S3.2). Moreover, 37% (122) of the variants with a ΔAF value higher than 0.5 overlapping 

differentially expressed genes map to this gene. NFIA encodes a transcription factor involved in the 

activation of erythropoiesis and repression of the granulopoiesis. This gene has been associated with 

aerobic performance and elite endurance athlete status in humans (Ahmetov et al. 2015), and is 

therefore an excellent candidate to contribute to the superior flight ability of racing pigeons. 
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Discussion 

The modern racing pigeon was achieved via an initial cross of several breeds followed by over 100 

years of selection for faster individuals. Our genetic structure analyses show, however, that racing 

pigeons form a group of closely related individuals, especially considering that our analysis included 

birds both from Europe and the United States. The fact that racing pigeons are more genetically similar 

to one another than to other pigeon breeds might be a consequence of the little, or even inexistent, 

interbreeding that is expected between racing pigeons and other breeds for several decades now, and 

perhaps an expected outcome of the competitive nature of pigeon racing. For example, whenever a new 

line of pigeons that has noticeable increases in performance emerges, breeders are quick to acquire 

elite performers or their close descendants in an attempt to exploit the newfound advantage. These lines 

can therefore rapidly replace or be crossed with existing varieties and prevent the accumulation of 

genetic structure within the population of racing pigeons. 

Despite the well-defined genetic structure between racing and non-racing pigeons, our contrast 

reveals a complete lack of fixed variation and a low proportion of private alleles among highly 

differentiated variants. The fact that variants characterized by large allele frequency differences between 

racing pigeons and other breeds are still polymorphic within racing pigeons implies that it is unlikely that 

any single genetic change is sufficient to account for the superior flight and orientation abilities of racing 

pigeons. This important result further suggests that the superior flight and orientation abilities of racing 

pigeons can involve different combinations of alleles in different birds. In addition, we recovered a 

considerable number of signatures of selection across the genome, indicating a polygenic basis for the 

adaptations to extreme performance in this breed. This pattern is perhaps expected considering the 

number of body systems that must interact for superior racing performance (cardiovascular, respiratory, 

musculoskeletal, and nervous systems), and is consistent with results in humans, in which increases in 

muscle mass and athletic performance are often explained by a highly polygenic architecture (Bray et 

al. 2009; Ostrander et al. 2009). 

It is well established that non-equilibrium population dynamics dominated by frequent 

bottlenecks and reduced effective population sizes characterize most domesticated species, and 

pigeons are no exception. This type of non-selective forces can have a strong impact on levels and 

patterns of genetic variation, sometimes mimicking the signatures expected from directional selection 

(Jensen et al. 2005). To mitigate this and reduce the rate of false of positives, we combined in our 

selection inferences multiple statistics that explore different aspects of the data, including genetic 

diversity, genetic differentiation, allele frequency spectrum of mutations, and haplotype structure. Our 

analysis included statistics that use exclusively levels and patterns of molecular variation within the 
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population of racing pigeons (e.g. Fay and Wu’s H). In addition, it also includes statistics that evaluate 

the data from both parental and derived populations simultaneously (Δπ, ΔTD, and XP-EHH), and these 

types of statistics are expected to be less sensitive to demographic events and more likely to respond 

to genetic hitchhiking than to other scenarios (Innan and Kim 2008). Given that we used a window-

based approach to detect selection, another concern is that variation in recombination rate across the 

genome could explain some of the candidate regions, which could be enriched in low recombination 

regions due to large IBD tracts resulting from demographic processes. To our knowledge there is no 

genetic map available for pigeons, but rates of recombination across the genome in birds often correlate 

well with the size of each chromosome – larger chromosomes tend to have on average lower 

recombination rates than smaller chromosomes (e.g. Kawakami et al. 2014). We found that our catalog 

of candidate regions was distributed across both large and small chromosomes and was not enriched 

in the larger chromosomes beyond the expected number given their size (Table S2). Furthermore, a 

prediction of models of selection at linked sites is that regions of low recombination will exhibit lower 

levels of genetic diversity (Smith and Haigh 1974; Charlesworth et al. 1993). According to these models, 

if our candidate regions were preferentially located in low recombination regions, we should expect 

these to contain lower levels of genetic diversity also in non-racing breeds.  Although in racing pigeons 

we found a significant reduction in polymorphism (π) within candidate regions (π = 0.25%) when 

compared to the rest of the genome (π = 0.44%; Two-Sample t-test, P-value=2.0x10-21), as expected 

from directional selection, no significant difference was detected in the other breeds, suggesting that 

our candidate regions exhibit normal levels of polymorphism when compared to genome-wide 

expectations in non-racing pigeons (candidate regions π = 0.45%; genome π = 0.48%; Two-Sample t-

test, P-value=0.18). Collectively, our results suggest that low rates of recombination alone are unlikely 

to explain many of the signatures of selection we have detected in our study. Even given the above 

considerations, we note that it would be incorrect to claim that all signatures identified here represent 

true signatures of directional selection. Our candidate regions should instead be interpreted as a catalog 

of regions enriched for selected loci. 

Our findings are also consistent with a model of selection on standing genetic variation via "soft 

sweeps". The fact that alleles displaying unusually high frequency differences were shared by racing 

and non-racing pigeons, suggests that selection primarily acted on beneficial variants that are also 

present in many other pigeon breeds with no history of selection on racing performance. This pattern 

could alternatively be explained by frequent intercrossing between racing pigeons and other pigeon 

breeds. However, this is thought to be extremely rare, and rampant gene flow would be required to 

produce the observed pattern where a large proportion of variants with high ΔAF values are found 
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widespread in all sequenced breeds (Figure 2.3B), making this hypothesis highly unlikely. The polygenic 

basis of the extreme athletic and navigational performance of the racing pigeon could thus be a 

byproduct of its particular breed history, which is characterized by an initial cross among several breeds, 

and from the fact that abundant pre-existing genetic variation underlying differences in flying 

performance and navigation among individuals was available within the domestic pigeon gene pool. It 

is thus tempting to speculate that standing genetic variation segregating in natural populations 

associated with flight performance, together with multifarious selection, might explain why migratory 

birds often evolve behavioral and physiological changes that facilitate long distance flight over short 

evolutionary timescales (Milá et al. 2006; Pulido 2007).  

We found only modest differences in gene expression between racing and non-racing pigeons 

in our analysis of brain and muscle transcriptomes. In addition, differentially expressed genes showed 

limited overlap with regions putatively inferred to be under selection, and we detected only a slight 

increase in levels of genetic differentiation when compared to genes with no evidence for differential 

expression. These results suggest that the great majority of differentially expressed genes detected in 

our study are unlikely to directly contribute to differences in athletic performance and navigational ability. 

Several explanations might account for this pattern. First, the expression differences we observed might 

result from altered functional pathways driven by a few upstream causative genes. Under this scenario, 

these results could suggest that selection on racing pigeons altered more significantly the regulatory 

networks of muscle than that of brain. Second, selected genes may exert their functions on earlier 

developmental stages rather than on adult individuals as examined here, or expression differences are 

only manifested in response to actual physical and navigation activity. Third, our experimental design 

centered on the assumption that differences in athletic performance and orientation between racing and 

non-racing pigeons are likely to be explained by expression differences in these tissues. However, other 

tissues can also be relevant, such as liver or heart. Finally, and specific to our analysis of the brain 

transcriptome, it is possible that only specific regions of this complex organ, such as the hippocampus 

(Cnotka et al. 2008; Mehlhorn et al. 2010), could be strongly involved in navigation ability. Small 

expression changes in small regions of the brain could very likely go undetected in our analysis of RNA 

extracts from whole brains. 

Our genome-wide scan of selection sheds light on the genetic architecture and mode of selection 

(i.e. dominated by “soft sweeps” acting on standing genetic variation) underlying the faster flight, 

endurance, and accurate navigation of racing pigeons. It further provides a catalog of candidate genes, 

with some compelling examples of genes likely to underlie racing performance phenotypes (e.g. CASK 

and NFIA). Despite the well-established functions of several of our candidate genes, multiple body 
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systems are implicated in a complex trait such as racing performance and this type of genomic scan 

does not provide direct information about individual signatures of positive selection that underlie specific 

phenotypes.. Connecting specific genes to specific phenotypes will therefore require additional 

experiments. One informative approach would be to perform quantitative trait loci (QTL) mapping in a 

cross between racing pigeons and other pigeon breeds. The intersection between our genome-wide 

screen of selection and QTL data could prove particularly powerful to increase the relatively low 

resolution typical of linkage mapping, while assuring a link to the relevant phenotypes. Both these 

approaches are, however, focused on phenotypic differences between racing pigeons and non-racing 

pigeons. An alternative approach to shed light on the molecular underpinnings of racing performance is 

to carry out genome wide association studies within the population of racing pigeons. This type of 

approach could take advantage of the detailed race records kept by breeders or be based on 

physiological and morphological phenotypes to identify genetic variants underlying differences in 

individual performance. The possibility of combining multiple approaches in a single system holds great 

promise to shed light on the biology of athletic performance and navigation in birds.  
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Materials and methods 

Sampling: For whole-genome resequencing, we obtained eight racing pigeons from different breeders. 

For RNA-seq, we sampled four racing pigeons and four individuals from fancy breeds (tumbler, 

archangel, fantail and nun-pigeon). To minimize sex-specific and environmental effects on gene 

expression, all sampled individuals for RNA-seq: 1) were adult females; 2) the racing pigeons were 

never raced or trained prior to their purchase; and 3) all birds were kept under the same conditions in 

our animal facilities until tissue dissection. To avoid any systematic environmental effect that is group-

specific (racing pigeons versus fancy breeds), the sampled individuals within each group were originated 

from multiple breeders. Animal care complied with national and international regulations for the 

maintenance of live birds in captivity (FELASA, Federation of European Laboratory Animal Science 

Associations). Birds were euthanized following accepted practices as outlined by the AVMSA (American 

Veterinary Medical Association) and approved by CIBIO ORBEA (Órgão Responsável pelo Bem-Estar 

Animal). Each bird was first rendered unconscious followed by manual cervical dislocation. After 

sacrifice and dissection, tissues were snap frozen in dry ice and stored at -80 ºC.  

Whole genome resequencing, read mapping, and variant calling: For DNA sequencing we 

extracted genomic DNA from muscle tissue using an EasySpin Genomic DNA Tissue Kit SP-DT-250 

(Citomed). RNA was removed with a RNAse A digestion step. The assessment of DNA purity and 

concentration was done through spectrophotometry (Nanodrop) and fluorometric quantitation (Qubit 

dsDNA BR Assay Kit, ThermoScientific). Paired-end sequencing libraries for Illumina sequencing were 

generated using the TruSeq DNA PCR-free Library Preparation Kit (Illumina, San Diego, CA) according 

to manufacturer protocols, and sequenced using an Illumina Hiseq1500 with 2x100 bp reads. Whole 

genome resequencing data are available from NCBI under the accession number SRP127492. In 

addition to these eight sequenced genomes, we used similar data from a previous publication for two 

racing pigeons, 36 birds from 35 fancy/utility breeds, and one outgroup species (Columba rupestris) 

(Shapiro et al. 2013). These data were downloaded from the SRA repository and treated the same way 

as our own sequencing data, as described below.  

The quality of Illumina reads was checked with FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We trimmed low quality bases and 

adapters with Trimmomatic (Bolger et al. 2014) with the following parameter settings: TRAILING = 30, 

SLIDINGWINDOW = 4:20, and MINLEN = 30. The trimmed reads were mapped to the pigeon reference 

genome assembly (Cliv_1.0; GenBank assembly accession: GCA_000337935.1) with BWA-MEM using 

default settings (Li and Durbin 2009). Alignments were further refined using the local realignment tool 
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of GATK (McKenna et al. 2010). Mean coverage across all genomes and percentage of properly 

mapped reads was calculated using Samtools (Li et al. 2009). 

Variant and genotype calling both for SNPs and indels was carried out using the Bayesian 

haplotype-based method implemented in Freebayes (Garrison and Marth 2012). In addition to the 

default settings, we applied the following filters to the variant and genotype calling: 1) reads with a 

minimum mapping quality of 40; 2) individual bases with a minimum quality of 20; 3) variants with a 

quality score of 100 or greater; 4) minimum genotype quality of 20; and 5) a minimum and maximum 

depth of 5X and 25X per individual, respectively. 

Genetic structure: We investigated patterns of population structure using three methodologies. First, 

we generated a phylogenetic tree. To take into account uncertainties in genotype calls caused by the 

moderate levels of sequencing depth (average = 12.4X), we computed genotype posterior probabilities 

using ANGSD instead of relying on individual genotype calls (Kim et al. 2011; Li 2011; Korneliussen et 

al. 2014). Genotype probabilities were used to estimate pair-wise genetic distances using ngsDist (Vieira 

et al. 2016) and ngsTools (Fumagalli et al. 2014), and a matrix of these pair-wise distances was used 

as input for the neighbor program of PHYLIP 3.696 (Felsenstein 2005). We used 6,836,652 polymorphic 

positions for this analysis. Second, we used a Principal Component Analysis (PCA). The genotype 

probabilities for the same positions were again used to estimate a covariance matrix between individuals 

using ngsCovar implemented in ngsTools (Fumagalli et al. 2013; Fumagalli 2013). The matrix was 

decomposed to principal components by ngsTools and plotted. Finally, admixture fractions were 

estimated with ADMIXTURE (Alexander et al. 2009). For this analysis, we used the genotype calls 

obtained using Freebayes and restricted the analysis to one million random SNPs (Garrison and Marth 

2012).  

Selection and differentiation analyses: To detect regions under selection across the genome of 

racing pigeons we scanned the genome for multiple patterns of molecular variation: 1) local losses of 

heterozygosity; 2) locally elevated levels of genetic differentiation; 3) distortions in the allele frequency 

spectrum; and 4) long-range haplotypes of high population frequency. To infer these types of signatures, 

we summarized levels and patterns of genetic diversity and differentiation applying the following 

statistics in a sliding window mode: FST, Fay and Wu’s H, (Fay and Wu 2000), nucleotide diversity (π; 

(Nei and Li 1979)), cross population extended haplotype homozogysity (XP-EHH; (Sabeti et al. 2007)), 

and Tajima’s D (Tajima 1989). Since we were interested in selection along the branch leading to racing 

pigeons, Tajimas’s D and π statistics were computed taking advantage of information given by the other 

domestic breeds for increased power (Innan and Kim 2008). For each window, we computed Δπ as 
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πother breeds/πracing pigeons and ΔTD as Tajimas’s Dother breeds - Tajima’s Dracing pigeons. All statistics were 

calculated using ANGSD (Nielsen et al. 2012; Korneliussen et al. 2013), again to take into account 

uncertainties in genotype calls caused by the moderate levels of sequencing depth. Before running XP-

EHH, we performed haplotype inference using Beagle (Browning and Browning 2007) with default 

parameters directly on the genotype likelihoods and major and minor alleles generated by ANGSD. XP-

EHH values were calculated by Selscan and frequency-normalized over all scaffolds using the norm 

script as implemented in Selscan (Szpiech and Hernandez 2014).  

Selection analyses were performed based on a sliding-window approach. Prior to the calculation 

of the statistics we evaluated the adequate size of the window by taking into account the average decay 

of linkage disequilibrium (LD) across the genome. Pairwise LD among markers within a same scaffold 

was estimated using R2 as implemented in PLINK (Purcell et al. 2007). For this analysis, we used the 

genotype calls from Freebayes (see above). R2 values were then averaged in windows of 5 kb of 

physical distance until a maximum distance of 10 Mb. LD decayed faster in racing pigeons with R2 values 

averaging 0.27 versus 0.11 in non-racing pigeons at distances of 5,000 bp. For racing pigeons, average 

R2 values were lower than 0.2 at distances of 50 kb (Figure S2.2). The faster decay of LD in non-racing 

pigeons is likely explained by the fact that this group contains individuals belonging to multiple breeds, 

and LD across breeds in domesticated species tends do decay faster than within breeds (Sutter et al. 

2004; Carneiro et al. 2011). In addition, we estimated the length of identity-by-descent (IBD) segments 

in pairwise comparisons between the 10 racing pigeons used in our study. For this analysis, we used 

IBDseq version r1206 (Browning and Browning 2013), specifying minimum LOD score for reported IBD 

to 0.0001 (to extract all IBD segments) and maximum R2 permitted between markers to 0.2, and the 

filtered set of SNPs resulting from Freebayes described above (indels and composite variants were 

excluded). We found that the median length of IBD segments was small (4,431 bp) and that segments 

larger than 50 kb were rare (Figure S2.3). Based on these results we chose to use windows of 100 kb 

for selection analysis. Windows of such size are likely to capture true molecular signatures of selection 

rather than false positives caused by large tracks of identity by descent resulting from demography. 

The identification of candidate regions under positive selection across the genome of racing 

pigeon was accomplished by combining information for all the statistics above in a single score using 

the de-correlated composite of multiple signals method (DCMS, (Ma et al. 2015). Differently from other 

conceptually similar methods (Grossman et al. 2010), DCMS further accounts for potential correlations 

between the different statistics. Prior to DCMS calculations, we checked the normality of each statistic 

with Anderson-Darling Normality Test (Anderson and Darling 1952) but none of the statistics were 

characterized by normal distributions. Therefore, we chose to normalize them with a two-step approach 
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(Templeton 2011). In the first step the variable is transformed into a percentile rank, which results in 

uniformly distributed probabilities. In the second step, the inverse-normal transformation is applied on 

the percentiles ranks to form a variable consisting of normally distributed Z-scores. Normalized scores 

for each statistic were Z-tranformed, and a P-value was derived from this transformation. Correlations 

between statistics were calculated (Table S3.4). Finally, individual P-values for each statistic and 

correlations factors were then used to obtain the final DCMS value. All scaffolds smaller than 20 kb 

(~1.3% of the genome) were excluded from the selection analyses.  

In addition to statistics calculated using windows and their combination in a DCMS score, we 

further summarized the absolute difference in allele frequency (ΔAF) between racing and non-racing 

pigeons for each individual variant identified using Freebayes. ΔAF was calculated as the difference in 

the reference allele frequency between the two groups. This analysis was restricted to variants with less 

than 20% of missing genotypes on each group. 

Homology between pigeon and zebra finch: The current version of the pigeon genome sequence is 

not assembled in chromosomes. To obtain chromosomal positions for each signature of selection, we 

carried out blast searches against the zebra finch genome using a standalone BLASTN program 

(ftp://ftp.ncbi.nlm.nih.gov/blast). 

Variant annotation: For variant annotation we used the genetic variant annotation and effect prediction 

toolbox SnpEff (Cingolani et al. 2012). This analysis was performed using the gene annotation made 

available together with the pigeon reference genome sequence (Shapiro et al. 2013). The variants were 

classified as upstream or downstream of genes (<5kb), intergenic, intronic, untranslated regions (UTRs), 

synonymous, or in several categories with potential functional significance in protein-coding regions, 

such as frameshift, nonsynonymous, and stop mutations. 

RNA-seq and read mapping: We quantified gene expression in the pectoral muscle and whole-brain 

of both racing and non-racing pigeons by RNA-seq. RNA extraction was carried out using the RNeasy 

Mini Kit (Qiagen) and to remove the remaining DNA we used the RNase-Free DNase Set (Qiagen).  We 

prepared TruSeq® RNA libraries and sequenced them on an Illumina Hiseq1500 with 2x125 bp reads). 

RNA sequencing data are available from NCBI under the accession number SRP127492. Similarly to 

the procedures applied to the whole genome resequencing dataset, sequencing data quality was 

checked with FastQC and the reads were trimmed using Trimmomatic. The reads were then aligned to 

the reference genome using HISAT2 (Kim et al. 2015), a splice-aware aligner that allowed us to map 

our RNA derived reads to the pigeon reference genome.  
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Gene expression analysis: Reads overlapping annotated genes were quantified with HTSeq (Anders 

et al. 2015). The edgeR package (Robinson et al. 2010) was then used for differential expression 

analysis comparing racing and non-racing pigeons. Lowly expressed transcripts (<10 counts per million; 

CPM) were excluded from the analysis. Next, we performed a normalization step to minimize the log-

fold changes between samples by scaling factors taking into account RNA composition of the library. 

Additionally, we estimated dispersion, a measure of the degree of inter-library variation for each 

transcript, which functions as a proxy to the overall variability across the genome for the dataset.  Finally, 

tagwise dispersions of a negative binomial distribution for each gene were used for differential 

expression tests. A Benjamini-Hochberg's procedure was used to control for multiple testing by applying 

a false discovery rate (FDR) threshold of <0.05. 

GO term analysis: Enrichment of functional categories was carried out separately for: 1) genes within 

selected regions, 2) genes differentially expressed in the brain, and 3) genes differentially expressed in 

the muscle. We first performed a functional annotation of all genes in the pigeon genome. For each 

gene we retrieved the coding sequence from the reference genome and used Sma3s v2 (Muñoz-Mérida 

et al. 2014; Casimiro-Soriguer et al. 2017) with default parameters. This software automatically conducts 

functional annotations of biological sequences by querying a given nucleotide sequence to the UniProt 

database. Using our custom pigeon functional annotation we created a GO association file, and used 

this as the basis for an enrichment analysis in Ontologizer 2.1 (Bauer et al. 2008). Enrichment calculation 

of GO terms was done using the Parent-Child-Union test, which takes into account the hierarchical 

structure of the ontology (Grossmann et al. 2007), and a Benjamini-Hochberg procedure for multiple 

test correction (FDR threshold of 0.05). For the analysis of each dataset we changed the background 

set of GO-gene associations against which we conducted the enrichment analysis. For the analysis of 

functional enrichment of each of the three data sets referred previously we used as the background, 

respectively: 1) GO associations of all the genes from the genome, 2) GO associations of genes with 

expression in the brain (as detected by our RNA-seq approach), and 3) GO associations of genes with 

expression in muscle tissue (as before). 
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Supplementary Material 

Figure S2.1. Unrooted Neighbor-Joining tree with bootstrap values for all nodes with support ≥ 80. 
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Figure S2.2. Linkage disequilibrium (LD) decay in racing and non-racing pigeons. Each dot represents R2 values (y-axis) averaged in windows 

of 5 kb of physical distance (x-axis). 
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Figure S2.3. Histogram summarizing the length of identical by descent tracks in pairwise contrasts between the 10 racing pigeons used in this 

study. 
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Table S3.1. Sequencing and read mapping statistics of the 47 genomes resequenced both in this study (n=8) and by Shapiro et al. 2013 

(n=39). 

Individual 
Total number of 

reads 

% of mapped 

reads 

% of reads 

properly mapped 

Mean 

coverage 

African Owl 148,969,613 98.6 87.4 11.4 

Archangel 165,836,225 98.5 90.8 12.9 

Berlin Longface 146,593,948 99.3 89.9 11.2 

Birmingham Roller 132,179,810 98.5 86.9 10.0 

Carneau 152,681,898 98.3 87.4 11.7 

Chinese Owl 120,371,484 98.7 86.7 9.1 

Cumulet 141,507,829 99.3 89.6 11.1 

Egyptian Swift 154,924,385 99.2 86.7 11.9 

English Carrier 152,833,225 99.3 87.3 11.9 

Englishg Longface 112,227,826 99.2 88.1 8.7 

English Pouter 157,788,398 98.3 87.4 12.1 

English Trumpeter 184,252,029 98.9 88.6 14.1 

Fantail 294,251,176 98.9 91.7 24.4 

Frillback 176,887,771 99.3 87.6 13.7 

Ice Pigeon 167,044,619 99.3 89.4 13.0 

Indian Fantail 1 122,391,443 98.2 90.3 9.4 

Indian Fantail 2 252,592,425 98.7 91.0 20.2 
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Iranian Tumbler 177,488,048 99.3 88.9 13.8 

Jacobin 126,221,955 99.3 88.4 9.8 

King 158,337,956 99.2 88.5 12.0 

Lahore 169,677,052 99.2 89.1 13.0 

Laugher 128,589,098 98.3 87.1 9.8 

Lebanon 156,711,041 98.5 88.7 12.1 

Marchenero Pouter 190,505,964 98.8 91.8 14.9 

Mookee 156,238,497 98.4 87.5 11.9 

Oriental Roller 121,183,101 98.5 87.8 9.3 

Oriental 105,023,320 98.5 85.3 7.9 

Parlor Roller 110,763,183 99.1 86.8 8.6 

Runt 191,366,404 99.3 90.2 14.8 

Saxon Monk 172,139,167 99.2 89.3 13.1 

Saxon Pouter 195,687,231 99.3 88.2 15.2 

Scandaroon 142,815,487 99.2 88.6 10.8 

Shakhsharli 162,857,634 99.3 89.4 12.5 

Spanish Bark 158,171,991 99.3 90.2 12.3 

Starling 140,847,654 98.5 87.1 10.9 

Syrian Dewlap 163,371,120 99.2 88.1 12.5 

Racing pigeon 1 (this study) 142,526,906 96.2 90.2 13.0 
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Racing pigeon 2 (this study) 116,043,039 98.8 92.1 10.9 

Racing pigeon 3 (this study) 133,265,834 98.2 92.8 12.6 

Racing pigeon 4 (this study) 129,909,858 98.2 92.9 12.2 

Racing pigeon 5 (this study) 125,097,615 97.0 91.4 11.6 

Racing pigeon 6 (this study) 140,299,337 93.9 87.5 12.5 

Racing pigeon 7 (this study) 140,328,345 98.0 92.9 13.2 

Racing pigeon 8 (this study) 153,652,677 97.9 92.4 14.4 

Racing pigeon 9 170,941,863 98.5 87.3 13.0 

Racing pigeon 10 149,697,076 98.5 87.0 11.1 

Columba rupestris (outgroup) 201,249,662 98.1 84.6 16.6 
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Table S3.2. Signatures of selection in racing pigeons inferred using DCMS. 

Scaffold 

Chr in 

zebra 

finch 

Start End 
Number of 

windows 

Most 

significant 

window 

Protein-coding genes  

(±50kb from region start and end)  

NW_004973256.1 chr1 2300000 2750000 8 1.01E-05 LOC102089485, NYX, RPL8, CASK, DDX3X 

NW_004973884.1 chr3 400000 550000 2 1.01E-04 LOC102090249, RPS27A, MTIF2, RTN4, SPTBN1, EML6 

NW_004973256.1 chr1 50000 1550000 23 1.51E-04 NDUFV3, CRYAA, PDE9A, WDR4, PKNOX1, LOC102086099, 

LOC102084955, U2AF1, SIK1, HSF2BP, RRP1B, PWP2, 

LOC102086028, LOC102086208, ICOSLG, LOC102087627, 

PDXK, AGPAT3, TRAPPC10, KDM6A 

NW_004973265.1 chr1 1550000 1800000 4 2.02E-04 HDHD1, STS 

NW_004973188.1 chr4 550000 800000 4 2.52E-04 MAPK10, ARHGAP24 

NW_004973182.1 chr15 700000 950000 4 5.54E-04 XBP1, LOC102091110, CHEK2, ZDHHC8, SUSD2, KREMEN1, 

ZNRF3, CCDC117, HSCB, RANBP1, PGAM5, TTC28 

NW_004973197.1 chrZ 1550000 1900000 6 7.05E-04 LOC106145877 

NW_004974521.1 chr12 350000 1350000 15 7.55E-04 WNT5A, LOC102090749, ACTR8, CHDH, LRTM1, TKT, 

CACNA2D3, CACNA1D, DCP1A 

NW_004974031.1 chr1A 150000 350000 3 9.06E-04 HELB, GRIP1 
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NW_004973192.1 chr8 4950000 5150000 3 1.06E-03 LOC102086952, LOC102086759, COL11A1, RNPC3 

NW_004973333.1 chr11 4950000 5200000 5 1.16E-03 ZFHX3 

NW_004973389.1 chrZ 5000000 5350000 1 1.21E-03 LOC102084590 

NW_004973290.1 chr13 3200000 3450000 5 1.31E-03 LOC102088914, GRIA1, FAM114A2 

NW_004973203.1 chrZ 1350000 1900000 7 1.41E-03 . 

NW_004973200.1 chr20 2750000 2850000 1 1.46E-03 SLC17A9, GID8, TCFL5, DIDO1, OGFR, BHLHE23, COL9A3 

NW_004973289.1 chrZ 1150000 1450000 4 1.91E-03 CER1, PSIP1, SNAPC3, TTC39B, ZDHHC21, FREM1 

NW_004973200.1 chr20 4250000 4450000 3 1.96E-03 PPP1R3D, FAM217B, SYCP2 

NW_004973330.1 chr1 1600000 1900000 4 2.01E-03 RPL31, RFX8, CREG2, RNF149, CNOT11, NPAS2, TBC1D8 

NW_004973182.1 chr15 50000 200000 2 2.16E-03 SEPT5, GP1BB, TBX1, GNB1L 

NW_004973689.1 chr1 4400000 4550000 1 2.36E-03 ATP5O, MRPS6, SLC5A3, ITSN1 

NW_004973341.1 chr7 350000 800000 4 2.41E-03 UMPS, ITGB5, HEG1, KALRN, MUC13 

NW_004973262.1 chr5 11100000 11250000 2 2.51E-03 . 

NW_004973290.1 chr13 3850000 4200000 2 2.66E-03 ATOX1, GM2A, TNIP1, SMIM3, RBM22, MYOZ3, RPS14, CD74, 

ARSI, SPARC, LOC102093251, CCDC69, ANXA6, GPX3, 

DCTN4, SYNPO, NDST1, TCOF1, SLC6A7, CDX1, G3BP1, FAT2, 

CAMK2A 
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NW_004973192.1 chr8 14450000 14800000 6 2.87E-03 TM2D1, KANK4, USP1, LOC106145777, NFIA, INADL 

NW_004973198.1 chr5 5150000 5300000 2 2.92E-03 RIC3, LMO1, TUB 

NW_004973262.1 chr5 14800000 15400000 8 3.07E-03 AKAP6, NPAS3 

NW_004973529.1 chr4A 1600000 1700000 1 3.17E-03 . 

NW_004973190.1 chr7 350000 500000 2 3.27E-03 IGFBP5, IGFBP2 

NW_004974116.1 chrZ 300000 550000 3 3.42E-03 HMGCS1, SEPP1, NIM1K, ZNF131, CCDC152 

NW_004973230.1 chr1 50000 150000 1 3.57E-03 RSPH1, UBASH3A, TMPRSS3, LOC102094833, ABCG1 

NW_004973731.1 chrZ 100000 300000 3 3.62E-03 PTCD2, ZNF366, FCHO2, TNPO1 

NW_004974003.1 chr18 150000 250000 1 3.67E-03 MYOCD 

NW_004973197.1 chrZ 2350000 2450000 1 3.87E-03 IFNK, LOC102086889, MOB3B 

NW_004973389.1 chrZ 4050000 4200000 6 3.92E-03 TRIM36, KCNN2 

NW_004973389.1 chrZ 2050000 2200000 2 4.07E-03 PJA2, MAN2A1, FER 

NW_004973296.1 chr2 800000 1000000 3 4.27E-03 . 

NW_004973689.1 chr1 10250000 10350000 1 4.42E-03 . 

NW_004973292.1 chr1 400000 550000 3 4.57E-03 LOC102098655, PCYT1B, PDK3, ZFX, EIF2S3, KLHL15 

NW_004973203.1 chrZ 50000 650000 4 4.72E-03 LURAP1L, MPDZ, TYRP1 
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NW_004973265.1 chr1 7850000 8000000 2 4.77E-03 UBE3A, CNGA3, VWA3B, TMEM131 

NW_004973257.1 chr1 12900000 13000000 1 5.23E-03 TSC22D1 

NW_004973358.1 chr2 250000 800000 1 5.28E-03 RB1CC1, ST18, PCMTD1 

NW_004973192.1 chr8 16250000 16600000 3 5.38E-03 DIRAS3, RPE65, DEPDC1, IL23R, IL12RB2, GADD45A, GNG12, 

WLS, LRRC7, SERBP1 

NW_004973192.1 chr8 4200000 4300000 1 5.68E-03 SASS6, LRRC39, DBT, SLC35A3, TRMT13, RTCA, VCAM1, 

GPR88, CDC14A, HIAT1 

NW_004974238.1 chr1 550000 700000 2 5.83E-03 C2CD2, ZBTB21, PRDM15, UMODL1 

NW_004973281.1 chr6 950000 1050000 6 6.43E-03 LOC102088684, TNKS2, TBC1D12, PLCE1, NOC3L 

NW_004973413.1 chr3 11200000 11400000 1 6.53E-03 GCM1, LOC102093393, GCLC, LRRC1, KLHL31, ELOVL5 

NW_004973600.1 chr2 1400000 1500000 1 6.73E-03 CDH12 

NW_004973497.1 chr3 4750000 5200000 1 6.93E-03 PSMB1, LOC102086237, LOC102090409, DLL1, FAM120B, TBP, 

GNPAT, ARV1, TTC13, CAPN9, AGT, COG2, TRIM67 

NW_004973668.1 chr2 700000 800000 1 7.03E-03 RAPGEF5, CDCA7L, DNAH11 

NW_004973197.1 chrZ 2750000 2850000 1 7.28E-03 . 

NW_004973444.1 chr2 1550000 1650000 1 7.48E-03 . 

NW_004973279.1 chr1A 2550000 2700000 2 7.53E-03 DOCK4, IMMP2L 
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NW_004973193.1 chrZ 750000 850000 1 7.68E-03 PSD3, LPL 

NW_004973198.1 chr5 8450000 8550000 1 7.99E-03 OVCH2, LOC102085307, OLFML1, PPFIBP2 

NW_004973399.1 chr2 3600000 3700000 2 8.09E-03 LOC102098419, UBXN2B, FAM110B 

NW_004973582.1 chr4 1100000 1200000 1 8.24E-03 SPON2, LOC102084417, RNF212 

NW_004973689.1 chr1 3150000 3250000 1 8.34E-03 HLCS, SIM2 

NW_004973385.1 chr5 2050000 2150000 2 8.89E-03 LOC102084847, EXOC3L4, CDC42BPB 

NW_004973489.1 chr6 1900000 2000000 3 9.14E-03 . 

NW_004973269.1 chrZ 500000 600000 1 9.24E-03 NFIL3, AUH 

NW_004973231.1 chrZ 2650000 2750000 1 9.69E-03 MIER3, SETD9, MAP3K1, GPBP1 

NW_004973197.1 chrZ 700000 800000 1 9.84E-03 TMEM215, TOPORS, LOC102088233 

NW_004973753.1 chrZ 500000 600000 1 9.94E-03 NPR3 

NW_004973469.1 chrZ 1950000 2050000 1 9.99E-03 FBXO4, FBXO4, PRKAA1, LOC102089567, OXCT1 

 



Table S3.3. Number of RNA-seq reads for each sample, group (racing vs non-racing), and tissue type (whole brain and muscle) before 

and after filtering. 

Tissue Breed Sample name Phenotype 

No. reads 

raw data 

No. reads after 

filtering 

Brain 

Archangel arq2 Non-racing 30,762,575 26,914,914 

Tumbler camb2 Non-racing 38,791,459 33,722,349 

Fantail  leq2 Non-racing 37,483,232 32,719,409 

Nun-pigeon viuv2 Non-racing 35,907,149 31,320,731 

Racing pigeon rac2 Racing 31,397,004 27,753,594 

Racing pigeon rac3 Racing 36,759,448 32,241,728 

Racing pigeon rac4 Racing 34,783,274 30,466,877 

Racing pigeon rac5 Racing 30,185,989 26,455,441 

Muscle 

Archangel arch1 Non-racing 21,294,015 19,346,441 

Tumbler camb1 Non-racing 17,429,147 16,002,481 

Fantail  leq1 Non-racing 18,996,860 17,428,844 

Nun-pigeon viuv1 Non-racing 21,366,959 19,638,318 

Racing pigeon pig3 Racing 19,741,523 18,056,701 

Racing pigeon pig5 Racing 22,452,129 20,245,104 

Racing pigeon pig6 Racing 16,749,430 15,135,025 

Racing pigeon pig8 Racing 25,699,713 23,713,248 

   

Total 439,799,906 391,161,205 
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Table S3.4. Correlation values between the five statistics calculated for DCMS. 

 FST  
Fay and 

Wu’s H 
Δπ XP-EHH ΔTD 

FST -     

Fay and Wu’s H -0.33 -    

Δπ 0.24 -0.10 -   

XP-EHH 0.30 -0.24 0.37 -  

ΔTD 0.16 -0.18 0.22  0.36 - 

Mean correlation 0.09 -0.21 0.18 0.20 0.14 

Correction factor 10.88 -4.67 5.48 4.99 7.23 
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Chapter III – The high-density lipoprotein receptor, 

SCARB1, is required for carotenoid coloration in 

birds 
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Abstract 

Yellow, orange, and red coloration is a fundamental aspect of avian diversity and serves as an 

important signal in mate choice and aggressive interactions. This coloration is often produced 

through the deposition of diet-derived carotenoid pigments, yet the mechanisms of carotenoid 

uptake and transport are not well understood. The white recessive breed of the common canary 

(Serinus canaria), which carries an autosomal recessive mutation that renders its plumage pure 

white, provides a unique opportunity to investigate mechanisms of carotenoid coloration. We 

carried out detailed genomic and biochemical analyses comparing the white recessive to yellow 

and red breeds of canaries. Biochemical analysis revealed that carotenoids are absent or at very 

low concentrations in feathers and several tissues of white recessive canaries, consistent with a 

genetic defect in carotenoid uptake. Using a combination of genetic mapping approaches, we 

show that the white recessive allele is due to a splice-donor site mutation in the scavenger 

receptor B1 (SCARB1, also known as SR-B1) gene. This mutation results in abnormal splicing 

with the most abundant transcript lacking exon 4. Through functional assays, we further 

demonstrate that wild-type SCARB1 promotes cellular uptake of carotenoids, but this function is 

lost in the predominant mutant isoform in white recessive canaries. Our results indicate that 

SCARB1 is an essential mediator of the expression of carotenoid-based coloration in birds and 

suggest a potential link between visual displays and lipid metabolism. 
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Introduction 

The yellow, orange, and red coloration of the feathers, skin, and beaks of birds is most commonly 

produced through the deposition of carotenoid pigments (McGraw, 2006).  Carotenoid coloration 

of birds has been a focus of study in the fields of behavior, evolution, and physiology because it 

plays a key role in mate assessment in many species. In addition, it is frequently an indicator of 

individual quality, and can signal species identity (G E Hill, 2006a, 2006b; Toews et al., 2016). 

