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‘An extensive survey of the organic world thus leads us to the 

conclusion that colour is by no means so unimportant or inconstant 

a character as at first sight it appears to be; and the more we examine 

it the more convinced we shall become that it must serve some 

purpose in nature, and that besides charming us by its diversity and 

beauty it must be well worthy of our attentive study, and have many 

secrets to unfold to us.’ 

(A. R. Wallace, 1877, p. 643) 
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RESUMO 

Os sinais de cor nos animais desempenham papéis cruciais em diversos sistemas de 

comunicação, sendo influenciados pela seleção natural e sexual. Desde as bases da produção 

de cor na pele até sua percepção pelos organismos, os sinais de cor resultam da interação de 

complexos mecanismos bióticos e abióticos que contribuem para a dinâmica evolutiva entre 

emissores e receptores. Espécies com coloração aposemática utilizam tons conspícuos como 

sinal de advertência para indicar a presença de defesas químicas, enquanto cores crípticas 

beneficiam-se da camuflagem com o ambiente. O aposematismo em anfíbios evoluiu 

independentemente em clados distantemente relacionados, muitas vezes associado ao hábito 

diurno e resultando em polimorfismo de cor intraespecífico. Os miniaturizados e aposemáticos 

sapinhos-pingo-de-ouro do gênero Brachycephalus, endêmicos da Mata Atlântica brasileira, 

também exibem cores vivas (laranja/amarelo), defesas químicas e atividade diurna. Contudo, a 

diferença de coloração entre as espécies tem sido utilizada como caractere diagnóstico para o 

reconhecimento de novas espécies. Neste estudo, focamos pela primeira vez na compreensão 

das relações genótipo-fenótipo em Brachycephalus. No primeiro capítulo, recuperamos a 

homoplasia do fenótipo dos sapinhos-pingo-de-ouro (coloração aposemática, provável presença 

de defesa química e corpo bufoniforme) utilizando uma análise filotranscriptômica. Também 

fornecemos evidências do polimorfismo de cor na espécie B. actaeus. No segundo capítulo, 

exploramos as bases genéticas da variação de cor em B. actaeus utilizando transcriptoma da 

pele para acessar genes diferentemente expressos. A coloração dos morfos, avaliada de uma 

perspectiva não humana, demonstrou a percepção do verde críptico ao laranja conspícuo. A 

histologia da pele caracterizou melanóforos e xantóforos, proporcionais à cor, ou seja, maior 

abundância de melanóforos foi encontrada no morfo verde. Nossos resultados indicam o papel 

poligênico, principalmente de genes relacionados à melanina, na regulação de cor em B. 

actaeus. No terceiro capítulo, investigamos a variação intraespecífica em B. actaeus, utilizando 

dados genômicos, fenotípicos e acústicos coletados ao longo de sua distribuição geográfica. Os 

resultados indicam fortes evidências de alta variação intraespecífica, possivelmente 

influenciada pelo aposematismo e miniaturização. Em conjunto, essas descobertas estabelecem 

uma base abrangente para explorar a diversidade de sinais de cor em Brachycephalus, 

demonstrando desafios significativos para compreender sua função e evolução. 

PALAVRAS CHAVE: Anfíbios, aposematismo, Mata Atlântica, polimorfismo de cor, 

sapinhos-pingo-de-ouro, variação intraespecífica 



 

 

ABSTRACT 

Animal color signals play crucial roles in diverse communication systems influenced by natural 

and sexual selection. From integumentary color production to the visual color perception, a 

complex interplay of biotic and abiotic mechanisms contributes to the evolutionary dynamics 

between signal senders and receivers. Aposematic species employ warning bright colors to 

signal the presence of chemical defences, while cryptic colors aid in environmental blending. 

Aposematism in amphibians has independently evolved across unrelated taxa, often associated 

with diurnal activity, and resulting in color polymorphism within a species. The miniaturized 

and aposematic pumpkin toadlets of the genus Brachycephalus, endemic of the Brazilian 

Atlantic Forest, also display bright colors (orange/yellow), chemical defences, and diurnal 

activity. However, color differences have been used as evolutionary divergence to describe new 

species. In this study, we focused for the first time to understand the genotype-phenotype 

relationships in Brachycephalus. In the first chapter, we recovered the homoplasy of pumpkin 

toadlet phenotype (aposematic coloration, likely presence of chemical defences, and body shape 

morphology) in the genus throughout phylotranscriptomic analysis. Also, we provided evidence 

of color polymorphism in B. actaeus by inclusion of different morphs. The second chapter 

explores the genetic basis of color variation in B. actaeus through skin transcription. Morph 

coloration, assessed from a non-human perspective, demonstrated cryptic green to conspicuous 

orange perception. Skin histology characterized melanophores and xanthophores, which were 

proportional related with the color i.e. a higher density of melanophores in the green morph. 

Our results shown that melanin-related genes were predominately associated with color 

variation in B. actaeus underlining the role of polygenic and diversity regulation of color in 

frogs. In the third chapter, we investigated intraspecific variation in B. actaeus using genomic, 

phenotypic, and acoustic data across its geographic distribution. The results strongly support 

high intraspecific variation, likely influenced by aposematism and miniaturization. Altogether, 

these findings establish a comprehensive foundation for exploring color signal diversity in 

Brachycephalus. The research carries challenging implications understanding the color 

function and evolution within this genus. 

KEYWORDS: Amphibians, aposematism, Atlantic Forest, color polymorphism, intraspecific 

variation, pumpkin toadlets 
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APRESENTAÇÃO E ORGANIZAÇÃO DA TESE 

A presente tese está fundamentada na caracterização do polimorfismo de cor nas 

espécies de sapinhos-pingo-de-ouro do gênero Brachycephalus, utilizando a espécie B. actaeus 

como modelo. O objetivo principal é compreender a relação genótipo-fenótipo nesses 

organismos. Os desdobramentos aqui evidenciados visam esclarecer os intrincados mecanismos 

subjacentes à variação de coloração no gênero. 

Este é o primeiro estudo a abordar a coloração conspícua como uma estratégia 

intraespecífica de sinal envolvida no polimorfismo de cor. Embora o enfoque principal tenha 

sido nas espécies do grupo de B. pernix, é crucial considerar essa perspectiva no contexto 

evolutivo bem como o potencial uso de estratégia aposemática, pouco estudada no gênero. O 

estudo incorpora métodos abrangentes que integraram abordagens genéticas, desde marcadores 

do DNA mitocondrial até RNAs transcritos, e diversas linhas de evidência dentro da taxonomia, 

proporcionando uma caracterização em nível genótipo-fenótipo. 

Os resultados fornecem uma perspectiva inédita do ponto de vista evolutivo, deixando 

questões em aberto sobre as pressões adaptativas que moldam a diversificação no uso dos sinais 

de cor nessas espécies conspícuas e miniaturizadas, bem como a provável presença de defesa 

química e putativo aposematismo. Além disso, Brachycephalus actaeus emerge como um 

potencial exemplo evolutivo onde o surgimento da coloração conspícua pode estar envolvida 

no aposematismo que vem sendo atrelado a espécies diurnas, quimicamente defendidas e 

polimórficas de anfíbios. 

O texto está estruturado da seguinte forma: 

i) A introdução geral contextualiza a coloração animal, fornecendo embasamento para 

a compreensão da evolução de espécies de anfíbios aposemáticas, diurnas e tóxicas. 

Em seguida, são brevemente apresentadas as razões que motivaram o estudo dos 

sinais de cor em Brachycephalus, direcionando aos objetivos principais desta tese. 

ii) O capítulo I, artigo já publicado (Lyra, Monteiro, et al. 2021), oferece uma visão das 

relações evolutivas entre as espécies dos principais clados de Brachycephalus spp. 

Além disso, fornece suporte para o polimorfismo de cor em B. actaeus por meio de 

uma abordagem filotranscriptômica. 

iii) O capítulo II, artigo submetido para publicação (Monteiro, et al. submetido para 

“Molecular Ecology: Special Issue Ecology of Gene Expression”), investiga as 
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bases genéticas envolvidas na variação de cor em B. actaeus por meio da análise da 

transcrição da pele. 

iv) O capítulo III, artigo em preparação, caracteriza a variação intraespecífica em B. 

actaeus utilizando sequenciamento de SNPs, bioacústica, osteologia e morfologia. 

v) Ao final, o texto inclui dois apêndices que representam trabalhos já publicados que 

contribuíram para a construção deste processo de doutoramento. Um dos trabalhos 

reconhece um novo morfo de cor para a espécie de dendrobatídeo Oophaga vicentei 

(Monteiro et al., 2023). O outro descreve uma nova espécie de Brachycephalus que 

ocorre na região metropolitana de São Paulo e arredores (Condez et al., 2021). 
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1 INTRODUÇÃO GERAL 

A função da coloração da pele nos animais está envolvida em diferentes processos 

evolutivos que podem estar relacionados à proteção física (termorregulação e proteção UV), 

sinalização inter e intraespecífica (seleção sexual e social) e/ou como estratégia para evitar a 

predação (camuflagem, mimetismo ou aposematismo) (Cuthill et al., 2017; Mappes et al., 2005; 

Poulton, 1890). A cor não é apenas um fenômeno físico produzido pela luz. A natureza da cor 

representa um sistema complexo de percepção da imagem que envolve a interação entre o 

ambiente, os filtros sensoriais e a arquitetura cognitiva do indivíduo (Bowmaker, 1998; 

Hubbard et al., 2010; Maia & White, 2018). Ao passo que a coloração é percebida e traduzida 

por um organismo, esta poderá implicar em uma resposta comportamental dentro de um sistema 

dinâmico de experiência, o qual influenciará na expressão e na evolução de exibições de quem 

envia e de quem recebe os sinais de cor (Hutton et al., 2015; Renoult et al., 2017). 

Os fenótipos de cor são, portanto, características evolutivas que definem a detecção e o 

reconhecimento dos organismos, consequentes da aptidão de certos padrões e tons que 

aumentam a sobrevivência e o sucesso reprodutivo favorecidos pela seleção natural e sexual 

(Briolat et al., 2019; Endler, 1980). Espécies com polimorfismo de cor são interessantes 

sistemas modelos, pois fornecem informações evolutivas valiosas sobre o significado 

adaptativo da coloração (Briolat et al., 2019; Caro, 2017). O polimorfismo em espécies é 

definido pela ocorrência de múltiplos morfos de cor dentro de uma população (Ford, 1940, 

1945; Meyer, 1963). É interessante notar que espécies polimórficas evoluíram 

independentemente e repetidamente em vários grupos taxonômicos, inclusive nos vertebrados, 

tais como peixes, anfíbios, répteis, aves e mamíferos (Briolat et al., 2019; Manceau et al., 2010; 

Stuart-Fox et al., 2021). 

Um exemplo clássico de pesquisa sobre polimorfismo de cor foi desenvolvido com os 

peixes guppies (Poecilia reticulata) na América Central. Este foi o primeiro estudo em 

populações naturais destacando as pressões da seleção sexual e de predação em um sistema de 

cor. Nesta espécie, machos com colorações chamativas são preferidos pelas fêmeas, mas são 

facilmente detectados pelos predadores (Endler, 1980). Por outro lado, se os machos 

apresentarem cores muito discretas, as fêmeas optam por outro parceiro. Portanto, a coloração 

dos machos é resultado de um equilíbrio entre a efetividade para atrair fêmeas e evitar a 

predação (Endler, 1987). 

Recentemente, o reconhecimento de espécies polimórficas tem sido ampliado pelo 

aumento de estudos nessa área, contribuindo para a interpretação da dinâmica da diversidade 
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de sinais de cor nos diferentes modelos evolutivos. Muitas espécies de lagartos, por exemplo, 

têm sido documentadas com polimorfismo de cor, principalmente na região da garganta (Stuart-

Fox et al., 2021). Em algumas espécies, o sinal de cor pode indicar o modo de vida do indivíduo, 

como se a cor fosse atrelada a um “pacote genético” que pré-define suas características. Esse 

interessante sistema é observado no lagarto-com-manchas-laterais (Uta stansburiana). Nessa 

espécie, os machos de garganta laranja garantem mais fêmeas por apresentarem incremento 

corporal, agressividade e níveis de testosterona elevados; os machos de garganta azul trabalham 

em conjunto com as fêmeas para a defesa de território; e os machos de garganta amarela se 

assemelham às fêmeas possibilitando a invasão de territórios de outros machos para busca de 

parceiras. Por outro lado, nas fêmeas as cores indicam o modo reprodutivo. Assim, fêmeas de 

garganta laranja são r-estrategistas (grande número de descendentes), enquanto as fêmeas de 

garganta amarela são k-estrategistas (menor número de descendentes com melhor fitness) (Corl 

et al., 2010; Stuart-Fox et al., 2021). 

Dentre as estratégias dos sinais de cor, a coloração críptica exibe cores que fazem 

referência ao ambiente, minimizando a detecção do indivíduo pelos potenciais predadores 

visualmente orientados. Inversamente, a coloração aposemática consiste em uma defesa 

primária na qual o predador é alertado pela exibição de uma cor conspícua, seguido de uma 

defesa secundária frequentemente associada à presença de defesas químicas, tornando a 

experiência do ataque desagradável para o predador (Rojas et al., 2015; Ruxton et al., 2018; 

Winters et al., 2021). Assim, a repetição de experiências negativas por parte dos predadores 

intensifica as pressões seletivas sobre os sinais de cor, de maneira geral, melhorando a aptidão 

individual da presa (Caro & Ruxton, 2019; Speed et al., 2010). 

Num contexto evolutivo, é interessante pensar sobre o surgimento do aposematismo. 

Uma vez que a coloração conspícua torna o indivíduo mais atrativo para os predadores, como 

os predadores evitariam esse sinal sem o conhecer? Há quase dois séculos cientistas tentam 

endereçar alternativas para esclarecer esse paradoxo (Briolat et al., 2019; Caro, 2023). 

Recentemente, Loeffler-Henry e colaboradores (2023) mapearam as relações evolutivas do 

aposematismo em anfíbios, oferecendo uma alternativa inovadora para esse fenômeno. Os 

resultados encontrados sugerem que os primeiros sinais aposemáticos surgiram na região 

ventral de espécies com dorso críptico. As espécies com manchas conspícuas no ventre, sejam 

elas quimicamente defendidas ou não, ou que apresentavam o ventre inteiramente conspícuo 

sem defesa química, foram precursoras do surgimento de um estado dorsal críptico e ventre 

completamente conspícuo, com defesa química. Ao longo da evolução, os predadores 
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aprenderam a evitar tais sinais, levando ao surgimento de formas completamente conspícuas. O 

aposematismo em anfíbios mostrou-se evolutivamente flexível, com transições de ida e volta 

das espécies entre estados crípticos e polimórficos (Loeffler-Henry et al., 2023). 

Quando a variação de cor é caracterizada pela presença de diferentes morfos de uma 

espécie selecionados localmente, ou seja, em cada localidade haverá um morfo distinto, é 

chamada de politipismo (Briolat et al., 2019; Mayr, 1963). Ambos, polimorfismo e politipismo 

de cor em espécies podem ser impulsionados pela presença de predadores heterogêneos, bem 

como a preferência de escolha de parceiros pelas fêmeas, promovendo uma rápida 

diversificação de estratégias de cores e padrões dentro de uma espécie ou grupo (Dreher et al., 

2015; Dreher & Pröhl, 2014; Noonan & Comeault, 2009). Além disso, alguns estudos sugerem 

que em algumas espécies a fixação de fenótipos pode ocorrer de modo randômico através de 

deriva genética (Chouteau & Angers, 2012). O politipismo vem sendo bastante estudado na 

biologia evolutiva porque oferece a oportunidade de comparar as pressões de seleção de uma 

perspectiva local sobre os distintos morfos de cor. 

Em anfíbios, as espécies aposemáticas evoluíram de forma independente diversas vezes 

em clados distantemente relacionados, implicando, geralmente, na coincidente relação com 

atividade diurna, presença de defesa química e simultânea ocorrência de polimorfismo e/ou 

politipismo (Emberts & Wiens, 2022; Wollenberg et al., 2008). Nesse sentido, as espécies do 

gênero Mantella na região de Madagascar, bem como os diversos sapos-venenosos da família 

Dendrobatidae na região Neotropical exemplificam a diversificação de sinais de cor nesse grupo 

(Wollenberg et al., 2008). Algumas espécies politípicas de dendrobatídeos, inclusive, são 

exemplos do uso múltiplo de estratégias de sinais de cor, apresentando um contínuo do críptico 

ao aposemático (Pröhl & Ostrowski, 2011; Willink et al., 2013). 