Birds cannot synthesize carotenoids de novo and must acquire them through their diet (McGraw, 

2006), potentially linking coloration to the acquisition of pigments from the environment (G E Hill, 

2006a). Thus, key hypotheses related to honest signaling and sexual selection have been shaped 

by and are currently being tested in carotenoid-ornament systems (G E Hill, 2002; Svensson & 

Wong, 2011). Ultimately, the information content and evolutionary trajectories of carotenoid 

ornaments are a function of the physiological mechanisms underlying color expression, yet our 

understanding of these mechanisms is limited in vertebrates, in general, and birds in particular. 

 The expression of carotenoid coloration in birds involves four distinct physiological steps: 

uptake in the gut, transport in circulatory and lymphatic systems, metabolism either at the site of 

deposition or in the liver, and deposition in the integument (G. E. Hill & Johnson, 2012). Recent 

progress has been made in understanding how carotenoids are metabolized to novel forms. In 

2016, two studies independently identified a key carotenoid metabolism enzyme, CYP2J19, that 

mediates the oxidation of yellow carotenoids into red ketocarotenoids and is used by many bird 

species to produce red feathers and bare parts (Lopes et al., 2016; Mundy et al., 2016). In other 

studies, expression of the carotenoid-cleaving enzyme, β-carotene-9',10'-dioxygenase (BCO2), 

was found to be associated with loss of yellow leg coloration in chickens (Eriksson et al., 2008), 

and sequence variation around this same gene was associated with yellow versus white breast 

plumage in two sister species of wood warblers (Toews et al., 2016). The discoveries of the roles 

that CYP2J19 and BCO2 play in the carotenoid pigmentation of birds provide important insights 

into the metabolic mechanisms that underlie carotenoid coloration.  

 Progress has also been made in understanding the mechanism whereby carotenoids are 

transported via the blood to target tissues.  It has long been known that birds transport carotenoids 

in the circulatory and lymphatic systems via lipoproteins (Parker, 1996; Trams, 1969), and recent 

experimental evidence confirms a key role for lipoproteins in carotenoid transport in birds.  For 

example, the Wisconsin hypoalpha mutant (WHAM) chicken has a mutation in the ABCA1 

transporter, which results in markedly reduced levels of circulating high-density lipoprotein (HDL) 

and a consequent reduction in the level of carotenoids in the blood and peripheral tissues (Attie 
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et al., 2002; Connor, Duell, Kean, & Wang, 2007). Despite these insights, many aspects of 

carotenoid transport and delivery remain to be discovered. 

 Domesticated canaries (Serinus canaria) provide an ideal system in which to explore the 

mechanisms of avian carotenoid physiology because these birds have been selectively crossed 

for centuries to produce breeds with fixed expression of distinct carotenoid-based plumage color 

phenotypes (Birkhead, 2003; Walker & Avon, 1993). Wild canaries and typical domesticated 

varieties pigment their feathers with yellow carotenoids (Figure 1A) (Brockmann & Völker, 1934; 

Koch, McGraw, & Hill, 2016).  The white recessive canary has entirely white plumage (Figure 1B) 

as well as congenital vitamin A deficiency that is inherited as an autosomal recessive trait (Preuss, 

Bartels, Schmidt, & Krautwald-Junghanns, 2007; Wolf, Bartels, Sallmann, Heisler, & Kamphues, 

2000).  It is hypothesized that the white recessive phenotype is the result of a mutation affecting 

carotenoid uptake (Preuss et al., 2007; Wolf et al., 2000), but the specific gene(s) involved remain 

unknown. Thus, the white recessive canary presents an opportunity to discover mechanisms of 

carotenoid uptake that are necessary for carotenoid coloration in birds.             

Figure 3.1. The white recessive canary has white plumage and very low carotenoid levels in its tissues. Representative images 

of the A) lipochrome domestic canary, and B) white recessive canary. C) Carotenoid concentrations of the liver, retina, skin, and 

feathers of typical yellow (yellow points) and white recessive (open points) canaries. The lines represent the means for each breed 

and tissue. Carotenoid measurements were made using high performance liquid chromatography. Carotenoid concentration was 

calculated relative to protein content in liver, retina, and skin samples, or dry mass of feathers. All carotenoid types within a given 

sample were summed to give total concentration. 
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Results  

Carotenoids are absent or at very low concentrations in the tissues of white recessive 

canaries. The white recessive canary is characterized by completely white plumage that appears 

to lack the yellow carotenoid pigmentation typical of wild-type canaries (Figure 3.1A,B). To better 

understand the carotenoid physiology of the white recessive canary breed we used high 

performance liquid chromatography (HPLC) to identify and quantify carotenoids in the feathers, 

skin, liver, and retina, tissues that are important sites of carotenoid accumulation in birds (G. E. 

Hill & Johnson, 2012; McGraw, 2006; Toomey et al., 2015) (Figure 3.1C). Carotenoids were not 

detectable in the feathers of white recessive canaries. In contrast, feathers collected from the 

same tracts of typical yellow canaries contained a high concentration of carotenoids (mean ± S.E., 

128.89 ± 37.78 µg g-1 feather mass, Figure 3.1C), primarily canary xanthophylls (SI Appendix, 

Table S3.1, Figure S3.1A). We did not detected carotenoids in the skin of three white recessive 

canaries, and only trace amounts in the skin of a fourth individual (1.08 µg g-1 protein, Figure 

3.1C). Skin from comparable regions of typical yellow canaries contained >100-fold higher 

carotenoid concentrations (146.85 ± 66.84 µg g-1 protein), primarily lutein (SI Appendix, Table 

S3.1, Figure S3.1B). The livers of both white recessive and typical yellow canaries contained low, 

but detectable, levels of carotenoids with lutein being the dominant type. However, concentrations 

were significantly lower in the white recessives (white recessive: 1.97 ± 0.66, wild-type: 13.39 ± 

1.70 µg g-1 protein, t = -6.26, df = 3.89, p = 0.0036; Figure 3.1C, SI Appendix, Table S3.1). 

Carotenoids were not detectable in the retinas of white recessive canaries, but were present at 

very high concentrations in the retinas of typical yellow birds (622.57 ± 131.73 µg g-1 protein; 

Figure. 3.1C, SI Appendix, Table S3.1). Together these results indicate that the levels of 

carotenoids are greatly reduced across multiple tissues in white recessive canaries.  

 

Identification of the genomic region associated with white recessive coloration. The white 

recessive breed was created through fixation of a spontaneous mutation by artificial selection 

(Dorrestein & Schrijver, 1982; Perez-Beato, 2008; Wolf et al., 2000).  In crosses with typical yellow 

canaries, this white phenotype is transmitted in a manner consistent with the existence of a single 

recessive allele. It is thus expected that the genomic region underlying white feather coloration 

will show elevated differentiation in allele frequency between white and colored canaries 

compared to the remainder of the genome. To search for such regions in the white recessive 

genome, we used whole-genome sequencing data of pooled DNA samples (detailed in SI 

Appendix, Table S3.2). We compared white recessive canaries with other domestic breeds and 
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one wild population, all characterized by yellow or red coloration. Since the white recessive 

phenotype is explained by an autosomal mutation (Perez-Beato, 2008), we restricted our analysis 

to the autosomal chromosomes. 

Figure 3.2. Mapping of the white recessive mutation. A) Selective sweep mapping. FST between white recessive and non-white 

breeds/populations across the autosomal scaffolds. Each dot represents FST in 20 kb windows iterated every 10 kb. The different 

scaffolds are presented along the x-axis in the same order as they appear in the canary reference genome assembly. B) FST zoom in 

and IBD mapping.. The top graph shows FST in 20 kb windows iterated every 10 kb across the outlier region (delineated by vertical 

lines). Below, the protein coding genes found within this region are indicated as green boxes and black lines point to the position of 

the genotyped SNPs in the IBD analysis. For the IBD analysis, 38 SNPs were genotyped for 24 white recessive canaries and 61 

individuals belonging to 8 breeds with yellow or red coloration. Alleles more common in white recessive canaries are represented in 

white boxes, the alternative alleles in yellow, and heterozygotes in orange. The red boxes indicate a segment of high homozygosity 

in white recessive canaries 
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We summarized allele frequency differentiation across the genome using the fixation index (FST) 

and a sliding window approach (Figure 3.2A). Average levels of genetic differentiation between 

white recessive canaries and the remaining populations were moderate (FST ≈ 0.15). This level of 

genetic differentiation is conducive to identifying regions of unusually high genetic differentiation, 

consistent with directional selection. One region clearly stood out that contains the top nine values 

of the empirical distribution of FST, providing a strong candidate for the sequence harboring the 

white recessive gene. We extended the boundaries of this region by merging all windows having 

FST estimates above the 95th percentile of the empirical distribution (FST ≥ 0.23), if not separated 

by more than five windows below this threshold. The resulting region spanned ~1.4 Mb on scaffold 

NW_007931140 (11,350,000-12,790,000 bp), which is homologous to zebra finch chromosome 

15 (~970,000-2,620,000 bp). 

 Patterns of molecular variation do not provide direct information about the underlying 

phenotypes. To confirm the association between our candidate region and the white recessive 

phenotype, we generated a backcross mapping population segregating for white and yellow 

coloration. Briefly, F1 individuals derived from a cross between white recessive and yellow 

parental individuals were backcrossed to white recessive individuals (see Methods). We found a 

perfect association between our candidate region and white coloration; all 24 yellow backcrossed 

birds were heterozygous for a SNP diagnostic between parental individuals, and all 14 white birds 

were homozygous. Overall, the combination of selective sweep mapping and linkage analysis 

allows us to conclude that our candidate region contains the gene that explains white recessive 

coloration in canaries. 

 

Fine mapping within the candidate region. To achieve better resolution at the causative locus 

we used identical-by-descent (IBD) mapping (Figure 3.2B). The assumption behind this approach 

is that the white recessive mutation appeared once and, therefore, the causal mutation should be 

located within the minimum shared haplotype present in white recessive individuals. Variants 

were selected from the whole genome resequencing data, and chosen randomly with respect to 

allele frequency differences between white recessive and other breeds. We genotyped these 

variants in a larger cohort of birds, including white recessive individuals (n=24) as well as 

individuals belonging to several breeds with red or yellow coloration (n=61). When compared to 

other breeds, white recessive canaries were nearly all homozygous for a segment defined by 

multiple consecutive variants – with the exception of a single polymorphic position in a single 

individual that might be explained by a double recombination event or a de novo mutation. 



FCUP 
Genetic basis of avian traits 

 

114 

Assuming that this region represents a single IBD segment, the minimum haplotype spans ~321 

kb between nucleotide positions 11,808,700 and 12,130,178. An examination of the annotation 

of the canary reference genome (22) revealed six protein-coding genes within this chromosomal 

interval: NCOR2, SCARB1, LOC103818194 (polyubiquitin-like), DHX37, BRI3BP, and AACS 

(Figure 2B; further gene information provided in SI Appendix, Table S3.3). 

 

A splice site mutation in SCARB1 explains the white recessive phenotype. We next 

searched within the IBD interval for potential causative mutations including single base changes, 

indels, and structural changes (i.e. inversions, duplications, translocations). We identified a single 

point mutation in this interval at nucleotide position 12,075,002 that was unique to white recessive 

canaries when compared to the remaining pooled samples. This variant was predicted to be a 

mutation in the splice donor site immediately downstream of exon 4 of the SCARB1 gene, which 

could potentially disrupt splicing of the transcript (see below). SCARB1 is an excellent candidate 

gene for white recessive coloration in canaries. It encodes the Scavenger Receptor Class B, 

Member 1, which is known to serve as an HDL receptor and to mediate carotenoid uptake in 

mammals (During, Doraiswamy, & Harrison, 2008; Fukasawa et al., 1996; Kiefer, Sumser, 

Wernet, & Von Lintig, 2002; Reboul & Borel, 2011; van Bennekum et al., 2005). 

Next, we genotyped the splice variant in the cohort of samples used for the IBD analysis. 

Consistent with an autosomal recessive mode of inheritance, we found that all white recessive 

individuals were homozygous for the splice mutation ('G'), whereas all yellow and red individuals 

across several breeds were either homozygous (N=60) or heterozygous (n=1) for the wild-type 

allele ('T'). This mutation occurs in a genomic position that shows universal evolutionary 

conservation in whole-genome alignments across a wide diversity of bird species (SI Appendix, 

Figure S3.2). These results suggest that the splice site mutation detected in SCARB1 is likely to 

cause the white recessive phenotype. 

 

The splice mutation leads to the production of alternative isoforms of SCARB1. Between 

exons 3 and 5 of SCARB1, there are several potential splice donor sites that may be used as 

alternatives to the exon 4 splice donor mutated in white recessive canaries (Figure 3.3A). To 

evaluate the use of these alternative splice donors, we reverse transcribed RNA extracted from 

skin samples of adult white recessive and yellow canaries and PCR amplified SCARB1 transcript 

across these sites (fragment primers, Figure 3.3A).  



FCUP 
Genetic basis of avian traits 

 

115 

Figure 3.3. Splicing variants and expression levels of SCARB1 in white recessive and wild-type individuals. A) SCARB1 

contains alternative splice-donor sites that potentially yield different transcript isoforms. To investigate these alternatives we designed 

primers (fragment) to amplify across this region yielding different amplicon sizes from each isoform (panel B). To quantify the 

abundance of each alternative isoform (panel C) we designed qPCR primers spanning the each potential splice junction (dashed 

lines). B) Capillary electrophoresis fragment analyses of amplicons across the exon 4 splice junctions, generated from skin cDNA of 

white recessive or yellow canaries, indicate that three alternative SCARB1 transcript isoforms are present in the skin of the white 

recessive canary. This multi-template amplification is biased toward short amplicons, therefore the intensity of the peaks does not 

necessarily reflect transcript abundance. C) The mean ± SD relative expression of SCARB1 transcript isoforms in the duodenum, 

liver, eye, and skin of yellow (n = 4, yellow bars) and white recessive (n = 4, white bars) canaries. For each sample, expression was 

measured by qPCR and calculated relative to a transcript region 3’ of the splice sites (exon 7/8) and then normalized to the sum of 

the four isoforms. * indicates a significant difference between yellow and white recessive (p ≤ 0.045). 
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We then used capillary electrophoresis fragment analysis and Sanger sequencing to separate 

and identify amplicons and found that white recessive canaries lack wild-type SCARB1, but 

express three different splice-isoforms (Figure 3.3B, SI Appendix, Figure S3.3). Isoform 2 is 

spliced at NW_007931140 (12,074,986-12,074,987 bp), includes 15 bp of the intron, maintains 

the reading frame, but adds 5 amino acids between exon 4 and 5 (Figure 3.3A , SI Appendix, 

Figure S3.3). Isoform 3 is spliced at NW_007931140 (12,075,092-12,075,093 bp) within exon 4, 

maintains the reading frame, but omits 35 amino acids encoded in exon 4 (Figure 3.3A , SI 

Appendix, Figure S3.3). In isoform 4, exons 3 and 5 are spliced at their canonical donor and 

acceptor sites which maintains the reading frame of the transcript but entirely skips exon 4, 

omitting 68 amino acids from the protein (Figure 3.3A, SI Appendix, Figure S3.3). Next, we used 

quantitative PCR (qPCR) to measure the overall expression of SCARB1 and the relative 

expression of each splice isoform in the duodenum, liver, eye, and skin of white recessive and 

yellow canaries. First, we targeted a portion of the transcript common to all of the isoforms (exons 

7/8) and measured expression relative to a housekeeping gene, GAPDH. Overall expression of 

SCARB1 differed significantly among tissue types with the highest levels of expression in the skin 

(F3,24 = 70.5, p = 4.8 x 10-12, SI Appendix, Figure S3.4). There was a significant interaction 

between breed and tissue type (F3,24 = 8.2, p = 0.0006, SI Appendix, Figure S3.4) and white 

recessive canaries had 2-fold lower levels of SCARB1 in the duodenum compared to wild-type 

canaries (Tukey posthoc test, p = 0.022, SI Appendix, Figure S3.4). However, expression in the 

other tissue types did not differ significantly between the breeds (Tukey posthoc test, p ≥ 0.083, 

SI Appendix, Figure S3.4). Next we designed primers that spanned the unique splice junctions of 

each SCARB1 isoform (Figure 3.3A) and measured expression of each isoform relative to exon 

7/8 shared by all of the isoforms. In yellow canaries, we found that the wild-type isoform of 

SCARB1 constituted between 97.1 to 100% of all transcripts derived from this gene (Figure 3.3C). 

In contrast, in the tissues of the white recessive canaries, the wild-type isoform made up less than 

9.3% of all SCARB1 transcripts (Figure 3.3C). Isoform 4 (50.3 to 93.1% of all transcripts) was 

most abundant in the white recessive tissues and the remainder consisted of with varying levels 

of the two other alternative transcripts (Figure 3.3C). Taken together these results indicate that 

the candidate splice site mutation results in the production of alternative isoforms of SCARB1 and 

the predominant transcripts in white recessive birds exclude a large portion or the entirety of exon 

4. 
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Absence of exon 4 results in a non-functional form of SCARB1. Isoform 4 of SCARB1, the 

most abundant transcript isoform in the white recessive canary, is predicted to lack 68 amino 

acids, a deficiency that is likely to have a strong impact on SCARB1 protein function. To explore 

the effects of this deficiency, we aligned the amino acid sequence of canary SCARB1 to the 

SCARB1 proteins from representatives of four different vertebrate classes and found that there 

were 15 amino acids encoded by exon 4 that are identical across this broad phylogenetic sample 

(SI Appendix, Figure S3.5A). Next, we generated a structural model of SCARB1 using a recently 

published crystal structure of a related receptor, human CD36 (Hsieh et al., 2016) (SI Appendix, 

Figure S3.5B). Members of the CD36 superfamily of scavenger receptors (including SCARB1 and 

CD36) are integral membrane proteins that contain a large hydrophobic tunnel that extends 

through the length of the central vertical axis of the protein (SI Appendix, Figure S3.2B). This 

tunnel is hypothesized to form a conduit for the passage of lipophilic molecules into cells 

(Rodrigueza et al., 1999). In human SCARB1, this tunnel is surrounded by extracellular 

subdomains that bind specific lipid carrier proteins and mediate selective uptake (Chadwick & 

Sahoo, 2012; Gu, Kozarsky, & Krieger, 2000; Kartz, Holme, Nicholson, & Sahoo, 2014; Neculai 

et al., 2013). In the canary, portions of SCARB1 encoded by exon 4 are homologous to the ligand 

binding domain identified in other members of the CD36 family (SI Appendix, Figure S3.5C).  

Thus, the exclusion of exon 4 from SCARB1 in white recessive canaries has the potential to 

disrupt essential ligand binding and impair transport function.   

 To directly test the functional consequences of the exclusion of exon 4, we compared the 

activity of the wild-type isoform of SCARB1 with that of isoform 4. We cloned the isoforms of 

SCARB1 into a eukaryotic expression vector that co-expresses green fluorescent protein (GFP), 

transfected these constructs into an avian fibroblast cell line, and confirmed transfection by 

monitoring GFP expression. We then delivered carotenoids to these cells in two different ways. 

In the first experiment, to ensure that the carotenoids were presented to the cells by the 

appropriate lipoprotein carriers (Parker, 1996; Trams, 1969), we supplemented the cells with 20% 

whole chicken serum which is rich in lipoproteins containing carotenoids (lutein: 2.65 μg ml-1 and 

zeaxanthin: 1.40 μg ml-1 serum). In the second experiment, we followed a previously established 

protocol (During et al., 2008) to solubilize purified zeaxanthin in cell media with a low 

concentration detergent (Tween 40). We incubated the cells with these carotenoid substrates 

overnight, harvested the cells, and measured carotenoid uptake by HPLC. In both experiments, 

the expression of wild-type SCARB1 significantly enhanced the uptake of carotenoids into the 

cells as compared to controls (Experiment 1: F2,9 = 51.83, p = 1.2 × 10-5, Tukey’s posthoc, p = 1.8 
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× 10-4; Experiment 2: F2,5 = 24.69 , p = 0.0026, Tukey’s posthoc,  p = 0.0056, Figure 4). In contrast, 

the expression of isoform 4 of SCARB1 resulted in a small but significant reduction in the uptake 

of carotenoids relative to the controls (Experiment 1: Tukey’s posthoc, p = 1.0 × 10-5, Experiment 

2: Tukey’s posthoc, p = 0.0035, Figure 3.4). These results support the hypothesis that the 

predominant form of SCARB1 expressed in white recessive canaries is non-functional with 

respect to carotenoid transport. 

Figure 3.4. Analysis of the carotenoid transport function of SCARB1 splice isoforms. Here are presented the total carotenoid 

concentration (µg carotenoid per gram of protein) of avian fibroblast cells expressing wild-type SCARB1 (yellow points), the exon 4-

deficient isoform (isoform 4) of SCARB1 (open points), or a florescent protein only control (black points). The cells were supplemented 

with carotenoid-containing whole chicken serum to a final concentration of 0.81 μg ml-1 of carotenoid in media  (Experiment 1) or 1 μg 

ml-1 of pure zeaxanthin solubilized with Tween 40 (Experiment 2).  The lines represent the mean for each condition within each 

experiment. Significant differences (p ≤ 0.006) between conditions are denoted with an asterisk.   
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Discussion 

Through genomic and biochemical analyses of the white recessive canary breed, we 

identified a single nucleotide substitution that results in the near total absence of carotenoid-based 

plumage coloration. This mutation is in a splice donor site of the integral membrane protein 

SCARB1 and results in the production of alternative transcript isoforms. Our in vitro analyses 

indicate that, while wild-type SCARB1 facilitates the cellular uptake of carotenoids, the most 

abundant isoform in the white recessive canary (isoform 4) has lost this function. These findings 

implicate SCARB1 as an important mediator of carotenoid uptake in birds and suggest a link 

between carotenoid-based coloration and lipid metabolism.  

  Our observations add to a growing body of evidence implicating scavenger receptors as 

key mediators of carotenoid uptake across a diversity of animals. SCARB1 was first characterized 

in humans as a high-density lipoprotein receptor that mediates the selective uptake of cholesterol 

and was subsequently demonstrated to have a role in the cellular uptake of variety of lipids 

including phospholipids, products of triglycerol hydrolysis, and the lipophilic vitamins A and D 

(Acton et al., 1996; Reboul & Borel, 2011; Rigotti, Acton, & Krieger, 1995).  SCARB1 homologs 

have now been implicated as mediators of carotenoid uptake in fruit flies (Drosophila 

melanogaster), silkworm (Bombyx mori), salmon (Salmo salar), mouse, and humans (Borel et al., 

2013; During et al., 2008; During & Harrison, 2007; Kiefer et al., 2002; Sundvold, Helgeland, 

Baranski, Omholt, & Vage, 2011; Tsuchida & Sakudoh, 2015; Voolstra et al., 2006). These 

findings suggests that SCARB1 is an ancient and conserved mechanism of carotenoid uptake in 

animals.       

Although the white recessive mutation in SCARB1 has a profound impact on plumage 

coloration and the accumulation of carotenoids in feathers, this mutation does not completely 

abrogate carotenoid uptake in all tissues. We observed very low concentrations of carotenoids in 

the liver and skin of some white recessive canaries, suggesting that the white recessive mutation 

may not completely eliminate the function of SCARB1. It is possible that other isoforms (i.e. 

isoform 2 or 3) maintain some carotenoid transport function. This would not be surprising because 

isoform 2 retains the entire coding sequence of SCARB1 with a small inframe addition of 5 amino 

acids to the mature protein. Another possibility is that there exist SCARB1-independent 

mechanisms of carotenoid uptake in birds. In silkworms and humans, other members of the CD36 

family have been identified as mediators of carotenoid uptake, and passive diffusion is a possible 

mechanism of uptake when carotenoids are present at high concentrations (Borel et al., 2013; 

Sakudoh et al., 2013; Tsuchida & Sakudoh, 2015; von Lintig, 2010).  These considerations 
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notwithstanding, the dramatic phenotype of the white recessive canary indicates that SCARB1 

plays a central role in carotenoid uptake in birds. 

The confirmation of SCARB1 as an essential mediator of carotenoid uptake in birds 

presents new avenues of investigation into the proximate basis of carotenoid-based color 

expression and the information content of these color ornaments. In mammals, SCARB1 

expression and carotenoid uptake are regulated by retinoid (vitamin A) status via the transcription 

factor ISX (Choi et al., 2006; Lobo et al., 2010; Widjaja-Adhi, Lobo, Golczak, & Von Lintig, 2015). 

Such a mechanism is consistent with the vitamin A-Redox hypothesis which proposes that 

carotenoid coloration reveals information through interdependencies in the uptake, transport, and 

metabolism of vitamin A and carotenoids (G. E. Hill & Johnson, 2012). SCARB1 may also play a 

central role in avian reproduction. In birds, oogenesis involves the massive mobilization of 

cholesterol and other lipids, including carotenoids, from the body into the egg, and these lipid 

resources are essential for the growth and development of the embryo (Surai, 2002). Thus, the 

broad roles of SCARB1 in avian carotenoid, retinoid and lipid physiology potentially link the 

expression of carotenoid-based colors to an individual’s redox status, lipid physiology, and 

fecundity. 

In humans, SCARB1 is an important mediator of cholesterol homeostasis and mutations 

in SCARB1 are associated with the accelerated development of coronary artery disease (e.g. 

(Zanoni et al., 2016)). The pathophysiology of the white recessive mutation has not been fully 

characterized, but further study of this canary breed could offer broad insights into the role of 

SCARB1 in disease.  
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Materials and Methods  

Analyses of tissue carotenoid content. The carotenoid content of white recessive and yellow 

canary tissues was analyzed by HPLC using methodology adapted from previous studies 

(Toomey et al., 2015).  

 

Whole genome resequencing, read mapping, and SNP calling. Whole-genome resequencing 

data from DNA pools of four canary breeds was obtained in the course of a different study (Lopes 

et al., 2016). Each pool was sequenced using an Illumina instrument to an effective coverage of 

~17-23X (SI Appendix, Table S3.1). Sequencing reads were mapped to the canary reference 

genome assembly (Frankl-Vilches et al., 2015) using BWA-MEM (Li & Durbin, 2009) and SNP 

calling was performed using the Bayesian haplotype-based method implemented in Freebayes 

(Garrison & Marth, 2012). 

 

Genetic mapping. Genetic differentiation between white recessive and other breeds was 

summarized in windows of 20kb moved in steps of 10kb using the fixation index (FST) as 

implemented in the PoPoolation2 package (Kofler, Pandey, & Schlotterer, 2011). To confirm the 

association between our candidate region and the white recessive phenotype, a family consisting 

of 38 backcrosses segregating for the white recessive allele and wild-type yellow coloration was 

used for linkage analysis. A single SNP diagnostic between parental individuals used in the cross 

was genotyped in all backcross individuals using Sanger sequencing IBD mapping was performed 

by genotyping 85 individuals (24 white recessive and 61 from other breeds) for 38 SNPs within 

and flanking the candidate region using Sequenom's iPlex technology. 

 

Search for causative mutations SNP and indel variants within the candidate region were 

functionally annotated using the genetic variant annotation and effect prediction toolbox SnpEff 

(Cingolani et al., 2012). The identification of structural variants was performed using three 

approaches: Breakdancer (Chen et al., 2009), DELLY (Rausch et al., 2012), and LUMPY (Layer, 

Chiang, Quinlan, & Hall, 2014). The splice-site mutation was genotyped using Sanger sequencing 

for the same 85 individuals used for IBD. 

 

 Whole-genome alignment of bird species. To evaluate conservation of the candidate 

causative mutation in SCARB1 across the avian phylogeny we obtained whole-genome 
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alignments of available avian genomes using LASTZ (Harris, 2007), chainNet (Kent, Baertsch, 

Hinrichs, Miller, & Haussler, 2003), and MULTIZ (Blanchette et al., 2004).  

 

Analysis of SCARB1 transcript isoform expression. To identify alternative splice isoforms we 

PCR amplified from exon 3 to 5 of the SCARB1 transcript, from cDNA derived from the skin of 

wild-type and white recessive canaries, and examined the amplicons by capillary electrophoresis 

fragment analysis and Sanger sequencing. We measured the relative expression of the SCARB1 

transcript isoforms in white recessive and yellow canaries by qPCR with primers that targeted the 

splice junctions unique to each isoform. RNA extraction, cDNA production, and qPCR analyses 

were carried out as described previously (Lopes et al., 2016). 

 

Functional analysis of SCARB1 variants. The wild-type and isoform 4 of SCARB1 were cloned 

from canary cDNA (above) into eukaryotic expression vectors and expressed in HEK293 cells. 

These cells were cultured overnight in carotenoid enriched media and cellular carotenoid uptake 

was analyzed by HPLC. Details of all methods and materials are given in detail in the supporting 

information (SI Appendix, Materials and Methods).       

  



FCUP 
Genetic basis of avian traits 

 

123 

Acknowledgements 

We thank multiple breeders who contributed samples for this project. The work was supported by 

Fundação para a Ciência e Tecnologia (FCT) through POPH-QREN funds from the European 

Social Fund and Portuguese MCTES (FCT Investigator grant to M.C. 

[IF/00283/2014/CP1256/CT0012] and a post-doctoral fellowship to R.J.L. [SFRH/ 

BPD/84141/2012]); by a research fellowship attributed to M.G. in the scope of the Biodiversity, 

Genetics, and Evolution (BIODIV) PhD program at CIBIO/InBIO and University of Porto 

(PD/BD/114042/2015); by the projects ‘‘Genomics and Evolutionary Biology’’ and ‘‘Genomics 

Applied to Genetic Resources’’ co-financed by North Portugal Regional Operational Programme 

2007/2013 (ON.2—O Novo Norte) under the National Strategic Reference Framework (NSRF) 

and the European Regional Development Fund (ERDF); and by an EU FP7 REGPOT grant 

(CIBIO-New-Gen) (286431). M.B.T and J.C.C. were funded in part by a Human Frontiers Science 

Program grant (#RGP0017/2011) and National Institutes of Health grants (R01EY026672 and 

RO1EY024958). J.C.C. was also supported by a grant from Research to Prevent Blindness. 

M.B.T. received fellowship support from the National Science Foundation (Award #1202776), 

National Institutes of Health (T32EY013360), and the McDonnell Center for Cellular and 

Molecular Neurobiology at Washington University, St. Louis. G.E.H. was funded by the 

Department of Biological Sciences and College of Science and Mathematics at Auburn University. 

 

  



FCUP 
Genetic basis of avian traits 

 

124 

References 

Acton, S., Rigotti, A., Landschulz, K. T., Xu, S., Hobbs, H. H., & Krieger, M. (1996). Identification 

of scavenger receptor SR-BI as a high density lipoprotein receptor. Science, 271(5248), 

518-520.  

Attie, A. D., Hamon, Y., Brooks-Wilson, A. R., Gray-Keller, M. P., MacDonald, M. L., Rigot, V., . . 

. Hayden, M. R. (2002). Identification and functional analysis of a naturally occurring E89K 

mutation in the ABCA1 gene of the WHAM chicken. J Lipid Res, 43(10), 1610-1617.  

Birkhead, T. (2003). A Brand New Bird: How Two Amateur Scientists Created The First 

Genetically Engineered Animal. New York, NY: Basic Books. 

Blanchette, M., Kent, W. J., Riemer, C., Elnitski, L., Smit, A. F., Roskin, K. M., . . . Miller, W. 

(2004). Aligning multiple genomic sequences with the threaded blockset aligner. Genome 

Res, 14(4), 708-715.  

Borel, P., Lietz, G., Goncalves, A., Szabo de Edelenyi, F., Lecompte, S., Curtis, P., . . . Reboul, 

E. (2013). CD36 and SR-BI are involved in cellular uptake of provitamin A carotenoids by 

Caco-2 and HEK cells, and some of their genetic variants are associated with plasma 

concentrations of these micronutrients in humans. J Nutr, 143(4), 448-456.  

Brockmann, H., & Völker, O. (1934). Der gelbe Federfarbstoff des Kanarienvogels[Serinus 

canaria canaria (L.)]und das Vorkommen von Carotinoiden bei Vögeln. Mit 5 Figuren auf 

Tafel II. Hoppe-Seyler´s Zeitschrift für physiologische Chemie, 224(5-6), 193-215.  

Chadwick, A. C., & Sahoo, D. (2012). Functional characterization of newly-discovered mutations 

in human SR-BI. PLoS One, 7(9), e45660.  

Chen, K., Wallis, J. W., McLellan, M. D., Larson, D. E., Kalicki, J. M., Pohl, C. S., . . . Mardis, E. 

R. (2009). BreakDancer: an algorithm for high-resolution mapping of genomic structural 

variation. Nat Methods, 6(9), 677-681.  

Choi, M. Y., Romer, A. I., Hu, M., Lepourcelet, M., Mechoor, A., Yesilaltay, A., . . . Shivdasani, R. 

A. (2006). A dynamic expression survey identifies transcription factors relevant in mouse 

digestive tract development. Development, 133(20), 4119-4129.  

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, L., . . . Ruden, D. M. (2012). 

A program for annotating and predicting the effects of single nucleotide polymorphisms, 

SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 

(Austin), 6(2), 80-92.  



FCUP 
Genetic basis of avian traits 

 

125 

Connor, W. E., Duell, P. B., Kean, R., & Wang, Y. (2007). The prime role of HDL to transport lutein 

into the retina: evidence from HDL-deficient WHAM chicks having a mutant ABCA1 

transporter. Invest Ophthalmol Vis Sci, 48(9), 4226-4231.  

Dorrestein, G. M., & Schrijver, J. (1982). [A genetic disorder of vitamin A metabolism is recessively 

white canaries]. Tijdschr Diergeneeskd, 107(21), 795-799.  

During, A., Doraiswamy, S., & Harrison, E. H. (2008). Xanthophylls are preferentially taken up 

compared with beta-carotene by retinal cells via a SRBI-dependent mechanism. J Lipid 

Res, 49(8), 1715-1724.  

During, A., & Harrison, E. H. (2007). Mechanisms of provitamin A (carotenoid) and vitamin A 

(retinol) transport into and out of intestinal Caco-2 cells. J Lipid Res, 48(10), 2283-2294.  

Eriksson, J., Larson, G., Gunnarsson, U., Bed'hom, B., Tixier-Boichard, M., Stromstedt, L., . . . 

Andersson, L. (2008). Identification of the yellow skin gene reveals a hybrid origin of the 

domestic chicken. PLoS Genet, 4(2), e1000010.  

Frankl-Vilches, C., Kuhl, H., Werber, M., Klages, S., Kerick, M., Bakker, A., . . . Gahr, M. (2015). 

Using the canary genome to decipher the evolution of hormone-sensitive gene regulation 

in seasonal singing birds. Genome Biol, 16, 19. 

Fukasawa, M., Adachi, H., Hirota, K., Tsujimoto, M., Arai, H., & Inoue, K. (1996). SRB1, a class 

B scavenger receptor, recognizes both negatively charged liposomes and apoptotic cells. 

Exp Cell Res, 222(1), 246-250.  

Garrison, E., & Marth, G. (2012). Haplotype-based variant detection from short-read sequencing. 

arXiv, 1207.3907.  

Gu, X., Kozarsky, K., & Krieger, M. (2000). Scavenger receptor class B, type I-mediated 

[3H]cholesterol efflux to high and low density lipoproteins is dependent on lipoprotein 

binding to the receptor. J Biol Chem, 275(39), 29993-30001.  

Harris, R. S. (2007). Improved pairwise alignment of genomic DNA. (PhD thesis), Penn State 

University,  

Hill, G. E. (2002). A Red Bird in a Brown Bag: The Function and Evolution of Colorful Plumage in 

the House Finch. New York, NY: Oxford University Press. 

Hill, G. E. (2006). Environmental regulation of ornamental coloration. In ‘Bird Coloration. Vol. 1. 

Mechanisms and Measurements’.(Eds GE Hill and KJ McGraw.) pp. 507–560. 

Hill, G. E. (2006). Female mate choice for ornamental coloration. Bird coloration, 2, 137-200. 

Hill, G. E., & Johnson, J. D. (2012). The vitamin A-redox hypothesis: a biochemical basis for 

honest signaling via carotenoid pigmentation. Am Nat, 180(5), E127-150.  



FCUP 
Genetic basis of avian traits 

 

126 

Hsieh, F. L., Turner, L., Bolla, J. R., Robinson, C. V., Lavstsen, T., & Higgins, M. K. (2016). The 

structural basis for CD36 binding by the malaria parasite. Nat Commun, 7, 12837.  

Kartz, G. A., Holme, R. L., Nicholson, K., & Sahoo, D. (2014). SR-BI/CD36 chimeric receptors 

define extracellular subdomains of SR-BI critical for cholesterol transport. Biochemistry, 

53(39), 6173-6182.  

Kent, W. J., Baertsch, R., Hinrichs, A., Miller, W., & Haussler, D. (2003). Evolution's cauldron: 

duplication, deletion, and rearrangement in the mouse and human genomes. Proc Natl 

Acad Sci U S A, 100(20), 11484-11489.  

Kiefer, C., Sumser, E., Wernet, M. F., & Von Lintig, J. (2002). A class B scavenger receptor 

mediates the cellular uptake of carotenoids in Drosophila. Proc Natl Acad Sci USA, 99(16), 

10581-10586.  

Koch, R. E., McGraw, K. J., & Hill, G. E. (2016). Effects of Diet on Plumage Coloration and 

Carotenoid Deposition in Red and Yellow Domestic Canaries (Serinus Canaria). Wilson J 

Ornithol, 128(2), 328-333.  

Kofler, R., Pandey, R. V., & Schlotterer, C. (2011). PoPoolation2: identifying differentiation 

between populations using sequencing of pooled DNA samples (Pool-Seq). 

Bioinformatics, 27(24), 3435-3436.  

Layer, R. M., Chiang, C., Quinlan, A. R., & Hall, I. M. (2014). LUMPY: a probabilistic framework 

for structural variant discovery. Genome Biol, 15(6), R84.  

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler 

transform. Bioinformatics, 25(14), 1754-1760.  

Lobo, G. P., Hessel, S., Eichinger, A., Noy, N., Moise, A. R., Wyss, A., . . . von Lintig, J. (2010). 

ISX is a retinoic acid-sensitive gatekeeper that controls intestinal beta,beta-carotene 

absorption and vitamin A production. FASEB J, 24(6), 1656-1666.  

Lopes, R. J., Johnson, J. D., Toomey, M. B., Ferreira, M. S., Araujo, P. M., Melo-Ferreira, J., . . . 

Carneiro, M. (2016). Genetic Basis for Red Coloration in Birds. Curr Biol, 26(11), 1427-

1434. 

The mechanics of carotenoid coloration in birds, 1 177-242 (Harvard University Press Cambridge, 

Massachusetts 2006). 

Mundy, N. I., Stapley, J., Bennison, C., Tucker, R., Twyman, H., Kim, K. W., . . . Slate, J. (2016). 

Red Carotenoid Coloration in the Zebra Finch Is Controlled by a Cytochrome P450 Gene 

Cluster. Curr Biol, 26(11), 1435-1440.  



FCUP 
Genetic basis of avian traits 

 

127 

Neculai, D., Schwake, M., Ravichandran, M., Zunke, F., Collins, R. F., Peters, J., . . . Dhe-

Paganon, S. (2013). Structure of LIMP-2 provides functional insights with implications for 

SR-BI and CD36. Nature, 504(7478), 172-176.  

Parker, R. S. (1996). Absorption, metabolism, and transport of carotenoids. FASEB J, 10(5), 542-

551.  

Perez-Beato, O. (2008). Fundamentals of Color Genetics in Canaries: Reproduction and Control: 

RoseDog Books. 

Preuss, S. E., Bartels, T., Schmidt, V., & Krautwald-Junghanns, M. E. (2007). Vitamin A 

requirements of alipochromatic ('recessive-white') and coloured canaries (Serinus 

canaria) during the breeding season. Vet Rec, 160(1), 14-19.  

Rausch, T., Zichner, T., Schlattl, A., Stutz, A. M., Benes, V., & Korbel, J. O. (2012). DELLY: 

structural variant discovery by integrated paired-end and split-read analysis. 

Bioinformatics, 28(18), i333-i339.  

Reboul, E., & Borel, P. (2011). Proteins involved in uptake, intracellular transport and basolateral 

secretion of fat-soluble vitamins and carotenoids by mammalian enterocytes. Prog Lipid 

Res, 50(4), 388-402.  

Rigotti, A., Acton, S. L., & Krieger, M. (1995). The class B scavenger receptors SR-BI and CD36 

are receptors for anionic phospholipids. J Biol Chem, 270(27), 16221-16224.  

Rodrigueza, W. V., Thuahnai, S. T., Temel, R. E., Lund-Katz, S., Phillips, M. C., & Williams, D. L. 

(1999). Mechanism of scavenger receptor class B type I-mediated selective uptake of 

cholesteryl esters from high density lipoprotein to adrenal cells. J Biol Chem, 274(29), 

20344-20350.  

Sakudoh, T., Kuwazaki, S., Iizuka, T., Narukawa, J., Yamamoto, K., Uchino, K., . . . Tsuchida, K. 

(2013). CD36 homolog divergence is responsible for the selectivity of carotenoid species 

migration to the silk gland of the silkworm Bombyx mori. J Lipid Res, 54(2), 482-495.  

Sundvold, H., Helgeland, H., Baranski, M., Omholt, S. W., & Vage, D. I. (2011). Characterisation 

of a novel paralog of scavenger receptor class B member I (SCARB1) in Atlantic salmon 

(Salmo salar). BMC Genet, 12, 52.  

Surai, P. F. (2002). Natural antioxidants in avian nutrition and reproduction.  

Svensson, P. A., & Wong, B. B. M. (2011). Carotenoid-based signals in behavioural ecology: a 

review. Behaviour, 148(2), 131-189.  



FCUP 
Genetic basis of avian traits 

 

128 

Toews, D. P., Taylor, S. A., Vallender, R., Brelsford, A., Butcher, B. G., Messer, P. W., & Lovette, 

I. J. (2016). Plumage Genes and Little Else Distinguish the Genomes of Hybridizing 

Warblers. Curr Biol, 26(17), 2313-2318.  

Toomey, M. B., Collins, A. M., Frederiksen, R., Cornwall, M. C., Timlin, J. A., & Corbo, J. C. 

(2015). A complex carotenoid palette tunes avian colour vision. J R Soc Interface, 12(111), 

20150563.  

Trams, E. G. (1969). Carotenoid transport in the plasma of the scarlet ibis (Eudocimus ruber). 

Comp Biochem Physiol, 28(3), 1177-1184.  

Tsuchida, K., & Sakudoh, T. (2015). Recent progress in molecular genetic studies on the 

carotenoid transport system using cocoon-color mutants of the silkworm. Arch Biochem 

Biophys, 572, 151-157.  

van Bennekum, A., Werder, M., Thuahnai, S. T., Han, C. H., Duong, P., Williams, D. L., . . . 

Hauser, H. (2005). Class B scavenger receptor-mediated intestinal absorption of dietary 

beta-carotene and cholesterol. Biochemistry, 44(11), 4517-4525.  

von Lintig, J. (2010). Colors with functions: elucidating the biochemical and molecular basis of 

carotenoid metabolism. Annu Rev Nutr, 30, 35-56.  

Voolstra, O., Kiefer, C., Hoehne, M., Welsch, R., Vogt, K., & von Lintig, J. (2006). The Drosophila 

class B scavenger receptor NinaD-I is a cell surface receptor mediating carotenoid 

transport for visual chromophore synthesis. Biochemistry, 45, 13429-13437.  

Walker, G. B. R., & Avon, D. (1993). Coloured, type, and song canaries : a complete guide. New 

York, N.Y.: Sterling. 

Widjaja-Adhi, M. A., Lobo, G. P., Golczak, M., & Von Lintig, J. (2015). A genetic dissection of 

intestinal fat-soluble vitamin and carotenoid absorption. Hum Mol Genet, 24(11), 3206-

3219.  

Wolf, P., Bartels, T., Sallmann, H. P., Heisler, K., & Kamphues, J. (2000). Vitamin A metabolism 

in recessive white canaries. Anim Welfare, 9(2), 153-165.  

Zanoni, P., Khetarpal, S. A., Larach, D. B., Hancock-Cerutti, W. F., Millar, J. S., Cuchel, M., . . . 

Global Lipids Genetics, C. (2016). Rare variant in scavenger receptor BI raises HDL 

cholesterol and increases risk of coronary heart disease. Science, 351(6278), 1166-1171.  

 

  



FCUP 
Genetic basis of avian traits 

 

129 

Supporting information 

MATERIAL AND METHODS 

Analyses of tissue carotenoid content 

We used high performance liquid chromatography (HPLC) to examine the carotenoid content of 

the feathers, skin, liver and retinas of white recessive (n = 4) and lipochrome yellow canaries (n 

= 4). We euthanized birds following accepted practices as outlined by the IACUC (The Institutional 

Animal Care and Use Committee: American Association for Laboratory Animal Science, 

Memphis) and AVMSA (American Veterinary Medical Association). We plucked ten feathers from 

the central breast region of each bird and extracted carotenoids with acidified pyridine (360570, 

Sigma) following the methods of McGraw et al. (K. J. McGraw, Hudon, Hill, & Parker, 2005). We 

measured the mass of the feather samples with a laboratory balance following carotenoid 

extraction. We collected skin samples (0.5 cm2) from the breast (after trimming away feathers) 

and from the ventral left lobe (0.5 cm3) of the liver. We homogenized the skin and liver samples 

in a glass dounce homogenizer with 1 ml of phosphate buffered saline (PBS) and measured the 

protein content of the homogenate using a bicinchoninic acid (BCA) assay (23250, Thermo). We 

then extracted the homogenates with 1 ml methanol, 2 ml distilled water, and 2 ml of hexane:tert-

methyl butyl ether (1:1 vol:vol), collected the solvent fraction, and dried it under a stream of 

nitrogen. We collected whole retinas from the left eye of each bird, homogenized them by 

sonication in 1 ml of PBS, and measured protein content as above. We then split the retina 

homogenates from each bird into two samples, extracted them as above, and then saponified the 

extracts with 0.2 M or 0.02M NaOH in methanol to optimize recovery of carotenes and 

hydroxycarotenoids or ketocarotenoids, respectively (Toomey & McGraw, 2007). We 

resuspended the dried feather, skin, liver, and retina extracts in 120 μl of methanol:acetonitrile 

1:1 (vol:vol) and injected 100 µl of this suspension into an Agilent 1100 series HPLC with a YMC 

carotenoid 5.0 µm column (4.6 mm × 250 mm, YMC). The samples were eluted with a gradient 

mobile phase consisting of acetonitrile:methanol:dichloromethane (44:44:12) (vol:vol:vol) through 

11 minutes then a ramp up to acetonitrile:methanol:dichloromethane (35:35:30) from 11-21 

minutes followed by isocratic conditions through 35 minutes. The column was held at 30°C, and 

the flow rate was 1.2 ml min-1 throughout the run. We monitored the samples with a photodiode 

array detector at 400, 445, and 480 nm, and carotenoids were identified by comparison to 

authentic standards or published accounts (Table S2.1). 
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Whole genome resequencing, read mapping, and SNP calling 

To study the levels and patterns of genetic variation across the genome we used whole-genome 

resequencing data that was obtained in the course of a different study (GenBank bioproject 

PRJNA300534) (Table S2.2) (Lopes et al., 2016). Briefly, paired-end sequencing libraries were 

generated from DNA pools including 12-39 individuals from four canary breeds (White recessive, 

Lipochrome red, Black red, and Gibber italicus) and one wild population of canaries from the 

native range in the Canary Islands. The resulting libraries were sequenced using 100 bp paired-

end reads using an Illumina Hiseq1500 instrument to an effective coverage of ~17-23X per pool 

(Table S2.2). The resulting reads were trimmed with the program Trimmomatic version 0.32 

(Bolger, Lohse, & Usadel, 2014) using the following parameter settings: TRAILING = 15, 

SLIDINGWINDOW = 4:20, and MINLEN = 30. Sequencing reads were then mapped to the canary 

reference genome assembly (SCA1; GenBank assembly accession: GCA_000534875.1) (Frankl-

Vilches et al., 2015) with BWA-MEM (Li & Durbin, 2009) and default settings, followed by local 

realignment performed using GATK RealignerTargetCreator and IndelRealigner options 

(McKenna et al., 2010). 

 SNP calling was performed using the Bayesian haplotype-based method implemented in 

Freebayes v0.9.21-26-gbfd9832 (Garrison & Marth, 2012). Freebayes can act as a frequency-

based pooled caller and describe variants and haplotypes for each pooled sample in terms of 

observation frequency rather than called genotypes. The ploidy parameter was set to the number 

of expected chromosomes on each pool, with the exception of the wild population. Given the large 

number of chromosomes for this population (78), the ploidy variable was set to 40. We modified 

the following additional parameters relative to the default settings: minimum mapping quality of 

20, minimum base quality of 20, and a minimum coverage of 10X. Positions with a read count 

across all pools three times higher than the average coverage were discarded and only biallelic 

SNPs with a quality score of 50 or greater were retained for further analysis. 

 

Determination of genetic differentiation across the genome 

Estimates of genetic differentiation between white recessive and non-white canaries across the 

genome were obtained using a sliding window approach. Only one of the breeds characterized 

by red coloration (Lipochrome red) was used in this analysis because the inclusion of both red 

breeds resulted in an enrichment of outliers overlapping the two regions previously implicated in 

red coloration (3). Genetic differentiation was then summarized using the fixation index (FST) and 

in windows of 20kb moved in steps of 10kb along each scaffold. FST estimates for each window 
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were obtained by means of an unbiased estimator that corrects for unequal sample sizes across 

positions due to differences in the depth of coverage, as implemented in the PoPoolation2 

package (Kofler, Pandey, & Schlötterer, 2011). We utilized the following filters: 1) a minimum 

mapping quality of 20; 2) a per base Phred quality score of 20 or higher; 3) a minimum coverage 

of 12X per position; 4) a maximum coverage of three times the average coverage per pool; 5) at 

least three reads supporting the minor allele in polymorphic sites; and 6) a window of 5 bp to both 

sides of each inferred indel was discarded. Only windows having ≥30% of positions passing the 

quality filters described above were kept. The whole-genome aligner Satsuma (Grabherr et al., 

2010) was used to align the canary and zebra finch genome assemblies and assign the canary 

scaffolds either to the autosomes or the Z-chromosome. 

 

Crosses and linkage analysis 

A family consisting of 38 backcrosses segregating for the white recessive allele and wild-type 

yellow coloration was used for linkage analysis. The parental individuals consisted of two white 

recessive birds and two wild-type birds. Three F1 males and two F1 females were backcrossed 

to five white recessive individuals. Blood was extracted as described above. Animal care complied 

with national and international regulations for the maintenance of live birds in captivity (FELASA, 

Federation of European Laboratory Animal Science Associations).  

To test for an association between our candidate region and the white recessive 

phenotype, we genotyped a single SNP within this region in parental, F1s, and backcrossed 

individuals, using Sanger sequencing of a small amplicon. This SNP was the splice-donor site 

mutation found in SCARB1, which we previously confirmed to be diagnostic between white 

recessive and wild-type parental individuals used in our crossing experiments. 

 

Genotyping for IBD mapping 

Genotyping was performed on a large panel of individuals for 38 SNPs located within and flanking 

our candidate region randomly chosen from the whole genome resequencing data.. Blood 

samples were obtained from live birds from aviaries of Portuguese licensed breeders by brachial 

venipuncture with a sterile needle, following standard blood collection procedures. Blood was 

collected into a heparin-free capillary tube and immediately transferred into a vial with 96% 

ethanol. Samples were collected by licensed authors of this study.  

We genotyped 24 white-recessive individuals, which are supposed to be homozygous for 

the causative mutation, and 61 yellow and red individuals belonging to seven breeds (Lipochrome 
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red, n = 25; Black red, n = 5; Portuguese Harlequin, n = 9; Lipochrome yellow, n = 5; Black yellow, 

n = 4; and Gibber italicus, n = 10; Waterslager = 3).  Genotyping was carried out using 

Sequenom's (San Diego, USA) iPlex technology and detected on a Sequenom MassArray K2 

platform available at the Instituto Gulbenkian de Ciência (Lisbon, Portugal). Sequenom's 

MassARRAY® Assay Design 3.0 software was used to design primers and establish the multiplex 

conditions. The resulting spectra and plots were manually inspected and software genotype calls 

were corrected whenever required. Individual genotypes are available online from the Dryad 

Digital Repository (doi:10.5061/dryad.bt816). 

 

SNP/Indel functional annotation and genotyping of candidate mutation 

To search for causative mutations within our candidate region we functionally annotated SNP 

and indel variants using the genetic variant annotation and effect prediction toolbox SnpEff 

(Cingolani et al., 2012). We focused on variants of potential functional significance, such as 

nonsynonymous, frame-shift, STOP, and splice site mutations. SNP genotyping of the splice-

donor site mutation on the same panel of individuals used for the IBD analysis described above 

was performed by Sanger sequencing. 

 

Detection of structural rearrangements 

The identification of structural variants within the candidate region was performed using three 

approaches: 1) Breakdancer (Chen et al., 2009), which uses read pair orientation and insert size; 

2) DELLY (Rausch et al., 2012), which uses paired-end information and split-read alignments; 

and 3) LUMPY (Layer, Chiang, Quinlan, & Hall, 2014), which uses a combination of multiple 

signals including paired-end alignment, split-read alignment, and read-depth information. 

Candidate structural variants were manually inspected and intersected with the canary genome 

annotation (5). 

 

Identification of alternative splice isoforms of SCARB1 

To identify alternative splice isoforms of SCARB1 we designed primers (Table 2.5a, fragment) 

that spanned the mature transcript from exon 3 to 5 and yielded amplicons of specific sizes from 

each isoform (main text Figure 3.3A). With these primers and a third fluorescently labeled primer 

we PCR amplified SCARB1 from pooled skin cDNA samples from wild-type (n = 4) or white 

recessive canaries (n = 4) following established three primer PCR protocols (Zhang et al., 2014) 

Tissue collection, RNA extraction, and cDNA production are described below. We measured the 
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size of the resulting amplicons by capillary electrophoretic fragment analysis and confirmed the 

of splice isoforms by Sanger sequencing (PNACL WUSM). 

  

Analysis of SCARB1 isoform expression  

To determine the relative abundance of the various splice isoforms of SCARB1 in the tissues of 

wild-type and white recessive canaries, we used quantitative PCR (qPCR) with primers sets 

specifically designed to target the unique splice junctions within each of the different isoforms 

(main text Figure 3.3A, Table S3.5A). We sacrificed homozygous white recessive birds (n=4) and 

homozygous wild-type yellow birds (n=4) as described above and collected duodenum, liver, skin, 

and eye samples by dissection and stored them at -80ºC. For expression analysis, we thawed 

samples on ice and extracted RNA using the RNeasy® Mini Kit (Qiagen, Valencia, CA, USA). 

cDNA was generated by reverse transcribing ~1 μg of RNA using the GRS cDNA Synthesis Kit 

(GRiSP, Porto, Portugal) following the manufacturer’s protocols. We assayed each isoform 

specific primer set, a primer set targeting the exon 7/8 junction common to all transcripts, and a 

control gene (GAPDH) in triplicate for each biological sample using Sybr® Green PCR master 

mix (Life Technologies, Carlsbad, CA) and the Applied Biosystems StepOne real time PCR 

system (Carlsbad, CA). We then averaged the technical replicates for each biological replicate 

and compared overall SCARB1 expression levels (ΔCt) of exon 7/8 relative to GAPDH. We 

compared these overall expression measures among tissue types and breeds with analysis of 

variance (ANOVA) and Tukey posthoc comparisons. To examine the relative expression of 

various isoforms of SCARB1 we calculated the ΔCt of each specific isoform relative to exon 7/8, 

determined the relative proportion of each isoform in each sample, and compared the relative 

expression of each isoform in each tissue between yellow and white recessive canaries using 

student’s t-tests. 

 

Whole-genome alignment of bird species 

Whole genome alignments of available avian genomes were obtained with a pipeline recently 

made available by the Avian Phylogenomics Project (Zhang et al., 2014). Briefly, pairwise 

alignments of repeat-masked genomes were produced by LASTZ (Harris, 2007) and chainNet 

(Harris, 2007), using the canary genome as the reference sequence. MULTIZ (Blanchette et al., 

2004) was then used to merge the pairwise alignments into a single multiple genome alignment 

containing all species. Finally, a small segment of this global alignment containing the candidate 

causative mutation in SCARB1 was extracted for visualization.   
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Protein structural modelling 

The Alignment Mode approach using DeepView was employed to generate a properly aligned 

alpha chain for SWISS-PROM homology modeling of canary SCARB1. tBlastn was used to 

establish sequence alignment between target and template sequences. The refined DeepView 

project was passed to the SWISS-MODEL server for further template-based homology modeling 

(Guex & Peitsch, 1997). Several templates were explored including the recently deposited LIMP-

2 (PDB code: 4F7B) and the newly deposited CD36 (PDB code: 5LDG) (Hsieh et al., 2016; 

Neculai et al., 2013). CD36 proved to be the best template yielding a final model with a quality 

mean score (QMEAN Z-score) of -2.68 and a GMQE score of 0.73. ProCheck 3D results revealed 

that 94% of all residues have an averaged 3D-1D score > 0.2. ERRAT2 quality scoring yielded 

81.6 as an overall quality factor. Only 1% of residues fell within unallowed areas of a 

Ramachandran plot. With the exception of two glycines (G161, G170), all rotamers found within 

exon 4 occupied favorable or allowable positions within a Ramachandran plot. No additional 

molecular simulations were carried out. 

 

Functional analysis of SCARB1 variants 

To examine the carotenoid transport function of the wild-type and isoform 4 of SCARB1, we 

amplified full-length transcripts from the liver cDNA of lipochrome and white recessive canaries, 

respectively (Table S4b). We then subcloned these products into the first position of a bicistronic 

expression vector pCAG-2A-GFP at AgeI and NotI restriction sites.  We confirmed the sequence 

of wild-type and mutant SCARB1 genes by Sanger sequencing (PNACL, St. Louis, MO). We 

assayed carotenoid uptake in chicken embryonic fibroblast cells (DF1, CRL-12203, ATCC, 

Manassa, VA) that were cultured in 6-well plates (each well 9.6 cm2) following the manufacturer's 

recommendations. When the cells reached 80% confluency we used polyethylenimine (PEI, 

23966-2, Polysciences, Warrington, PA) to transfect them with the wild-type and mutant forms of 

SCARB1, or a control expression vector (dsRED only). We incubated the cells for 24 hrs and 

confirmed expression by visualizing fluorescent protein expression. We then introduced 

carotenoids to the cultures by two different means in two separate experiments. In the first 

experiment we supplemented the cell culture media with whole serum, harvested from 21-day old 

chickens fed a carotenoid-enriched diet (Start & Grow, Purina, St. Louis, MO). The serum was 

added to the media at a concentration of 20% (vol:vol) resulting in a final concentration of 0.53 

μg ml-1 lutein and 0.28 μg ml-1 zeaxanthin. In the second experiment, we supplemented the culture 

media with purified zeaxanthin (DSM, Heerlen, NETHERLANDS) at a concentration of 1.0 μg ml-
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1 media and solubilized with 0.035% Tween 40 (P1504, Sigma). We incubated the cells with 

carotenoid supplemented media overnight (~16 hrs), then removed the media, washed the cells 

on the plate three times with PBS, and harvested the cells by scraping in 0.5 ml of PBS.  We 

analyzed the carotenoid content of the cells in two or more replicates of each condition, in each 

experiment, following the extraction and HPLC methods described above for liver and skin tissue. 

We compared carotenoid content among conditions with analysis of variance (ANOVA). 
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Figure S3.1. The UV-Vis spectra of the carotenoids measured by high performance liquid chromatography in the A) feathers, B) skin 

and liver and C) retinas of canaries.  
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Figure 3.2. White recessive canaries have a mutation in the highly conserved splice-donor site of exon 4 of SCARB1. Multi-

species alignment of birds surrounding the candidate splice-donor site mutation in SCARB1. The splice site mutation is highlighted in 

red. Sequence corresponding to SCARB1 exon 4 is delineated by a black box. Note that the exon 4 annotation in the reference 

genome was lacking one base pair that we confirmed by mRNA sequencing. The dots represent the same nucleotide as the reference 

wild-type canary allele at a given position and dashes represent indel variation
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Figure S3.3. Alignment of the exon 3 to 5 fragments of wild-type SCARB1 transcript and the three alternative isoforms identified in white recessive canaries. 

 

 

Wild-type >CACCTTTTCTTCCAGCCTCACTTGTCCAACGGCACAGAGGACGAGTACATTGTTGTGCCAAACATCATGTTGATG    

Iso2  >CACCTTTTCTTCCAGCCTCACTTGTCCAACGGCACAGAGGACGAGTACATTGTTGTGCCAAACATCATGTTGATG  

Iso3  >CACCTTTTCTTCCAGCCTCACTTGTCCAACGGCACAGAGGACGAGTACATTGTTGTGCCAAACATCATGTTGATG  

Iso4  >CACCTTTTCTTCCAGCCTCACTTGTCCAACGGCACAGAGGACGAGTACATTGTTGTGCCAAACATCATGTTGATG  

 

         

Wild-type >GGAGCAGCTGTGATGGTGGAAAAACTGCCAAATTTTGTGAAGCTTTTGCTGAGTGGAGCCCTGGCTAGCCTGAAG  

Iso2  >GGAGCAGCTGTGATGGTGGAAAAACTGCCAAATTTTGTGAAGCTTTTGCTGAGTGGAGCCCTGGCTAGCCTGAAG  

Iso3  >GGAGCAGCTGTGATGGTGGAAAAACTGCCAAATTTTGTGAAGCTTTTGCTGAGTGGAGCCCTGGCTAGCCTGAAG  

Iso4  >---------------------------------------------------------------------------     

 

         

Wild-type >CAGGAGGCGTTCATGAACCGCACGGTGGGGGAGATCATGTGGGGCTACGACGACCCCCTGATAGATGCAATAAAT  

Iso2  >CAGGAGGCGTTCATGAACCGCACGGTGGGGGAGATCATGTGGGGCTACGACGACCCCCTGATAGATGCAATAAAT     

Iso3  >CAGGAGGCGTTCATGAACCGCACG---------------------------------------------------     

Iso4  >---------------------------------------------------------------------------    

 

         

Wild-type >ATGATCATTCCTGGCCTGCTCCCTTTCAAGGGGAAGTTTGGATTGTTCATGGAT---------------TTCAAC  

Iso2  >ATGATCATTCCTGGCCTGCTCCCTTTCAAGGGGAAGTTTGGATTGTTCATGGATGGAAGTAAAGTGGTGTTCAAC     

Iso3  >---------------------------------------------------------------------TTCAAC  

Iso4  >---------------------------------------------------------------------TTCAAC     

 

         

Wild-type >AACTCCAACTCGGGGCTGTTCACTGTACACAGAGGCATGAAGAACATCAGCCAGGTTCA  

Iso2  >AACTCCAACTCGGGGCTGTTCACTGTACACAGAGGCATGAAGAACATCAGCCAGGTTCA   

Iso3  >AACTCCAACTCGGGGCTGTTCACTGTACACAGAGGCATGAAGAACATCAGCCAGGTTCA  

Iso4  >AACTCCAACTCGGGGCTGTTCACTGTACACAGAGGCATGAAGAACATCAGCCAGGTTCA   

Exon 3 

Intron 

Exon 4 

Exon 4 

Exon 4 

Exon 5 
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Figure S3.4. SCARB1 expression differed among the tissues of yellow and white recessive canaries. The mean ± SD 

expression of the exon 7/8 portion of the SCARB1 common to all of the splice isoforms as measured by qPCR and quantified 

relative to the house keeping gene GAPDH. The results of Tukey posthoc comparisons are shown above each bar, ns - 

indicates no significant difference.  
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Figure S3.5. Exon 4 of Serinus canaria SCARB1 encodes amino acid residues that are broadly conserved and homologous 

to functionally important residues in CD36-family receptors. A) A linear alignment of the amino acid sequence of Serinus 

canaria SCARB1 with the sequences of representatives from four different vertebrate classes. The amino acids encoded by 

exon 4 are written in red, “*” indicate identity among the species, and “.” indicates similarity (PAM 250 matrix analysis). B) 

SCARB1 structure was modeled using the recently deposited structure of CD36 and SWISS-MODEL software as described in 

the methods section.  In the modeled representation canary SCARB1 is predicted to have N- and C- transmembrane 

sequences serving as membrane anchors with two short N- and C- terminal sequences oriented towards the luminal side of 

the bilayer. Exon 4 encodes a portion of domain II (shown in red) which contains 4 α-helices and 2 β-strands (α4, α5, α6, α7, 

β7 and β6 respectively).  C) A detailed view of the predicted SCARB1 structure shows the location of two potential lipid 

pathways (arrowheads 1 & 2) that are similar to those recently reported for CD36 (Hsieh et al., 2016). Also identified are amino 

acids F152 and T173 that are encode by exon 4 and homologous to amino acids with demonstrated roles in HDL/LDL binding 

and cholesterol transport in human CD36 and SCARB1, respectively (Chadwick & Sahoo, 2012; Hsieh et al., 2016). These 

observations suggest that the amino acid residues encoded by exon 4 are likely important for the docking of lipoproteins and 

the lipid transport function of SCARB1. 
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Table S2.1. The specific carotenoid content of the tissues of wild-type and white recessive canaries as measured by high 

performance liquid chromatography.  

Carotenoid 
Concentration in Yellow 

(mean ± S.E. μg/g) 

Concentration in White Recessive 

(mean ± S.E. μg/g) 

Liver   

Peak 5.7 0.48  ± 0.22 Not detected 

Peak 6.4 1.22  ± 0.18 0.07  ± 0.07 

Peak 7.0 1.22  ± 0.22 0.17  ± 0.06 

3'-epilutein1 0.28  ± 0.03 0.15  ± 0.02 

Lutein† 8.43  ± 1.07 1.11  ± 0.39 

Zeaxanthin† 1.24  ± 0.07 0.27  ± 0.11 

Anhydrolutein2 0.41  ± 0.03 0.17  ± 0.05 

β-carotene† 0.12  ± 0.12 Not detected 

Skin   

Peak 6.4 21.09  ± 9.71 Not detected 

Peak 7.0 11.56  ± 5.91 Not detected 

3'-epilutein1 8.85  ± 4.56 Not detected 

Lutein† 86.23  ± 40.77 0.28  ± 0.28 

Zeaxanthin† 10.31  ± 3.6 Not detected 

Anhydrolutein2 7.18  ± 2.18 Not detected 

β-carotene† 1.69  ± 0.57 Not detected 

Feather   



FCUP 

Genetic basis avian traits  

142 

Peak 4.8 6.14  ± 1.89 Not detected 

Canary xanthophyll B3 34.57  ± 10.83 Not detected 

Canary xanthophyll A3 53.43  ± 17.41 Not detected 

Peak 6.5 5.42  ± 1.46 Not detected 

Peak 7.2 6.86  ± 2.68 Not detected 

Peak 7.5 9.36  ± 3.29 Not detected 

Lutein† 6.38  ± 3.77 Not detected 

Peak 9.7 0.64  ± 0.37 Not detected 

Anhydrolutein 0.46  ± 0.27 Not detected 

Peak 22.6 0.6  ± 0.26 Not detected 

Retina   

Peak 3.1 13.47  ± 3.8 Not detected 

Dihydrogalloxanthin† 94.4  ± 28.95 Not detected 

cis-dihydrogalloxanthin† 25.45  ± 7.45 Not detected 

3'-epilutien1 11.74  ± 2.48 Not detected 

Lutein† 15.64  ± 2.46 Not detected 

Zeaxanthin† 20.51  ± 3.37 Not detected 

Peak 5.5 68.44  ± 17.28 Not detected 

Peak 6.4 70.52  ± 18.61 Not detected 

cis-astaxanthin† 80.36  ± 17.64 Not detected 

Astaxanthin† 140.99  ± 24.38 Not detected 



FCUP 

Genetic basis avian traits  

143 

Peak 10.3 76.74  ± 16.74 Not detected 

*Liver, skin, and retina carotenoid levels were measured as micrograms of carotenoid per 

gram of tissue protein. Feather carotenoid levels were measured as micrograms of 

carotenoid per gram of whole tissue mass. 

†carotenoids identified by comparison to authentic standards. 

1Putative identification base upon reports of Khachik et al (Khachik, Moura, Y., Aebischer, 

& Bernstein, 2002) 

2Putative identification base upon reports of McGraw et al. (K. McGraw, Adkins-Regan, & 

Parker RS, 2002) 

3Putative identification base upon reports of Koch et al. (Koch, McGraw, & Hill, 2016)  
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Table S2.2. Whole genome resequencing details and read mapping statistics. 

 

  

Breed/Population 
Plumage 

coloration 

Number of 

individuals 

pooled 

Number of 

readsa 

Percentage 

of reads 

mappingb 

Percentage 

of reads 

MQ >=20c 

Percentage of 

positions >=1 

readsd 

Mean depth 

of 

coveragee 

Lipochrome red Red 16 202,038,581 99.24 (92.31) 88.42 96.02 16.9X 

Black red Red 12 275,063,528 99.16 (92.71) 87.61 96.25 23.0X 

White recessive White 12 234,684,768 97.21 (90.48) 82.34 96.28 17.4X 

Gibber italicus Yellow 12 219,183,670 99.08 (91.87) 86.98 96.03 18.2X 

Wild Yellow 39 266,623,880 97.48 (92.96) 86.03 96.21 20.1X 

aAfter trimming using Trimmomatic. 

bPercentage of properly paired reads is given in parentheses. 

cReads with a Phred score mapping quality (MQ) equal to or greater than 20. 

dPercentage of positions with at least one mapped read. 

eIncluding positions with zero mapped reads. 
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Table S2.3. List of protein-coding genes located with the candidate region for white recessive coloration identified by IBD mapping. 

 

Gene Location Orientation Description 

NCOR2 NW_007931140:11,772,834-11,926,730 - Nuclear Receptor Corepressor 2 

SCARB1 NW_007931140:12,066,509-12,081,782 - Scavenger Receptor Class B, Member 1 

LOC103818194 NW_007931140:12,085,024-12,085,973 - Polyubiquitin-like 

DHX37 NW_007931140:12,090,297-12,106,475 - DEAH (Asp-Glu-Ala-His) Box Polypeptide 37 

BRI3BP NW_007931140:12,110,959-12,113,468 - BRI3 Binding Protein  

AACS NW_007931140:12,119,635-12,154,552 + Acetoacetyl-CoA Synthetase 
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Table S2.4. The threshold cycles (Ct) and melting temperatures (Tm) measured in qPCR analyses of SCARB1 splice isoforms 

in the tissues of yellow (Y) and white recessive (WR) canaries.  

Sample 

ID Breed Tissue Target Ct Tm (°C) Note 

WR01 WR Duodenum Exon 7/8 32.12 83.38 
 

WR01 WR Eye Exon 7/8 23.66 83.22 
 

WR01 WR Liver Exon 7/8 28.92 71.56 
 

WR01 WR Skin Exon 7/8 24.53 83.23 
 

WR02 WR Duodenum Exon 7/8 30.27 83.38 
 

WR02 WR Eye Exon 7/8 24.15 83.08 
 

WR02 WR Liver Exon 7/8 28.39 83.04 
 

WR02 WR Skin Exon 7/8 23.68 83.23 
 

WR03 WR Duodenum Exon 7/8 29.57 82.93 
 

WR03 WR Eye Exon 7/8 25.09 82.93 
 

WR03 WR Liver Exon 7/8 29.29 83.34 
 

WR03 WR Skin Exon 7/8 23.40 83.23 
 

WR04 WR Duodenum Exon 7/8 29.35 83.38 
 

WR04 WR Eye Exon 7/8 24.09 83.23 
 

WR04 WR Liver Exon 7/8 29.72 83.18 
 

WR04 WR Skin Exon 7/8 22.90 83.23 
 

WR01 WR Duodenum GAPDH 20.79 79.67 
 

WR01 WR Eye GAPDH 16.00 79.66 
 

WR01 WR Liver GAPDH 19.22 90.04 
 

WR01 WR Skin GAPDH 18.33 79.67 
 

WR02 WR Duodenum GAPDH 18.56 79.67 
 

WR02 WR Eye GAPDH 15.35 79.37 
 

WR02 WR Liver GAPDH 18.62 79.61 
 

WR02 WR Skin GAPDH 17.96 79.67 
 

WR03 WR Duodenum GAPDH 18.50 79.52 
 

WR03 WR Eye GAPDH 16.42 79.52 
 

WR03 WR Liver GAPDH 19.10 79.61 
 

WR03 WR Skin GAPDH 18.04 79.67 
 

WR04 WR Duodenum GAPDH 19.87 79.67 
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WR04 WR Eye GAPDH 16.81 79.66 
 

WR04 WR Liver GAPDH 19.69 79.60 
 

WR04 WR Skin GAPDH 17.96 79.67 
 

WR01 WR Duodenum Iso1 37.19 76.55 
 

WR01 WR Eye Iso1 31.87 76.55 
 

WR01 WR Liver Iso1 n.d. 
  

WR01 WR Skin Iso1 32.86 76.70 
 

WR02 WR Duodenum Iso1 36.16 76.55 
 

WR02 WR Eye Iso1 31.02 76.55 
 

WR02 WR Liver Iso1 34.60 76.78 
 

WR02 WR Skin Iso1 31.42 76.70 
 

WR03 WR Duodenum Iso1 31.95 76.70 
 

WR03 WR Eye Iso1 31.79 76.70 
 

WR03 WR Liver Iso1 39.49 76.63 
 

WR03 WR Skin Iso1 30.95 76.70 
 

WR04 WR Duodenum Iso1 32.98 76.55 
 

WR04 WR Eye Iso1 33.10 76.55 
 

WR04 WR Liver Iso1 38.16 76.77 
 

WR04 WR Skin Iso1 31.13 76.70 
 

WR01 WR Duodenum Iso2 n.d. 
  

WR01 WR Eye Iso2 29.13 81.30 
 

WR01 WR Liver Iso2 32.31 81.40 
 

WR01 WR Skin Iso2 28.64 81.30 
 

WR02 WR Duodenum Iso2 33.67 81.15 
 

WR02 WR Eye Iso2 29.32 81.15 
 

WR02 WR Liver Iso2 31.06 81.40 
 

WR02 WR Skin Iso2 27.32 81.30 
 

WR03 WR Duodenum Iso2 31.04 81.30 
 

WR03 WR Eye Iso2 29.94 81.30 
 

WR03 WR Liver Iso2 32.55 81.40 
 

WR03 WR Skin Iso2 26.91 81.30 
 

WR04 WR Duodenum Iso2 31.97 81.30 
 

WR04 WR Eye Iso2 29.96 81.15 
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WR04 WR Liver Iso2 34.66 81.39 
 

WR04 WR Skin Iso2 26.77 81.30 
 

WR01 WR Duodenum Iso3 34.61 80.41 
 

WR01 WR Eye Iso3 25.01 80.11 
 

WR01 WR Liver Iso3 n.d. 
  

WR01 WR Skin Iso3 26.01 80.26 
 

WR02 WR Duodenum Iso3 32.17 80.26 
 

WR02 WR Eye Iso3 25.31 80.11 
 

WR02 WR Liver Iso3 30.17 80.21 
 

WR02 WR Skin Iso3 24.83 80.26 
 

WR03 WR Duodenum Iso3 31.43 80.26 
 

WR03 WR Eye Iso3 26.20 80.12 
 

WR03 WR Liver Iso3 31.50 80.35 
 

WR03 WR Skin Iso3 24.64 80.26 
 

WR04 WR Duodenum Iso3 31.95 79.96 
 

WR04 WR Eye Iso3 25.46 80.11 
 

WR04 WR Liver Iso3 31.80 80.35 
 

WR04 WR Skin Iso3 24.09 80.26 
 

WR01 WR Duodenum WT 35.69 72.10 *Off-target, low TM 

WR01 WR Eye WT 35.82 71.80 *Off-target, low TM 

WR01 WR Liver WT 36.13 71.41 *Off-target, low TM 

WR01 WR Skin WT 35.48 71.66 *Off-target, low TM 

WR02 WR Duodenum WT 36.64 71.81 *Off-target, low TM 

WR02 WR Eye WT 36.20 71.51 *Off-target, low TM 

WR02 WR Liver WT 36.33 72.01 *Off-target, low TM 

WR02 WR Skin WT 36.22 71.81 *Off-target, low TM 

WR03 WR Duodenum WT 36.11 71.80 *Off-target, low TM 

WR03 WR Eye WT 36.93 71.66 *Off-target, low TM 

WR03 WR Liver WT 36.58 71.86 *Off-target, low TM 

WR03 WR Skin WT 35.83 71.51 *Off-target, low TM 

WR04 WR Duodenum WT 35.33 71.80 *Off-target, low TM 

WR04 WR Eye WT 35.12 71.95 *Off-target, low TM 

WR04 WR Liver WT 35.18 72.15 *Off-target, low TM 
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WR04 WR Skin WT 35.90 71.80 *Off-target, low TM 

Yel_02 Y Duodenum Exon 7/8 35.15 83.23 
 

Yel_02 Y Eye Exon 7/8 27.60 83.08 
 

Yel_02 Y Liver Exon 7/8 26.21 83.33 
 

Yel_02 Y Skin Exon 7/8 22.64 83.23 
 

Yel_03 Y Duodenum Exon 7/8 33.35 83.37 
 

Yel_03 Y Eye Exon 7/8 28.28 83.22 
 

Yel_03 Y Liver Exon 7/8 25.44 83.22 
 

Yel_03 Y Skin Exon 7/8 21.92 83.22 
 

Yel_04 Y Duodenum Exon 7/8 35.62 83.23 
 

Yel_04 Y Eye Exon 7/8 27.98 83.09 
 

Yel_04 Y Liver Exon 7/8 26.55 83.23 
 

Yel_04 Y Skin Exon 7/8 23.15 83.09 
 

Yel_05 Y Duodenum Exon 7/8 33.87 83.23 
 

Yel_05 Y Eye Exon 7/8 28.31 83.08 
 

Yel_05 Y Liver Exon 7/8 27.89 83.34 
 

Yel_05 Y Skin Exon 7/8 21.74 83.23 
 

Yel_02 Y Duodenum GAPDH 26.05 79.52 
 

Yel_02 Y Eye GAPDH 17.78 79.52 
 

Yel_02 Y Liver GAPDH 14.92 79.76 
 

Yel_02 Y Skin GAPDH 17.73 79.67 
 

Yel_03 Y Duodenum GAPDH 23.47 79.66 
 

Yel_03 Y Eye GAPDH 18.04 79.66 
 

Yel_03 Y Liver GAPDH 17.09 79.66 
 

Yel_03 Y Skin GAPDH 17.65 79.51 
 

Yel_04 Y Duodenum GAPDH 28.03 79.67 
 

Yel_04 Y Eye GAPDH 18.67 79.53 
 

Yel_04 Y Liver GAPDH 17.52 79.53 
 

Yel_04 Y Skin GAPDH 18.28 79.38 
 

Yel_05 Y Duodenum GAPDH 24.87 79.52 
 

Yel_05 Y Eye GAPDH 18.58 79.53 
 

Yel_05 Y Liver GAPDH 17.71 79.76 
 

Yel_05 Y Skin GAPDH 17.57 79.67 
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Yel_02 Y Duodenum Iso1 n.d. 
  