Embora os aspectos ecológicos envolvidos na variação de cor sejam relativamente 

conhecidos em anfíbios, as bases genéticas que influenciam a regulação das células 

tegumentares que conferem cor ainda são pouco compreendidas. As cores observadas na pele 

dos anfíbios são produzidas especialmente, mas não exclusivamente, por pigmentos ou 

nanoestruturas existentes em três tipos de células conhecidas como cromatóforos: xantóforos, 

iridóforos e melanóforos (Hashimoto et al., 2021). Esses cromatóforos estão organizados em 

camadas que interagem entre si na derme, formando a unidade de cromatóforos dérmicos 

(Bagnara et al., 1968). 

A composição de cada cromatóforo influencia a sensibilidade de absorção ou reflexão 

dos comprimentos de onda da luz, resultando na coloração da pele (Shawkey & D’Alba, 2017). 



18 

 

 

A camada de células próxima à epiderme é composta pelos xantóforos, que contêm pigmentos 

de carotenoides e pteridinas, produzindo cores que variam do amarelo ao vermelho (Andrade 

& Carneiro, 2021). Esses pigmentos são adquiridos a partir de fontes exógenas pela dieta. Na 

parte intermediária, os iridóforos possuem plaquetas de cristais de guanina que refletem a luz, 

e a variação em seu tamanho, forma, orientação e quantidade contribui para a coloração 

estrutural (Shawkey & D’Alba, 2017). Por fim, a camada mais profunda é formada pelos 

melanóforos, que contêm melanossomas com o pigmento melanina, esta responsável pelas 

cores escuras como marrom e preto (McNamara et al., 2021). 

As variações genéticas abrangem genes que desempenham papéis nas vias dos 

pigmentos e na coloração estrutural, contribuindo para a diversidade da cor da pele (Hoekstra 

& Nachman 2003; Hashimoto et al. 2021). Além do fator genético, os genes podem ser ativados 

ou desativados por estímulos ambientais – área conhecida como epigenética – acarretando 

também em mudanças fenotípicas (Angers et al., 2020). Portanto, compreender como a 

expressão gênica promove o polimorfismo nas diferentes espécies é fundamental para entender 

as vias metabólicas envolvidas na determinação da cor. 

O desenvolvimento de técnicas moleculares proporcionou avanços significativos em 

estudos genômicos e transcriptômicos relacionados aos mecanismos evolutivos associados à 

interação genótipo-fenótipo em anfíbios, especialmente nos dendrobatídeos (Kosch et al., 

2023). Nas espécies estudadas, um sistema poligênico complexo controla a variação de cor na 

pele (Rodríguez et al., 2020; Twomey et al., 2023). Por exemplo, na espécie polimórfica 

Ranitomeya sirensis, a variação entre os morfos vermelho e amarelo parece estar relacionada à 

expressão de um gene que codifica enzimas de carotenoides, além de uma possível mutação de 

perda de função no gene β-caroteno oxigenase 2 (bco2) (Twomey et al., 2020). Em contraste, 

Rodríguez et al. (2020) realizaram uma comparação entre morfos de cores azul, verde e 

vermelho na espécie Oophaga pumilio, destacando a influência de diversos genes, sobretudo 

aqueles relacionados à síntese de pteridinas, ao metabolismo de carotenoides e ao metabolismo 

das purinas (guanina). Evidências para a plasticidade da regulação gênica foram destacadas ao 

comparar espécies no modelo de mimetismo Mülleriano (veja explicação abaixo), onde R. 

imitator simula morfos de R. fantastica e R. variablilis (Stuckert et al., 2021). O estudo revelou 

que os padrões e colorações miméticas em R. imitator possuem um perfil de expressão gênica 

completamente diferentes das duas espécies modelo. 

Apesar de extensivos estudos disponíveis sobre a diversificação das espécies e dos 

múltiplos usos dos sinais de cor em dendrobatídeos, o status taxonômico de várias espécies é 



19 

 

 

um desafio devido ao elevado polimorfismo/politipismo somados a falta de caracteres 

morfológicos comumente usados na diagnose (Grant et al., 2017; Rojas, 2017; Stuckert & 

Summers, 2022). Por este motivo, existem muitas sinonímias de espécies que foram descritas 

com base na coloração e diagnoses falhas; novas espécies crípticas; e complexos de espécies 

(Brown et al. 2011; Grant et al. 2017; Pröhl e Ostrowski 2011). Portanto, uma taxonomia 

integrativa que una dados morfológicos, osteológicos, acústicos, moleculares e 

comportamentais é crucial para apoiar a determinação específica em espécies aposemáticas e 

polimórficas (Grant et al., 2017). 

Por exemplo, como citado anteriormente, em Ranitomeya, além da variação inter e 

intraespecífica, existe a espécie mimética R. imitator. O mimetismo Mülleriano é visto como 

uma forma de reforçar o sinal antipredatório, onde os mímicos vivem em sintopia com os 

modelos (Stuckert et al., 2021). Nessas espécies, muitas vezes os caracteres diagnósticos usados 

comumente na taxonomia (e.g. morfologia, osteologia) não variam abaixo do nível de gênero, 

ou são plásticos (e.g. coloração, morfologia), sendo necessários dados acústicos e genéticos 

para determinar as espécies (Brown et al., 2011; Grant et al., 2017). Por outro lado, no gênero 

Oophaga espécies diferentes podem apresentar coloração similar apesar de viverem em 

alopatria, como é o caso de O. arborea e O. vicentei, o que pode gerar identificação equivocada 

(Apêndice I; Monteiro et al., 2023). De fato, a variação na coloração e a carência de variação 

morfológica em diversos táxons implicam em ausência de resolução taxonômica, até mesmo 

em uma das espécies de anfíbios mais bem conhecidas como O. pumilio, que há anos tem sido 

recuperada como parafilética (Grant et al., 2017; Hagemann & Pröhl, 2007; Monteiro et al., 

2023). 

Endêmico da Mata Atlântica brasileira, o gênero Brachycephalus Fitzinger, 1826 tem 

despertado a atenção de pesquisadores devido a notável diversidade de cores conspícuas 

presentes nas espécies. Atualmente, são reconhecidas 41 espécies, popularmente nomeadas com 

base em suas características morfológicas distintas, das quais cinco são chamadas de sapo-pulga 

(B. didactylus, B. hermogenesi, B. pulex, B. puri e B. sulfuratus) e as demais 35 espécies são 

conhecidas como sapinhos-pingo-de-ouro (Frost, 2023). As espécies de Brachycephalus são 

diurnas, com raros registros de atividade noturna (Dorigo et al., 2012). A distribuição do gênero 

abrange desde o sul do estado da Bahia até o centro-leste de Santa Catarina. Todas as espécies 

são miniaturizadas (< 20 mm) e habitam a serrapilheira de florestas em estágio médio a 

avançado de regeneração, onde se reproduzem por desenvolvimento direto. Assim, os ovos 
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dependem da umidade da serrapilheira de onde eclodem sapinhos miniaturas de seus, já 

diminutos, progenitores (Hedges et al., 2008; Condez et al., 2020). 

Os sapos-pulga apresentam coloração geral do corpo marrom, com o formato do corpo 

leptodactiliforme e pernas longas (dos Reis et al., 2020), proporcionando agilidade para o salto. 

Essas espécies são encontradas em uma ampla variação altitudinal, desde o nível do mar até 

950 m acima do nível do mar [a.n.m.]. Já os sapinhos-pingo-de-ouro, possuem coloração 

inteiramente aposemática laranja/amarela, ou parcialmente aposemática, na qual a região dorsal 

é críptica e a ventral apresenta as cores laranja/amarela em manchas ou cobrindo todo o ventre 

(J. Monteiro, observação pessoal). O formato do corpo bufoniforme e as pernas curtas auxiliam 

na locomoção sob as folhas, mas resultam numa menor aptidão para saltos (dos Reis et al., 

2020). Os sapinhos-pingo-de-ouro são predominantemente encontrados em regiões elevadas 

das montanhas nas formações de Floresta Ombrófila Densa Sub-Montana, Montana, Alto-

Montana e nos enclaves de vegetação dos Campos de Altitude, entre 450 – 1800 m a.n.m.) 