Yel_02 Y Eye Iso1 39.00 77.74 
 

Yel_02 Y Liver Iso1 n.d. 
  

Yel_02 Y Skin Iso1 n.d. 
  

Yel_03 Y Duodenum Iso1 n.d. 
  

Yel_03 Y Eye Iso1 37.32 74.61 
 

Yel_03 Y Liver Iso1 n.d. 
  

Yel_03 Y Skin Iso1 n.d. 
  

Yel_04 Y Duodenum Iso1 n.d. 
  

Yel_04 Y Eye Iso1 n.d. 
  

Yel_04 Y Liver Iso1 n.d. 
  

Yel_04 Y Skin Iso1 n.d. 
  

Yel_05 Y Duodenum Iso1 n.d. 
  

Yel_05 Y Eye Iso1 n.d. 
  

Yel_05 Y Liver Iso1 n.d. 
  

Yel_05 Y Skin Iso1 n.d. 
  

Yel_02 Y Duodenum Iso2 n.d. 
  

Yel_02 Y Eye Iso2 n.d. 
  

Yel_02 Y Liver Iso2 n.d. 
  

Yel_02 Y Skin Iso2 n.d. 
  

Yel_03 Y Duodenum Iso2 n.d. 
  

Yel_03 Y Eye Iso2 n.d. 
  

Yel_03 Y Liver Iso2 n.d. 
  

Yel_03 Y Skin Iso2 n.d. 
  

Yel_04 Y Duodenum Iso2 n.d. 
  

Yel_04 Y Eye Iso2 n.d. 
  

Yel_04 Y Liver Iso2 n.d. 
  

Yel_04 Y Skin Iso2 n.d. 
  

Yel_05 Y Duodenum Iso2 n.d. 
  

Yel_05 Y Eye Iso2 n.d. 
  

Yel_05 Y Liver Iso2 n.d. 
  

Yel_05 Y Skin Iso2 n.d. 
  

Yel_02 Y Duodenum Iso3 37.71 80.41 
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Yel_02 Y Eye Iso3 34.36 89.76 
 

Yel_02 Y Liver Iso3 n.d. 
  

Yel_02 Y Skin Iso3 36.11 80.26 
 

Yel_03 Y Duodenum Iso3 n.d. 
  

Yel_03 Y Eye Iso3 37.79 89.16 
 

Yel_03 Y Liver Iso3 n.d. 
  

Yel_03 Y Skin Iso3 36.38 80.40 
 

Yel_04 Y Duodenum Iso3 n.d. 
  

Yel_04 Y Eye Iso3 n.d. 
  

Yel_04 Y Liver Iso3 n.d. 
  

Yel_04 Y Skin Iso3 36.24 89.46 
 

Yel_05 Y Duodenum Iso3 n.d. 
  

Yel_05 Y Eye Iso3 n.d. 
  

Yel_05 Y Liver Iso3 n.d. 
  

Yel_05 Y Skin Iso3 35.81 80.27 
 

Yel_02 Y Duodenum WT 34.77 81.00 
 

Yel_02 Y Eye WT 28.05 81.01 
 

Yel_02 Y Liver WT 27.27 81.25 
 

Yel_02 Y Skin WT 21.94 81.00 
 

Yel_03 Y Duodenum WT 35.24 81.00 
 

Yel_03 Y Eye WT 29.45 80.85 
 

Yel_03 Y Liver WT 25.70 81.14 
 

Yel_03 Y Skin WT 22.25 81.15 
 

Yel_04 Y Duodenum WT 35.59 71.96 
 

Yel_04 Y Eye WT 28.71 81.01 
 

Yel_04 Y Liver WT 26.70 81.16 
 

Yel_04 Y Skin WT 22.75 81.16 
 

Yel_05 Y Duodenum WT 34.55 81.16 
 

Yel_05 Y Eye WT 31.53 81.16 
 

Yel_05 Y Liver WT 27.86 81.25 
 

Yel_05 Y Skin WT 21.35 81.16 
 

n.d. – not detected 



FCUP 

Genetic basis avian traits  

152 

Table S2.5a. Primers used for fragment analysis and qPCR quantification of SCARB1 transcript isoforms in canary tissues. 

Target Primer Sequence 

Fragment SeCa_ScarB1_Frag_F1 tgtaaaacgacggccagtCACCTTTTCTTCCAGCCTCA 

Fragment SeCa_ScarB1_Frag_R gtgtcttTGAACCTGGCTGATGTTCTT 

Fragment-label FAM-M13_F2  6FAM-TGTAAAACGACGGCCAGT 

Wild-type Isoform ScaB1_Iso_WT_F AAGCAGGAGGCGTTCAT 

Wild-type Isoform ScaB1_Iso_WT_R3 GAGTTGGAGTTGTTGAAatccatg 

Isoform 2 SeCa_ScaB1_Iso1_F ATCATTCCTGGCCTGCTC 

Isoform 2 SeCa_ScaB1_Iso1_R3 GAGTTGTTGAAcaccactttacttc 

Isoform 3 SeCa_ScaB1_Iso2_F GCAGCTGTGATGGTGGAAA 

Isoform 3 SeCa_ScaB1_Iso2_R3 TTGGAGTTGTTGAAcgtgcg 

Isoform 4 SeCa_ScaB1_Iso3_F TGTTTCCTTCCTGGAGTACC 

Isoform 4 SeCa_ScaB1_Iso3_R3 GTTGGAGTTGTTGAAcatcaac 

Exon 7/8 SeCa_ScarB1_925_F ACAGACTATCCACCCAACGA 

Exon 7/8 SeCa_ScarB1_925_R GTAGAAGTGAGGGTGGGAAATG 

1primer includes M13 sequences (lowercase) that serves as priming site from the labeling 

primer 

2primer is labeled with 6-Carboxyfluorescein (6-FAM) for fragment analysis 

3Upper-case sequence corresponds to exon 5 and lower-case corresponds to the sequence 

immediately 5’ of the target splice site 
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Table S2.5b. PCR primers used to clone full-length transcripts of the wild-type or isoform 4 of SCARB1 

Primer Sequence* Restriction 

site 

SeCa_SCARB1_F ggtaccaccggtcgccaccATGGCCGTGGCGCAGCGCAGG AgeI 

SeCa_SCARB1_R ggtaccgacatATGCAATTCGTCCCAGGTCT NotI 

* The coding sequence is given in upper case and additional sequence (including the indicated 

restriction site) in lower case. 

 



FCUP 

Genetic basis avian traits  

154 

SI References 

Blanchette, M., Kent, W. J., Riemer, C., Elnitski, L., Smit, A. F. A., Roskin, K. M., … Miller, W. 

(2004). Aligning multiple genomic sequences with the threaded blockset aligner. Genome 

Research, 14(4), 708–715.  

Bolger,  a. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 

sequence data. Bioinformatics, 30(15), 2114–2120.  

Chadwick, A. C., & Sahoo, D. (2012). Functional Characterization of Newly-Discovered 

Mutations in Human SR-BI. PLoS ONE, 7(9), e45660.  

Chen, K., Wallis, J. W., McLellan, M. D., Larson, D. E., Kalicki, J. M., Pohl, C. S., … Mardis, E. 

R. (2009). BreakDancer: an algorithm for high-resolution mapping of genomic structural 

variation. Nature Methods, 6(9), 677–681. 

Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L., … Ruden, D. M. (2012). 

A program for annotating and predicting the effects of single nucleotide polymorphisms, 

SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2, iso-3. Fly, 

6(2), 80–92. 5 

Frankl-Vilches, C., Kuhl, H., Werber, M., Klages, S., Kerick, M., Bakker, A., … Gahr, M. (2015). 

Using the canary genome to decipher the evolution of hormone-sensitive gene regulation in 

seasonal singing birds. Genome Biology, 16(1), 1–25.  

Garrison, E., & Marth, G. (2012). Haplotype-based variant detection from short-read 

sequencing. ArXiv Preprint ArXiv:1207.3907, 9.  

Grabherr, M. G., Russell, P., Meyer, M., Mauceli, E., Alfoldi, J., Di Palma, F., & Lindblad-Toh, K. 

(2010). Genome-wide synteny through highly sensitive sequence alignment: Satsuma. 

Bioinformatics, 26(9), 1145–1151.  

Guex, N., & Peitsch, M. C. (1997). SWISS-MODEL and the Swiss-Pdb Viewer: An environment 

for comparative protein modeling. Electrophoresis, 18(15), 2714–2723.  

Harris, R. S. (2007). Improved Pairwise Alignmnet of Genomic DNA. Penn State University. 

Hsieh, F.-L., Turner, L., Bolla, J. R., Robinson, C. V., Lavstsen, T., & Higgins, M. K. (2016). The 

structural basis for CD36 binding by the malaria parasite. Nature Communications,  

Khachik, F., Moura, D. F. F., Y., Z. D., Aebischer, C. P., & Bernstein, P. S. (2002). 

Transformations of Selected Carotenoids in Plasma, Liver, and Ocular Tissues of Humans 

and in Nonprimate Animal Models. Investigative Ophthalmology & Visual Science, 43, 

3383–3392. 

Koch, R. E., McGraw, K. J., & Hill, G. E. (2016). Effects of diet on plumage coloration and 



FCUP 

Genetic basis avian traits  

155 

carotenoid deposition in red and yellow domestic canaries ( Serinus canaria ). The Wilson 

Journal of Ornithology, 128(2), 328–333. 

Kofler, R., Pandey, R. V., & Schlötterer, C. (2011). PoPoolation2: Identifying differentiation 

between populations using sequencing of pooled DNA samples (Pool-Seq). Bioinformatics, 

27(24), 3435–3436.  

Layer, R. M., Chiang, C., Quinlan, A. R., & Hall, I. M. (2014). LUMPY: a probabilistic framework 

for structural variant discovery. Genome Biology, 15(6), R84.  

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler 

transform. Bioinformatics (Oxford, England), 25(14), 1754–1760.  

Lopes, R. J., Johnson, J. D., Toomey, M. B., Ferreira, M. S., Araujo, P. M., Melo-Ferreira, J., … 

Carneiro, M. (2016). Genetic Basis for Red Coloration in Birds. Current Biology, 26.  

McGraw, K., Adkins-Regan, E., & Parker RS. (2002). Anhydrolutein in the zebra finch: a new, 

metabolically derived carotenoid in birds. Comparative Biochemistryand Physiology Part B: 

Biochemistry and Molecular Biology, 132, 811–818. 

McGraw, K. J., Hudon, J., Hill, G. E., & Parker, R. S. (2005). A simple and inexpensive chemical 

test for behavioral ecologists to determine the presence of carotenoid pigments in animal 

tissues. Behavioral Ecology and Sociobiology, 57(4), 391–397.  

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., … DePristo, 

M. A. (2010). The Genome Analysis Toolkit: A MapReduce framework for analyzing next-

generation DNA sequencing data. Genome Research, 20(9), 1297– 

Neculai, D., Schwake, M., Ravichandran, M., Zunke, F., Collins, R. F., Peters, J., … Dhe-

Paganon, S. (2013). Structure of LIMP-2 provides functional insights with implications for 

SR-BI and CD36. Nature, 504(7478), 172–176.  

Rausch, T., Zichner, T., Schlattl, A., Stütz, A. M., Benes, V., & Korbel, J. O. (2012). DELLY: 

structural variant discovery by integrated paired-end and split-read analysis. Bioinformatics 

(Oxford, England), 28(18), i333–i339.  

Toomey, M. B., & McGraw, K. J. (2007). Modified Saponification and HPLC Methods for 

Analyzing Carotenoids from the Retina of Quail: Implications for Its Use as a Nonprimate 

Model Species. Investigative Opthalmology & Visual Science, 48(9), 3976–3982.  

Zhang, G., Li, C., Li, Q., Li, B., Larkin, D. M., Lee, C., … Froman, D. P. (2014). Comparative 

genomics reveals insights into avian genome evolution and adaptation. Science, 

346(6215), 1311–1320.  

 



FCUP 

Genetic basis avian traits  

156 

Chapter IV – Genetic basis of de novo appearance 

of carotenoid ornamentation in bare-parts of 

canaries  
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Abstract 

Unlike wild and domestic canaries (Serinus canaria), or any of the three dozen species of finches 

in genus Serinus, the domestic urucum breed of canaries exhibits bright red bills and legs. This 

novel bare-part coloration offers a unique opportunity to understand how leg and bill coloration 

evolve in birds. To identify the causative locus, we resequenced the genome of urucum canaries 

and performed a range of analyses to search for genotype-to-phenotype associations across the 

genome. We identified a nonsynonymous mutation in the gene BCO2 (beta-carotene oxygenase 

2, also known as BCDO2), an enzyme involved in the cleavage and breakdown of full-length 

carotenoids into short apocarotenoids. Protein structural models and in vitro functional assays 

indicate that the urucum mutation abrogates the carotenoid cleavage activity of BCO2. Consistent 

with the predicted loss of carotenoid cleavage activity, urucum canaries had increased levels of 

full-length carotenoid pigments in bill tissue and a significant reduction in levels of carotenoid 

cleavage products (apocarotenoids) in retinal tissue compared to other breeds of canaries. We 

hypothesize that carotenoid-based bare-part coloration might be readily gained, modified, or lost 

through simple switches in the enzymatic activity or regulation of BCO2 and this gene may be an 

important mediator in the evolution of bare-part coloration among bird species.  
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Introduction 

Since Darwin and Wallace, the hue and pattern of bird coloration has been a central arena for 

testing theories of signaling, assessment, and speciation (Andersson, 1994; G. E. Hill & McGraw, 

2006; Mayr E., 1963). The pigmentary and structural bases of avian coloration are now well 

understood (G. Hill & McGraw, 2006). The key missing piece to the puzzle of how and why 

conspicuous coloration evolves in birds is a better understanding of the genetic and molecular 

mechanisms controlling the production of color (Hubbard, Uy, Hauber, Hoekstra, & Safran, 2010; 

Toews, Hofmeister, & Taylor, 2017). Recent breakthroughs have begun to reveal the genes that 

control carotenoid pigmentation, which mediates most of the conspicuous red, orange, and yellow 

coloration in birds. CYP2J19, a cytochrome p450 gene, is implicated in the conversion of yellow 

to red carotenoids and consequently for much of the red coloration in birds (Lopes et al., 2016; 

Mundy et al., 2016). SCARB1 plays a key role in carotenoid uptake and consequently in the 

presence or absence of coloration (Toomey et al., 2017). Here we add to a growing understanding 

of the genetic basis of coloration in birds by revealing the mechanism for the de novo evolution of 

red bill and leg coloration in canaries. 

Domesticated canaries are derived from the island canary (Serinus canaria), a small finch 

with dull yellow carotenoid-based feather coloration and no carotenoid coloration of bills or legs 

(Koch, McGraw, & Hill, 2016). Several centuries of selective breeding produced domestic canary 

birds with a fantastic diversity of yellow and red feather coloration, but until very recently no breed 

of canary had been produced that deposited carotenoids in bills or legs (Birkhead, Schulze-

Hagen, & Kinzelbach, 2004). Indeed, none of the three dozen species of finches in the genus 

Serinus have red or yellow leg or bill coloration (Clement, Harris, & Davis, 1993). Several decades 

ago, a canary with a red bill and legs appeared spontaneously in a colony of red factor canaries, 

a breed with bright red plumage coloration. Over subsequent years, this mutant canary founded 

a new breed of canary with bright red bills and legs, now called urucum canary (Figure4.1). The 

pigmentation in bare parts of urucum canaries follows an autosomal recessive pattern of 

inheritance. Thus, urucum canaries present a unique opportunity to identify a single genetic locus 

that enables birds to express a conspicuous new ornamental color trait. 
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Figure 4.1 Representative picture of (A) urucum canary and (B) lipochrome red canary. 

 

To identify the causative locus responsible for the expression of carotenoid-based 

pigmentation in bare parts in canaries, we resequenced the genome of urucum individuals and 

performed a range of analyses to search for genotype-to-phenotype associations across the 

genome. We identified a nonsynonymous point mutation in the gene BCO2, an enzyme that 

catalyzes the oxidative cleavage of both pro-vitamin A and non-pro-vitamin A carotenoids (Dela 

Seña et al., 2016) in birds and other vertebrates. We found a perfect association between 

presence/absence of the BCO2 mutation and bare-part coloration in canaries. Through protein 

structural models and in vitro functional assays we confirm causality of the mutation and its effect 

on protein function. 
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Results 

Carotenoid content of urucum canary tissues 

The feathers and bare parts of the urucum canaries are brilliantly colored. To determine the 

pigmentary basis of the urucum phenotype, we used high-performance liquid chromatography 

(HPLC) to examine and compare carotenoid accumulation in the beak and feather tissue of 

urucum and wild-type canaries with the same plumage color backgrounds. Canaries carrying the 

urucum mutation tended to accumulate significantly higher concentrations of carotenoids in their 

beak tissues than wild-type birds (Mann–Whitney U = 0, n1 = 6, n2 = 3, p = 0.024, Figures 4.2A, 

S4.1-4.2, Table S4.1). The carotenoid concentration in the feathers of red canaries was 

significantly higher than in the feathers of yellow birds (Mann–Whitney U = 0, n1 = 5, n2 = 4, p = 

0.016, Figures 4.2B, S4.2-4.3, Table S4.2). Feather carotenoid concentration did not differ 

significantly between urucum and wild-type birds (Mann–Whitney U = 5, n1 = 6, n2 = 3, p = 0.38, 

Figure4.2B, Table S4.2).  

Figure 4.2. Tissue carotenoid accumulation patterns among urucum and wild-type canaries. Points indicate the value for each 

individual sampled. The concentration of total carotenoids per gram of tissue are shown for (A) beak and (B) feathers of wild-type 

(WT) and urucum canaries with red-factor (denoted in red) or yellow lipochrome (denoted in yellow) genetic backgrounds. (C) The 

concentration of total carotenoids in the retina per gram of total protein sampled. (D) The concentration of carotenoid cleavage 

products, apocarotenoids, in the retina per gram of total protein sampled. Details of the specific carotenoid composition of each tissue 

are available in Tables S4.1-4.3 and Figures S4.1-4.5. 
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A diverse suite of carotenoid pigments accumulate within the oil droplets of the cone 

photoreceptors of the avian retina where they modify spectral sensitivity and fine tune color 

discrimination (Goldsmith, Collins, & Licht, 1984; Toomey et al., 2015; Toomey & Corbo, 2017). 

To determine if and how the urucum mutation influences carotenoid accumulation in the retina, 

we used HPLC to examine and compare the retinal carotenoid profiles of urucum and wild-type 

canaries. The total accumulation of all carotenoid types in the retina did not differ significantly 

between urucum and wild-type birds (Mann–Whitney U = 21, n1 = 12, n2 = 3, p = 0.72, Figure 

4.2C, S4.4-4.5, Table S4.3). However, when we examined specific components of the retinal 

carotenoid profile we found that urucum canaries had significantly lower concentrations of 

apocarotenoids in their retinas than wild-type birds (Mann–Whitney U = 0, n1 = 12, n2 = 3, p = 

0.011, Figure 4.2D). Apocarotenoids (e.g. galloxanthin and dihydrogalloxanthin) pigment the cone 

oil droplets of the blue (SWS2) cone photoreceptor and the principle member of the double cone, 

and are hypothesized to be produced through the BCO2-mediated cleavage of dietary zeaxanthin 

(Toomey et al., 2016). This result suggests that urucum birds may have decreased carotenoid 

cleavage activity. Both wild-type and urucum red-factor background canaries accumulated 

canthaxanthin in their retinas (FigureS4.6), which is not typically a component of the avian retinal 

carotenoid profile (14, 15, M. Toomey unpublished data). In some urucum individuals (fed normal 

diet with supplement as regular red birds), canthaxanthin constituted as much as 80% of the 

carotenoid content of the retina (Table S4.3, Figures S4.4-4.6). 

High-resolution mapping of the urucum phenotype 

To investigate the genetic basis of bare-part coloration in urucum canaries, we performed whole 

genome sequencing of a DNA pool of individuals of this breed (n = 20) to an effective coverage 

of 26X (Table S4.4). Since the urucum breed was created through the fixation of a spontaneous 

mutation that emerged in red factor canaries (Walker & Avon, 1993), we further used whole-

genome resequencing data of a DNA pool of red lipochrome birds (n=16, coverage = 17X) from 

a previous study (Lopes et al., 2016). 

The urucum phenotype is transmitted in a manner consistent with a single recessive allele. 

Therefore, the genomes of both breeds are presumably very similar except in a single region 

controlling bare-part coloration. To search for regions of high differentiation between both breeds, 

we summarized allele frequency differentiation across the genome (scaffolds > 20 kb) using the 

fixation index (FST) and a sliding window approach (Figure 4.3A). We found that levels of genetic 

differentiation were low to moderate throughout most of the genome (mean FST ∼ 0.15), but that 

one region displayed very high levels of FST when compared to the remainder of the genome. This 
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region contained the top 36 values of the empirical distribution of FST (range= 0.62-0.89) and 

spanned a region of ~200 Kb (715,000 to 930,000 bp) on scaffold NW_007931177, which is 

homologous to zebra finch chromosome 24. Using a backcross mapping population (see 

Methods), we found a perfect association between our candidate region and bare-part coloration: 

all wild-type individuals (n=11) were heterozygous for a SNP diagnostic between the urucum and 

wild-type parental individuals, and all birds exhibiting the urucum phenotype (n=7) were 

homozygous for the allele present in the parental urucum individuals. 

Figure 4.3. Mapping of the urucum mutation. (A) Selective sweep mapping. FST between urucum and lipochrome red breed across 

the genome. Each dot represents FST in 20-kb windows iterated every 5 kb. The different scaffolds are presented along the x axis in 

the same order as they appear in the canary reference genome assembly. (B) FST zoom-in and IBD mapping. (Top) FST in 20-kb 

windows iterated every 5 kb across the outlier region (delineated by vertical lines). (Bottom) The protein-coding genes found within 

this region are indicated by grey boxes. For the IBD analysis, 30 SNPs were genotyped for 27 urucum canaries and 14 individuals 

belonging to three breeds with yellow, red and white coloration. Alleles more common in urucum canaries are represented by red 

boxes, alternative alleles are represented in white, and heterozygous are represented in orange. The black-outlined box indicates a 

segment of high homozygosity in urucum canaries and black boxes indicate missing data. 
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We next carried out identity-by-descent (IBD) mapping (Figure 4.3B) to increase the 

resolution at the candidate locus, under the assumption that the urucum mutation emerged a 

single time within a haplotype that should be shared by all urucum individuals. We genotyped 30 

variants selected from the whole-genome resequencing data in a larger cohort of birds, including 

urucum individuals (n = 27) as well as individuals (n = 14) belonging to several breeds lacking 

coloration in bare parts. Unlike for the other breeds, we found that urucum canaries were 

homozygous for a large continuous genomic segment defined by 13 SNPs, spanning a physical 

interval of 104 kb (770,364-874,443) that harbored eight protein-coding genes: NCAM1, PTS, 

BCO2, TEX12, IL18, SDHD, LOC103822986, DLAT (Figure 4.3B; Table S4.5). Of these, the 

BCO2 represents a strong candidate for the gene underlying the urucum phenotype since it 

encodes an enzyme that is known to cleave carotenoids (Amengual et al., 2011; Kiefer et al., 

2001) and has been previously implicated in carotenoid pigmentation of the integument in birds 

and reptiles (Andrade et al., 2019; Eriksson et al., 2008; Fallahshahroudi, Sorato, Altimiras, & 

Jensen, 2019; Toews et al., 2016). 

 

An amino acid substitution at a universally conserved position in BCO2 is perfectly 

associated with the urucum phenotype 

We next screened the IBD interval for potential causative mutations using the whole-genome 

resequencing data. One single point mutation clearly stood out at nucleotide position 837,806 that 

was predicted to be a nonsynonymous mutation in the exon 9 of the BCO2 gene. This variant 

results in the substitution of a histidine for an arginine at residue 413 of the protein (R413H) that 

could potentially affect BCO2 activity (see below). We genotyped the nonsynonymous variant in 

the cohort of urucum samples used for the IBD analysis above, and consistent with an autosomal 

recessive mode of inheritance, we found that all 27 individuals were homozygous for the allele 

encoding the amino acid arginine. Interestingly, domesticated canaries expressing yellow 

carotenoids in their bare parts (n=4), which have emerged more recently, were also homozygous 

for the same nonsynonymous variant, suggesting the same genetic basis for bare-part coloration 

in both red and yellow birds. A multispecies alignment of the BCO2 protein, including 175 species 

from all major vertebrate groups revealed that this amino acid is universally conserved (Figure 

4.4A, Figure S4.7).  
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Figure 4.4. Structural consequences of the R413H substitution in canary BCO2. (A) Multi-species alignment of vertebrates 

surrounding the candidate missense mutation in the highly conserved exon 9 of BCO2 (the missense mutation is highlighted in 

red).The dots represent the same nucleotide as the reference wild-type canary allele at a given position. (B) Homology model of 

canary BCO2 based on an RPE65 template. Blades are numbered according to convention. (C) Close-up view of R413 forming a twin 

salt bridge interaction with Asp374 within a pocket composed of predominantly non-polar side chains. (D) Substitution of Arg413 with 

His results in predicted steric clashes with surrounding side chains that would disrupt the protein structure or cause a protein folding 

defect. 

 

To help define the structural consequences of the R413H substitution in BCO2, we first 

generated a homology model of canary BCO2 using a structurally related protein, RPE65, as a 

template (Figure 4.4B). Inspection of the model revealed that Arg413 is predicted to form a twin 

salt bridge with Asp374 at a location distant from the iron center of the enzyme. The same type 

of interaction is formed between equivalent residues of other members of the carotenoid cleavage 

oxygenase family of enzymes, including Synechocystis ACO (Kloer, Ruch, Al-Babili, Beyer, & 

Schulz, 2005) and bovine RPE65 (Kiser, Golczak, Lodowski, Chance, & Palczewski, 2009), 

indicating that it is evolutionarily conserved and structurally or functionally important. Indeed, Arg-

carboxylate salt bridges are known to contribute substantially to protein thermal stability (Singh, 

Thornton, Snarey, & Campbell, 1987). The Arg-Asp pair is in a hydrophobic pocket within blade 

IV of the beta-propeller domain and the interaction appears important for maintaining an overall 

neutral charge in this apolar environment (Figure 4.4C). In silico substitution of His for Arg at 
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position 413 resulted in severe steric clashes in all rotameric orientations of the His residue that 

could not be resolved by secondary rotamer changes in the involved residues (Figure 4.4D). This 

observation suggests that the R413H could cause structural distortion of the protein, leading to a 

possible loss of activity. Alternatively, the substitution could cause a gross protein-folding defect 

via these steric clashes or through electrostatic destabilization. Overall, the striking conservation 

of the amino acid position, together with the structural modelling of the protein sequence, strongly 

suggests that this mutation is functionally relevant. 

Finally, we evaluated whether regulatory mutations could also be implicated in the urucum 

phenotype. One way to test this possibility is to study allele-specific expression in the shared 

cellular environment of individuals heterozygous for the urucum and wild-type alleles. If cis-acting 

regulatory mutations are driving expression differences, then one allele should be expressed 

preferentially. We sampled one heterozygous individual and carried out cDNA sequencing. Using 

the nonsynonymous position as a marker for allelic identity, we found that the number of reads 

containing the wild-type and urucum alleles was similar (48% vs. 52%, out of a total 193,155 

reads overlapping the exon of this gene). We therefore conclude that there are unlikely to be any 

functionally significant cis-regulatory differences between the two alleles. 

 

Functional analysis shows that the BCO2 mutation results in compromised enzymatic 

activity 

To determine if and how the candidate causal variant altered the carotenoid-cleavage activity of 

BCO2, we evaluated the ability of wild-type and urucum BCO2 to cleave zeaxanthin and 

canthaxanthin substrates. We found that bacterial lysates containing recombinantly expressed 

wild-type BCO2 readily cleaved both carotenoid substrates and generated apocarotenoid 

products (Figures 4.5 and S4.8). In contrast, lysates containing the urucum BCO2 variant, with 

the R413H substitution, did not produce any detectable apocarotenoids (Figures 4.5 and S4.8). 

Additionally, the reaction containing the mutant BCO2 variant retained substantially more 

substrate than the wild-type reaction (Figure 4.5). In reactions with the zeaxanthin substrate, small 

amounts of apocarotenoid were detectable in all conditions, including assays with heat-denatured 

lysates (Figure S4.8). We therefore believe that these trace amounts of apocarotenoid may be a 

product of non-enzymatic oxidation (Yanishlieva, Aitzetmüller, & Raneva, 1998). Our analysis 

indicates that the urucum mutation eliminates the enzymatic activity of BCO2. 
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Figure 4.5. In vitro assay of the cleavage activity of urucum and wild-type variants of BCO2. (A) A Coomassie-stained SDS-PAGE 

gel visualizing protein expression in the BL21 DE3 cultures before (pre) and after (post) the induction of recombinant protein 

expression. Arrowheads indicate the enrichment of an ~60 kDa band that is consistent with the induction of the expression of the 

recombinant wild-type (WT) and mutant (Mut) BCO2. (B) Representative HPLC chromatograms of carotenoids extracted from 

reactions containing canthaxanthin substrates and wild-type, mutant, or wild-type heat denatured bacterial lysates. (C) UV-Vis light 

absorbance spectra of peaks 1 and 2. Note that these samples have been reduced with sodium borohydride and the canthaxanthin 

substrate (peak 2) has been reduced to isozeaxanthin (β,β-carotene-4,4’-diol). The short retention time and short-wavelength shifted 

absorbance spectrum of peak 1 is consistent with an apocarotenoid which we hypothesize to be 10’-Apo-β-carotene-4,10’-ol. We 

found no evidence of this apocarotenoid in the mutant or denatured BCO2 assays. 
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Discussion 

Through genomic and biochemical analyses of the urucum canary breed, we identified a single-

nucleotide missense mutation affecting an evolutionarily invariant amino acid that results in de 

novo carotenoid-based coloration of the bill and legs. This mutation in the BCO2 gene disables 

the enzyme’s carotenoid cleavage activity, thereby causing a marked increase in the 

concentrations of intact carotenoids in tissues. The increase in carotenoid pigmentation of beak, 

legs, and skin of the urucum breed suggests that degradation of carotenoids by BCO2 is a key 

mechanism for regulating the presence or absence carotenoid coloration in these tissues in birds 

and could be an important target of selection in the evolution of color patterns. 

Previous studies have implicated BCO2 in species-typical carotenoid coloration. Many breeds 

of domestic chickens have yellow legs but the wild progenitor of chickens, the red junglefowl 

(Gallus gallus), has gray legs lacking carotenoid coloration. Using QTL analysis (Eriksson et al., 

2008) mapped the yellow leg coloration phenotype to a genomic region that contains BCO2. The 

authors found a tissue-specific reduction in BCO2 in the legs of yellow birds, suggesting a cis-

regulatory mutation affecting BCO2 expression, but the causal mutation was not identified. The 

authors suggested that this mutation had been acquired through introgression from a sister 

species, the gray junglefowl (Gallus sonneratii), which has yellow legs. Subsequently, BCO2 has 

been implicated in carotenoid coloration in various animal groups, such as warblers (Toews et al., 

2016) and lizards (Andrade et al., 2019), as well as in control of fat and milk color in domestic 

animals (Strychalski, Brym, Czarnik, & Gugołek, 2015; Tian, Pitchford, Morris, Cullen, & Bottema, 

2010; Våge & Boman, 2010). Here we show that a single missense mutation in BCO2 can lead 

to large changes in the ornamental color pattern of a songbird. The carotenoid-cleaving activity 

of BCO2 presents a mechanism by which carotenoid-based bare-part coloration might be readily 

gained, modified, or lost through simple regulatory switches controlling tissue-specific expression 

of BCO2 or changes in its enzymatic activity. This relatively simple mechanism is consistent with 

the apparent evolutionarily rapid loss and gain of bare-part coloration in many groups of birds 

(Iverson & Karubian, 2017) and raises the possibility that these colorful traits might be particularly 

labile through the course of evolution.  

In addition to bare-part pigmentation, the retinal carotenoid profiles of urucum canaries differ 

from wild-type birds, indicating that BCO2 plays an important role in the pigmentation of the cone 

oil droplets that fine tune the spectral sensitivity of photoreceptors. In the urucum canaries, we 

observed little or no apocarotenoid pigment in the retina. Apocarotenoid pigments selectively 

accumulate in the oil droplets of the blue cone (SWS2) photoreceptor and the principal member 
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of the double cone photoreceptor (Toomey et al., 2015, 2016). We previously speculated that the 

selective accumulation of apocarotenoids is mediated by the cone subtype-specific expression of 

the BCO2 within the blue and double cones (Toomey et al., 2016). The reduction or absence of 

apocarotenoid pigmentation in the retinas of urucum canaries supports this hypothesis. 

Detailed understanding of carotenoid metabolism and its biochemical and physiological 

importance hold the potential for better understanding of not only ornamental coloration in birds 

but also the role of micronutrients in health and disease in vertebrates more generally. The 

pathophysiology of the urucum mutation has not been fully characterized, but breeders have 

reported that urucum birds suffer from problems with balance, motor abilities, coordination, 

inactivity and vision. Previous studies have shown that high levels of carotenoid accumulation can 

have negative physiological effects. For example, in American goldfinches (Carduelis tristis), long-

term exposure of tissues to high levels of carotenoids resulted in a gradual deterioration of skeletal 

muscle tissue and consequent defects in flight performance (Huggins, Navara, Mendonça, & Hill, 

2010). In mouse, BCO2 knock out results in the accumulation of abnormally high levels of 

xanthophyll carotenoids in the liver and other tissues (Amengual et al., 2011). BCO2 mutant mice 

show evidence of mitochondrial dysfunction, elevated oxidative stress, and liver steatosis, 

indicating that BCO2 plays an important role in maintaining carotenoid homeostasis and 

protecting against the potentially damaging effects of these pigments (Amengual et al., 2011). 

Similar detrimental effects of BCO2 knockdown have also been demonstrated in developing zebra 

fish (Danio rerio) and human cell lines, indicating that the role of BCO2 in carotenoid homeostasis 

is broadly conserved (Lobo, Amengual, Palczewski, Babino, & von Lintig, 2012; Lobo, Isken, Hoff, 

Babino, & von Lintig, 2012). Our observations suggest that the interplay of the signaling benefits 

of carotenoid coloration and potential physiological costs of concentrations of these pigments in 

tissues may be mediated by regulation of BCO2. 
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Materials and methods 

HPLC analyses in feathers, beak, and retina. 

We used high-performance liquid chromatography (HPLC) to determine the composition and 

concentrations of carotenoid pigments in the tissues of two urucum canaries with a red-factor 

background, one urucum canary with a yellow plumage background, three to five red-factor 

canaries that were wild-type for the urucum mutation and three to seven yellow lipochrome 

canaries that were wild-type for the urucum mutation. To assay the carotenoid content of the 

feathers, we plucked 10 from the nape of each bird and measured the total mass of the feathers 

sampled from each individual on a laboratory balance. We extracted pigments by incubating the 

feather for six hours at 65ºC in 2 ml of acidified pyridine (McGraw, Hudon, Hill, & Parker, 2005). 

We then added 2 ml of distilled water, and extracted with 2 ml of hexane:tert-methyl butyl ether 

(1:1 vol:vol). We collected the hexane:tert-methyl butyl ether fraction, evaporated to dryness 

under a stream of nitrogen and resuspended in 200 µl of methanol:acetonitrile 1:1 (vol:vol). We 

injected 50 µl of each extract into an Agilent 1100 series HPLC with a YMC carotenoid 5.0 µm 

column (4.6 mm × 250 mm, YMC). We separated pigments with a gradient mobile phase 

consisting of acetonitrile:methanol:dichloromethane (44:44:12) (vol:vol:vol) for 0-11 minutes then 

a ramp up to acetonitrile:methanol:dichloromethane (35:35:30) from 11-21 minutes followed by a 

return to isocratic conditions through 35 minutes. The mobile phase was pumped at a constant 

rate of 1.2 ml min-1 and the column maintained at 30ºC for the entirety of the run. We monitored 

the samples with a photodiode array detector at 400, 445, and 480 nm, and identified and 

quantified carotenoids as described in Toomey et al. (Toomey et al., 2017).  

We measured the retinal carotenoid content following previously published methods 

(Toomey et al., 2017). Briefly, we homogenized the retinas in phosphate buffered saline and 

extracted with hexane:tert-methyl butyl ether (1:1 vol:vol). We divided each sample in two and 

saponified with weak (0.02 M NaOH in methanol) or strong (0.2 M NaOH) base to optimize the 

recovery of ketocarotenoids or other carotenoid classes respectively. We separated and 

quantified carotenoids on the HPLC system described above. Chromatographic conditions 

identical to feather analyses were used for the ketocarotenoid portion of the sample. The strong 

base samples were run under modified conditions to optimize the separation of apocarotenoids. 

For these samples, we cooled the column to 18ºC and pumped mobile phase at a constant rate 

of 1.0 ml/min. We used a gradient mobile phase beginning with acetonitrile:methanol (50:50) for 

9 min, followed by a ramp up to acetonitrile:methanol:dichloromethane (44:44:12) (vol:vol:vol) 

from 9–11 min, isocratic through 21 min, then a second ramp up to 
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acetonitrile:methanol:dichloromethane (35:35:30) from 21–26 min followed by isocratic conditions 

through 35 min. 

The extractions of carotenoids from the beak tissue proved challenging and we used two 

different methods depending upon the color background of the individual. For all individuals, we 

cut a ~0.5 cm2 portion of the lower mandible and measured total wet mass on a laboratory 

balance. For the individuals with a yellow plumage background, we extracted carotenoids with 

acidified pyridine as described above for the feather analyses. We attempted pyridine extraction 

for the individuals with the red plumage background, but found that the yield of carotenoids was 

poor and the tissue retained its color. As an alternative, we ground the beak tissue for 30 minutes 

at 4,000 rpm with a bead mill (BeadBug, Benchmark Sci. Edison, NJ) using 10-2 mm zirconia 

beads in 1 ml of methanol. We centrifuged the resulting homogenate, collected the methanol 

supernatant, and dried under a stream of nitrogen. We repeated this extraction three times for 

each sample and pooled the resulting supernatants for each sample. The carotenoid pigments 

recovered with the methanol extraction were esterified. Therefore, we saponified the samples with 

weak (red background) or strong (yellow background) base as described for the retina samples. 

We separated, identified, and quantified carotenoids with HPLC as described for the feather 

samples. The methanol extraction yielded a mean of 7.3X more carotenoid than the pyridine 

extraction of the red background samples. In contrast, the methanol extraction of the yellow 

background samples yielded only 33% of the carotenoid recovered with the pyridine extraction. 

Therefore, we report the results for the pyridine extraction for yellow background individuals and 

methanol extraction for the red background individuals. For all tissues we compared carotenoid 

concentrations with a Welch’s two sample t-test between urucum and wild-type birds on the red-

factor background only.  

 

Whole genome resequencing, read mapping, and SNP calling  

To study the genetic basis of bare-part coloration in canaries, we performed whole-genome 

resequencing of a DNA pool of urucum individuals (n=20). Briefly, blood was collected into a 

heparin-free capillary tube and immediately transferred into a vial with 96% ethanol. For DNA 

sequencing, we extracted genomic DNA from blood using an EasySpin Genomic DNA Kit SP-DT- 

250 (Citomed), followed by a RNAse A digestion step. DNA quality and purity assessment were 

performed through spectrophotometry (Nanodrop) and fluorometric quantitation (Qubit dsDNA BR 

Assay Kit, ThermoScientific). Paired-end sequencing libraries for Illumina sequencing were then 

generated using the TruSeq DNA PCR-free Library Preparation Kit (Illumina, San Diego, CA) 
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according to the manufacturer protocol, and sequenced using 150 bp paired-end reads on an 

Illumina instrument (Table S4). Whole genome sequencing data have been deposited in GenBank 

under the bioproject PRJNA559291. 

 The reads were trimmed with the program Trimmomatic (v. 0.36) (Bolger, Lohse, & 

Usadel, 2014) using the following parameter settings: TRAILING = 15, SLIDINGWINDOW = 4:20, 

and MINLEN = 30. Sequencing reads were then mapped to the canary reference genome 

assembly (SCA1; GenBank assembly accession: GCA_000534875.1) (Frankl-vilches et al., 

2015) with BWA-MEM (Li & Durbin, 2010), followed by local realignment performed using GATK 

RealignerTargetCreator and IndelRealigner options (McKenna et al., 2010). SNP calling was 

performed using the Bayesian haplotype-based method implemented in Freebayes (v0.9.21-26-

gbfd9832) (Garrison & Marth, 2012).  

 

Genome-wide analysis of genetic differentiation 

To identify the genomic region containing the urucum factor, we summarized genetic 

differentiation between urucum and red lipochrome canaries (data from a previous study (Lopes 

et al., 2016)) in windows of 20kb moved in steps of 5kb across the genome using the fixation 

index (FST). FST estimates for each window were obtained by means of an unbiased estimator that 

corrects for unequal sample sizes across positions due to differences in the depth of coverage, 

as implemented in the PoPoolation2 package (Kofler, Pandey, & Schlotterer, 2011). We utilized 

the following filters: 1) a per base Phred quality score of 20 or higher; 3) a minimum coverage of 

10X per position; 4) a maximum coverage of three times the average coverage per pool; 5) at 

least four reads supporting the minor allele in polymorphic sites. Only windows that passed our 

quality filters in ≥30% of positions were kept. 

 

Crosses and linkage analysis 

For linkage analysis, we established crosses between urucum individuals and red lipochrome 

canaries. The resulting F1 individuals (six pairs) were backcrossed to urucum canaries. From 

these backcrosses, we obtained 18 individuals and seven expressed red coloration in their beaks 

and bare-parts (expected to be homozygous for the urucum factor), while 11 were wild type 

(expected to be heterozygous for the urucum factor). Blood was collected from all individuals and 

used for DNA extraction as described above. To test for linkage between the candidate genomic 

region (see Results) and the urucum phenotype in our pedigree, we genotyped a SNP by means 

of Sanger sequencing of a small amplicon (Table S4.6). Animal care complied with national and 
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international regulations for the maintenance of live birds in captivity (FELASA, Federation of 

European Laboratory Animal Science Associations). 

 

Genotyping for identical-by-descent mapping  

We performed identical-by-descent mapping (IBD) by genotyping a panel of 30 SNPs located in 

the vicinity of our candidate region both in urucum and wild-type individuals. The SNPs were 

randomly chosen from whole genome resequencing data of several breeds and wild canaries 

obtained as part of a previous study (GenBank bioproject PRJNA300534 (Lopes et al., 2016)). 

Blood and DNA was extracted as described above. We genotyped 24 urucum individuals, which 

are supposed to be homozygous for the causative mutation, and 14 other color canaries 

belonging to three breeds (white dominant, n=4; lipochrome yellow, n=5; lipochrome red, n=5). 

Genotyping was carried out using Sequenom (San Diego, USA) iPlex technology and detected 

on a Sequenom MassArray K2 platform available at the Instituto Gulbenkian de Ciência (Lisbon, 

Portugal). Sequenom MassARRAY® Assay Design 3.0 software was used to design primers and 

establish the multiplex conditions. The resulting spectra and plots were manually inspected, and 

software genotype calls were corrected whenever required. Individual genotypes are available 

online from the Dryad Digital Repository (XXXXXX). 

 

SNP/Indel functional annotation 

We functionally annotated SNP and indel variants using the genetic variant annotation and effect 

prediction toolbox SnpEff (Cingolani et al., 2012). To search for causative mutations within our 

candidate region, we screened our candidate regions for variants that could potentially alter 

protein structure and function, such as nonsynonymous, frameshift, STOP, and splice site 

mutations.  

 

Detection of structural rearrangements  

The identification of structural variants within the candidate region was performed using three 

approaches: 1) Breakdancer (Chen et al., 2009), which uses read pair orientation and insert size; 

2) DELLY (Rausch et al., 2012), which uses paired-end information and split-read alignments; 

and 3) LUMPY (Layer, Chiang, Quinlan, & Hall, 2014), which uses a combination of multiple 

signals including paired-end alignment, split-read alignment, and read-depth information. 

Candidate structural variants were manually inspected using IGV (Robinson et al., 2011) and 

intersected with the canary genome annotation (Frankl-vilches et al., 2015). 
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Phylogenetic conservation and protein structural modelling 

We extracted BCO2 protein sequences from NCBI and checked for the conservation of the 

mutated amino acid in other species. We included 175 vertebrate species from a wide of 

taxonomic groups, including mammals, birds, amphibians, fish and reptiles. Sequences were 

aligned using ClustalW multiple alignment implemented in BioEdit v7.0.5 (Hall, 1999). 

To infer the impact of the candidate nonsynonymous mutation in the protein structure of 

BCO2, we generated a homology model of canary BCO2 through the Swiss-Model server 

(Waterhouse et al., 2018) using bovine RPE65 as the template (PDB accession code: 4RYZ) 

(Zhang et al., 2015). The R417H substitution and rotamer analysis were performed using Coot 

(Emsley, Lohkamp, Scott, Cowtan, & IUCr, 2010). Images of the wild type and mutant structural 

models were generated using Pymol (Schrödinger, LLC). 

 

 

Allelic imbalance 

We evaluated whether regulatory variation could explain the urucum phenotype by accessing 

allelic imbalance in the beak of a F1 individual from a cross between a urucum bird and wild-type 

individual (i.e. heterozygous for the urucum factor). After dissection, RNA was extracted using the 

RNeasy Mini Kit (Qiagen), followed by cDNA synthesis using ~1 µg of RNA and the GRS cDNA 

Kit (GRiSP). To quantify the relative expression of each allele (mutation or wild type), we designed 

primers to amplify a small fragment from cDNA overlapping the nonsynonymous mutation 

associated with the urucum phenotype (Table S6). Primers were located on exon-exon junctions 

to avoid spurious amplification from genomic DNA. Amplification of the cDNA template with 5' 

labeled primers was done with the protocol described in (Andrade et al., 2019). Amplicons were 

sequenced on an Illumina MiSeq system (MiSeq v3 500-cycle kit, 2x250 bp reads). To calculate 

the relative proportion of alleles expressed in the beak of the heterozygous individual, we mapped 

the reads with BWA-MEM (Li & Durbin, 2010) on a reference containing just the BCO2 cDNA 

sequence and counted the number of reads corresponding to the reference and alternative 

alleles. 

 

Functional analysis of BCO2 wild-type and mutant proteins 

We assayed recombinantly expressed wild-type and mutant BCO2 enzymes following methods 

adapted from (Mein, Dolnikowski, Ernst, Russell, & Wang, 2011). We amplified the coding 
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sequence of wild-type BCO2 from the cDNA of a red-factor canary with the primers listed in Table 

S6 using Phusion Hot Start PCR master mix (M0536, NEB Inc., Ipswich, MA) following the 

manufacturer’s suggested conditions. We cloned this amplicon into the pET28a vector at the 

Ned1 and Xho1 restriction sites and confirmed by Sanger sequencing (Eurofins, Louisville, KY). 

We then introduced the candidate variant into this construct with site-directed mutagenesis by 

PCR. The primers and procedure for mutagenesis are detailed in Supplementary Materials (Table 

S4.6). 

We transformed BL21 De3 cells with the wild-type and mutant constructs, grew 1 L liquid 

cultures of each, and induced protein expression at 16ºC overnight (16 hrs) with Isopropyl β-D-1-

thiogalactopyranoside following the suggested methods of the vector manufacturer (EMD 

Biosciences, Madison, WI). We confirmed the expression of the recombinant enzymes by 

visualizing protein expression in pre- and post-induction cultures on an SDS-PAGE gel. We 

pelleted bacterial cultures by centrifugation and resuspended pellets in Tricine buffer (50 mM 

Tricine, 100 mM NaCl, 1% Tween 40) and lysed cells with a cycle of freeze-thaw and brief 

sonication. We centrifuged the lysed cells at 10,000 g for 30 min at 4ºC, collected the supernatant, 

and measured total protein concentration of the lysates (Pierce™ BCA Protein Assay Kit, 

ThermoFisher, Waltham, MA). We then used these crude lysates to assayed enzyme activity as 

described below. 

We prepared carotenoid substrates by fractioning all-trans-zeaxanthin and all-trans-

canthaxanthin from commercial carotenoid additives (Optisharp, Carophyll Red, DSM Inc, 

Heerlen, Netherlands) with HPLC. We evaporated the purified carotenoids to dryness under a 

stream of nitrogen and resuspended by sonication in 2.5 ml of Tricine buffer with 1.6% Tween 40. 

We combined 400 ul of each carotenoid suspension with a volume of each enzyme lysate 

containing 1 mg of total protein and supplemented the reaction with 10 µM FeSO4 and 0.3 mM 

dithiothreitol. We incubated these reactions in the dark at 37°C, shaking at 180 rpm, for 2 hrs. As 

a negative control, we denatured proteins by boiling the lysates at 100ºC for 20 mins and assayed 

as above. We extracted the reaction products by adding 1 ml of ethanol vortexing briefly, followed 

by 2 ml of hexane:tert-Butyl methyl ether (1:1), centrifuging briefly and collecting the upper phase. 

We dried these extracts under a stream of nitrogen and then treated with sodium borohydride to 

reduce and stabilize apocarotenoid aldehyde products of BCO2 cleavage. To do this, we 

resuspended the dried extracts in 1 ml of ethanol, added a few crystals of sodium borohydride, 

capped reaction tubes with nitrogen, and incubated for 30 mins in the dark. We then added 2 ml 

of deionized water to the reaction and extracted again with 2 ml of hexane:tert-Butyl methyl ether. 
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We again dried these extracts under a stream of nitrogen and then resuspended in 140 µL of 

mobile phase (methanol:acetonitrile 1:1). We injected 50 µl of each assay extract into an Agilent 

1100 series HPLC fitted with a YMC carotenoid 5.0 µm column (4.6 mm × 250 mm, YMC) cooled 

to 18ºC. We separated pigments with a constant mobile phase flow rate of 1.0 ml/min and a 

composition gradient beginning with acetonitrile:methanol (50:50) for 9 min, followed by a ramp 

up to acetonitrile:methanol:dichloromethane (44:44:12) (vol:vol:vol) from 9–11 min, isocratic 

through 21 min, then a second ramp up to acetonitrile:methanol:dichloromethane (35:35:30) from 

21–26 min followed by isocratic conditions through 35 min. We monitored the sample runs with a 

photodiode array detector and identified putative cleavage products by comparison to authentic 

standards (galloxanthin, CaroteNature GmbH, Ostermundigen, Switzerland) or inferred identity 

from relative retention times and absorbance spectra. 
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Supplementary materials 

Table S4.1. The concentrations (µg g-1 of tissue) of specific carotenoid types in the beak tissues of wild-type (mean ± S.D.) 

and each urucum canary. 

Carotenoid Wild-type red Urucum 

red #3 

Urucum 

red #5 

Wild-type 

yellow 

Urucum 

yellow #4 

peak 6.8 - 0.16 0.08 0.01 ± 0.02 0.17 

peak 7.2 - 0.11 0.11 - 0.03 

Lutein 0.04 ± 0.07 - - 0.08 ± 0.09 1.06 

cis-canthaxanthin - 0.36 0.77 - 0.12 

peak 9.5 - - - - 0.10 

Zeaxanthin 0.04 ± 0.08 - - - - 

Canthaxanthin 0.14 ± 0.04 5.18 3.74 - 0.08 

peak 10.9 - - - - - 

echinenone - 0.74 0.39 - - 

Total (includes 

other minor peaks) 
0.22 ± 0.13 6.55 5.09 0.11 ± 0.14 1.71 
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Table S4.2. The concentrations (µg g-1 of tissue) of specific carotenoid types in the feathers of wild-type (mean ± S.D.) and 

each urucum canary. 

Carotenoid Wild-type red 
Urucum 

red #3 

Urucum 

red #5 

Wild-type 

yellow 

Urucum 

yellow #4 

Canary xanthophyll A 0.55 ± 0.80 1.77 2.78 2.08 ± 1.48 1.76 

Canary xanthophyll B 1.65 ± 2.08 4.28 8.52 3.77 ± 2.42 4.16 

peak 6.8 3.39 ± 2.70 8.88 13.40 0.63 ± 0.19 0.29 

peak 7.2 1.45 ± 0.38 2.69 2.70 0.30 ± 0.24 0.00 

Lutein 2.82 ± 1.07 5.47 4.34 0.26 ± 0.05 0.50 

cis-canthaxanthin 15.26 ± 5.80 28.97 14.33 - - 

canthaxanthin 72.98 ± 22.33 123.87 69.99 - - 

echinenone 10.68 ± 4.03 13.20 10.45 - - 

Total (includes other 

minor peaks) 
111.34 ± 33.15 189.13 126.51 7.61 ± 4.71 7.17 
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Table S4.3. The concentrations (µg g-1 of tissue) of specific carotenoid types in the retinas of wild-type (mean ± S.D.) and 

each urucum canary. 

Carotenoid 
Wild-type 

red 

Urucum 

red #3 

Urucum 

red #5 

Wild-type 

yellow 

Urucum 

yellow #4 

cis-astaxanthin 20.40 ± 3.65 4.50 4.40 22.14 ± 4.95 37.10 

astaxanthin 141.20 ± 

76.17 
5.40 26.50 173.29 ± 65.97 172.20 

peak 8.6 23.20 ± 7.12 72.60 5.00 15.43 ± 7.48 4.20 

peak 9.2 32.80 ± 12.07 5.50 76.20 35.57 ± 9.43 33.50 

canthaxanthin 22.40 ± 6.80 266.30 504.20 - - 

peak 4.8 18.60 ± 13.76 1.00 - - - 

dihydrogalloxanthin 64.40 ± 24.54 11.00 - 150.86 ± 53.82 - 

peak 6.5 10.00 ± 4.53 2.00 - 26.29 ± 9.74 - 

peak 9.3 -   - - 

3’-epilutein 2.00 ± 2.83 - - 20.00 ± 7.96 30.10 

Lutein 9.20 ± 3.11 -  44.57 ± 22.01 14.10 

Zeaxanthin 9.60 ± 6.84 - - 33.29 ± 14.10 56.00 

peak 25.8 - - - - 5.40 

peak 27.2 - - - - 10.20 

peak 27.6 - - - - 26.20 

Total (includes 

other minor peaks) 

460.00 ± 

140.18 
420.60 628.90 

647.14 ± 

222.39 
460.00 
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Table S4.4. Whole genome resequencing details and read mapping statistics for the two pools used for FST analysis. 

Breed/Population 

Bare-part 

coloration 

Number of 

individuals 

pooled 

Number of 

readsa 

Percentage of 

mapped readsb 

Percentage 

of reads MQ 

>=20c 

Percentage 

of positions 

>=1 readsd Coveragee  

Lipochrome red No 16 202,038,581 99.24 (92.31) 88.42 96.02 16.9X 

Urucum Yes 20 222,250,123 99.31 (92.64) 85.54 99.97 26.5X 

aAfter trimming using Trimmomatic.  

bPercentage of properly paired reads is given in parentheses.  

cReads with a Phred score mapping quality (MQ) equal to or greater than 20.  

dPercentage of positions with at least one mapped read.  

eIncluding positions with zero mapped reads. 
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Table S4.5. List of protein-coding genes located with the candidate region for urucum phenotype (*located in IBD region). 

Gene Location Orientation Description 
 

MPZL2 NW_007931177:500997-504867 - Myelin Protein Zero Like 2 
 

CD3E NW_007931177:507652-511777 + CD3e Molecule 
 

LOC103822979 NW_007931177:512949-514539 - T-cell surface glycoprotein CD3 gamma chain-like 
 

ZW10 NW_007931177:515096-522436 + Zw10 Kinetochore Protein 
 

DRD2 NW_007931177:569855-576921 + Dopamine Receptor D2 
 

ANKK1 NW_007931177:590507-602622 - Ankyrin Repeat And Kinase Domain Containing 1 
 

TTC12 NW_007931177:610371-625839 - Tetratricopeptide Repeat Domain 12 
 

NCAM1 NW_007931177:631156-819387 - Neural Cell Adhesion Molecule 1 * 

PTS NW_007931177:831089-834436 - 6-Pyruvoyltetrahydropterin Synthase * 

BCO2 NW_007931177:836313-850746 - Beta-Carotene Oxygenase 2 * 

TEX12 NW_007931177:855386-856620 - Testis Expressed 12 * 

IL18 NW_007931177:861542-864199 + Interleukin 18 * 

SDHD NW_007931177:865343-868732 - Succinate Dehydrogenase Complex Subunit D * 

LOC103822986 NW_007931177:870092-872020 - NKAPD1 NKAP domain containing 1 * 

DLAT NW_007931177:874163-882973 - Dihydrolipoamide S-Acetyltransferase * 

DIXDC1 NW_007931177:886262-908100 - DIX Domain Containing 1 
 

LOC103822987 NW_007931177:913599-918479 - CUNH11orf52 chromosome unknown C11orf52 homolog 
 

HSPB2 NW_007931177:922487-924072 - Heat Shock Protein Family B (Small) Member 2 
 

CRYAB NW_007931177:926301-928409 + Crystallin Alpha B 
 

FDXACB1 NW_007931177:931323-934952 + Ferredoxin-Fold Anticodon Binding Domain Containing 1 
 

ALG9 NW_007931177:935845-953645 + ALG9 Alpha-1,2-Mannosyltransferase 
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SIK2 NW_007931177:968384-995914 - Salt Inducible Kinase 2 
 

LAYN NW_007931177:1000111-1008095 - Layilin 
 

BTG4 NW_007931177:1017880-1021291 + BTG Anti-Proliferation Factor 4 
 

POU2AF1 NW_007931177:1078714-1089769 + POU Class 2 Homeobox Associating Factor 1 
 

NFKBID NW_007931177:1092851-1102554 + NFKB Inhibitor Delta 
 

COLCA2 NW_007931177:1107643-1114209 - Colorectal Cancer Associated 2 
 

LOC103823036 NW_007931177:1117735-1125332 - similar to RGD1562914 (predicted) 
 

HINFP NW_007931177:1126635-1131935 + Histone H4 Transcription Factor 
 

ABCG4 NW_007931177:1136837-1145092 + ATP Binding Cassette Subfamily G Member 4 
 

NLRX1 NW_007931177:1150756-1155964 + NLR Family Member X1 
 

PDZD3 NW_007931177:1157287-1160314 + PDZ Domain Containing 3 
 

CBL NW_007931177:1162741-1196504 + Cbl Proto-Oncogene 
 

MCAM NW_007931177:1201344-1218819 - Melanoma Cell Adhesion Molecule 
 

RNF26 NW_007931177:1219052-1220085 + Ring Finger Protein 26 
 

C1QTNF5 NW_007931177:1224879-1227445 - C1q And TNF Related 5 
 

MFRP NW_007931177:1230124-1233732 - Membrane Frizzled-Related Protein 
 

USP2 NW_007931177:1235956-1246094 - Ubiquitin Specific Peptidase 2 
 

THY1 NW_007931177:1253201-1256644 - Thy-1 Cell Surface Antigen 
 

PVRL1 NW_007931177:1374817-1417137 - Nectin Cell Adhesion Molecule 1 
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Table S4.6. Detailed information about all primers used in this study. 

 

  Primer 1 Primer 2 

Extension primer 

 (only for genotyping) 

Genotyping 
   

RB_177770364 ACGTTGGATGTGTGTGTCCCTGAGAACAGC ACGTTGGATGCTCAGATAAGGCAAGGGCAG CCACATCCCACACAA 

RB_177803809 ACGTTGGATGTTTGAAGTCCTGTCCACAAG ACGTTGGATGGGTTTTTCACCAAAGCCCTC CCAGTGGAACAGACC 

RB_177866964 ACGTTGGATGCTCTGTTCACACAACACTGG ACGTTGGATGTTAAGAGCACTTCCTTGCCC cGCCCCCAGAAGTGTA 

RB_1771138095 ACGTTGGATGAAAGGTGAAATGACGAGCCG ACGTTGGATGGGAGAGCCTTAACAGAACAG cACAGAACAGGGAGGG 

RB_177849620 ACGTTGGATGGAGTCCAGAGGGCACAAATC ACGTTGGATGACAACATGGAAGGCAAGCAG CCCGACCCCAGCCCAAA 

RB_177642749 ACGTTGGATGAGGAAGGGCTGTGTCCTTGT ACGTTGGATGGGCCAAAATGACAAAACCCC AAAGGCAGCAATAACCA 

RB_177830073 ACGTTGGATGAATGAGGGCCATTCCCTTAG ACGTTGGATGCACCCCCTTTGACAAGGAAA gGGAAAAGGATCCCCCA 

RB_177927503 ACGTTGGATGTGTGAACCTGGATGTGAAGC ACGTTGGATGTTCCCGTGGATCTCGATCAT aacCTCGATCATGTCCCC 

RB_177821659 ACGTTGGATGTCTGTCTTTTCTTTGCTCCC ACGTTGGATGAATCCTCTTTCTCTCCCCAG TATCTTTTTGCCCGAACT 

RB_177555773 ACGTTGGATGGAGAACTTGGAGCTATCACC ACGTTGGATGTTTGCTGGAGCTCCAGATTG CTAGGAGGGAGTTTAGAC 

RB_177874443 ACGTTGGATGAATGACAGAGTGACCAGGAG ACGTTGGATGACAGAATAACAGGATCAGCC GGATCAGCCTGAACAACTT 

RB_177793924 ACGTTGGATGACATCTGTCATCTCCAGCAC ACGTTGGATGAATAGCTCTGAAGTGGCTGG AACCTCGCATTTCCTATCAC 

RB_177941117 ACGTTGGATGTCAAGGATGATGTTCTGGGC ACGTTGGATGGTGAACTGAGACAGAACTGC ctgcCCCCACTGCAGGAGAG 

RB_1771328744 ACGTTGGATGCTAAAAGGAGCCAGTCCTTC ACGTTGGATGTTTCCTCCCTTTAAGCACCC gaaaCCAGAGCTGCAGAAAA 

RB_1771054485 ACGTTGGATGGGGATTTCTCACCTTGCCTG ACGTTGGATGAGATGCCAGTGCGGGAATTG aGGGAATTGCTGAGGAAAAT 

RB_1771449572 ACGTTGGATGGTCAGCAGGGATTTTTCAGG ACGTTGGATGCTCCTTTTTTGTGAGCAGCC gtgtAGCCGCAGCCTCAGCCA 

RB_177889716 ACGTTGGATGAGTGTCCAACACTTGTGCAG ACGTTGGATGTGTCCCAGAGCACACAGGTT ggaaCAGGGACCAGAGGACAA 

RB_1771002052 ACGTTGGATGTTGCCACAGCTGGAAAGAAG ACGTTGGATGCCTCTCAGCCTCACTTTTTG TCAGCCTCACTTTTTGATTATT 

RB_1771228752 ACGTTGGATGGTGTTCTGCCATCCCCTTG ACGTTGGATGCTATAGCAGAAAGTGGGAGC ggtTGCCCCGACTGACAGGAGA 

RB_177836252 ACGTTGGATGTGGGCATCCTTTGTGAACTG ACGTTGGATGCCACTGCTTGAGCTACAGTT GCTTGAGCTACAGTTTTTTTACT 
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Genotyping missense mutation in BCO2 
  

GenotPedigree CTGTGAGAGCAGTGCTGACC GAAATGTGCAGGGTTGGTTC NA 

    
Allelic imbalance in BCO2 

  
ABalance CGCCTTCCACCAGATCAAC TCTTGGTGTCCACATCAACCT NA 

    
Cloning and mutagenesis of BCO2 

  
SeCa_BCO2 CGTACATatgttcgccaaaatcc CGTACTCGAGgtgggcagtgaagatgc 

 
Seca_mut-PmII Ttccacgtgaacaagca NA NA 

SeCa_BCO2_SD

_antisense 
cgtccagagggagaacaaagtggcgagggaaagctc 

NA NA 

SeCa_BCO2_SD

_sense: 
Gagctttccctcgccactttgttctccctctggacg 

NA NA 
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Figure S4.1. Representative HPLC chromatograms of carotenoid extracts from the beak tissue wild-type and urucum 

canaries. The UV/Vis spectra of each labeled peak are presented in Figure S4.3. 
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Figure S4.2. Representative UV/Vis light absorbance spectra, normalized to absorbance maximum, of the major carotenoids 

observed in extracts from the beak tissues and feathers of wild-type and urucum canaries.  
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Figure S4.3. Representative HPLC chromatograms of carotenoid extracts from the feathers of wild-type and urucum 

canaries. The UV/Vis spectra of each labeled peak are presented in Figure S2. 
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Figure S4.4. Representative HPLC chromatograms of retinal carotenoid extracts from wild-type and urucum canaries. The 

(A) ketocarotenoid, (B) other xanthophyll, and (C) apocarotenoid components were measured at differ wavelength and are 

presented separately. The UV/Vis spectra of each labeled peak are presented in Figure S5.  
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Figure S4.5. Representative UV/Vis light absorbance spectra, normalized to absorbance maximum, of the major (A) 

ketocarotenoid, (B) other xanthophyll, and (C) apocarotenoid components of the retinas of wild-type and urucum canaries.  
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Figure S4.6. Retinal canthaxanthin accumulation patterns among urucum and wild-type canaries. Points indicate the value 

for each individual sampled. The concentration of canthaxanthin is given per gram of total protein in sample.  
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Figure S4.7. Urucum canaries have a mutation in the highly conserved exon 9 of BCO2  (the missense mutation is 

highlighted in red). Multi-species alignment of vertebrates surrounding the candidate missense mutation in BCO2. 

The dots represent the same nucleotide as the reference wild-type canary allele at a given position.  
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Figure S4.8. (A) Representative HPLC chromatograms of carotenoids extracted from reactions containing zeaxanthin 

substrates and wild-type, mutant, or wild-type heat denatured bacterial lysates. (B) UV-Vis light absorbance spectra 

of peaks 1 and 2. The short retention time and short-wavelength shifted absorbance spectrum of peak 1 matches an 

authentic standard of the apocarotenoid galloxanthin (10’-Apo-β-carotene-4,10’-ol). Trace amounts of galloxanthin 

are also present in the mutant or denatured BCO2 assays but are likely the product of non-enzymatic oxidation of the 

zeaxanthin substrate.  
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Chapter V – A molecular mechanism for sexual 

dichromatism in birds 

 

This chapter is an original contribution of this thesis, currently in form of a manuscript. The 
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Abstract 

Sexual dichromatism—a difference in coloration between males and females—is so central 

to the study of ornamentation and mate choice that it is often used as a proxy for the strength 

of sexual selection. Yet, the physiological and molecular mechanisms that underlie the 

evolution of sex-specific ornamentation remain largely unknown. Here, we combined 

genomic and transcriptomic approaches to investigate the genetic basis for dichromatism in 

carotenoid coloration. We studied the mosaic canary, a hybrid bird that expresses sexual 

dichromatism that is the product of an interspecific cross between the sexually dichromatic 

red siskin and common monochromatic canaries. We show that dichromatism in mosaic 

canaries is controlled by a small autosomal region of red siskin origin that triggers sex-biased 

expression of the carotenoid-cleaving enzyme Beta-Carotene Oxygenase 2 (BCO2) in 

feather follicles, but not in other tissues. Dichromatism in mosaic canaries is therefore 

explained by variation in the relative rate of carotenoid degradation in the integument of each 

sex, rather than sex-specific variation in upstream physiological functions associated with 

pigment uptake or transport. Transcriptome analyses along a continuum of sexual 

dichromatism in finches revealed that BCO2 is also implicated in sexual dichromatism in 

other species. These observations demonstrate how large differences in ornamental 

coloration between sexes can evolve from simple molecular mechanisms controlled by 

autosomal genes of major effect. Degradation of carotenoids in the integument by BCO2 is 

likely to be a common mechanism contributing to sexual dichromatism in nature.  
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Introduction 

Male and female birds from the same species can differ dramatically in the color and pattern 

of their feathers, and transitions to and from dichromatism are evolutionarily labile.  Patterns 

of dichromatism shift dramatically among clades of birds, or even between sister taxa, 

presumably responding rapidly to changing selective pressures(Badyaev & Hill, 2003; 

Hofmann, C. M., Cronin, T. W., & Omland, 2008; Johnson, Jordan Price, & Pruett-Jones, 

2013; Price G.L. Birch, 1996; Zhao, Zheng, Feng, & Li, 2018). Because plumage coloration 

is a central focus of research into fundamental processes such as sexual selection, social 

selection, speciation, and honest signaling, it is critically important to understand the 

mechanisms that underlie the evolution of dichromatism and hence the targets of selection 

on plumage coloration. 

 Dichromatism can involve any of the pigmentary or microstructural mechanisms that 

give rise to feather coloration, but carotenoid pigments, which produce red and yellow 

coloration, are most strongly associated with the expression of color differences between 

males and females(Badyaev & Hill, 2003; BADYAEV & HILL, 2000; Gray, 1996). 

Carotenoids cannot be synthesized endogenously by birds(Valadon, 1984); consequently, 

differences in pigmentation between sexes can potentially arise from a variety of processes, 

including sex-specific differences in access to carotenoids or differences in their uptake, 

metabolism, transport, or deposition. The relative contributions of these mechanisms to the 

evolution of sexual dichromatism is poorly understood at the molecular level. 

 One of the primary challenges to uncovering the molecular bases of sexual 

dichromatism in birds is that heritable differences in degree of dichromatism are largely fixed 

between taxa— some species are dichromatic while others are not. The lack of genetic 

differences for this trait segregating within populations or species greatly complicates 

attempts to explicitly link genotype and phenotype in comparisons between divergent 

genomes. Here, we took advantage of a unique system provided by the mosaic breed of 

domesticated canaries. Most breeds of canaries are sexually monochromatic(Koch & Hill, 

2015), but mosaic canaries, which were created by means of an interspecific cross between 

the sexually dimorphic red siskin (Spinus cucullata) and canaries, are strongly dichromatic, 

with males having much more carotenoid pigment deposited in their feathers compared to 

females (Figure 5.1). The lack of ornamental coloration in female mosaic canaries seems to 

be estrogen-dependent because old and ovariectomized females develop a color pattern 

like males(Perez-Beato, 2008).  
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 Taking advantage of this unique system, we compared the genomes of red siskins, 

common canaries, and mosaic canaries to identify the genes responsible for the expression 

of sexual dichromatism. To further study gene activity changes associated with the 

regulation of carotenoid-based dichromatism in birds, we investigated the transcriptomes of 

three finch species that vary in their degree of sexual dichromatism.  
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Results 

A single autosomal region introgressed from red siskin underlies sexual 

dichromatism in mosaic canaries 

We started by quantifying the carotenoid content of the feathers of male and female mosaic 

canaries with high performance liquid chromatography (HPLC). As expected, we confirmed 

that pigmentation differences between sexes in mosaic factor canaries are explained by a 

differential accumulation of carotenoids between males and females (Figure S5.1). To 

identify the locus associated with these plumage differences, we conducted whole-genome 

resequencing of DNA pools of two breeds of canaries carrying the mosaic factor that we 

compared to genome sequences of canaries belonging to four other domestic breeds 

exhibiting no sexual dichromatism (Table S5.1). For some analysis, we further used whole-

genome sequencing data from wild canaries and red siskins.  

Following the hybridization of red siskin with canaries, red siskin alleles controlling 

sexual dichromatism were artificially selected through many generations of backcrossing 

(Figure 5.1). This process leads to the predictions that genome sequences of mosaic 

canaries should be very similar to that of common canaries except around the region 

underlying dichromatism, and that the causative region should be derived from the red siskin 

genome. To detect such molecular signatures, we carried out genetic differentiation (fixation 

index [FST]), association (Cochran-Mantel-Hanzel test [CMH]), and introgression analyses 

(the fraction of the genome shared through introgression [fˆd] and the relative node depth 

[RND]). All these analyses revealed a clear outlier region on scaffold NW_007931177 

(Figure 5.2A-D), which is homologous to zebra finch chromosome 24. The fact that 

differentiation, association, and introgression analyses converge on the same genomic 

location provides strong evidence that this locus underlies dichromatism in mosaic canaries.  
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Figure 5.1. Diagram of the crosses used to obtain canaries carrying the mosaic factor and representative images of a mosaic 

male and female canaries exhibiting sexual dichromatism, a male and female of common domesticated canaries, and a male 

and female red siskin. Photo credits: Antonio Carlos Lemo (mosaic and red siskin) and Charles Loukeris (common canaries 

and F1 hybrid). 

 

High-resolution mapping uncovers a 36kb interval containing the BCO2 gene 

We next sought to fine map the locus associated with mosaic factor and collected a list of 

52 variants fixed for alternative alleles between wild canaries and red siskin that enabled us 

to track species ancestry along the candidate region (Figure 5.2E; Table S5.2). Since the 

mosaic phenotype follows a recessive inheritance pattern, the expectation is that mosaic 

birds should be homozygous for a haplotype derived from the siskin genome. Consistent 

with this expectation, we found 12 consecutive variants homozygous for the red siskin allele 

in all 56 mosaic canaries, defining a stretch of ~36 kb (NW_007931177:821,814-857,981 

bp) (Figure 5.3A). Using de novo transcriptome assemblies from this and a previous 

study(Lopes et al., 2016), together with the published annotation of the canary reference 

genome(Frankl-Vilches et al., 2015), we identified three genes in the candidate interval: 

PTS, BCO2, and TEX12 (Figure 5.2E).  

However, red siskins and common canaries are classified in different 

genera(Zuccon, Prys-Jones, Rasmussen, & Ericson, 2012). As such, gene duplications or 

genomic rearrangements could have occurred, potentially causing us to overlook additional 

genes within the candidate region. To explore this possibility, we sequenced a red siskin 

individual at 6.5X coverage using Oxford Nanopore long reads. We found that the synteny 

in both species was well preserved and no major structural or copy number variants were 
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detected to overlap the candidate region (Figure S5.2). Thus, we found no evidence that 

genes present in the red siskin haplotype associated with dichromatism were absent from 

the homologous region in the common canary genome, or vice-versa.  
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Figure 5.2. Genetic mapping of the mosaic factor using whole-genome sequencing. (A) FST values between mosaic and 

non-mosaic canaries across the genome. Dots represent FST averaged in 20 kb windows with 5 kb steps across each scaffold. 

(B) -Log10 values per variant of the CMH statistic conFigured to detect consistent differences in allele frequency between 

mosaic and non-mosaic canaries. (C) The fraction of introgression (fˆd) from red siskin to mosaic canaries summarized in non-

overlapping windows of 100 SNPs. (D) Divergence between mosaic and non-mosaic canaries summarized across the genome 

using RND. Dots represent a non-overlapping window of 10,000 polymorphic and nonpolymorphic positions passing filters. 