(Bornschein et al., 2019; Condez et al., 2020), com exceção de B. actaeus que é encontrado 

também próximo ao nível do mar (Monteiro et al., 2018). Além disso, é notável destacar que os 

sapinhos-pingo-de-ouro são aposemáticos, diurnos e tóxicos (Chimetto Tonon et al., 2021; 

Lyra, Monteiro et al., 2021; Rebouças et al., 2019). 

As relações filogenéticas das espécies não apresentam correspondência com os nomes 

populares, uma vez que os sapinhos-pingo-de-ouro estão agrupados em dois grandes clados, 

cada um clado-irmão de diferentes espécies de sapos-pulga. Em outras palavras, não há 

monofiletismo nas denominações populares (Figura 1) (dos Reis et al. 2020; Lyra et al. 2021; 

Folly et al. 2021). A recente descoberta da espécie B. clarissae trouxe uma contribuição 

significativa para o gênero, pois a espécie possui características compartilhadas entre sapos-

pulga e sapinhos-pingo-de-ouro (Folly et al., 2022). 

O clado de sapinhos-pingo-de-ouro recuperado como irmão de B. clarissae agrupa 

espécies caracterizadas pela presença de hiperossificações no crânio e esqueleto, denominado 

de grupo de B. ephippium (14 espécies: B. alipioi, B. bufonoides, B. crispus, B. darkside, B. 

ephippium, B. garbeanus, B. guarani, B. ibitinga, B. margaritatus, B. nodoterga, B. pitanga, B. 

rotenbergae, B. toby e B. vertebralis), distribuídas desde o Espírito Santo até o sul de São Paulo 

(Folly et al., 2021; Lyra, Monteiro et al., 2021). Já no clado de sapinhos-pingo-de-ouro 

recuperado como irmão de B. sulfuratus, as espécies são caracterizadas pela ausência de 

hiperossificação e estão alocadas no grupo de B. pernix (20 espécies; B. actaeus, B. 

albolineatus, B. auroguttatus, B. boticario, B. brunneus, B. coloratus, B. curupira, B. 
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ferruginus, B. fuscolineatus, B. izecksohni, B. leopardus, B. mariaterezae, B. mirissimus, B. 

olivaceus, B. pernix, B. pombali, B. quiririensis, B. tabuleiro, B. tridactylus e B. verrucosus), 

distribuídas desde o sul de São Paulo até o centro-leste de Santa Catarina (Lyra, Monteiro et al., 

2021). Devido ao parafiletismo, é inadequado o uso de grupos de espécies para denominar os 

sapos-pulga e B. clarissae, esta última espécie irmã do grupo de B. ephippium (Folly et al., 

2022; Lyra, Monteiro et al., 2021; Monteiro et al., 2018). 

 
Figura 1. Esquema das relações filogenéticas para as espécies de Brachycephalus. Em amarelo 

e laranja, estão destacados os clados de sapinhos-pingo-de-ouro. 

A diversidade de coloração das espécies do grupo de B. pernix tem sido apontada como 

um caráter diagnóstico para o reconhecimento de novas espécies resultante de uma evolução 

rápida, influenciada pela natureza biogeográfica das espécies, geralmente restritas às encostas 

e aos topos de montanhas (Pie et al. 2018a, 2013). Na última década, 14 das 20 espécies desse 

grupo foram descritas na região sul (Frost, 2023; Figura 2). No entanto, a delimitação das 

espécies tornou-se complexa devido à carência de caracteres distintivos para identificação em 

nível taxonômico inferior ao grupo e posição filogenética variável em diferentes análises 

(Condez et al., 2017; Monteiro et al., 2018). Consequentemente, a base taxonômica frágil gera 

impacto negativo para o desenvolvimento de novos estudos e implica diretamente nas políticas 

de conservação desses organismos. 

Como exemplo, a espécie B. coloratus, é diferenciada das demais do grupo de B. pernix 

por apresentar três cores principais (vermelho pálido da cabeça até a região pélvica, verde 

amarelado na região lateral do corpo e coxas, e amarelo na parte ventral do corpo), enquanto as 

demais espécies apresentam uma ou duas cores (Ribeiro et al. 2017). Contudo, outras espécies 

como B. actaeus, B. auroguttatus, B. fuscolineatus, B. mariaterezae, B. pernix e B. tabuleiro 

apresentam três cores principais (veja Figura 2 e Mângia et al., 2023). Ou seja, a presença de 
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uma determinada quantidade de cores se tornou uma diagnose, mesmo estas não sendo 

comparáveis. Também, a semelhança de coloração em preservativo com B. pernix é destacada, 

mas a cor marrom escuro na lateral do corpo em B. coloratus comparada ao marrom claro em 

B. pernix foi utilizada exclusivamente como caráter diagnóstico entre as duas espécies (Ribeiro 

et al. 2017). 

 
Figura 2. Diversidade de espécies no grupo de Brachycephalus pernix. A) B. actaeus, B) B. 

albolineatus, C) B. auroguttatus, D) B. boticario, E) B. brunneus, F) B. curupira, G) B. 

ferruginus, H) B. fuscolineatus, I) B. izecksohni, J) B. leopardus, K) B. mariaterezae, L) B. 

mirissimus, M) B. olivaceus, N) B. pernix, O) B. pombali, P) B. quiririensis, Q) B. tridactylus 

e R) B. verrucosus. Créditos: Juliane Monteiro (A, D – O), Miguel Vences (B), Thais Condez 

(C, P – R). 
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Um exemplo adicional relevante refere-se à espécie B. mirissimus, cujas relações 

filogenéticas, conforme apresentadas em sua descrição, não sustentam as espécies do clado de 

B. albolineatus (B. albolineatus + B. boticario + B. fuscolineatus + B. mirissimus), que inclui a 

nova espécie (Pie et al., 2018b). Os autores não fornecem comentários específicos sobre essa 

observação, mas ressaltam a indistinção entre os cantos de B. mirissimus e B. albolineatus (Pie 

et al., 2018b). A ênfase na coloração como caráter distintivo foi empregada de maneira singular 

para separar essa espécie de todas as outras do grupo de B. pernix (Pie et al., 2018b). Assim, os 

exemplos supracitados ilustram a complexidade taxonômica e as lacunas na compreensão das 

relações entre as espécies do grupo de B. pernix. 

Uma nova perspectiva surgiu com a descoberta da espécie B. actaeus na região da Baia 

Babitonga, litoral nordeste de Santa Catarina. Sua ocorrência é conhecida em uma área 

relativamente pequena (~80 km2) entre os municípios de Garuva, Itapoá e São Francisco do 

Sul, em região continental e na ilha de São Francisco do Sul (Monteiro et al., 2018). Para 

delinear a área de ocorrência da espécie, foram realizadas amostragens em diversas localidades 

da região, principalmente na Serra do Saí, localizada na parte continental. O resultado foi o 

surpreendente encontro de distintos morfos de coloração, cada um em uma localidade 

específica, proporcionando uma oportunidade única para entender esse fenômeno em um 

contexto evolutivo (Monteiro, 2017). 

Ao avaliar o embasamento teórico acima, a hipótese da diversidade de espécies 

recentemente descritas no grupo de B. pernix sustentada pela diferença de coloração do corpo 

revela-se frágil. Além disso, a falta de clareza nas relações filogenéticas interespecíficas, 

conduzida pela inclusão de um terminal por espécie e, até mesmo, pela edição manual das 

sequências (exclusão de zonas hipervariáveis) (Firkowski, et al. 2016; Pie et al., 2018a, 2013), 

deixa em aberto as variações genéticas em nível de espécie. Por outro lado, o conhecimento 

empírico e teórico documentado sobre a evolução da coloração aposemática sugere amplamente 

a falta de estudos em Brachycephalus nessa temática. Nesse sentido, um trabalho que considere 

o pressuposto evolutivo, onde a coloração conspícua (aposemática?) em espécies diurnas e 

quimicamente defendidas pode resultar no polimorfismo de cor, é necessário para esclarecer o 

entendimento da função e evolução dos sinais de cor no gênero. 