The 99.9th percentile of the empirical distribution of FST, fˆd, and RND is shown by a red horizontal line. In the CMH plot, the 

significance threshold after Bonferroni correction is shown by a black horizontal line. (E) From the outermost semi-circle to the 

innermost semi-circle: 1) genomic coordinates in megabases (Mb); 2) genes positions shown by green boxes; and 3) 

genotyping results of variants that are fixed for alternative alleles between red siskin and wild canaries. Each column represents 

one SNP and each row represents one individual (56 mosaic canaries, 14 non-mosaic canaries, and 8 red siskins). For 

representation purposes not all SNPs are shown. Shades of green indicate positions homozygous for the red siskin allele, 

homozygous for the wild canary allele, and heterozygous for both alleles. Black boxes indicate missing data. The candidate 

region is denoted in light gray and the names of the genes within the region are highlighted.  
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Regulatory variation of red siskin origin modifies the activity of BCO2 in mosaic 

canaries 

Since males and females share nearly all their genomes, sexually dimorphic phenotypes 

should be the product of changes in gene regulation between sexes. Therefore, we next 

profiled gene expression using quantitative reverse transcription polymerase chain reaction 

(RT-qPCR) of PTS, BCO2, and TEX12 in regenerating feather follicles from the uropygium 

region, where mosaic males and mosaic females differ in coloration (Figure 5.1). We found 

no significant differential expression between males and females in PTS (Mann–Whitney U-

test, P = 0.28) or TEX12 (Mann–Whitney U-test, P = 0.21) (Figure 5.3A). PTS encodes the 

6-pyruvoyltetrahydropterin synthase, a key enzyme in pterin metabolism(Thöny, Auerbach, 

& Blau, 2000). TEX12 encodes the testis-expressed sequence 12 protein that localizes to 

the central element of the synaptonemal complex during meiosis(Hamer et al., 2006). Both 

these genes have functions unlikely to be associated with metabolic or physiological 

processes involved in carotenoid-based pigmentation.  

In contrast, we observed modest but significantly different levels of expression of 

BCO2 in males when compared to females (Mann–Whitney U-test, P = 0.02) (Figure 5.3A), 

as expected from a gene mediating a sexual dimorphic trait. BCO2 encodes the beta-

carotene oxygenase 2, an essential enzyme in carotenoid metabolism that is known to 

catalyze oxidative cleavage of carotenoids(Kiefer et al., 2001; Mein, Dolnikowski, Ernst, 

Russell, & Wang, 2011). This biochemical function makes BCO2 a strong candidate to 

explain the mosaic phenotype. The higher expression of BCO2 observed in mosaic females 

was also found to be in the direction of change that is consistent with an increase in the 

activity of this enzyme, presumably leading to a higher degradation of colorful carotenoids 

in the integument. When we profiled expression in the liver, the other anatomical site thought 

to play an important role in carotenoid metabolism in birds, BCO2 expression was 

indistinguishable between males and females (Mann–Whitney U-test, P > 0.80) 

(Figure 5.3A). This indicates that variation contained within the red siskin haplotype alters 

the expression of BCO2 between sexes in a tissue specific manner.  



FCUP 

Genetic basis avian traits  

207 

Figure 5.3. Gene expression analysis in mosaic canaries. (A) qPCR measurements of BCO2, PTS, and TEX12 to GAPDH 

in the uropygium skin and liver of mosaic males and females. (B) Relative expression (%) of the red siskin and canary alleles 

in three regions of the integument (head, back, and uropygium) in heterozygous males and females. The relative values are 

the average of two nonoverlapping amplicons (see Table S5.3). Photo credits: Carlito Lemo. (C) Unstained sections and in 

situ hybridization of BCO2 in regenerating feather follicles. In the left panel is shown a representative feather follicle with 

carotenoid pigments in the developing barb ridges and in the right panel a feather follicle lacking carotenoids. See Figure S5.3 

for further details. 
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To further characterize these expression differences, we analyzed the expression of 

BCO2 by in situ hybridization (Figure 5.3B; Figure S5.3). BCO2 expression was variable 

within and between samples, which seemed to depend strongly on the plane of section 

through individual follicles. With this variability, it was not possible to interpret if, or how, 

BCO2 expression varied between males and females. However, we observed that BCO2 

signal was strongly reduced or absent in pigmented follicles when compared to unpigmented 

follicles, a pattern consistent with BCO2 playing a role in the accumulation of carotenoids in 

the feathers.  

We finally examined the relative expression of the canary and red siskin BCO2 

alleles by cDNA sequencing of birds heterozygous for the mosaic factor. Regenerating 

feathers of one male and one female were harvested from the head and uropygium, where 

males and females differ in carotenoid pigmentation, and from the back, where males and 

females exhibit little or no carotenoid pigmentation. Both in males and females, we found a 

preferential expression of the siskin allele over the canary allele in all three regions (Chi-

square, P< 10-16 for all tests) (Figure 5.3C; Table S5.3). This upregulation of the siskin allele 

is likely due to cis-regulatory differences between the BCO2 alleles, and likely explains why 

a large proportion of the integument of mosaic canaries in both sexes is nearly devoid of 

pigmentation when compared to common canaries (Figure 5.1). While the relative 

expression of both alleles was not evidently different between sexes, it differed between the 

three regions in both males and females, suggesting that trans regulators of BCO2 

expression in the canary genomic background could also be involved in determining 

expression levels of this gene across the integument. From the combination of our 

expression studies, we can conclude that the mosaic pigmentation patterning is the result 

of sex-specific differences in the activity of BCO2 together with a universal increase in the 

activity of BCO2 throughout the integument, both patterns caused by regulatory variation of 

red siskin origin. 

 

Transcriptomics along a continuum of sexual dichromatism in finches  

To refine our understanding of plumage sexual differentiation in finches, we next obtained 

transcriptomic data from three species that vary in the extent of carotenoid-based sexual 

dichromatism (Figure 5.4A): 1) canaries exhibiting wild-type coloration, which exhibit little or 

no sexual dichromatism, 2) the European serin (Serinus serinus), the sister species of 

canaries, that displays more pronounced dichromatism between sexes, and 3) the house 
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finch (Haemorhous mexicanus), a species in which males display bright red or yellow colors 

but females are devoid of colorful carotenoids in their plumage. We sampled the same 

regions of the integument in all three species (chest and belly) and profiled gene expression 

by deep sequencing stranded RNA-sequencing libraries (average of ~56 million paired 

reads per sample) (Table S4). We performed 10 contrasts divided into three main types 

(Figure S5.4): 1) between sexes, 2) between patches of feathers within individuals with 

marked contrast in levels of carotenoid pigmentation, and 3) between males and females of 

the two sister species, which exhibit marked (serin) or weak (canary) dichromatism. 
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Figure 5.4. Transcriptomics in three species of finches varying in the degree of sexual dichromatism. (A) Representative 

pictures of male and female of the three studied species: canary (C), European serin (SE), house finch (HF). (B) Experimental 

design of the RNA-seq experiment. We identified 10 different comparisons that are characterized by pronounced differences 

in the intensity of carotenoids, which include contrasts between sexes, species and patches. The bird body parts are 

abbreviated as ch-chest, be-belly. (C) Volcano plots of log-fold change (y-axis) against average CPM (counts per million) (x-

axis) for both chest and belly and between males and females of the three species. Significant genes are depicted as red dots. 

(D) Intersection of differentially expressed genes among the multiple types of contrasts defined in panel B. In total, we found 

42 genes that were shared by ≥5 contrasts. BCO2 is marked in red. (E) BCO2 patterns of expression among the contrasts 

defined in panel B. Significant differences between conditions are denoted with an asterisk. Each dot represents a CPM value. 

 

We first asked whether the degree of sexual dichromatism was correlated with the degree 

of gene expression divergence between males and females. In the breast, we found that the 

European serin and the house finch, the two species where sexes exhibit a marked contrast 

in carotenoid pigmentation in this region of the integument, had a significantly larger number 
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of DGEs between sexes when compared to canaries (serin, n=339; house finch, n=333; 

canary, n=109; Fisher’s Exact Test, P <  2.2x10-16 for both tests; Figure 5.4B). In the belly, 

the number of DEGs in canary and house finch was low (canary, n=29; house finch, n=8), 

but was significantly higher in the European serin (serin, n=437; Fisher’s Exact Test, P < 

2.2x10-16; Figure 5.4B). Interestingly, the European serin is the only species of the three 

where males and females differ strongly in carotenoid pigmentation in the belly. Overall, our 

results demonstrate that the expression of sexual dichromatism in specific regions of the 

integument is associated with divergence at the transcriptomic level between sexes. 

  

We next identified the genes that might be driving these patterns and whose 

expression might be correlated with the expression of dichromatism. To identify such genes, 

we reasoned that DEGs shared among multiple types of contrasts are promising candidates 

to be implicated in sexual dichromatism. We examined the intersection of DEGs across the 

10 contrasts where carotenoids are expressed differently between sexes, species and 

feather patches, and found that 1,304 genes were shared by two contrasts or more, a 

significant enrichment over the random expectations generated from 10,000 randomizations 

of the empirical data (range 670-796). The enrichment was much more pronounced for 

genes that were shared among more contrasts. For example, we observed 263 DEGs that 

were shared by four contrasts or more (Figure 5.4C; Table S5.5), a >17.5 fold enrichment 

over the random expectation that was never higher than 15 among the randomized datasets.  

 Among the list of 263 DGEs that appeared in four or more contrasts, we found 

several genes associated with lipid metabolism (e.g. AMBP, HEXB, PTGR1), a function that 

has been previously shown to be important for carotenoid pigmentation(Toomey et al., 

2017). A P450 enzyme (CYP2W1) was also differentially expressed in several contrasts, a 

family of genes that has been repeated implicated in carotenoid metabolism in birds and 

other animals(Lopes et al., 2016; Mundy et al., 2016). However, the gene that appeared in 

most contrasts (7) was PAH, which encodes the enzyme phenylalanine hydroxylase. This 

enzyme is responsible for converting phenylalanine to tyrosine, a precursor of melanin, 

which suggests that some genes in our list are unlikely to be related to carotenoid 

pigmentation, but perhaps of relevance to sexual dichromatism determined by melanin 

pigmentation. 

When we intersected the lists of 263 DEGs and a list of 43 genes involved in multiple 

steps of the carotenoid synthesis pathway or that have been previously implicated in 
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carotenoid pigmentation (Table S5.6), one gene, BCO2, stood out which was differentially 

expressed in five contrasts (Figure 5.4C). Strikingly, a closer examination revealed that 

several aspects of BCO2 expression varied predictably with plumage carotenoid content 

and the expected biochemical activity of BCO2 in contrasts between sexes, species, and 

feather patches involving the European serin (Figure 5.4D). First, European serin females 

exhibit less carotenoid pigmentation than European serin males and expressed BCO2 at 

higher levels. Second, BCO2 was upregulated in European serin females when compared 

to canary females, whereas the latter exhibit more marked carotenoid pigmentation. Finally, 

we found higher expression in feather patches exhibiting stronger carotenoid pigmentation 

in European serin males and females. Interestingly, BCO2 expression was mostly 

uncorrelated with the levels of carotenoid pigmentation in contrasts involving the house finch 

(Figure 5.4D). These findings strongly suggest that BCO2 plays a role in pigmentation 

patterning associated with sexual dichromatism in the European serin, but also imply that 

finches can employ alternative molecular solutions to produce sex-specific pigmentation.  
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Discussion 

Genetic studies of sexual dichromatism offer a unique opportunity to reveal the molecular 

changes that enable the evolution of different male and female traits from a single shared 

genome. Here, we focused on mosaic canaries, which represent a system of exceptional 

utility for examining genetic and evolutionary mechanisms associated with sexual 

dichromatism in birds. We demonstrate that differences in carotenoid pigmentation between 

sexes of mosaic canaries are explained by a single, small genomic region that was 

introgressed from the red siskin. Detailed analysis of gene expression in mosaic canaries 

show that sexual dichromatism is paralleled by sexual dimorphism at the molecular level 

through changes in the regulation of the BCO2 gene in males and females, presumably 

associated with sex-specific steroid hormone profiles. These findings provide the strongest 

gene-level association with carotenoid-based plumage dichromatism in birds and 

underscore how a simple genetic mechanism, involving a single gene of large phenotypic 

effect, can lead to dramatic changes in carotenoid pigmentation between sexes. This simple 

genetic architecture can potentially explain why shifts between sexual dichromatism and 

monochromatism, or vice versa, evolve so rapidly in bird species in nature.  

Different organisms recurrently evolve similar phenotypic traits and this phenotypic 

convergence is many times paralleled by molecular changes in the same genes. Some of 

the most prominent examples of molecular convergence are associated with variation in 

melanin-based pigmentation, which in natural populations seems to evolve via a limited set 

of genes(Eizirik et al., 2003; Gross, Borowsky, & Tabin, 2009; Hoekstra, Hirschmann, 

Bundey, Insel, & Crossland, 2006; Jones et al., 2018; Mundy, 2005; Nachman, Hoekstra, & 

D’Agostino, 2003). A strong indication that the evolution of melanin pigmentation in nature 

is highly constrained at the molecular level(Mundy, 2009) is that dozens of genes are known 

to be associated with melanin pigmentation in domesticated species or mouse lines(Bennett 

& Lamoreux, 2003). Much less in known about the genetics of carotenoid coloration. 

However, an emerging commonality among the few studies that have successfully mapped 

differences in carotenoid pigmentation to the gene level(Andrade et al., 2019; Eriksson et 

al., 2008; Lopes et al., 2016; Toews et al., 2016; Toomey et al., 2017, 2018), is that BCO2 

can act as an important on/off regulator of carotenoid coloration. Our findings in mosaic 

canaries, and the fact that BCO2 expression varied predictably with plumage carotenoid 

content in the European serin, reinforce that the BCO2 locus is a genomic hotspot for the 

evolution of carotenoid-based pigmentation across multiple tissues and vertebrates, which 
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our study now extends to sexual dichromatism. The observation that BCO2 is commonly 

associated with differences in carotenoid pattern in birds raises the intriguing possibility that 

BCO2 is favored over other potential mechanisms for changing carotenoid coloration 

because it enables changes in a specific tissue with few or no negative pleiotropic effects.  

Differences in the expression of coloration between mosaic canaries and red siskins 

are also informative.  These two lineages of finches seemingly share the same cis-regulatory 

variants at the BCO2 locus, but they exhibit different carotenoid pigmentation patterning 

(Figure 5.1). This observation strongly suggests that physiological factors controlled by 

additional genes, perhaps altering the rate at which carotenoids get deposited in different 

parts of the integument, or trans-acting regulators of BCO2 modifying its activity in different 

regions, could individually or in combination explain why red siskin alleles in distinct genomic 

contexts lead to distinct phenotypes in both species. Although our results demonstrate that 

dichromatic phenotypes can be caused by simple and large-effect genetic changes, they 

also support the assertion that multiple genetic factors are involved in the fine tuning of 

dichromatism phenotypes observed in nature.  

In summary, this study of the mosaic hybrid variety provides insight into the 

fundamental biology of sex-specific carotenoid pigmentation in birds and potentially in other 

vertebrate groups displaying sexually divergent carotenoid pigmentation. Our transcriptomic 

analysis further uncovered a manageable list of additional candidates for regulating 

pigmentation differences between sexes. The molecular functions of some of these genes 

strongly parallel those previously implicated in carotenoid-based pigmentation, which 

together with the role of BCO2 in dichromatism, suggests that sex-specific pigmentation is 

generated by similar molecular pathways to those that control variation in carotenoid color 

or patterning between individuals and species. Degradation of carotenoids in the integument 

at different rates between males and females, as opposed to sex-specific changes 

associated with upstream metabolic steps, has significant implications for theories of sexual 

selection and honest signaling. This mechanism implies that the bright ornamentation 

typically produced by males of many species is not seemingly associated with an increased 

physiological cost of carotenoid metabolism in males when compared to females.  
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Methods 

Ethical considerations and animal husbandry 

All experiments were conducted in accordance with the Directive 2010/63/EU on the 

protection of animals and used protocols examined by the Órgão Responsável pelo Bem-

Estar Animal (ORBEA) of CIBIO/InBIO, Animal care of birds kept in our facilities complied 

with national and international regulations for the maintenance of live birds in captivity 

(FELASA, Federation of European Laboratory Animal Science Associations). Birds were 

kept in indoor cages (1.0 × 0.5 × 0.5 m) with ad libitum access to water and food (Prestige 

canary seed mix and Orlux Gold patee canary supplement, Versele-Laga, Deinze, Belgium). 

 

Analysis of feather carotenoid content 

We quantified the carotenoid content of the feather of male and female mosaic canaries with 

high performance liquid chromatography (HPLC). We plucked 10 feathers from the lores of 

the eight male and seven female birds and extracted carotenoids following the methods 

adapted from McGraw et al.(McGraw, Hudon, Hill, & Parker, 2005). Briefly, we incubated 

the feather for six hours at 65°C in 2 ml of acidified pyridine, then added an equal volume of 

distilled water, and extracted the organic fraction with one volume of hexane:tert-methyl 

butyl ether (1:1 vol:vol). We evaporated this extract to dryness under a stream of nitrogen 

and resuspended in 120 μl of methanol:acetonitrile 1:1 (vol:vol) and injected 100 µl of into 

an Agilent 1100 series HPLC fitted with a YMC carotenoid 5.0 µm column (4.6 mm × 250 

mm, YMC). The mobile phase consisting of acetonitrile:methanol:dichloromethane 

(44:44:12) (vol:vol:vol) for 0-11 minutes then a ramp up to 

acetonitrile:methanol:dichloromethane (35:35:30) from 11-21 minutes followed by a return 

to isocratic conditions through 35 minutes. The column was warmed to 30°C, and the mobile 

phase was pumped at a rate of 1.2 ml min-1 throughout the run. We monitored the runs with 

a photodiode array detector at 400, 445, and 480 nm, and identified and quantified 

carotenoids as described in Toomey et al. (Toomey et al., 2017). Following extraction, we 

dried the feathers for one week at room temperature and measured total mass of the 

feathers sampled from each individual on a laboratory balance. 

 

Whole-genome sequencing of DNA pools 

Sampling and genomic DNA isolation. Blood samples from canaries belonging to two breeds 

carrying the mosaic factor (Table S5.1), one expressing red coloration (n=16) and another 
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expressing yellow coloration (n=12), were obtained by brachial venipuncture using a sterile 

needle into heparin-free capillary tubes, and subsequently stored in 96% ethanol until DNA 

extraction. Genomic DNA was extracted using an EasySpin Genomic DNA Tissue Kit SP-

DT-250 (Citomed, Lisbon, Portugal). Prior to the isolation, and after tissues lysis and 

digestion using proteinase K, RNA was removed with a RNAse A digestion step. DNA 

concentration of each extraction was quantified using a NanoDrop instrument and pooled 

by breed at equimolar concentrations for library preparation. 

 

Library preparation for Illumina sequencing, and read mapping. Whole-genome sequencing 

libraries were constructed for each pool using the TruSeq DNA PCR-free Library Preparation 

Kit following manufacturer protocols. The libraries were then sequenced on an Illumina 

Hiseq1500 instrument using 2x100 bp paired-end reads. The mosaic yellow and red pools 

were sequenced at a coverage of 15.5 and 14.3X coverage, respectively (Table S5.1).  

 After sequencing, adaptor sequences were removed, and low-quality reads were 

trimmed using Trimmomatic (v0.38)(Bolger, Lohse, & Usadel, 2014) using the following 

settings: TRAILING = 15, SLIDINGWINDOW = 4:20, and MINLEN = 30. Prior to mapping, 

read quality was inspected using FastQC (v0.10.1) [25]. Reads were mapped using default 

settings to the canary reference genome assembly by means of BWA-MEM (v0.7.17)(H. Li 

& Durbin, 2009). After read mapping, indel realignment was carried out using GATK 

(v4.1.0.0)(McKenna et al., 2010). For subsequent analysis, we compared the two mosaic 

pools to whole-genome sequencing data of pooled DNA samples of five domestic breeds 

and one wild population sequenced in previous studies (BioProject SRP065487)(Lopes et 

al., 2016; Toomey et al., 2017). Bases and reads with Phred quality scores of 20 or lower 

were not considered in the analysis described below. To avoid calling erroneous SNPs due 

to indel misalignments, a 5 bp region surrounding each putative indel was masked and 

excluded from the analysis.  

 

Genetic mapping using differentiation, association and introgression statistics 

Genetic differentiation. We computed the fixation index (FST) across the genome in sliding 

windows of 20kb iterated every 10kb using PoPoolation2 (v1.013)(Kofler, Pandey, & 

Schlötterer, 2011), a toolkit tailored for analysis of pool sequencing. Genetic differentiation 

between mosaic canaries and non-mosaic canaries was obtained by averaging, for each 

window, all pairwise comparisons consisting of one breed carrying the mosaic factor and 
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breeds not carrying the mosaic factor. Windows with less than 30% of the positions passing 

the following filters were excluded from the analysis: a minimum coverage of 30-fold per 

position summed across all eight pools, a maximum coverage of three times the average 

coverage among all eight pools, and at least three reads supporting the alternative allele of 

that found in the reference sequence. The results were qualitatively unaltered using different 

window sizes (10 kb, 50 kb, and 100 kb).  

 

Association analysis. We conducted a Cochran-Mantel-Haenszel (CMH) test of association 

(Cochran, 1954; Mantel & Haenszel, 1959) as implemented in PoPoolation2. CMH is a 

repeated test of independence, which can be conFigured to detect consistent changes in 

allele frequency across biological or technical replicates. To identify associations between 

individual SNPs and the mosaic phenotype, and to avoid violating the assumption of 

independence of the method, we performed 10 replicates that explored all possible contrasts 

between mosaic and non-mosaic canaries in a manner that in each replicate a given pool 

was used only once. The filtering criteria were identical to the analysis of genetic 

differentiation described above. The resulting P-values per SNP from each replicate were 

averaged and SNPs were considered significantly associated with the mosaic phenotype 

following a Bonferroni correction for multiple testing.  This analysis was computed for 

2,551,689 SNPs 

 

Introgression analysis. We screened the genome for regions introgressed from red siskin 

into mosaic canaries using two statistics: 1) the fraction of admixture between two 

populations (fˆd)(Martin, Davey, & Jiggins, 2015), and 2) the relative node depth statistic 

(RND), which is a relative measure of genetic divergence that controls for neutral mutation 

rate variation among loci(Feder et al., 2005). All filters for both analyses were similar to that 

described in Lopes et al. 2016(Lopes et al., 2016), except for the SNP calling which was 

carried out using FreeBayes (https://github.com/ekg/freebayes). The fˆd statistic requires 

three populations (P1, P2, and P3) and one outgroup (O), which is used to polarize the 

ancestral allelic state of each variant. The outgroup used was the large ground finch and 

orthologous regions were established using a whole-genome alignment against the canary 

genome as described in Lopes et al. 2016(Lopes et al., 2016). We conFigure the fˆd statistic 

to look for an enrichment of shared derived alleles between populations P2 (mosaic 

canaries) and P3 (red siskin) relative to the comparison between P1 (common canaries) and 
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P2 (mosaic canaries). Under a neutral coalescent model with no gene flow between 

populations, the number of shared derived alleles between P1 and P3 is expected to be the 

same than that between P2 and P3, since P1 and P2 are more closely related. This statistic 

therefore varies between 0 and 1, where 0 indicates no evidence of introgressed alleles and 

1 a complete replacement in the target population of alleles originating from the P3 

population(Martin et al., 2015). fˆd values were computed on non-overlapping windows of 

100 SNPs.  

RND was calculated by dividing the nucleotide divergence between mosaic canaries 

and non-mosaic canaries, by the nucleotide divergence between mosaic canaries and red 

siskin. In genomic regions containing red siskin alleles at high frequency, mosaic canaries 

and non-mosaic canaries are expected to be more divergent than that between mosaic 

canaries and red siskin, yielding RND values above 1. This analysis was restricted to intronic 

and intergenic regions to minimize variation in evolutionary constraint among windows and 

because these regions are likely to be enriched in neutral evolving positions. RND values 

were computed on windows of 10,000 positions (both monomorphic and polymorphic) 

passing the quality filters described in Lopes et al. 2016(Lopes et al., 2016). 

 

SNP genotyping 

To fine map the region associated with sexual dichromatism in mosaic canaries, we selected 

52 SNPs across the candidate region identified using the differentiation, association, and 

introgression analyses (Data S5.1). These SNPs were located between positions 403,133 

and 1,247,996 of scaffold NW_007931177 and were chosen for having diagnostic alleles 

between wild canaries and red siskins as inferred from the whole genome-sequencing data. 

These SNPs can unambiguously differentiate both species and are thus ideal to infer the 

species origin of sequence segments within our candidate region. The presence of variants 

(both SNPs and indels) surrounding each chosen SNP were taken into consideration for 

primer design. Blood sampling and DNA extraction were carried out as described above. 

We genotyped 56 mosaic individuals belonging to five breeds (mosaic red, n = 21; mosaic 

yellow, n = 9; Portuguese Harlequin, n = 24; agata = 1, and mosaic Ino = 1), 14 non-mosaic 

canaries belonging to five breeds and a wild population from the Canary Islands (lipochrome 

red, n = 3; lipochrome yellow, n = 2; white recessive, n = 2; Gibber italicus, n = 2; lizard = 2, 

and wild = 3), and eight red siskins (Data S5.1). The 52 SNPs were multiplex and genotyped 

using Sequenom's (San Diego, USA) iPlex technology and detected on a Sequenom 
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MassArray K2 platform Sequenom's MassARRAY® Assay. Individual genotypes are given 

in Data S5.1 and primers in Table S5.7. 

 

Oxford Nanopore sequencing 

Nanopore library preparation and sequencing. Short read data are often underpowered to 

detect structural rearrangements, especially when they overlap repetitive regions. 

Therefore, we sequenced the whole genome of a male red siskin using Oxford Nanopore 

long read technology. We obtained high-molecular weight (HMW) DNA from skeletal muscle 

using a phenol-chloroform protocol modified from Quick (2018)( 

dx.doi.org/10.17504/protocols.io.mrxc57n). The tissue was ground with a pre-frozen mortar 

and pestle over dry ice and incubated for 16 hours with proteinase K and lysis buffer prior 

to HMW DNA purification. We prepared three independent DNA libraries to sequence on a 

MinION following standard protocols: an unsheared library (prepared with a SQK-LSK108 

kit), and two subsequent libraries sheared to an average size of 8kb (library preparation with 

SQK-LSK109 kits). Sequencing libraries were run in two separate FLO-MIN106 (r9.4.1) flow 

cells. Fast5 files were base called using guppy (v0.3.0) (Oxford Nanopore) and reads from 

the different runs were concatenated for subsequent analyses. We produced a total of 

1,486,567 sequences (average length = 5,136 bp). 

Nanopore data analysis. Sequencing reads were initially trimmed to remove adapters using 

downpore (v0.2) (J. Teutenberg, downloaded from: 

https://github.com/jteutenberg/downpore), and subsequently mapped to the canary 

reference assembly(Frankl-Vilches et al., 2015) using NGMLR (v0.2.6)(Sedlazeck et al., 

2018) with  default  parameters. Using IGV (v2.4.10) (http://www.broadinstitute.org/igv), we 

defined an interval of interest as lying between coordinates 815,000-865,000 of scaffold 

NW_007931177 and extracted a consensus sequence from all red siskin reads on this 

interval (consensus based on the method of Cavenar 1987(Cavener, 1987)). This 

consensus method does not consider insertions relative to the reference, so to take this into 

account, we also visually inspected all read alignments within this 50 kb interval to search 

for large-scale indel variants not considered in the consensus. Additionally, all 1-bp indel 

variants were discarded before consensus calculation, as these are most often the result of 

Nanopore sequencing errors. Results were visualized using Jalview 

(v2.10.4b1)(Waterhouse, Procter, Martin, Clamp, & Barton, 2009). 

  

http://www.broadinstitute.org/igv
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RT-qPCR 

We quantified the expression of SPR, BCO2, and TEX12 in the skin of 11 males and eight 

females of mosaic canaries using quantitative reverse transcription polymerase chain 

reaction (RT-qPCR). To examine the expression of these genes during feather regeneration, 

we plucked small patches of feathers from the tail region, where males and females differ in 

the amount of carotenoid coloration, 10 days prior to skin excision. Liver samples were 

harvested from the same individuals. In addition, we performed similar sampling of 

regenerating skin of four males and four females from the fife fancy breed of domesticated 

canaries that lacks sexual dichromatism. All samples were immediately frozen at -80°C after 

dissection. Subjects were euthanized by manual cervical dislocation after being rendered 

unconscious with an anaesthetic gas (isoflurane).  

Prior to RNA isolation using the RNeasy® Mini Kit (QIAGEN), we performed an 

additional step to remove contaminant DNA using a DNA RNase-Free DNase® digestion 

step. RNA concentration was then estimated using the Qubit® RNA BR assay kit and we 

generated cDNA from ~1 μg of RNA with the GRS cDNA Synthesis Kit (GRiSP, Porto, 

Portugal), according to the manufacturer’s instructions. We designed primers to target the 

coding sequences of each gene, plus GAPDH that was used as a housekeeping gene for 

expression comparison. Primers are available in Table S5.7. Each PCR reaction produced 

a single amplicon. We performed three technical replicates for each individual and tissue 

using the Taq™ Universal SYBR® Green Supermix (Bio-Rad laboratories) and an CFX96 

Touch™ Real-Time PCR Detection System (Bio-Rad laboratories). Gene expression levels 

were averaged among the quantification cycle (Cq) values of the three technical replicates 

and compared to the expression of GAPDH. 

 

Allelic imbalance 

We examined the relative expression of the canary and red siskin alleles by sequencing 

cDNA of regenerating skin of one male and one female heterozygous for both alleles. 

Heterozygous individuals were generated by crossing a mosaic factor canary with a 

common canary. Both animals were adults at the time of tissue harvesting. Feather follicle 

regeneration, bird euthanasia, RNA extractions, tissue storage, and cDNA production 

followed the same protocols described in the previous sections. We designed primers to 

amplify two nonoverlapping fragments located on different parts of the BCO2 transcript and 

that did not share any exon (fragment 1 – exon1-exon3; fragment 2 – exon10-exon11). The 
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two fragments contained 2-3 SNPs with diagnostic alleles between wild canaries and red 

siskin. Primers were designed to avoid overlap with polymorphisms that could bias 

amplification towards one or the other allele and to be located on different exons to minimize 

amplification from genomic DNA (Table S5.7).  

The amplification and production of libraries for sequencing was done via a two-step 

PCR protocol as in Andrade et al. (2019)(Andrade et al., 2019). The first PCR with 5'-tailed 

primers served to amplify the target regions, followed by a second PCR to attach barcoding 

sequences to the amplified DNA. The first PCR reaction was prepared with approximately 

25 ng DNA, 5 µL Qiagen MasterMix , 0.4 µL of 10 pM of each primer and 3.2 µL PCR-grade 

water, and was run under the following conditions: 1) an initial activation step of 95 °C for 

15 min;  2) 5 cycles of  95 °C  denaturing step for 30 s,  followed by a touch-down (-1°C/cycle) 

with annealing temperature starting at 66°C to 62 °C for 30 s, and 72 °C extension 

temperature for 30 s; 3) 40 cycles with 95°C denaturing for 30 s, a 62°C annealing step for 

30 s and 72°C extension for 45 s; 4) a final extension at 60°C during 20 min. After the first 

PCR, the resulting DNA was cleaned with a standard Ampure Xp bead cleaning protocol (a 

0.7:1 bead-to-sample volume ratio was used). The second PCR reaction was prepared 

using 2 µL of purified PCR product from the first PCR, 5 µL Qiagen MasterMix, 1 µL of a mix 

of individually labeled primers with P5/P7 binding sites and 2 µL of PCR-grade water. The 

following program was used for the barcoding PCR: 1) an initial activation step of 95°C for 

15 min; 2) 10 cycles with 95°C denaturing for 5 s, a 55°C annealing temperature step for 20 

s and a 72°C extension for 20 s; 3) a final extension at 60°C during 10 min.  

Before pooling the samples for sequencing, we performed an additional bead 

cleaning step. Samples were pooled at equimolar concentrations and sequenced on an 

Illumina MiSeq instrument with a MiSeq Reagent Kit v2 (500-cycles). The reads were 

mapped to the canary reference genome sequence using BWA-MEM and the relative 

expression was obtained by counting the number of reads supporting the canary or the red 

siskin alleles. Reads supporting other alleles, presumably due to sequencing errors, were 

not considered. Finally, allelic imbalance was evaluated using chi-square tests, assuming 

an expected proportion of 1:1 as the null hypothesis. 

 

In situ hybridization 

We visualized BCO2 transcript in the developing feather follicles of male and female mosaic 

canaries by in situ hybridization (ISH). We generated in situ probe templates for BCO2 
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(Gene ID: 103822982) and feather beta-keratin-like (BKer) (Gene ID: 103814588) by PCR 

from cDNA reverse transcribed from the mRNA of developing feathers and skin of a red 

factor canary (primers available from Table S7). We subcloned these PCR amplicons into 

the BlueScript vector pBSK+ at the XhoI restriction site and confirmed the template 

sequences by Sanger sequencing (Eurofins, Louisville, KY). From these templates, we 

generated digoxigenin-labeled probes with Roche reagents (11277073910, Roche, Basel, 

Switzerland) following the methods described in Enright et al.(Enright, Lawrence, Hadzic, & 

Corbo, 2015) and Trimarchi et al.(Trimarchi et al., 2007). We induced feather growth by 

plucking feathers from the lores and harvested the skin and developing follicles 10 days after 

plucking. We excised the tissue and fixed it overnight (~8 hrs) in 4% paraformaldehyde in 

phosphate buffered saline and then embedded and froze in Tissue-Tek OCT compound 

(Sakura, Torrance, CA). We cut 12 µm frozen sections and carried out in situ hybridization 

on these sections as previously described(Enright et al., 2015) and imaged the hybridized 

sections at 200X with a Olympus BX-51 microscope. 

 

Transcriptomics 

Sampling design and RNA-sequencing. We generated RNA-sequencing data (RNA-seq) 

from skin of three species: 1) wild-type canaries (Serinus canaria), the European serin 

(Serinus serinus), and the house finch (Haemorhous mexicanus). These species were 

chosen because they represent a range from sexually monochromatic (canary) to strongly 

sexually dichromatic species and because the observed dichromatism is mainly driven by 

carotenoid pigments. For each of the species, we sampled four males and four females and 

two regions of the integument: belly and chest. In canaries, both these regions display similar 

levels of carotenoid pigmentation both in males and females. The chest of males of the 

house finch and the European serin exhibit bright carotenoid coloration, whereas the belly 

is devoid of carotenoid pigmentation. House finch females lack carotenoids in their plumage 

and European serin females display some weak coloration in their chests. The range of 

dichromatism and the presence of regions of the integument either expressing or lacking 

carotenoids, allowed us to perform multiple informative contrasts. Feather follicle 

regeneration was induced by plucking small patches of feathers in both target regions 10 

days prior to tissue harvesting. The samples were quickly snap-frozen in liquid nitrogen 

following dissection. 
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Total RNA was isolated using the RNeasy Mini kit (Qiagen Sciences Inc, 

Germantown, MD) followed by DNAse digestion. Strand-specific Illumina libraries for each 

individual were prepared using the LM-seq method as described in Hou et al. (2015) and 

sequenced using 150 bp paired-end reads. We generated a total of 2,478,273,768 reads 

with an average of 56,324,404 reads per individual (Table S4). RNA-seq data have been 

deposited in GenBank under the bioproject xxxxxxxxxxxxx. 

 

De novo transcriptome assemblies. We constructed de novo transcriptome assemblies by 

combining the reads from chest and belly for the male and female from each species with 

the larger number of reads. An assembly was produced for each species independently. 

Prior to the assembly, raw sequence data was quality checked using FastQC 

(v0.11.8)(Andrews, 2010), error corrected using Rcorrector (v1.0.3.1)(Song & Florea, 2015) 

with exclusion of read pairs for which one of the reads was deemed unfixable, and trimmed 

for adaptors and low quality bases (phred score <5) using Trim Galore! (v0.6.0) 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Reads smaller than 36bp 

were also filtered. To remove possible contamination with ribosomal RNA, the resulting 

reads were then mapped using the very-sensitive-local option of Bowtie2 (v2.3.5)(Langmead 

& Salzberg, 2012) to the SSUParc and LSUParc fasta files from the database silva(Quast 

et al., 2013) (https://www.arb-silva.de/; downloaded April 2019) and positive hits were 

removed from the dataset. After these quality filters, only paired-end reads were kept for the 

assembly steps. 

 In order to recover a comprehensive set of transcripts, we assembled the reads using 

several assemblers and explored a range of kmer sizes: 1) Trinity (v2.8.4); 2) rnaSPAdes 

(v3.9.0)(Bankevich et al., 2012); 3) Trans-ABySS (v2.0.1)(Robertson et al., 2010) with kmer 

size 35, 45, 55, 65, 75, and 85; and Oases (v0.2.09)(Schulz, Zerbino, Vingron, & Birney, 

2012) with kmer size 39, 45, 51, 57, and 63. All assemblers were run with their strand-

specific options. Once the four individual sub-assemblies for each species had been 

generated, to obtain a set of non-redundant transcripts per assembler we first clustered 

highly similar sequences using CD-HIT (v4.8.1) and a sequence identity threshold of 0.99. 

We then concatenated all sub-assemblies and performed another step to merge and reduce 

redundancy of the final transcriptome using EvidentialGene 

(http://arthropods.eugenes.org/EvidentialGene/about/EvidentialGene_trassembly_pipe.htm

l). The quality of the generated transcriptomes was assessed using BUSCO (v3)(Simão, 

https://www.arb-silva.de/
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Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015) and the aves database, Although 

our RNA-seq data was derived from a single tissue, the level of completeness of the 

transcriptomes as assessed by BUSCO was high (Complete BUSCOs > 80.7%). To produce 

annotated references containing mostly a single transcript per gene for differential 

expression analysis, we performed a final filtering and scaffolding step using TransPS 

(v1.1.0)(Liu, Adelman, Myles, & Zhang, 2014)against the protein annotation of the zebra 

finch genome(Warren et al., 2010), which is the most comprehensively annotated passerine. 

Summary statistics of the transcriptome assembly of each species are given in Table S8. 