 

1.1 Escolha do sistema modelo 

Nos últimos dez anos, a espécie B. actaeus tem sido objeto de estudo em sua área de 

ocorrência conhecida, emergindo como um modelo para as hipóteses testadas nos capítulos 



24 

 

 

subsequentes aqui tratados. A espécie exibe uma notável variação de cores, desde o verde 

críptico ao laranja aposemático. Ao longo da distribuição, foram encontrados quatro morfos 

caracterizados como: i) verde, predominante na região dorsal e lateral do corpo, com manchas 

em tom laranja na região ventral; ii) marrom, dominante na região dorsal, com variação entre 

marrom e laranja na lateral, e região ventral totalmente laranja; iii) laranja, dominante em todo 

corpo com uma faixa vertebral branca na região dorsal; e iv) cinza, (tons acinzentados branco, 

marrom e verde variáveis) nas regiões dorsal e lateral, e totalmente laranja na região ventral. 

Notavelmente, o morfo verde é o único com ampla distribuição (Figura 3). 

 
Figura 3. Mapa de distribuição da espécie Brachycephalus actaeus na região nordeste de Santa 

Catarina. Na região continental está situada a Serra do Saí (área esquemática em rosa). A 

coloração dorsal de cada morfo está referenciada na legenda. Abreviações: BFb, Bom Futuro 

marrom; BFg, Bom Futuro verde; BNb, Braço do Norte marrom; BNg, Braço do Norte verde; 

CAG, Morro Cantagalo; CAS, Casarão Backmeyer; CEPA, Centro de Estudos e Pesquisas 

Ambientais Vila da Glória da Universidade da Região de Joinville; MOG, Fazenda Morro 

Grande; SAI, Estrada do Saí; e SPA, Morro da Palha. 
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1.2 Observações naturalísticas sobre Brachycephalus actaeus 

Ao longo dos anos de coleta, foram realizadas observações naturalísticas intrínsecas 

tanto sobre a espécies em questão quanto em relação as espécies correlatas. Assim como as 

demais espécies do grupo de B. pernix, a coleta de espécimes de B. actaeus apresenta certo grau 

de dificuldade devido ao hábito de vida sob a serrapilheira, sendo raramente avistado sobre o 

folhiço. Além disso, o acesso aos locais de coleta, em sua maioria, requer deslocamentos por 

trilhas a pé. Portanto, estes fatores dificultam a aplicação de estudos ecológicos e 

comportamentais das espécies. 

A atividade acústica é sempre diurna, sendo mais intensa no início da manhã e no final 

do dia, cessando durante a noite. Nas horas mais quentes do dia, não há atividade. Em condições 

ideais, o canto de anúncio é emitido em sequência por cerca de um minuto; o macho cessa e 

retorna a cantar cerca de cinco minutos depois. Em dias muito quentes (> 28°C), os machos 

diminuem a atividade, emitindo poucos cantos em intervalos esporádicos. Contudo, em dias 

chuvosos e com clima ameno (18 – 22°C), é possível observar atividade ao longo do dia, embora 

com menor intensidade durante o meio-dia. Devido a influência da temperatura e umidade na 

taxa de emissão do canto de anúncio, quando analisado como um conjunto de notas sequenciais 

a cada intervalo de emissão, os resultados podem enviesar a interpretação da variação 

interespecífica. Logo, justifica-se considerar como uma sequência de cantos ao longo da 

emissão, acrescendo assim maior acesso à variação intraespecífica (e. g., Monteiro et al., 2018). 

O canto de anúncio de B. actaeus, semelhante ao estridular de um inseto, integra a 

paisagem sonora, sendo necessário possuir ouvidos experientes para guiar-se pelo som, pois é 

a maneira mais eficaz de localizar os indivíduos. Ao ser direcionado ao local do canto, é preciso 

vasculhar a biodiversidade do folhiço, removendo folha a folha. O morfo verde críptico faz jus 

a sua estratégia de coloração, sendo o de mais difícil encontro. Já o morfo laranja, aposemático, 

não apresenta tal grau de dificuldade, sendo avistado mais facilmente. Os indivíduos foram 

observados, em algumas ocasiões, encolhendo-se e rolando por entre as folhas, assemelhando-

se a uma semente. Essa estratégia é particularmente eficaz para indivíduos com colorações 

crípticas. Indivíduos juvenis não apresentam a cor dos adultos, sendo predominantemente 

marrons. Os distintos morfos de cor não foram observados em sintopia e não houve variação 

temporal de cor nas localidades. 

Dentre os ambientes amostrados, B. actaeus não foi encontrado em áreas alteradas ou 

próximo às bordas de mata, demonstrando a sensibilidade da espécie à fragmentação e perda 

de habitat. Cabe aqui deixar documentada uma curiosa observação. Para acessar o Morro 
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Cantagalo, área de ocorrência do morfo laranja na região continental de São Francisco do Sul, 

era necessário atravessar um antigo plantio de Pinus sp. até alcançar o início da trilha na floresta 

nativa. Os indivíduos eram encontrados cerca de 1 km trilha adentro. Nos anos de 2015 e 2016, 

o plantio foi removido, permitindo uma rápida regeneração natural devido à proximidade da 

mata preservada circundante. Nos anos de 2020 e 2021, os indivíduos foram encontrados em 

menos de 100 m a partir do início da trilha na floresta nativa. Embora essa informação anedótica 

não tenha critério científico, ela destaca a potencial capacidade de dispersão/ocupação da 

espécie em condições microclimáticas favoráveis, sugerindo uma questão a ser investigada em 

futuras pesquisas. 
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2 OBJETIVOS 

O objetivo geral desse trabalho foi aprofundar o conhecimento sobre a variação 

intraespecífica em nível genótipo-fenotípico utilizando a espécie Brachycephalus actaeus como 

modelo. Buscamos, assim, construir um cenário mais claro para o entendimento da evolução da 

coloração em espécies com coloração conspícua e miniaturizadas do gênero Brachycephalus. 

Os objetivos específicos do projeto incluem: 

(i) Avaliar a evolução da coloração no gênero Brachycephalus em um contexto 

filogenético. 

 

Hipótese: As colorações aposemáticas são homoplásticas no gênero e podem 

ser utilizadas para diferenciar as espécies. 

 

(ii) Explorar os mecanismos genéticos que poderiam explicar a variação da 

diversidade de cores em Brachycephalus actaeus. 

 

Hipótese: Genes relacionados à síntese de melanina regulam cores escuras, 

enquanto genes envolvidos nos pigmentos de carotenoides e pteridinas estão 

associados à cor laranja. 

 

(iii) Testar possíveis implicações ecológicas para a variação de cor intraespecífica. 

 

Hipótese: Se o contínuo de coloração, do críptico ao aposemático, em 

Brachycephalus actaeus define estratégias de sinais, estas devem ser percebidas 

por potenciais predadores. 

 

(iv) Analisar e caracterizar a diversidade genética e a estrutura de populações de 

Brachycephalus actaeus ao longo da atual distribuição geográfica. 

 

Hipótese: Os diferentes morfos de cor são populações geneticamente 

estruturadas. 

 

(v) Avaliar o uso de caracteres padrões em descrição de espécies em 

Brachycephalus actaeus. 

 

Hipótese: Caracteres morfológicos, bioacústicos e moleculares serão 

conservados em Brachycephalus actaeus ao longo de sua distribuição. 
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“Confirmação filotranscriptômica inicial da evolução homoplástica da coloração 

conspícua e morfologia bufoniforme de sapos-abóbora do gênero Brachycephalus” 

 

Resumo 

O gênero Brachycephalus é um grupo de anuros miniaturizados da Mata Atlântica brasileira, 

compreendendo os conspícuos sapinhos-pingo-de-ouro e os discretos sapos-pulga. Sabe-se que 

os sapinhos-pingo-de-ouro contêm defesas químicas e, portanto, suas cores vibrantes podem 

desempenhar uma função aposemática. Estudos anteriores, baseados em um número limitado 

de marcadores mitocondriais e nucleares, sustentaram a existência de dois clados contendo 

espécies com fenótipo de sapinho-pingo-de-ouro, mas os nós profundos da árvore filogenética 

permaneceram amplamente sem resolução ou em conflito entre os conjuntos de dados. 