 

Differential expression analysis. Prior to analysis of gene expression, the RNA-seq reads 

were trimmed for adaptors, low quality bases (phred score <5), and short sequences (<36bp) 

using Trim Galore!. Differential gene expression analyses were subsequently performed 

using the scripts align_and_estimate_abundance.pl, abundance_estimates_to_matrix.pl, 

and run_DE_analysis.pl as implemented in Trinity. Briefly, reads from each species were 

mapped to the respective de novo transcriptome reference using Bowtie2 

(v2.3.5)(Langmead & Salzberg, 2012) and the relative abundances of genes for each 

individual and tissue were obtained using RSEM (v 1.3.1)(B. Li & Dewey, 2014). The 

identification of differentially expressed genes (DGEs) was carried out using edgeR 

(v3.26.5) with an initial filter that excluded genes with <1 count per million (CPM) mapped 

reads in 50% or more of the samples. A false discovery rate (FDR) of 0.1% was used as the 

significance threshold. We performed xx pairwise contrasts that included contrasts between 

sexes, species, and feather patches (summarized in Figure SX). In contrasts between 

species, two independent analyses were performed in which the reads from the different 

species were mapped on both de novo transcriptome assemblies. The differential 

expression analysis was then performed as described above, but only DEGs that were 

common to both analyses were considered. This filter is expected to eliminate genes that 

appear as differentially expressed due to mapping biases (i.e. reads mapping more 

efficiently on the reference of its own species).  
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Supplementary materials 

 Figure S5.1. Box and whisker plots of the carotenoid content of feathers sampled from the lores of male and female 

mosaic canaries. Concentration is given in µg of carotenoid per gram of feather, each carotenoid type is presented in a 

separate panel, and the points represent each individual observation.  
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Figure S5.2. Sequence identity diagram obtained from a consensus of red siskin Nanopore reads aligned to the canary 

reference assembly. The location of the exons of the three genes overlapping the candidate region is indicated (PTS, BCO2 

and TEX12). In the alignment black indicates homology, while grey indicates sequence mismatches from point mutations. 

Sections in white refer to portions of the canary reference assembly without any read coverage from red siskin. 
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Figure S5.3. Representative images of in situ hybridizations of the developing feather follicles of pigmented and white 

unpigmented feathers of the mosaic canary with probes targeting the BCO2 and β-keratin (LOC103814588).  β-keratin 

is known to be expressed developing feather follicles and serves as a positive control.  The sense probe of BCO2 was included 

as a negative control. The BCO2 transcript localized to the developing barb ridges of unpigmented feather follicles but 

expression was not apparent in pigmented feathers. Scale bar = 100 µm. 
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Table S5.1. Whole genome resequencing details and read mapping statistics 

Breed/Population 

Number of 

individuals 

pooled 

Number of 

readsa 

Percentage 

of reads 

mappingb 

Percentage 

of reads 

MQ >=20c 

Mean 

depth of 

coveraged 

Study 

Mosaic yellow 12 186,056,529 
99.48 

(94.15) 
86.29 15.5 

This study 

Mosaic red 16 171,236,142 
99.48 

(94.55) 
87.34 14.3 

This study 

Lipochrome red 16 202,038,581 

99.24 

(92.31) 88.42 16.9 

Lopes et al. 

2016 

Black red 12 275,063,528 

99.16 

(92.71) 87.61 23.0 

Lopes et al. 

2016 

White recessive 12 234,684,768 

97.21 

(90.48) 82.34 17.4 

Lopes et al. 

2016 

Gibber italicus 12 219,183,670 

99.08 

(91.87) 86.98 18.2 

Lopes et al. 

2016 

Wild 39 266,623,880 

97.48 

(92.96) 86.03 20.1 

Lopes et al. 

2016 

Red siskin 12 276,281,300 

94.69 

(91.84) 82.96 19.9 

Lopes et al. 

2016 

aAfter trimming using Trimmomatic 
 

bPercentage of properly paired reads is given in parentheses 
 

cReads with a Phred score mapping quality (MQ) equal or higher than 20 
 

dIncluding positions with zero reads mapping 
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Table S5.2. Individual genotypes for 52 SNPs in mosaic canaries, nonmosaic canaries, and red siskins. 
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Agata32 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT A C C G GA GT AG TA AG CT G 

ARLE01 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT A 

ARLE02 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T  A T C T T A A A G AG TA AG CT GA 

ARLE03 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT G T G T GA 

ARLE04 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT G T G T GA 

ARLE05 Mosaic C G A A A T C A C G T T G T C A C  C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT G T G T GA 

ARLE06 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G T G T G T A C A C A T A C C G G T G T G T GA 

ARLE07 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT A 

ARLE08 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT A 

ARLE10 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT G T G T GA 

ARLE12 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T  T T A A A G AG TA AG CT G 

ARLE13 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G GA TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA G T G T G T GA 

ARLE14 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT G T G T GA 

ARLE15 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T  A T C T T A A A G AG TA AG CT GA 

ARLE16 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT A 

ARLE17 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T  A T C T T A A A G AG TA AG CT GA 

ARLE18 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G AG TA AG CT G 

ARLE19 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT A A A C GA 

ARLE20 Mosaic C G A A A T C A C G T T G T C A C  C G C G G G T A C T G GA TC GA CT AG CT AG TC AG CA AT  AT TC CA GA G T G T G T G 

ARLE21 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G AG TA AG CT GA 

ARLE22 Mosaic T
C GA G AT AG T C A GC G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

ARLE24 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

ARLE26 Mosaic T
C GA AG AT AG T C A GC G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

ARLE30 Mosaic T
C GA G AT AG T C A GC G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G AG TA AG CT GA 

ARLE31 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT A 

MR01 Mosaic C G A A A T C A C GA T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 
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MR02 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR03 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C GA 

MR04 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR05 Mosaic C G A A A T C A C GA GT CT AG CT CT AG TC T C G C G G G T A C T G G C A CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

MR06 Mosaic T
C GA AG AT AG TC CT TA GC GA GT CT AG CT CT AG TC T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR07 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR09 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C GA 

MR11 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR12 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G  C A C A C G T G A T C T T A A A G A A A C A 

MR13 Mosaic T
C GA AG AT AG TC CT TA GC GA GT CT AG CT CT AG TC T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR14 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR15 Mosaic T
C GA AG AT AG TC CT TA GC GA GT CT AG CT CT AG TC T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR16 Mosaic C G A A A T C A C GA T T G T C A C T C G C G G G T A C T G G C A CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

MR17 Mosaic T
C GA AG AT AG TC CT TA GC GA GT CT AG CT CT AG TC  C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR18 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR19 Mosaic T
C GA AG AT AG TC CT TA GC GA GT CT AG CT CT AG TC T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR20 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR21 Mosaic T
C GA AG AT AG TC CT TA GC GA T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MR22 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T  A T C T T A A A G A A A C A 

MR23 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

MY02 Mosaic T
C GA AG AT AG T C A C G T T G T C A C T C G C G G G T A C T G G C A CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

MY03 Mosaic T
C GA AG AT AG T C A C G T T G T C A C T C G C G G G T A C T G G C A CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT AG TA AG CT GA 

MY04 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A GA GT AG TA AG CT GA 

MY06 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MY07 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MY08 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MY09 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MY10 Mosaic T
C GA AG AT AG TC CT TA GC GA GT CT AG CT CT AG TC T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

MY11 Mosaic C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A GA GT AG TA AG CT GA 

INO85 Mosaic T
C GA AG AT AG TC CT TA GC G T T G T C A C T C G C G G G T A C T G G TC GA CT AG CT AG TC AG CA AT CT AT TC CA GA GA GT A A A C GA 

                                                      

RED38 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

RED39 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

RED40 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

Wild35 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

Wild38 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

Wild39 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 



FCUP 

Genetic basis avian traits  

238 

WR17 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

WR27 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

Yel02 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

Yel03 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

GIB02 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

GIB04 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

LIZ06 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

LIZ09 
Nonmos

aic T A G T G C T T G A G C A C T G T G G A G T A C C G T G A A T G T G T A C A C A T A C C G G T G T G T G 

                                                      

Sis02 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

Sis04 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

Sis05 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

Sis06 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

Sis10 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

Sis11 
red 

siskin C G A A A T C A C G T T G T C A C T C G  G G G T A C T G G C A C A C G T G A T  T T A A A G A A A C A 

Sis16 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 

Sis19 
red 

siskin C G A A A T C A C G T T G T C A C T C G C G G G T A C T G G C A C A C G T G A T C T T A A A G A A A C A 
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Table S5.3. Allelic imbalance measured in one male and one female as the relative frequency of red siskin and canary alleles for two amplicons of BCO2 and three different 
skin regions (head, back and uropygium). 

   Amplicon 1   Amplicon 2   
Mean 

amplicon 1 
Mean 

amplicon 2 
Mean both 
amplicons  Position 850,613 846,422 846,296  837,496 837,780  

  Allele siskin canary siskin canary siskin canary   siskin canary siskin canary   siskin canary siskin canary siskin canary 

Male 

Head 0.67 0.33 0.67 0.33 0.67 0.33  0.63 0.37 0.81 0.19  0.67 0.33 0.72 0.28 0.69 0.31 

Back 0.78 0.22 0.78 0.22 0.77 0.23  0.76 0.24 0.88 0.12  0.78 0.22 0.82 0.18 0.80 0.20 

Uropygium 0.81 0.19 0.81 0.19 0.81 0.19  0.84 0.16 0.94 0.06  0.81 0.19 0.89 0.11 0.85 0.15 
                    

Female 

Head 0.69 0.31 0.69 0.31 0.67 0.33  0.71 0.29 0.86 0.14  0.68 0.32 0.79 0.21 0.73 0.27 

Back 0.70 0.30 0.69 0.31 0.71 0.29  0.73 0.27 0.87 0.13  0.70 0.30 0.80 0.20 0.75 0.25 

Uropygium 0.86 0.14 0.86 0.14 0.85 0.15   0.90 0.10 0.95 0.05   0.86 0.14 0.92 0.08 0.89 0.11 
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Table S5.4. Summary of the RNA sequencing dataset 

Individual Species Sex Tissue Number of paired-end reads 

ID01 Canary male breast 77,801,768 

ID02 Canary male breast 41,781,778 

ID03 Canary male breast 69,237,140 

ID04 Canary male breast 54,262,548 

ID05 Canary female breast 74,944,608 

ID06 Canary female breast 31,954,854 

ID07 Canary female breast 95,397,164 

ID08 Canary female breast 61,988,202 

ID09 Canary male belly 37,170,516 

ID10 Canary male belly 65,986,564 

ID11 Canary male belly 60,569,010 

ID12 Canary male belly 65,867,472 

ID13 Canary female belly 30,537,220 

ID14 Canary female belly 42,762,626 

ID15 Canary female belly 62,866,862 

ID16 Canary female belly 39,019,880 

ID17 European serin male breast 74,282,034 

ID18 European serin male breast 37,574,936 

ID19 European serin male breast 58,628,444 

ID20 European serin female breast 103,108,942 

ID21 European serin female breast 32,611,998 

ID22 European serin male breast 56,397,836 

ID23 European serin female breast 49,866,654 

ID24 European serin female breast 36,928,854 

ID25 European serin male belly 44,510,388 

ID26 European serin male belly 79,214,648 

ID27 European serin male belly 58,863,824 

ID28 European serin female belly 37,591,880 

ID29 European serin female belly 42,935,150 

ID30 European serin male belly 42,697,186 

ID31 European serin female belly 73,678,232 

ID32 European serin female belly 42,888,386 

ID33 House finch male breast 56,562,182 

ID34 House finch male breast 34,538,436 

ID35 House finch male breast 59,335,680 

ID36 House finch female breast 52,154,170 
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ID37 House finch female breast 84,597,854 

ID38 House finch female breast 61,197,586 

ID39 House finch male belly 34,695,086 

ID40 House finch male belly 31,971,116 

ID41 House finch male belly 49,838,448 

ID42 House finch female belly 51,153,148 

ID43 House finch female belly 109,064,252 

ID44 House finch female belly 69,238,206 
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Table S5. Differentially expressed expressed in four or more contrasts. 
Nº of 
contr
asts Gene stable ID 

Chromoso
me 

Gene start 
(bp) 

Gene end 
(bp) Gene name Gene description 

7 ENSTGUG00000011254 1A 55010463 55052759 PAH phenylalanine hydroxylase  

6 ENSTGUG00000000072 Z 1611976 1615305 TSPAN3_O tetraspanin-3-like 

6 ENSTGUG00000000178 Z 3439936 3442138 ATP5ME Taeniopygia guttata ATP synthase membrane subunit e 

6 ENSTGUG00000000953 Z 17747775 17756038 NUDT12 nudix hydrolase 12  

6 ENSTGUG00000001116 Z 23191963 23200411 PPIC peptidylprolyl isomerase C  

6 ENSTGUG00000002486 17 389361 395189 AMBP alpha-1-microglobulin/bikunin precursor  

6 ENSTGUG00000002609 Z 48505820 48510830 PLK2 polo like kinase 2  

6 ENSTGUG00000005948 Z 67083671 67100550 HEXB hexosaminidase subunit beta  

6 ENSTGUG00000006579 1A 33221713 33265703 WIF1 WNT inhibitory factor 1  

5 ENSTGUG00000000227 Z 3583924 3594564 CHRNB3 cholinergic receptor nicotinic beta 3 subunit  

5 ENSTGUG00000000294 24 1529923 1539562 BCO2 beta-carotene oxygenase 2  

5 ENSTGUG00000000624 Z 10678724 10709034 TUT7 terminal uridylyl transferase 7  

5 ENSTGUG00000001289 Z 26090019 26100812 PTGR1 prostaglandin reductase 1  

5 ENSTGUG00000001401 Z 29411696 29423024 C9orf72 C9orf72-SMCR8 complex subunit  

5 ENSTGUG00000001446 Z 31431047 31438596 DNAJA1 DnaJ heat shock protein family (Hsp40) member A1  

5 ENSTGUG00000001540 Z 32285251 32293567 BDP1 
B double prime 1, subunit of RNA polymerase III transcription 

initiation factor IIIB 

5 ENSTGUG00000001907 Z 40463678 40494807 MTMR12 myotubularin related protein 12  

5 ENSTGUG00000002296 3 1744803 1749160 LGALSL galectin like  

5 ENSTGUG00000003121 4A 8160003 8162206   

5 ENSTGUG00000003968 Z 56668788 56681379 TBCA tubulin folding cofactor A  

5 ENSTGUG00000004178 Z 57516551 57566387 PIP5K1B phosphatidylinositol-4-phosphate 5-kinase type 1 beta  

5 ENSTGUG00000004329 25 946448 950846   

5 ENSTGUG00000004417 Z 58357153 58359457   
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5 ENSTGUG00000004519 Z 59887174 59919902 PSIP1 PC4 and SFRS1 interacting protein 1  

5 ENSTGUG00000005004 20 6224705 6226777 DBNDD2 dysbindin domain containing 2  

5 ENSTGUG00000005385 5 5481439 5519906 ANO1 anoctamin 1  

5 ENSTGUG00000005945 Z 67051979 67053748 ENC1 ectodermal-neural cortex 1  

5 ENSTGUG00000005965 12 5945525 5974029 NISCH Nischarin 

5 ENSTGUG00000006576 9 5001133 5084503 LTF transferrin  

5 ENSTGUG00000007150 Z 72415569 72429519 DCAF10 DDB1 and CUL4 associated factor 10  

5 ENSTGUG00000007164 Z 72435563 72436363   

5 ENSTGUG00000007145 4 41058913 41142353 MTUS1 microtubule associated scaffold protein 1  

5 ENSTGUG00000009039 14 15440563 15496509 SDR42E2 
putative short-chain dehydrogenase/reductase family 42E member 

2 

5 ENSTGUG00000010742 6 26599727 26610590 ACSL5 acyl-CoA synthetase long chain family member 5  

5 ENSTGUG00000011110 2 117381396 117390114 SDR16C5 Short chain dehydrogenase/reductase family 16C, member 5 

5 ENSTGUG00000012055 2 135073037 135108263 SPAG1 sperm associated antigen 1 

5 ENSTGUG00000012358 3 76398427 76400109   

5 ENSTGUG00000016607 Un 22273253 22274925   

5 ENSTGUG00000016649 21_random 229625 234153 PADI2 protein-arginine deiminase type-2  

5 ENSTGUG00000017543 Z_random 2551197 2584228 LVRN laeverin  

5 ENSTGUG00000017550 Z_random 1397905 1433860 DTWD2 DTW domain containing 2  

5 ENSTGUG00000017554 Z_random 2959288 2960915   

4 ENSTGUG00000000043 Z 1207502 1212220 CZH18orf32 
Taeniopygia guttata chromosome Z open reading frame, human 

C18orf32 

4 ENSTGUG00000000058 Z 1450781 1464810 ACAA2 acetyl-CoA acyltransferase 2  

4 ENSTGUG00000000057 28 368896 381725 TMPRSS9 transmembrane serine protease 9  

4 ENSTGUG00000000063 28 406538 421111 SPPL2B signal peptide peptidase like 2B  

4 ENSTGUG00000000082 Z 1658391 1692036 LNPEP leucyl and cystinyl aminopeptidase 

4 ENSTGUG00000000128 24 435625 481311 CADM1 cell adhesion molecule 1  

4 ENSTGUG00000000201 28 1042402 1052559 MEX3D mex-3 RNA binding family member D  

4 ENSTGUG00000000245 Z 3679904 3767726 HOOK3 hook microtubule tethering protein 3  

4 ENSTGUG00000000326 24 1646463 1653126 FDXACB1 ferredoxin-fold anticodon binding domain containing 1  
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4 ENSTGUG00000000414 Z 6265544 6306809 ROR2 receptor tyrosine kinase like orphan receptor 2  

4 ENSTGUG00000000461 1B 248174 252126 ATP5PO Taeniopygia guttata ATP synthase peripheral stalk subunit OSCP 

4 ENSTGUG00000000500 Z 9302660 9307134 PRXL2C peroxiredoxin like 2C  

4 ENSTGUG00000000530 24 3927557 3960360 PRDM10 PR/SET domain 10  

4 ENSTGUG00000000715 Z 14149954 14405189 FAM172A family with sequence similarity 172 member A  

4 ENSTGUG00000000758 23 306331 320258 L3MBTL3_1 lethal(3)malignant brain tumor-like protein 3 

4 ENSTGUG00000000766 Z 15388500 15393571 NMRK1 nicotinamide riboside kinase 1  

4 ENSTGUG00000000866 23 2190518 2195101 RPA2 replication protein A2  

4 ENSTGUG00000000876 28 4127606 4131407   

4 ENSTGUG00000001042 26 978958 995985   

4 ENSTGUG00000001121 Z 23201939 23290071 SNX24 Taeniopygia guttata sorting nexin 24 

4 ENSTGUG00000001124 23 3230024 3232899   

4 ENSTGUG00000001201 23 3619933 3621962 PITHD1 Taeniopygia guttata PITH domain containing 1 

4 ENSTGUG00000001238 Z 25405526 25409958 SLC46A2 solute carrier family 46 member 2  

4 ENSTGUG00000001239 13 9318325 9330744 SLC25A48 solute carrier family 25 member 48-like  

4 ENSTGUG00000001288 Z 26059649 26067671 SMC2 structural maintenance of chromosomes 2  

4 ENSTGUG00000001321 13 11082345 11093298   

4 ENSTGUG00000001327 2 22252768 22262211 PTER phosphotriesterase related  

4 ENSTGUG00000001364 Z 29194996 29212643 PLAA phospholipase A2 activating protein  

4 ENSTGUG00000001381 26 2801182 2823090 ADORA1 adenosine receptor A1  

4 ENSTGUG00000001469 Z 31604939 31611218 XPA XPA, DNA damage recognition and repair factor  

4 ENSTGUG00000001551 4 1216481 1221629 AREG amphiregulin  

4 ENSTGUG00000001585 2 26290417 26297898 PDK4 pyruvate dehydrogenase kinase 4  

4 ENSTGUG00000001669 2 27176196 27211165 COL28A1 collagen type XXVIII alpha 1 chain  

4 ENSTGUG00000001694 2 28588024 28656673 STAC SH3 and cysteine rich domain  

4 ENSTGUG00000001797 26 4620983 4629631 IP6K3 Inositol hexakisphosphate kinase 3 

4 ENSTGUG00000001815 Z 39708473 39711656 TESK1 testis associated actin remodelling kinase 1  

4 ENSTGUG00000001845 Z 39809890 39819784 GBA2 glucosylceramidase beta 2  

4 ENSTGUG00000001905 Z 40416336 40444127 GOLPH3 golgi phosphoprotein 3  
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4 ENSTGUG00000001971 Z 41271857 41285138 DNAJC21 DnaJ heat shock protein family (Hsp40) member C21  

4 ENSTGUG00000002154 4 8027083 8040498 HELQ helicase, POLQ like  

4 ENSTGUG00000002249 4 8267171 8274191 NUDT9 nudix hydrolase 9  

4 ENSTGUG00000002322 1A 6491072 6497460 FAM107B family with sequence similarity 107 member B  

4 ENSTGUG00000002334 21 907423 914246 MAD2L2 Taeniopygia guttata mitotic arrest deficient 2 like 2 

4 ENSTGUG00000002353 3 2639674 2695138 MEIS1  Meis homeobox 1 

4 ENSTGUG00000002362 1A 6695660 6702080 MEIG1 meiosis/spermiogenesis associated 1  

4 ENSTGUG00000002370 2 45213738 45221629   

4 ENSTGUG00000002406 21 1062476 1079373 PLOD1 procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 

4 ENSTGUG00000002710 Z 49401648 49454080 NDUFAF2 NADH:ubiquinone oxidoreductase complex assembly factor 2  

4 ENSTGUG00000002867 27 2760952 2783665 BRCA1 BRCA1 DNA repair associated  

4 ENSTGUG00000003001 27 3020071 3021460   

4 ENSTGUG00000003031 Z 52051526 52076849 NAA35 N(alpha)-acetyltransferase 35, NatC auxiliary subunit  

4 ENSTGUG00000003155 Z 52734481 52741696 C9orf64 chromosome Z open reading frame, human C9orf64  

4 ENSTGUG00000003163 Z 52776990 52803316 UBQLN1 ubiquilin 1  

4 ENSTGUG00000003216 Z 52995870 53024348 RASEF RAS and EF-hand domain containing  

4 ENSTGUG00000003287 14 1014207 1020230   

4 ENSTGUG00000003280 20 739547 764063 SAMHD1 
SAM and HD domain containing deoxynucleoside triphosphate 

triphosphohydrolase 1  

4 ENSTGUG00000003497 7 2270338 2278705 POFUT2 protein O-fucosyltransferase 2  

4 ENSTGUG00000003537 12 18203 26084   

4 ENSTGUG00000003686 2 60743898 60768132 CMTM7 CKLF like MARVEL transmembrane domain containing 7  

4 ENSTGUG00000003642 6 1457294 1478453 RUFY2 RUN and FYVE domain containing 2  

4 ENSTGUG00000003818 Z 56088287 56144382 ARSB arylsulfatase B  

4 ENSTGUG00000003842 4 22565528 22610887 NPNT Nephronectin 

4 ENSTGUG00000003925 7 3636980 3669797 PARP14 poly(ADP-ribose) polymerase family member 14  

4 ENSTGUG00000004085 Z 57030269 57155328 IQGAP2 IQ motif containing GTPase activating protein 2  

4 ENSTGUG00000004113 Z 57061787 57062839 F2RL2 coagulation factor II thrombin receptor like 2  

4 ENSTGUG00000004171 4 24045533 24058196   
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4 ENSTGUG00000004203 3 18728480 18733375 SDE2 SDE2 telomere maintenance homolog  

4 ENSTGUG00000004221 19 4394819 4395439 MIS12 MIS12 kinetochore complex component  

4 ENSTGUG00000004251 1A 21098196 21109295 GPR37 G protein-coupled receptor 37  

4 ENSTGUG00000004291 4A 12188742 12201479 ACSL4 acyl-CoA synthetase long chain family member 4  

4 ENSTGUG00000004355 14 2957283 2968524 TMEM8A transmembrane protein 8A  

4 ENSTGUG00000004373 4 25245956 25254551 SH2D4A SH2 domain containing 4A 

4 ENSTGUG00000004380 4 25267976 25270406   

4 ENSTGUG00000004420 7 5863787 5886138 IQCB1 IQ motif containing B1  

4 ENSTGUG00000004492 Z 59741369 59865489 CCDC171 coiled-coil domain containing 171  

4 ENSTGUG00000004528 2 63367420 63403725 GLB1 galactosidase beta 1  

4 ENSTGUG00000004693 19 5487473 5491947   

4 ENSTGUG00000004699 5 1162411 1177039   

4 ENSTGUG00000004753 4 26103561 26111605 SARAF store-operated calcium entry associated regulatory factor  

4 ENSTGUG00000004773 4A 15494671 15514669   

4 ENSTGUG00000004760 1 657664 709510 DOP1B DOP1 leucine zipper like protein B  

4 ENSTGUG00000004823 2 64662618 64693109 KIF15 kinesin family member 15  

4 ENSTGUG00000004916 4A 15633712 15635635   

4 ENSTGUG00000005066 11 4397362 4403932 HERPUD1 homocysteine inducible ER protein with ubiquitin like domain 1  

4 ENSTGUG00000005096 12 4904669 4909567   

4 ENSTGUG00000005118 11 4470657 4504111 CPNE2 copine 2  

4 ENSTGUG00000005197 11 4538020 4559547 RSPRY1 ring finger and SPRY domain containing 1  

4 ENSTGUG00000005262 11 4595298 4658174 RANBP10 RAN binding protein 10  

4 ENSTGUG00000005268 1 3173130 3236843 BACE2 beta-secretase 2  

4 ENSTGUG00000005286 9 922964 968091 PIK3CB 
Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit 

beta 

4 ENSTGUG00000005359 10 4697361 4717284 ICE2 interactor of little elongation complex ELL subunit 2  

4 ENSTGUG00000005378 14 7725174 7774163 MYH11 myosin heavy chain 11  

4 ENSTGUG00000005554 11 4862861 4864884   

4 ENSTGUG00000005536 20 7228535 7239267 TGM6 protein-glutamine gamma-glutamyltransferase 6  
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4 ENSTGUG00000005606 20 7261157 7265898 CCNDBP1 cyclin D1 binding protein 1  

4 ENSTGUG00000005587 9 2707085 2833571 ARHGEF4 Rho guanine nucleotide exchange factor 4 

4 ENSTGUG00000005730 2 68332916 68356832 MAK male germ cell associated kinase  

4 ENSTGUG00000005768 Z 66215848 66233634 BBOX1 gamma-butyrobetaine hydroxylase 1  

4 ENSTGUG00000005935 8 10350633 10367569 CCDC18 Coiled-coil domain-containing 18 

4 ENSTGUG00000006126 3 24562299 24565583 MKKS McKusick-Kaufman syndrome  

4 ENSTGUG00000006148 8 10921016 10933370 CDC7 cell division cycle 7  

4 ENSTGUG00000006206 4A 18667315 18706392 CPN6 calpain 6  

4 ENSTGUG00000006227 1A 31077028 31106499 LRIG3 leucine rich repeats and immunoglobulin like domains 3  

4 ENSTGUG00000006234 2 71448803 71457339 TPMT thiopurine S-methyltransferase  

4 ENSTGUG00000006342 6 10844389 10845422   

4 ENSTGUG00000006339 11 5802820 5814022 FA2H fatty acid 2-hydroxylase  

4 ENSTGUG00000006343 6 10847953 10860544 ANXA11 annexin A11  

4 ENSTGUG00000006479 5 6711991 6715260 TKFC triokinase and FMN cyclase  

4 ENSTGUG00000006526 5 6732093 6733502 SDHAF2 succinate dehydrogenase complex assembly factor 2 

4 ENSTGUG00000006630 5 6915767 6916720   

4 ENSTGUG00000006632 1A 33773477 33786458 HELB DNA helicase B  

4 ENSTGUG00000006673 2 75501433 75506037   

4 ENSTGUG00000006822 17 9996714 10001233 PTGS1 prostaglandin-endoperoxide synthase 1  

4 ENSTGUG00000006913 5 7242848 7262389   

4 ENSTGUG00000006930 6 14810924 14822418   

4 ENSTGUG00000007036 6 15002536 15039674   

4 ENSTGUG00000007055 2 76504906 76581567 NFX1 nuclear transcription factor, X-box binding 1  

4 ENSTGUG00000007091 2 76671763 76678526 HUS1 HUS1 checkpoint clamp component  

4 ENSTGUG00000007130 10 9935495 9947746 MYEF2 myelin expression factor 2  

4 ENSTGUG00000007187 6 15449817 15468721   

4 ENSTGUG00000007265 20 8972870 8975721 SOX18 SRY-box 18  

4 ENSTGUG00000007230 12 8687280 8731699 DNAH7 Dynein, axonemal, heavy chain 7 

4 ENSTGUG00000007433 4 43070422 43088266 AASDH aminoadipate-semialdehyde dehydrogenase  
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4 ENSTGUG00000007618 2 83166721 83171994   

4 ENSTGUG00000007622 2 83189850 83197379  carboxymethylenebutenolidase homolog  

4 ENSTGUG00000007650 8 17708416 17724016 KIF2C kinesin family member 2C 

4 ENSTGUG00000007695 1 15176373 15225921 PHKA2  phosphorylase kinase regulatory subunit alpha 2 

4 ENSTGUG00000007686 4 43633016 43668592 KIT KIT proto-oncogene, receptor tyrosine kinase  

4 ENSTGUG00000007873 1 16325736 16342288 SYAP1 synapse associated protein 1  

4 ENSTGUG00000008165 8 18617345 18621214 TSPAN1 tetraspanin 1  

4 ENSTGUG00000008341 15 7746322 7760629 COMT catechol-O-methyltransferase 

4 ENSTGUG00000008352 14 13613097 13621428 CYP2W1 cytochrome P450 2W1  

4 ENSTGUG00000008449 11 12565181 12584955 ADAT1 adenosine deaminase tRNA specific 1  

4 ENSTGUG00000008579 2 93683807 93718967 CTNNAL1 catenin alpha like 1  

4 ENSTGUG00000008614 2 93727880 93743368 SLC39A6 Solute carrier family 39 (zinc transporter), member 6 

4 ENSTGUG00000008664 11 13537140 13537988 SIAH1 siah E3 ubiquitin protein ligase 1  

4 ENSTGUG00000008730 12 12083105 12085523   

4 ENSTGUG00000008857 20 15312256 15343827 ARFGEF2 ADP ribosylation factor guanine nucleotide exchange factor 2  

4 ENSTGUG00000008958 19 11474946 11478895 KIAA0753 KIAA0753 ortholog 

4 ENSTGUG00000008961 4 48204115 48240398 WDR19 WD repeat domain 19  

4 ENSTGUG00000009022 18 9242998 9252199 SPATA20 spermatogenesis associated 20  

4 ENSTGUG00000009098 1 25958302 25975807 F10 coagulation factor X 

4 ENSTGUG00000009099 5 12839667 12872181 CARS cysteinyl-tRNA synthetase  

4 ENSTGUG00000009163 11 16514380 16599412 ADAMTS18 ADAM metallopeptidase with thrombospondin type 1 motif 18  

4 ENSTGUG00000009151 18 9434309 9470647   

4 ENSTGUG00000009412 18 9705391 9713217 UTP18 UTP18 small subunit processome component  

4 ENSTGUG00000009584 18 10916808 10994577 RAB11FIP4 RAB11 family interacting protein 4  

4 ENSTGUG00000009720 10 20121945 20137670 UACA uveal autoantigen with coiled-coil domains and ankyrin repeats  

4 ENSTGUG00000009763 4 56018024 56018713 FGFBP1 fibroblast growth factor binding protein 1  

4 ENSTGUG00000009771 8 25217026 25230050 TM2D1 TM2 domain containing 1  

4 ENSTGUG00000009970 9 17875657 17888134   

4 ENSTGUG00000010204 2 107744583 107762694 THOC1 THO complex 1  
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4 ENSTGUG00000010283 15 12355886 12364309 DERL3 Taeniopygia guttata derlin 3  

4 ENSTGUG00000010362 2 108507580 108538290 RBBP8 RB binding protein 8, endonuclease  

4 ENSTGUG00000010436 3 45260083 45328023 ACTN2 actinin alpha 2  

4 ENSTGUG00000010409 7 22256292 22293463 AOX1 aldehyde oxidase 1  

4 ENSTGUG00000010497 5 21773432 21781142 PACSIN3 protein kinase C and casein kinase substrate in neurons 3 

4 ENSTGUG00000010576 15 14056130 14059149   

4 ENSTGUG00000010586 9 19681624 19699707 CCDC39 coiled-coil domain containing 39  

4 ENSTGUG00000010653 7 23648780 23744147 HECW2 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 

4 ENSTGUG00000010722 5 22663773 22688019 CRY2 cryptochrome circadian regulator 2  

4 ENSTGUG00000010770 2 112235696 112345132 GAREM1 GRB2 associated regulator of MAPK1 subtype 1  

4 ENSTGUG00000010856 1 37972337 37993536 TEX30  testis expressed 30  

4 ENSTGUG00000010881 3 50300780 50308184 IL20RA interleukin 20 receptor subunit alpha  

4 ENSTGUG00000010991 4 69205865 69240344 DDRGK1 DDRGK domain containing 1  

4 ENSTGUG00000011071 3 53477359 53480618 GTF2H5 general transcription factor IIH subunit 5  

4 ENSTGUG00000011098 7 27205084 27214403 FAM171B family with sequence similarity 171 member B  

4 ENSTGUG00000011102 2 117328676 117335076 SDR16C5 epidermal retinol dehydrogenase 2  

4 ENSTGUG00000011215 5 25229832 25241572   

4 ENSTGUG00000011234 2 119961880 119974901 GGH gamma-glutamyl hydrolase 

4 ENSTGUG00000011260 7 28607527 28615834 LSS lanosterol synthase  

4 ENSTGUG00000011285 2 121329614 121343808   

4 ENSTGUG00000011297 5 25802705 26004355 RGS6 regulator of G protein signaling 6  

4 ENSTGUG00000011426 9 27124288 27128121 TM4SF1 transmembrane 4 L six family member 1  

4 ENSTGUG00000011447 9 27161725 27180851 HPS3 HPS3 biogenesis of lysosomal organelles complex 2 subunit 1  

4 ENSTGUG00000011706 6 36256331 36261046 TCTN3 Tectonic family member 3 

4 ENSTGUG00000011784 1A 61437251 61461675   

4 ENSTGUG00000011815 2 130703700 130717968 DECR1 Taeniopygia guttata 2,4-dienoyl-CoA reductase 1 

4 ENSTGUG00000011914 1A 62888902 63002367 VWF Taeniopygia guttata von Willebrand factor 

4 ENSTGUG00000011974 1 53961313 54012838 C4 complement C4-like 

4 ENSTGUG00000011982 1A 63976467 64022973 PARVB parvin beta  
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4 ENSTGUG00000012120 2 135962165 135977095 KLF10 Kruppel like factor 10  

4 ENSTGUG00000012192 3 70417908 70447399 CRYBG1 crystallin beta-gamma domain containing 1 

4 ENSTGUG00000012279 1A 66826575 66880941 TRIM24 tripartite motif containing 24  

4 ENSTGUG00000012291 5 39466467 39475554 GSTZ1 glutathione S-transferase zeta 1  

4 ENSTGUG00000012443 5 44461010 44504190 TDP1 tyrosyl-DNA phosphodiesterase 1  

4 ENSTGUG00000012531 5 45095263 45189513 CCDC88C coiled-coil domain containing 88C 

4 ENSTGUG00000012622 1 74629140 74685513 ATM ATM serine/threonine kinase  

4 ENSTGUG00000012669 5 46947129 46959769 CLMN calmin  

4 ENSTGUG00000012671 1 75456355 75481818 AASDHPPT 
aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl 

transferase  

4 ENSTGUG00000012736 5 49410473 49426169   

4 ENSTGUG00000012776 5 50244126 50254271 DLK1 delta like non-canonical Notch ligand 1  

4 ENSTGUG00000012808 5 50806609 50813587 HSP90AA1 heat shock protein 90 alpha family class A member 1  

4 ENSTGUG00000012817 1 79727409 79742828 CWC15 
Taeniopygia guttata CWC15 spliceosome associated protein 

homolog 

4 ENSTGUG00000012841 5 51664446 51671814 EIF5 eukaryotic translation initiation factor 5  

4 ENSTGUG00000012881 3 90752731 90758202  glutathione S-transferase-like  

4 ENSTGUG00000012882 3 90760574 90769559  Taeniopygia guttata glutathione S-transferase class-alpha-like 

4 ENSTGUG00000012889 3 90819139 90872354 AGPAT5 1-acylglycerol-3-phosphate O-acyltransferase 5  

4 ENSTGUG00000012899 1 82001752 82044800 TYR tyrosinase  

4 ENSTGUG00000012915 5 53655795 53664649 CLBA1 clathrin binding box of aftiphilin containing 1  

4 ENSTGUG00000012926 5 54573873 54712474 BRF1 BRF1 RNA polymerase III transcription initiation factor subunit  

4 ENSTGUG00000013075 5 58875702 58887054 DLGAP5 DLG associated protein 5  

4 ENSTGUG00000013087 1 87871735 87901436   

4 ENSTGUG00000013114 1 88149696 88151431 MFAP5 microfibril associated protein 5 

4 ENSTGUG00000013230 5 61572986 61580212   

4 ENSTGUG00000013602 1 115241764 115262189   

4 ENSTGUG00000013621 1 117786536 117787528 TRMT10C tRNA methyltransferase 10C, mitochondrial RNase P subunit  

4 ENSTGUG00000014053 28_random 170825 173859 COPE coatomer protein complex subunit epsilon  

4 ENSTGUG00000014185 Un 61573631 61580681 CENPH centromere protein H  
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4 ENSTGUG00000014274 10_random 461620 463191 TMED3 transmembrane emp24 domain-containing protein 3  

4 ENSTGUG00000014898 13_random 2071417 2074844 KCNMB1 
potassium calcium-activated channel subfamily M regulatory beta 

subunit 1  

4 ENSTGUG00000015170 Un 152283223 152295588   

4 ENSTGUG00000015336 Un 154161893 154163913   

4 ENSTGUG00000016037 Un 76937729 76940403   

4 ENSTGUG00000016063 Un 77198705 77203299 PICK1 protein interacting with PRKCA 1 

4 ENSTGUG00000016351 Un 20586624 20589302 AADAC arylacetamide deacetylase-like  

4 ENSTGUG00000016583 6_random 1992520 2000211 ECD ecdysoneless cell cycle regulator  

4 ENSTGUG00000017062 21_random 753372 754094 UBXN10 UBX domain protein 10  

4 ENSTGUG00000017390 25_random 93778 101869  selenium-binding protein 1-like  

4 ENSTGUG00000017488 Z_random 357569 374709 MALT1 MALT1 paracaspase  

4 ENSTGUG00000018126 3 61383670 61391751 KIAA0408 KIAA0408  
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Table S6. Genes involved in multiple steps of the carotenoid synthesis pathway or that have been previously implicated in carotenoid pigmentation. In bold are genes that have been 
identified as differentially expressed in at least one contrast. 

No 
contr
asts Gene stable ID 

Chromoso
me 

Gene start 
(bp) 

Gene end 
(bp) 

Gene 
name Gene description Reference 

5 ENSTGUG00000000294 24 1529923 1539562 BCO2 beta-carotene oxygenase 2 
Waagmeester et al. 

2009 

3 ENSTGUG00000005305 4 28208044 28209138 LRAT lecithin retinol acyltransferase  
Waagmeester et al. 

2009 

3 ENSTGUG00000004988 15 1818382 1833367 SCARB1 scavenger receptor class B member 1  Toomey et al. 2017 

2 ENSTGUG00000008854 10 17976236 18007605 ALDH1A3 aldehyde dehydrogenase 1 family member A3  McLean et al. 2017 

2 ENSTGUG00000013562 1 113012517 113045038 DGAT2 diacylglycerol O-acyltransferase 2  
Waagmeester et al. 

2009 

2 ENSTGUG00000000287  Z 4543512 4552432 LPL lipoprotein lipase Herbeth et al. 2007 

2 ENSTGUG00000000785  Z 15555442 15589137 RORB RAR related orphan receptor B 
Waagmeester et al. 

2009 

1 ENSTGUG00000003340 4 20420491 20470547 ADH5 alcohol dehydrogenase 5 (class III), chi polypeptide  
Waagmeester et al. 

2009 

1 ENSTGUG00000002619  1A 10137192 10156980 CD36 CD36 molecule 
Waagmeester et al. 

2009 

1 ENSTGUG00000016903  8_random 34138 43936 CYP2J19 cytochrome P450 219B Lopes et al. 2016 

0 ENSTGUG00000003676 3 16497651 16514535 ABCG5 ATP binding cassette subfamily G member 5  
Waagmeester et al. 

2009 

0 ENSTGUG00000003716 3 16517165 16527670 ABCG8 ATP binding cassette subfamily G member 8  
Waagmeester et al. 

2009 

0 ENSTGUG00000000800 Z 16195088 16218427 ALDH1A1 aldehyde dehydrogenase 1 family member A1  
Waagmeester et al. 

2009 

0 ENSTGUG00000006178 10 6786365 6838567 ALDH1A2 aldehyde dehydrogenase 1 family member A2  
Waagmeester et al. 

2009 

0 ENSTGUG00000013166 3 105180284 105211468 ApoB apolipoprotein B  Borel et al. 2007 

0 ENSTGUG00000008991 9 14320362 14324106 APOD apolipoprotein D  Wade et al. 2009 

0 ENSTGUG00000004509 11 2486222 2500189 BCO1 beta-carotene oxygenase 1 
Waagmeester et al. 

2009 

0 ENSTGUG00000008850 6 19534048 19536631 CYP26A1 
Taeniopygia guttata cytochrome P450 26A1-like 

(LOC100225627) 
Waagmeester et al. 

2009 

0 ENSTGUG00000009722 8 24573337 24577856 CYP2J40 cytochrome P450 2J40 Mundy et al. 2016 

0 ENSTGUG00000002492 21 1284819 1310238 DHRS3 dehydrogenase/reductase 3  
Waagmeester et al. 

2009 

0 ENSTGUG00000006120 10 6644647 6659150 LIPC lipase C, hepatic type Borel et al. 2007 

0 ENSTGUG00000005153 9 609628 625069 RBP1 retinol binding protein 1 
Waagmeester et al. 

2009 

0 ENSTGUG00000005160 9 639992 648778 RBP2 retinol binding protein 2 
Waagmeester et al. 

2009 
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0 ENSTGUG00000008768 6 19376454 19379088 RBP4 retinol binding protein 4  
Waagmeester et al. 

2009 

0 ENSTGUG00000013127 3 103461719 103465795 RDH14 retinol dehydrogenase 14  Sahu & Maeda 2016 

0 ENSTGUG00000003630 22 176500 180650 RETSAT retinol saturase  
Waagmeester et al. 

2009 

0 ENSTGUG00000008260 10 13024528 13030392 RLBP1 retinaldehyde binding protein 1  
Waagmeester et al. 

2009 

0 ENSTGUG00000005333 10 4662680 4684305 RORA RAR related orphan receptor A 
Waagmeester et al. 

2009 

0 ENSTGUG00000005800 17 8320685 8355067 RXRA retinoid X receptor alpha  
Waagmeester et al. 

2009 

0 ENSTGUG00000002220 27 1747593 1761686 STARD3 StAR related lipid transfer domain containing 3 Soccio et al. 2002 

0 ENSTGUG00000001003  Z 20755392 20762542 STARD4 StAR related lipid transfer domain containing 4 Soccio et al. 2002 

A. Waagmeester, et al., Pathway Enrichment Based on Text Mining and Its Validation on Carotenoid and Vitamin A Metabolism. Omi. A J. Integr. Biol. 13, 367–379 (2009). 

C. A. McLean, A. Lutz, K. J. Rankin, D. Stuart-Fox, A. Moussalli, Revealing the Biochemical and Genetic Basis of Color Variation in a Polymorphic Lizard. Mol. Biol. Evol. 34, 1924–1935 (2017). 

P. Borel, et al., Human Plasma Levels of Vitamin E and Carotenoids Are Associated with Genetic Polymorphisms in Genes Involved in Lipid Metabolism. J. Nutr. 137, 2653–2659 (2007). 

N. M. Wade, A. Tollenaere, M. R. Hall, B. M. Degnan, Evolution of a Novel Carotenoid-Binding Protein Responsible for Crustacean Shell Color. Mol. Biol. Evol. 26, 1851–1864 (2009). 

R. J. Lopes, et al., Genetic Basis for Red Coloration in Birds. Curr. Biol., 1427–1434 (2016). 
  

N. I. Mundy, et al., Red Carotenoid Coloration in the Zebra Finch Is Controlled by a Cytochrome P450 Gene Cluster. Curr. Biol., 1–6 (2016). 
 

B. Herbeth, S. Gueguen, P. Leroy, G. Siest, S. Visvikis-Siest, The Lipoprotein Lipase Serine 447 Stop Polymorphism Is Associated With Altered Serum Carotenoid Concentrations in the Stanislas 

Family Study. J. Am. Coll. Nutr. 26, 655–662 (2007). 

B. Sahu, A. Maeda, Retinol Dehydrogenases Regulate Vitamin A Metabolism for Visual Function. Nutrients 8, 746 (2016). 
 

M. B. Toomey, et al., High-density lipoprotein receptor SCARB1 is required for carotenoid coloration in birds. PNAS 114, 5219–5224 (2017). 
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Table S7. List of primers used in this study 

  Primer 1 Primer 2 Extension primer Plex 

Genotyping     

SNP_1177_403133 ACGTTGGATGTGGTATTAACCCCCTTCTGC ACGTTGGATGCACCACGCTGTGGTTTATAG catAGTGAATTATTTACCAGCACTCTC 1 

SNP_1177_500758 ACGTTGGATGAGGAATGCCATGGAAAGCAG ACGTTGGATGCATGTACAAGAGATTCCTCC gcatCAACAATGGCTTTCCTACAAA 1 

SNP_1177_523140 ACGTTGGATGGCCACAAAAGGCTGTTTGAC ACGTTGGATGAGCTCAGTGAATGCTCTCAG aTGGGTTGTTGTACATTTCTTTTAATT 1 

SNP_1177_619617 ACGTTGGATGCCAAGGATGTTTTCCCAGAG ACGTTGGATGTCCTGCTCTTCCTGAGCAGT CTGCTGCAGTGACCTTTTC 1 

SNP_1177_783084 ACGTTGGATGATCTCTGGGTAATGTGGCTC ACGTTGGATGCAGCAGTTGGAATTTCTGGG GTAGCAGAAGCTCTAAAAGAT 1 

SNP_1177_785243 ACGTTGGATGAACACTGCTCATTTCCCTGC ACGTTGGATGGATGGATGGCTCAAGGAAAC gggaTGGCATGCTGTAAAATG 1 

SNP_1177_804284 ACGTTGGATGGAGGAGAGCAGATGAGTATC ACGTTGGATGCCTGTCAAAATACATTTGTCC GGAAAATGAAGTGTATGAATAGT 1 

SNP_1177_821814 ACGTTGGATGGTGTTTACCCCATCCTTCTG ACGTTGGATGGAGGTGATTTAGGTTCTGAC CCCATCCTTCTGCAGCAC 1 

SNP_1177_837275 ACGTTGGATGTTGGGAATCTCATCCCAGAC ACGTTGGATGCCCTGAACTGGATTTGAAGG TGGGCAAAGCCCTAAAA 1 

SNP_1177_837496 ACGTTGGATGCGTTGTAGCCAGCGTAATTG ACGTTGGATGCTGGTGCACACATGAGAATC cccaAACTTTCTCAAAGCCCTC 1 

SNP_1177_841974 ACGTTGGATGAATCCTCCTTTTCCAGAGGC ACGTTGGATGCTGGGAAAATGTGGAGCTGG GCCACTGCCCTTTATTGTGAT 1 

SNP_1177_849276 ACGTTGGATGCCCATGTAGCAAATGGTTCC ACGTTGGATGTTGTACTTCAGCAGCAGTGG ccgcCGTCCACCATTACAGATTTC 1 

SNP_1177_849678 ACGTTGGATGTGGATTTGTGCCCTCTGGAC ACGTTGGATGTGCCCTTCCCTTCGGAAATC acataCCCGGGGCTGGAGCCCTGA 1 

SNP_1177_852207 ACGTTGGATGCTGAGCTATGGATCTTTGCC ACGTTGGATGCTGGAAAAGAACAGAGTGGG CTTTGCCCTCCTTTTTTT 1 

SNP_1177_853996 ACGTTGGATGAGATGCTCCCCAGTAATTAG ACGTTGGATGCACAATGACATCTGCCAAGG GCTTTTCTTTATTATTCATAAATAACTG 1 

SNP_1177_855817 ACGTTGGATGACTTGCCTTATGGTGTCAGC ACGTTGGATGCTCTTTTTACAGAGATCAGC gaggcTGGTGTCAGCATATTTTGATA 1 

SNP_1177_872129 ACGTTGGATGACTCCTGGGAAGGAACTCAC ACGTTGGATGACCAGGAAGTTCTCTTTGGG TCACAGCCACCTTTC 1 

SNP_1177_892177 ACGTTGGATGCAGTCACCTCTTTCCCTTTG ACGTTGGATGCCATTGAGCAACAAAGCCTG CTCTGACAAGGAGATTTTTT 1 

SNP_1177_912260 ACGTTGGATGCCAGTTTGGACCATTGCTAC ACGTTGGATGAGTGACACTGAGCACACACC ttACACCATTTCAAATCCAC 1 

SNP_1177_925790 ACGTTGGATGGTGCTGGTGGAGAGATCCAT ACGTTGGATGAAGGTGCCAGGAGGGCTGT gtgtTGGAGAGATCCATCCTTTA 1 

SNP_1177_1054527 ACGTTGGATGTGAACTTAGCTCTGATCCCC ACGTTGGATGATTTTCCTCAGCAATTCCCG cCAGAAGCGCTACATGGG 1 

SNP_1177_1159371 ACGTTGGATGCACACTCCTGCTCTGGCTG ACGTTGGATGAAGAGGGATGGACACACAAC tgggGCTGTGAGGCTGCAC 1 

SNP_1177_1193422 ACGTTGGATGAAAACTGCAGGGTCCAGCTC ACGTTGGATGAAGGCACTGGTGCAGGCAAG gacttAGAGTATAAATCTGCCAAGA 1 

SNP_1177_1193729 ACGTTGGATGGAATCTGGTTCCTGAAGAGC ACGTTGGATGTCAGAGAAGCAGCATTGTGG cccccTCCTGAAGAGCCTTCTCTGTCTC 1 

SNP_1177_462455 ACGTTGGATGAGTTCCAGTAACTGGCTCTC ACGTTGGATGTCTTGTGCAACAACTGCGAC aATAGAGTTACTGTCATTAACACA 2 

SNP_1177_550041 ACGTTGGATGGCTGGCACAGAGATCTCTTT ACGTTGGATGTGAAAATATCGCAAGTGCGG gagcTCTCTTTGCAATTCAAATACCAA 2 

SNP_1177_573637 ACGTTGGATGAAAAAGGAAAGCCATGGGAC ACGTTGGATGATTCCCAGGAAACTGCTGCC CCATGGGACAAAACCTTC 2 
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SNP_1177_631456 ACGTTGGATGCTATTCGTTGTGCACTTGCT ACGTTGGATGTTGAACACACACAGGGCCAG taaacACAGGGTTAAACCCATCA 2 

SNP_1177_709834 ACGTTGGATGGCTTTTATTGCCTGGCTGTG ACGTTGGATGGCAGATGTTTGTGGTGATGG TCTGAGGTCATTTTGCATAG 2 

SNP_1177_789215 ACGTTGGATGTTTCCTTGGCTGGCTTTTCC ACGTTGGATGTCAGCCCAGGGGCTGTTTGT tAGCAAACTCCCAGCCC 2 

SNP_1177_792512 ACGTTGGATGTCTGTCCAGTTGACTTCAGG ACGTTGGATGACAAGTCCGTTTGTCTCCTG ctGGGGAAATTGAGCAAAAAT 2 

SNP_1177_844822 ACGTTGGATGTCGGGCAGAGCTTTCTTTGG ACGTTGGATGGGGGAGGCAAAGTTTAATG TGCAAAAAGATCCAGGAC 2 

SNP_1177_847269 ACGTTGGATGGAGTGAATTCAGTAACAGCC ACGTTGGATGATACTGACCAGAAAGGGCAC AACAGCCTGGACTCC 2 

SNP_1177_847407 ACGTTGGATGTAGCTGTTGCCCAGTTTCTC ACGTTGGATGCCAGATCAGGTCTTTTGCAG accgCTGAAATACTCTGTTCAAGAT 2 

SNP_1177_857981 ACGTTGGATGTTTGTTTTATCCAGGTGGTC ACGTTGGATGGATATGACAGAACATGTTAGG CCAGGTGGTCTGTTAA 2 

SNP_1177_881445 ACGTTGGATGACCGCAGAAGCTCCAAGAG ACGTTGGATGCAAGGGATGTTCCTATTGGG gatcaAAGAGGGGAAACTGACATCAA 2 

SNP_1177_887565 ACGTTGGATGAGAGTTGCTGTCTTGCAGAG ACGTTGGATGGTACAACACTTTGGTGCAGG cagcGCTGCCTCACTCTCAGAGCAC 2 

SNP_1177_941444 ACGTTGGATGTCTGGGCAATTCAGTCACAC ACGTTGGATGCTCTGAAGCACAGCTTTCAC aatggGAGCGAGGAGCTTTTTTA 2 

SNP_1177_942725 ACGTTGGATGAGGGTTCTGTACCTAAAGGG ACGTTGGATGAAAGCTGCTGCTCCATCCAC ggacGGGTGAGAAAAAAGGAAA 2 

SNP_1177_1201618 ACGTTGGATGAGGTGAGTCAGGGAGGTGTC ACGTTGGATGTTGGATTGCCTTCTCCCACC GTGTCCCCAGCACGG 2 

SNP_1177_1247996 ACGTTGGATGGATGATGGCATGGGGCTGT ACGTTGGATGAGCAGCCTGGCACAGCGACT CCTGGCACTGTCCCAGTC 2 

SNP_1177_492556 ACGTTGGATGAATTCCACTGCTGTCTGCTG ACGTTGGATGTGAAGCATTACTTCCCCTCG cccTCTGCTGTTCAGTGGT 3 

SNP_1177_863706 ACGTTGGATGTTTCCACCTGGACACTGAAG ACGTTGGATGTTCCAGGCAAAGGGATGCAC gttGTGGTTTTGTAGCAGTG 3 

SNP_1177_866166 ACGTTGGATGTCCTCAAAAAGACCCTGAGC ACGTTGGATGTCCCACACAGAAAGAGGAAG ccccCCCTGAGCCAATCTGTG 3 

SNP_1177_876814 ACGTTGGATGTCACAAAACAGCCTCTGCTC ACGTTGGATGACGAATTCCAGGTCAGACAC GCTCTTTTTAAACAAGTCAAGA 3 

SNP_1177_879943 ACGTTGGATGAATCCTTTCCAGCAGGGAAC ACGTTGGATGACTGGAGTGCTCCTAAAAAC acGCACTTGCTAAGAAGGA 3 

SNP_1177_889283 ACGTTGGATGTCTCTCTTCATGCAGTGAGC ACGTTGGATGTGGTGACTCCTCTGCTGCC GCTCCAAGTCCACCT 3 

SNP_1177_948010 ACGTTGGATGCTGCCAAGATTGAACCTGTC ACGTTGGATGGAACTAAACTAAACCAGTGC CTAGCAATGCTTTTAAGACATT 3 

SNP_1177_1086244 ACGTTGGATGTTCCCCTGCTCTTTGATGTG ACGTTGGATGATTGGAGCTGGACACCCAC cgtgTGCCACTTTTAACAACTGGA 3 

SNP_1177_808823 ACGTTGGATGTCAATGTGTGTCTGGTTCCC ACGTTGGATGTCCTTGCTCTACCAGCAATG gggtGTTCCCAGAGGGCAG 4 

SNP_1177_832728 ACGTTGGATGGTGACCACAACTGGAAAAAG ACGTTGGATGTGAGCAGGGTTGTGTGTCC TCACTGTGAGGCCCA 4 

SNP_1177_945196 ACGTTGGATGGGCTTGAGGAAAGTTTGGTG ACGTTGGATGTCCACACTGGGCAAAATGTC AGTTTGGTGTACATTTCTTG 4 
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Table S8. Summary statistics of the de novo transcriptome assemblies. 

Species 
Number of 
raw readsa 

Number of 
reads after 
filteringb 

Total 
number of 

transcriptsc 

Length of the 
transcriptome 

Average 
transcript 

lenght 

Number 
unigenesd 

Complete 
BUSCOs 

(%) 

Fragmented 
BUSCOs 

(%) 

Missing 
BUSCOs 

(%) 

Canary 223,024,136 164,611,382 142,506 124,989,817 877.1 11,799 82.3 4.5 13.2 

European 
serin 

175,219,812 124,654,532 114,976 
96,677,225 

840.8 
11,500 

80.7 5.3 14.0 

House finch 243,911,878 177,582,318 155,321 121,745,585 783.8 11,779 82.2 4.7 13.1 
aMerged reads from one male and one female from each species. The individuals used were those in each sex with the higher number 
of reads. 

bEffective number of reads used for assembly after adpator trimming, quality filtering, error correction, and removal of rRNA. 

cAfter merging all sub-assemblies obtained from different assemblers and redudancy filtering using CD-HIT and EvidencialGene. 

dAfter scaffolding and filtering with TransPS. 
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Chapter VI – Discussion 

In this thesis, I used high-throughput sequencing to uncover molecular mechanisms underlying 

important traits in avian biology and evolution. I used domestic species (canary birds and 

pigeons) as a model, to increase our chances of finding genes causing extreme phenotypic 

variation due to strong artificial selection. I had a unique opportunity to find out which genes 

are responsible for the traits under study and also to provide insights into the evolutionary 

processes that created those traits. Detailed information on the genetic basis of these traits of 

high relevance (such as athletic performance or coloration) increases our knowledge on the 

links between genotype and these phenotypes. My overall goal was to answer four main 

questions: 

 Are the genetic basis of these traits simple or complex? 

 What is the identity of the genes involved? 

 What is the nature of the underlying mutations (coding versus regulatory variants)? 

 How did the genetic variants arise (selection on standing genetic variation, de novo 

mutation or introgression)? 

In each chapter, important insights into the genetic basis underlying traits of interest were 

found. In case of pigeons a strong selection process led to the extraordinary racing 

performance, through processes acting on standing genetic variation implicating multiple 

genes that contribute to navigation and performance phenotypes. For the white recessive 

canary, the function of SCARB1 was revealed, a new gene implicated in avian integument 

coloration. The mosaic and urucum canary phenotypes, surprisingly, are caused by the same 

gene (BCO2) but due to different types of mutations and evolutionary mechanisms: 

introgression from other species through human artificial selection (mosaic) versus de novo 

mutation that arose in the canary population (urucum).  
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Table 6.1. Summary of the results from presented studies. 

Model Racing pigeons White recessive canary Mosaid canary Urucum canary 

Chapter Chapter II Chapter III Chapter IV Chapter V 

Trait Athletic performance and 
orientation 

Carotenoid uptake Sexual dichromatism Ornamental bare-part 
coloration 

Genetic basis Complex Simple  Simple  Simple  

Genes involved Strongly polygenic SCARB1 BCO2 BCO2 

Mutation X Splice site mutation Regulatory Missense mutation 

Origin Standing genetic 
variation  

De novo Introgression De novo 

Associated phenotypes No, highlighting the 
difficulties of establishing 
direct links between 
phenotype and genotype 
using selective sweep 
mapping approaches 

Reduction of carotenoid 
uptake in the avian 
fibroblast cells, 
confirming that SCARB1 
form in white recessive 
canary is nonfunctional 
with respect to carotenoid 
transport 

Simple genetic and 
regulatory mechanisms 
can produce strongly 
dichromatic phenotypes, 
presumably explaining 
why dichromatism 
evolves rapidly in nature 

Degradation of 
carotenoids by BCO2 is a 
key mechanism 
determining the 
coloration of bare-parts 
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Simple versus complex genetic basis of traits 

Both wild and domestic animals exhibit outstanding phenotypic variation. The genetic basis of 

traits can be described as either complex (with many genes of small effect influencing the trait) 

or simple (one gene causing a specific phenotype). Many traits, especially quantitative ones, 

such as height, body mass and numerous diseases, are dependent on the contributions of 

multiple interacting loci. The outcome of complicated genetic interactions can be strongly 

influenced by other factors, such as environmental pressures or epigenetic mechanisms (e.g., 

gene methylation). Detailed understanding of polygenic traits has many important applications, 

such as clinical trials, disease screening and improved breeding of crops.  

In Chapter II I presented an attempt to characterize the genetic basis of athletic 

performance and orientation abilities in racing pigeons. Taking advantage of already publicly 

available data, and producing additional new sequencing for racing pigeons, I showed 

widespread signatures of selection across the pigeon genome. What sets apart racing pigeons 

from other breeds is not a single mutation or gene, but a combination of interactions between 

multiple loci. Interestingly, many of the variants present in racing pigeons are shared with other 

breeds, showing that at the beginning of the selection process many breeds were used for 

initial crosses. Finally, the strongest signature of selection lies in the promoter region of the 

gene CASK (calcium/calmodulin dependent serine protein kinase). This gene is a prime 

candidate for future follow-up work, given the importance of the CASK gene for creating 

neuromuscular junction in skeletal muscle (Sanford, Mays, & Rafael-Fortney, 2004) and its 

implication in brain development disorder in humans (Hayashi et al. 2008). 

Opposite to complex traits are Mendelian traits for which variation in a single gene 

explains the phenotype. On the one hand, similar phenotypic variation can be caused by a 

different genetic basis (Wlikens, 1971) in different populations, but on the other hand the same 

phenotype can be caused by the same gene across species. As demonstrated in this thesis in 

Chapter IV and Chapter V the same gene (in this case BCO2) can cause distinct phenotypes, 

through different types of mutation (missense versus regulatory). BCO2 has been implicated 

before in differences in carotenoid-based pigmentation in other species. Our study, together 

with previous literature, indicate that BCO2 regulation is an ancient and conserved mechanism 

of carotenoid processing in animals. Across vertebrates, the broad conservation of BCO2 at 

the amino acid level suggests that there is a limited number of mutations, which can occur in 

coding parts of BCO2 without total disruption of function and detrimental physiological effects. 

Rather, changes in the cis regulation of BCO2 expression are likely to be important 

mechanisms for the diversification of carotenoid-based colors in nature. Finally, the 

identification of the same gene, BCO2, in many different systems, including birds (Eriksson et 

al., 2008; Toews et al., 2016), reptiles (Andrade et al., 2019) and mammals (Våge & Boman, 
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2010), implies that even though there are many genes implicated in pigmentation, only a small 

fraction of them can be modified by mutations. Therefore, coloration evolutionary mechanisms 

seem to be quite limited and evolutionarily conserved. 

 

Selection on standing genetic variation, de novo mutations, or 

introgressed variants 

Many different mechanisms can generate phenotypic diversity. Natural and artificial selection 

are good examples of strong directional pressure towards better adapted (in nature) or more 

appreciated (in artificial system) phenotypes. First of all, standing genetic variation is a good 

source of genetic variants to create distinct phenotypes. If evolutionary forces impact already 

existing genetic variation, especially if directional selection is strong, then the response is 

expected to be rather quick. This process was likely key in the selection for the creation of 

racing pigeons, since these do not show a single diagnostic variant in our study. Selection on 

standing variation can be distinguished from de novo mutations by looking at the patterns of 

variation at the genomic level. Selective sweeps, acting on standing genetic variation, fix a 

beneficial mutation together with neighboring hitchhiking neutral variants, and can be 

characterized as either hard sweeps (single adaptive allele (Smith & Haigh, 1974)) or soft 

sweeps (multiple adaptive alleles (Hermisson & Pennings, 2005)). Overall, selective sweeps 

will affect the neighboring regions of the causal variant, reducing variability, increasing linkage 

disequilibrium and skewing allele frequencies (Smith & Haigh, 1974). Thus, selective sweep 

mapping has a great potential to identify genetic basis of important traits and in consequence 

answer long-standing evolutionary questions.  

Secondly, new traits can arise through spontaneous de novo mutation (like bare-part 

coloration in the urucum canary) or recombination of parental genetic material. Additionally, 

variants can be introgressed (such as sexual dichromatism in the mosaic canary) through 

hybridization occurring either naturally or with human intervention. Hybridization is much more 

common in nature than previously thought (Arnold, 2015) making introgression a powerful 

mechanism of acquiring novel traits. In the case of canaries, through many generations of 

backcrossing of siskin hybrids with canaries, breeders achieved the goal of creating a red 

canary, recognized as the first genetically modified bird (Birkhead, 2003). Introgression seems 

like an efficient shortcut for acquiring specific trait or adaptation (adaptive introgression) as 

many studies have recently documented (Andrade et al., 2019; Jones et al., 2018).  
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Protein coding mutations versus regulatory changes 

Historically, after the discovery of the structure of DNA most of genetic variation was assumed 

to be explained by protein coding mutations. Such mutations occur in the coding regions of a 

gene and can be classified either as synonymous (amino acid sequence remains the same) or 

non-synonymous (causing change in the amino acid sequence, hence, affecting the protein). 

Synonymous mutations were initially believed to have no significant functional impact but this 

view was challenged by the discovery of the phenomenon called “codon usage bias”, caused 

by unequal frequencies of synonymous codon occurrence (Plotkin & Kudla, 2011). Now it is 

known that synonymous mutations can affect gene expression and cellular function, 

influencing RNA processing to protein translation and protein folding (Plotkin & Kudla, 

2011). With growing number of evidence, it has become clear that protein-coding mutations 

can cause dramatic changes in phenotypes. For example, in the urucum canary protein coding 

mutations lead to a significant phenotypic change in the colouration of bare parts.  

There is growing evidence describing regulatory mutations as a mechanism underlying 

many traits, implying that they are much more common than previously thought. Actually, since 

many phenotypic changes can be caused by different gene expression patterns, the fine 

regulatory changes can play a central role in controlling phenotype (Carroll, 2005). Cis-

regulatory mutations occur in regulatory regions such as the promoter, enhancers, 5’ and 3’ 

untranslated regions or introns. Promoters are necessary to initiate basal levels of mRNA 

transcription in eukaryotes, so enhancers are suggested to play a greater role in the control of 

phenotypic divergence (Wittkopp & Kalay, 2012). The power of cis-regulatory mutations is 

caused by the fact that they can act on a very tissue specific level (e.g., in Chapter 5, in mosaic 

canaries, BCO2 acts specifically in the skin).Synonymous or non-synonymous mutations act 

on all cells where the protein is active, and therefore has much more global impact. In 

comparison with coding regions, cis-regulatory regions are less constrained and have fewer 

negative pleiotropic effects (Stern and Orgogozo 2008). Although recently number of research 

articles showing cis-regulatory basis of traits increased (eg. (Andrade et al., 2019)), protein 

coding mutations are easier to identify and characterize, so still the majority examples where 

traits have been mapped to the causal mutation level are protein-coding changes underlying 

specific traits. However, together with the development of advanced methods and 

accumulation of well-characterized genetic basis of traits, we will be able to discern in the 

future the main type of mutation driving phenotypic diversification. 
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Slow but gradual process of understanding the genetic basis of a given 

trait 

This work is a valuable addition to the growing list of studies leading to detailed 

understanding of the genetic basis of traits and their evolution. The accumulating knowledge 

on the genetic basis of traits is of great relevance for answering fundamental questions of 

general relevance in biology and evolution. Recently, colorful canary breeds have provided an 

outstanding model for studying the molecular basis of carotenoid-based coloration. Applying 

functional genomics methods, genes and their physiological importance for three distinct 

mechanisms of carotenoid-based coloration: carotenoid uptake (SCARB1), metabolism 

(CYP2J19) and degradation (BCO2) were uncovered. A question now is how has selection 

acted on these distinct mechanisms to generate the stunning diversity of carotenoid coloration 

in birds? Because these genes are involved in different physiological stages of color 

expression they are likely to vary and evolve in different ways. SCARB1 plays a central role in 

mediating carotenoid uptake, and as such is deeply involved in several physiological 

processes (e.g. cholesterol homeostasis), which might constrain its evolutionary lability as a 

mechanism of color variation. CYP2J19 is involved in the metabolic conversion of carotenoids 

and shifts from yellow to red, but cannot mediate the presence or absence of pigmentation. 

Finally, BCO2 is involved in carotenoid degradation, and our observations of the urucum 

canary suggest that regulation of this enzyme plays a central role in determining where 

carotenoid-based colors will be expressed. Carotenoids can circulate through the body and 

BCO2 regulation seem to be a key mechanism to create tissue- and patch-specific color 

variation, as shown in warblers (Toews et al., 2016) and lizards (Andrade et al., 2019). Notably, 

sexual dimorphism in birds, resulting from sexual selection, and one of the key drivers of avian 

evolution, is created through the differences in the carotenoid color expression between males 

and females. For example, drab females could evolve by up-regulating BCO2 in tissues that 

are brightly colored in males. 

 

Challenges 

Even though mapping genotypes to phenotypes is one of the long-standing goals in biology 

and medicine, it still faces many challenges. First, not all natural or artificial systems will be 

useful, depending on the study set up. To more effectively perform a study oriented on 

dissecting the genetic basis of traits, we need closely related populations (either different 

breeds or closely related species) that will display trait polymorphism, or that the trait is variable 

within species. That limits many studies in nature and makes domestic species an extremely 

powerful resource for this kind of studies. An additional benefit of studying domesticated 
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species is the frequent strong linkage disequilibrium, which facilitates detection of large-effect 

loci. In natural populations with high recombination rates, larger numbers of individuals are 

required to improve signal-noise ratios (Kardos, Husby, McFarlane, Qvarnström, & Ellegren, 

2016).. Hence, sample size is an important factor that needs to be considered when trying to 

look at genetic basis of traits in natural populations. Genetic variation across the genomes and 

populations is a product of many processes such as mutation, genetic drift, selection and gene 

flow (Luikart, England, Tallmon, Jordan, & Taberlet, 2003). Therefore, highly differentiated 

regions in the genome can be caused by selection but can be also a result of neutral processes 

such as demography and genetic drift. A careful control of population structure, demographic 

processes and other confounding factors is highly recommended. Animals/breeds are 

characterized by more than one trait, and they can be connected as well as some genes can 

have pleiotropic effects (for example, health disorders linked with color variation in urucum 

canary). One of the arising big challenges in the ongoing flood of genomic data (more and 

more genomes and resequencing data available) is the lack of enough computational power 

to analyze them. Progress in developing statistical and bioinformatics tools integrating and 

analyzing data from multiple ‘omics’ platforms (and their maintenance) is also crucial for the 

future of genomics. Data integration and visualization are not trivial steps towards more holistic 

and comprehensive understanding of complex datasets and networks of cellular components 

(e.g. RNA/protein/metabolite) and regulatory networks (Mochida & Shinozaki, 2010). Efficiency 

of algorithms in the underfunded software development is becoming an issue (Mangul, Martin, 

Eskin, & Blekhman, 2019). Finally, fundamental population genetics education and proficiency 

in bioinformatics in the next generation of scientists is highly needed, to have enough 

intellectual power to analyze genomic datasets.From experimental point of view, providing 

specific mutation in case of regulatory mutations remains not trival. But even sole phenotype-

genotype association does not answer questions about evolutionary importance of the trait. 

Having a gene implicated in the given traits is a huge advantage, since it opens up possibilities 

of designing experiments and testing the role and importance of the gene in the evolutionary 

context. But this type of studies still remain a big challenge. 

 

Perspectives 

Birds are one of the groups of animals with stunning phenotypic diversity, shaped by 

natural and artificial selection. With development in genomics it became feasible to start 

gaining insights into processes underlying this variety. These insights enable us to go beyond 

mere studies on very specific systems and place them in a broader evolutionary picture leading 

to better understanding of fascinating biology. We are currently in the golden age of genomics, 
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with growing number of available genomes, transcriptomes and other sequencing data for 

birds (Stiller & Zhang, 2019). Different sequencing techniques are available, that allow 

researchers to suit the dataset to the research needs. The cost of short read resequencing is 

decreasing, long-read technologies are emerging, and more and more good quality reference 

genomes are available. In the case of necessity of developing new good quality reference 

genomes, costs are decreasing and pace and ease are increasing. For resolving structural 

rearrangements long reads or targeted sequencing can be easily employed. 

With decreasing cost of next generation sequencing, more and more genomic data is 

produced. However, we should note that only characterization of genetic differentiation 

between two phenotypes is not sufficient to confirm causality of the gene. A bigger challenge 

for population genetics and functional genetics laboratories is designing and performing 

functional assays. It is harder for a single laboratory to perform all analyses and have access 

to all existing molecular biology techniques, hence this is a good opportunity for establishing 

meaningful interdisciplinary collaborations. Additionally, the field of comparative genomics is 

growing and providing us with exciting insights into evolution of traits. In addition to 

sequencing-only approaches, more holistic methods are being developed, and proteomics and 

metabolomics tools are getting more importance. Determining the function of the genes, the 

networks they are involved in, and the genome dynamics as a whole, remains a major 

challenge for modern genomic research. The combination of functional genomics and systems 

biology approaches seems to be a very promising avenue for determining the function of 

individual genes, pathways, networks and ultimately entire genomes. Recently, many new and 

very exciting methods, with a huge potential for the future of functional genomics have been 

developed. These include: ATAC-seq (open chromatin sequencing), single cell sequencing 

and transcriptomics, spatial transcriptomics and CRISPR (gene modifications and knockouts). 

They provide the basis for creative applications towards the comprehensive understanding of 

genetic basis of traits. 

First, ATAC-seq (Assay for Transposase Accessible Chromatin with high-throughput 

sequencing) is method to reveal chromatin accessibility at a genome-wide level (Buenrostro, 

Wu, Chang, & Greenleaf, 2015). It allows the assessment of the chromatin accessibility, crucial 

for gene expression regulation, and can give important insights into specific cis-regulatory 

mutations (Lu, Hofmeister, Vollmers, DuBois, & Schmitz, 2016). ATAC-seq produces reads 

from accessible regions that correspond to nucleosome positioning and transcription factor 

binding sites, due to probing hyperactive Tn5 transposase to DNA sequence (Sun, Miao, & 

Sun, 2019). The problematic side of ATAC-seq is that the produced data is quite noisy,. A 
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more selective approach based on specific population of cells of interest seem to be a plausible 

solution.  

Nowadays, there is growing interest and need for single cell based sequencing 

methods (Hwang, Lee, & Bang, 2018). Single cell approaches are especially important when 

the trait is generated by small population of rare cells, or when the signal is lost in traditional, 

bulk sequencing. It has a great potential for revealing cell populations complexity, uncover 

regulatory networks between genes, and track the development of distinct cell lineages. One 

of the challenges of single cell approaches is that tissues have to be enzymatically or 

mechanically disaggregated (Waise et al., 2019). This procedure causes loss of special 

information, excluding opportunity to access spatial organization through the tissue of single-

cell genomic and transcriptomic landscapes. 

To resolve the spatial dimension of cellular organization other pioneering technologies 

of sequencing with special resolution are being developed, such as spatial transcriptomics. It 

is a foundation towards a new field of spatially resolved omics, which encompasses integrative 

acquisition of genomic, transcriptomic, proteomic and possibly other “omics” data, while 

retaining positional information (Crosetto et al. 2015). The combination of imaging and high-

throughput sequencing technologies enables preservation of positional information. This 

means that we can access gene expression in different cells and tissues across space. This 

technique has a huge potential of revealing the spatial architecture of complex transcriptional 

networks, as well as contributing to the discovery of subcellular RNA localization patterns and 

the investigation of their functional implications (Crosetto et al., 2015.). In parallel, technologies 

for other ‘omics’ (e.g., proteomics); are leading the field of spatially resolved omics. The 

ultimate goal of all these efforts will be to produce a comprehensive systems-level portrait of 

thousands of different molecular states — including DNA sequence variation and copy number, 

DNA and chromatin modifications, 3D genome organization, RNA and protein abundance and 

modifications — at various locations within cells and tissues, bringing us closer to a systems-

level understanding of how complex multicellular organisms work though the coordinated 

action of millions of molecules simultaneously (Crosetto et al., 2015.). 

Finally, one of the top discoveries in recent years, is the development of CRISPR/Cas9 

(clustered regularly interspaced short palindromic repeats/CRISPR-associated protein) for 

targeted genome editing (Cong et al., 2013), considered a “game changing” technology. The 

ease and speed by which this approach is applied and modified as well as suited for different 

cells and organisms makes it extremely powerful tool for creating custom genetic changes and 

investigating the impact of them on the  development and function of the organism (Malina et 
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al., 2014). Technical modifications of CRISPR techniques and suiting it for specific organisms 

are advancing fast, excitingly including birds (Lee, Ma, & Lee, 2019; Oishi, Yoshii, Miyahara, 

Kagami, & Tagami, 2016), making it possible to confirm genotype-phenotype association and 

investigate the function and importance of the gene in avian system.  

Genomics is a fast developing branch of life sciences. Functional genomics and other 

developing methods hold huge potential for the analysis of genotype-phenotype relationships, 

thus elucidating the role of genes at the organismal level and, in consequence, an impact on 

our understanding of general biology and evolution. It is an exciting time to be a population 

genomicist! 
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