Utilizamos novos dados de RNAseq de 17 indivíduos de nove espécies de Brachycephalus para 

inferir suas relações evolutivas a partir de uma perspectiva filogenômica. Análises de quase 

5300 genes codificadores de proteínas ortólogas nucleares e genomas mitocondriais completos 

confirmaram a existência de dois clados separados de sapinho-pingo-de-ouro, sugerindo a 

evolução convergente (ou múltiplas reversões) da morfologia bufoniforme, coloração 

conspícua e provavelmente toxicidade. Além disso, três espécies (B. hermogenesi, B. pitanga e 

B. rotenbergae) exibem translocações mitocondriais de diferentes tRNAs (NCY e CYA) do 

agrupamento WANCY de tRNAs para uma posição entre os genes ATP6 e COIII, demonstrando 

uma nova disposição para vertebrados. A filogenia recentemente esclarecida sugere que o 

gênero Brachycephalus tem potencial de se tornar um táxon modelo promissor para entender a 

evolução da coloração, plano corporal e toxicidade. Dado que as informações sobre toxicidade 

estão disponíveis apenas para algumas espécies de Brachycephalus, sem dados para qualquer 

espécie de sapo-pulga, também enfatizamos a necessidade de uma investigação mais ampla da 

toxicidade das espécies, juntamente com estudos mais aprofundados sobre funcionalidade e 

ecologia de seus fenótipos. 

https://doi.org/10.3390/toxins13110816
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CAPÍTULO II 

 

Monteiro, J. P. C., Pröhl, H., Lyra, M. L., Brunetti, A. E., Nardin, E. C., Condez, T. H., 

Haddad, C. F. B., & Rodríguez, A. Expression patterns of melanin-related genes are linked to 

crypsis and aposematism in a pumpkin toadlet. Submitted to Molecular Ecology. 

 

“Padrões de expressão gênica relacionados à melanina estão ligados à crípse e ao 

aposematismo em um sapinho-pingo-de-ouro” 

 

Resumo 

Sinais de cor desempenham papéis fundamentais em diferentes sistemas de comunicação e a 

evolução desses caracteres tem sido associada à ecologia comportamental, aos processos de 

produção tegumentar e aos mecanismos perceptivos das espécies envolvidas. Um exemplo 

notável é a coloração aposemática, ou seja, sinais de advertência, que em anfíbios tem sido 

predominantemente estudada em sapos-venenosos. Aqui, apresentamos as primeiras 

informações sobre a base molecular e histológica do polimorfismo de cor dentro de uma espécie 

miniaturizada de sapinho-pingo-de-ouro (Brachycephalidae), representando potencialmente o 

menor limiar de tamanho para aposematismo em tetrápodes. Brachycephalus actaeus exibe 

coloração dorsal que varia do verde críptico ao laranja aposemático e nossas descobertas 

sugerem que os morfos de cor diferem em sua visibilidade para potenciais predadores. O perfil 

de expressão dos genes relacionados à coloração foi predominantemente associado à síntese de 

melanina (incluindo dct, edn1, mlana, oca2, pmel, slc24a5, tyrp1 e wnt9a). Além disso, a 

distribuição e abundância de cromatóforos são variáveis nos diferentes morfos de cor. A 

regulação positiva de genes de melanina em peles cinza, verde e marrom estava associada a 

uma maior abundância de melanóforos do que em peles laranja, onde predominam xantóforos. 

Ao examinar os mecanismos moleculares subjacentes à variação de cor na pele dentro da 

espécie, nossos resultados fornecem uma base significativa para comparar e compreender o 

significado adaptativo de sinais de cor em animais.  
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Abstract 

Color signals play pivotal roles in different communication systems, and the evolution 

of these characters has been associated with behavioral ecology, integumentary 

production processes, and perceptual mechanisms of the species involved. Here, we 

present the first insight into the molecular and histological basis of skin color 

polymorphism within a miniaturized species of pumpkin toadlet, potentially 

representing the lowest size threshold for color polytypism in tetrapods. Brachycephalus 

actaeus exhibits a coloration ranging from cryptic green to conspicuous orange skin, 

and our findings suggest that color morphs differ in their capability to be detected by 

potential predators. We also found that the distribution and abundance of 

chromatophores are variable in the different color morphs. The expression pattern of 

coloration-related genes was predominantly associated with melanin synthesis 

(including dct, edn1, mlana, oca2, pmel, slc24a5, tyrp1, and wnt9a). Up-regulation of 

melanin genes in gray, green, and brown skin was associated with higher melanophore 

abundance than in orange skin, where xanthophores predominate. Our findings provide 

a significant foundation for comparing and understanding the diverse pathways that 

contribute to the evolution of pigment production in the skin of amphibians. 

 

KEYWORDS 

Anura; Brachycephalus, color polymorphism, gene expression, skin chromatophores, 

visual modeling 

 

1 | INTRODUCTION 

Coloration in animals is involved in different evolutionary functions related to physical 

protection (e.g., thermoregulation and UV protection), inter and intraspecific signaling 

(e.g., sexual and social selection), and/or as a strategy to avoid predation (e.g., 

camouflage, mimicry, or aposematism) (Hutton et al., 2015; Rojas, 2017; Ruxton et al., 
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2018). Color is a physical phenomenon and emerges from the intricate interplay 

between the reflection of light from the skin, scales, feathers, or hairs of the bearer, as 

well as the sensory receptors and the cognitive architecture of the observer (Maia et al., 

2019; Osorio & Vorobyev, 2008; Renoult et al., 2017). Understanding the diversity of 

color phenotypes provides valuable insights into the adaptive significance of coloration 

and the complex mechanisms driving biodiversity in the natural world (Briolat et al., 

2019; Caro, 2017; Emberts & Wiens, 2022). However, while ecological functions of 

coloration in animals have been studied for over a century (Caro, 2017; Müller, 1879), 

the molecular and structural bases of color determination are less known (Hashimoto et 

al., 2021; Shawkey & D’Alba, 2017). 

Amphibians are one of the most diverse classes of vertebrates, with an 

extraordinary diversity of colors at inter- and intraspecific levels (Rojas, 2017), though 

this diversity has been addressed only recently and for a few species’ groups (Rojas, 

2017). Within anurans, studies of color variation were centered on poison frogs (Anura: 

Dendrobatidae), which exhibit classical color variability within species, from color 

polymorphism (within populations) to polytypism (between populations) (e.g., Brusa et 

al., 2013; Rojas et al., 2019; Twomey et al., 2020). Studies employing genomic 

approaches showed that color variation in poison frogs is controlled by multiple genes 

(Stuckert et al., 2019; Rodríguez et al., 2020). In addition, they demonstrated that 

various pathways like carotenoid processing (Rodríguez et al., 2020; Twomey et al., 

2020), melanin synthesis (Posso-Terranova & Andrés, 2017; Stuckert et al., 2019), 

pteridine synthesis (Rodríguez et al., 2020), as well as the genes involved in structural 

coloration and pigment cell development (Stuckert et al., 2019), have a significant 

contribution to skin color variation. Nevertheless, similar phenotypes in closely related 

species may exhibit divergent mechanisms of color production (Twomey et al., 2023). 

Concerning the structural bases of color variation, amphibians attain this 

variability by combining complex structural and pigmentary cell components. Bagnara 

et al. (1968) identified three cell components as the main ones responsible for 

amphibian coloration and defined it as the “dermal chromatophore unit.” In this 

arrangement, the layer closest to the epidermis consists of xanthophores containing 

carotenoid and pteridine pigments reflecting from yellow to red hues. The middle layer 

comprises iridophores containing reflective purine (e.g., guanine) crystal platelets that 

contribute to structural colors. The deepest layer consists of melanophores, which have 

melanosomes with melanin pigments absorbing light across a broad spectrum, 
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producing dark colors (Andrade & Carneiro, 2021; McNamara et al., 2021; Shawkey & 

D’Alba, 2017). However, this cellular structural arrangement is not observed in several 

species, like those with vibrant green colors lacking melanophores (Taboada et al., 

2020). Color differences among body regions within the same individual can also be 

explained by the presence of only xanthophores and/or iridophores (Frost & Robinson, 

1984; Kinderman & Hero, 2006) or pigment variation within xanthophores and platelets 

morphology in iridophores (e.g., Twomey et al., 2020). Although the link between 

genetic and morphological data might seem obvious, studies correlating these two 

sources of evidence are rare (Posso-Terranova & Andrés, 2017). 

Recent advances in genomics have enabled several investigations of 

evolutionary mechanisms associated with genotype-phenotype interaction in non-model 

species (Andrade et al., 2022; Goutte et al., 2022; San-Jose & Roulin, 2017). The direct-

developed species of the genus Brachycephalus (Anura: Brachycephalidae) are 

miniaturized amphibians with ground-dwelling and daily activity, endemic to the 

Brazilian Atlantic Forest (dos Reis et al., 2020). Species in this genus have a wide range 

of skin color variation, from bright yellow/orange (the pumpkin toadlets, N = 36) to 

dark brown species (the flea toads, N = 5) (Condez et al., 2020; Frost, 2024; Lyra et al., 

2021). The evolution of bright coloration in pumpkin toadlets seems to be related to 

body plan (bufoniform) and the presence of tetrodotoxin, a potent neurotoxin 

(Chimetto-Tonon et al., 2021; Hanifin, 2010; Pires et al., 2005). Because of this color-

toxin association, pumpkin toadlets are assumed to have aposematic antipredator 

strategies, though experimental evidence testing this inference is rare (Rebouças et al., 

2019). 

The pumpkin toadlet Brachycephalus actaeus has a restricted and relatively 

small distribution range of approximately 80 km2, inhabiting pristine forests in the 

northeastern Brazilian state of Santa Catarina (Monteiro et al., 2018). The populations 

of this species present intriguing color polytypism (Lyra et al., 2021; Monteiro et al., 

2018), with at least four distinct color morphs: brown, gray, green, and orange 

(Monteiro, J.P.C. pers. obs.). It is the unique species in the genus known to have such 

intraspecific color variation. By using a population dataset from this species, we first 

tested if a potential bird predator can perceive the distinct color morphs of B. actaeus. 

Second, we characterized the skin histology from the different color morphs. Finally, we 

used comparative transcriptomic analyses from the skin to identify candidate coloration-

related genes in the different color morphs. Our results represent the first step to 
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understanding color polytypism in Brachycephalus. They significantly contribute to 

testing hypotheses regarding color divergence, its ecological significance, and the 

underlying molecular mechanisms in amphibians. 

 

2 | MATERIAL AND METHODS 

2.1 | Field sampling and procedures 

We conducted fieldwork from 01 to 08 October 2021 at six geographic localities across 

the known distribution range of B. actaeus in the northeastern state of Santa Catarina, 

Brazil. We sampled at least five individuals per locality, totaling 39 collected specimens 

covering all color morphs (Table S1). The localities are in the two municipalities: Itapoá 

(Alto Braço do Norte [BNb; brown morph]; and Baixo Braço do Norte [BNg; green 

morph]); São Francisco do Sul at the Distrito do Saí (Casarão [CAS; gray morph]; 

Morro do Cantagalo [CAG; orange morph]; and Vila da Glória [GLO; green morph]); 

and at São Francisco do Sul Island (Serra da Palha [SPA; green morph]). At all sampling 

localities, the air humidity was around 90–100%, and the temperature range was 18–

22°C. 

The collected specimens were euthanized by cutaneous anesthetic overdose (5% 

lidocaine). Immediately afterward, we skinned the specimens, resected them, and 

divided the skin into sagittal halves. One-half of the skin was stored in RNAlater for 

RNAseq analyses at -80°C until the RNA extraction and the other half was used in 

histological analyses (see below). All samples were collected in compliance with the 

Ethic Committee of the São Paulo State University, Rio Claro, São Paulo, Brazil 

(UNESP; protocols #02/19), under the research permit issued by the Sistema de 

Autorização e Informação em Biodiversidade from Instituto Chico Mendes de 

Conservação da Biodiversidade - Ministério do Meio Ambiente, Brazil (SISBIO 

#63104-4). We also registered access to genetic information on the National System for 

the Management of Genetic Heritage and Associated Traditional Knowledge (SISGen 

#A91405E). Voucher specimens were deposited in the Célio F. B. Haddad (CFBH) 

Amphibian Collection, housed at the Departamento de Biodiversidade, Instituto de 

Biociências, UNESP, Rio Claro, São Paulo, Brazil. 

 

2.2 | Color morph classification and bird visual modeling 

To classify B. actaeus individuals according to color morph, we first tested whether they 

could be perceived by potential predators as four distinct colors in the same way as we 
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do. While specific predators of B. actaeus and also from other Brachycephalus species 

remain unknown, there is a rare record of a tinamou bird (Palaeognathae: Tinamidae, 

Tinamus solitarius) preying on B. ephippium (Carvalho, 1940), and an experimental test 

of Brachycephalus’ aposematic role under chicken predation (Rebouças et al., 2019). 

Considering that and given that birds are considered significant predators of Neotropical 

poison frogs (Casas-Cardona et al., 2018; Dreher et al., 2015; Willink et al., 2014), we 

choose the visual system of the peafowl (Neognathae: Phasianidae, Pavo cristatus), a 

ground feeder bird, as a model for testing the perception of a potential predator. 

Galliforms (peafowl and chicken) and tinamou birds lack ultraviolet sensitivity (Write 

& Bowmaker, 2001) and were assumed to represent the best available model for our 

dataset. 

Briefly, we captured RAW format images of the 39 toadlets and the natural 

backgrounds using neutral reflectance grayscale within the human visible spectrum, 

(400–700 nm). The camera’s sensitivity in the red, blue, and green (RGB) channels was 

determined and calibrated to generate a cone catch model for the visual system of the 

peafowl under daylight D65 illuminant. Next, multispectral images (mspec) were 

created from toadlets and backgrounds. Finally, we obtained the photon catches from 

short-wave-sensitive (SWS; blue), medium-wave-sensitive (MWS; green), long-wave 

sensitive (LWS; red), and double cones (DC) receptors in the bird’s retina. We used 

micaToolbox v.2.2.2 (Troscianko & Stevens, 2015) in ImageJ v1.52k (Schneider et al., 

2012) for all steps of image calibration.  

For color morph classification, we utilized the peafowl photon catch sensitivities 

from both dorsal and lateral images of B. actaeus individuals (eight variables; see 

Supplementary Material). These data were employed to investigate overall variation and 

categorize individuals into discrete color morph categories. Three non-correlated 

variables (Pearson’s r > 0.7), SWS and MWS from lateral and LWS from dorsal images 

were used as input for Gaussian mixture modeling using mclust version 6.0.0 (Fraley et 

al., 2012) in R 4.1.2 (R Core Team, 2021). Multiple models were run with k = 1–10 

clusters in the data and 999 bootstrap replicates, combining the data's orientation, 

volume, and shape (Fraley et al., 2012). The best-fit model was determined using the 

Bayesian Information Criterion (BIC). Finally, we performed the receptor noise-limited 

bird visual model (Vorobyev & Osorio, 1998) to quantify and compare perceptual 

differences among B. actaeus morphs.  
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Supplementary Material provides detailed information on macro photography 

procedures, camera calibration, image processing, and visual modeling. 

 

2.3 | Structural and ultrastructural analyses of the skin 

The dorsal and ventral skin of B. actaeus from 12 individuals (two individuals per 

locality) were processed and examined (Table S1). Detailed methods of skin preparation 

are given in supplementary materials. To analyze the skin structure, preparations of 

semithin (for Light Microscopy, LM) and ultrathin (for Transmission Electron 

Microscopy, TEM) were performed at the Multiuser Laboratory of Electronic 

Microscopy of the University of São Paulo (Faculdade de Medicina de Ribeirão Preto, 

Ribeirão Preto, São Paulo, Brazil). The semithin preparations were examined under an 

Olympus BX51 light microscope coupled to a DP71 digital camera using a 

magnification strength of 60x and 100x to capture images with a resolution of 432 dpi. 

The ultrathin sections were observed with a JEOL JEM 100CXII transmission electron 

microscope at 80 kV acceleration voltage. Contrast and brightness were adjusted using 

the equipment software. 

We used LM images to describe the skin layers (i.e., epidermis, dermal stratum 

spongiosum and compactum, and calcified layer) following Brunetti et al. (2016) and 

Toledo & Jared (1992). We measured the thickness of layers using the image analysis in 

Fiji version 2.9.0 (Schindelin et al., 2012). To obtain the average skin thickness, we took 

three calibrated measurements per layer (anterior, medial, and posterior sections) for 

each sample, measuring two replicates per sample. 

We used semithin LM and TEM images to characterize chromatophores. We 

followed Bagnara et al. (1968) and Frost & Robinson (1984) to identify intracellular 

pterinosome and carotenoid vesicles and melanosomes from xanthophores and 

melanophores, respectively. We quantified the chromatophores of semithin samples 

using the Trainable Weka Segmentation plugin version 3.0 (Weka; Arganda-Carreras et 

al., 2017) in Fiji version 2.9.0 (Schindelin et al., 2012). First, we manually picked the 

chromatophore layer to measure the total area. Next, we trained the algorithm using 

Weka, selecting similar pixels corresponding to the attributes background, melanosome, 

and xanthophore, including a minimum of 20 ROI sets for each class. Finally, we create 

a mask to measure the coverage of the melanosomes and xanthophores based on image 

segmentation results. We considered the area covered by melanosomes or xanthophores 

divided by the total area of the chromatophore layer in each color morph (Figure S1). 
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2.4 | RNA sequencing, reference transcriptome assembly, and annotation 

RNA extraction from the skin (sagittal half) and library preparation were performed by 

Genewiz® (Leipzig, Germany) with PolyA selection using Illumina® NovaSeq™ 

sequencing system for 26 individuals of B. actaeus (four to five individuals per locality; 

Table S1). Samples were then prepared using the Illumina© stranded Tru-Seq© library 

protocol and pair-end sequenced with 150 bp reads in an Illumina© NovaSeq platform.. 

The methodology employed for constructing the reference transcriptome followed these 

steps: (i) conducting quality check and pre-processing of raw reads, (ii) performing de-

novo transcriptome assembler, (iii) generating non-redundant transcript data and 

evaluating transcriptome assembly, and (iv) annotation of a reference transcriptome. 

We performed a quality control of sequencing stats per sample using FastQC 

version 0.12.1 (Andrews, 2010). We then used Trimmomatic version 0.32 (Bolger et al., 

2014) to remove adapters and low-quality fragments before pooling the samples per 

locality. Reads were then concatenated by locality, normalized to a target depth of 50x 

using bbnorm version 38.08 (Bushnell, 2014), and rRNA decontaminated with 

SortMeRNA version 2.0, using contaminant database version 4.3 (Kopylova et al., 

2012). To minimize variant-derived assembly artifacts, we opted for a stratified 

consensus approach in which we performed a de-novo transcriptome assembly from the 

pool of sequencing reads per locality before constructing a consensus transcriptome 

assembly for the species. Then, we used three different de-novo transcriptome assembly 

algorithms using their default setting unless specified to assemble the read collections 

per locality: Trinity version 2.14.0 (--SS_lib_type RF and --min_kmer_cov 2 options) 

(Haas et al., 2013); rnaSPADES version 3.9 (--ss rf) (Bushmanova et al., 2019); and 

SOAPdenovo-Trans version 1.03 (executed four times, with k-mers = 19, 37, 55, and 

73, max read length = 150, average insert size = 400, and nasm_flag = 3) (Xie et al., 

2014). The resulting 36 assemblies (6x Trinity, 6x rnaSPADES, and 24x SOAPdenovo-

Trans) were combined into a comprehensive reference transcriptome using 

EvidentialGene version 4 (Gilbert, 2019), which filters the collection of transcripts by 

selecting the most extended coding sequence and related isoforms while removing 

redundant sequences. We evaluated transcriptome completeness by their BUSCO scores 

against the 3,354 vertebrate benchmarking genes in the vertebrate odb_database version 

10 (Simão et al., 2015). 
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The resulting reference transcriptome was annotated using EnTap pipeline 

version 0.10.9 (Hart et al., 2020). The pipeline was configured with Transdecoder 

(https://github.com/TransDecoder) for open reading frame (ORF) detection, RefSeq 

Vertebrates (https://www.ncbi.nlm.nih.gov/refseq/; accessed on June 2022), UniProt 

(The_UniProt_Consortium, 2019; accessed on June 2022) protein databases for 

similarity searches with Diamond version 0.9.22 (Buchfink et al., 2014), and EggNOG 

version 5 database (Huerta-Cepas et al., 2019; accessed on March 2022) for orthology 

searches. Blast hits on bacteria, fungi, nematodes, and viruses were flagged as 

contaminants and excluded. The final annotation of protein names used the results of 

reciprocal best blast hits (E-value: 1e-5) against Xenopus tropicalis proteome 

complemented with UniProt protein database hits obtained from EnTap. 

 

2.5 | Population structure 

We used Lace software version 3.17 (Davidson et al., 2017) to concatenate the 

transcripts in the reference transcriptome into a set of super-transcripts, each containing 

all exon sequences of a given gene concatenated without redundancy. A gene-to-

transcript map was obtained with Corset version 1.09 (Davidson and Oshlack, 2014) 

and was used as input to Lace to guide the concatenation of transcripts. The resulting 

super transcriptome was used as a reference against which all RNA-Seq reads were 

mapped using STAR version 1.1.13 (Dobin et al., 2012). Variants were called using 

GATK software version 1.8 (McKenna et al., 2010), following the best-practice 

workflow for RNA-Seq SNP calling (Van der Auwera & O'Connor, 2020). This pipeline 

includes aligning, sorting, and marking duplicate read mappings, split reads into exon 

segments, and clip sequences overhanging the intronic regions (SplitNCigarReads). 

Variants were called with phred-scaled confidence threshold > 20 and later filtered to 

retain those with fisher strand values (FS) > 30.0 and quality by depth values (QD) < 

2.0. The resulting VCF file was further filtered using vcftools (Danecek et al., 2011) to 

include only bi-allelic SNPs, with a minor allele frequency > 0.04 (more than two allele 

copies in 26 diploid individuals) and < 50% missing data across individuals. 

The SNP dataset was pruned to remove variants in linkage disequilibrium, as 

estimated by the correlation of genotypes using the “--indep-pairwise 50 5 0.2” options 

in PLINK version 1.9 (Purcell et al., 2007). We then used the resulting genotypes to 

ascertain population structure by running 20 repetitions of ADMIXTURE version 1.3 

(Alexander et al., 2009) for K = 1 to 10. A principal component analysis (PCA) 
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inspection was performed using PLINK version 1.9 (Purcell et al., 2007), and the results 

were visualized using the R package tidyverse version 2.0.0 (Wickham et al., 2019). 

 

2.6 | Differential gene expression analyses 

Transcript abundance in the skin samples was estimated by pseudo-aligning the quality-

trimmed reads to the EvidentialGene reference transcriptome with Kallisto software 

version 2.8.12 (Bray et al., 2016) using 100 bootstraps for uncertainty estimation. 

Differential expression analyses were then conducted with the 3DRNASeq 

package version 2.0.1 (Guo et al., 2021). We imported Kallisto transcript abundance 

estimates, normalizing them by transcript per million (TPM), and scaled them to library 

size and feature length. We summarized these at the transcript and gene levels using the 

gene-to-transcripts mapping output from EvidentialGene. We retained transcripts 

occurring in ≥ 4 samples and showing ≥ 1 CPM. Then, we inspected the data, plotting a 

PCA of gene expression by sample. After filtering, expression estimates were 

normalized using the trimmed mean of M values (TMM) between-sample 

normalization. We performed statistical tests for differential expression genes (DEGs) 

between pairwise color morph contrast groups, one versus (vs.) all contrasts between 

color, and (orange + brown) vs. (green + gray). Statistical tests were conducted using 

the limma-voom analysis) (Ritchie et al., 2015). A Benjamini-Hochberg procedure for 

error rate correction was applied before evaluating statistical significance with an alpha 

= 0.05 and a log2 fold change of 1. 

We focused on coloration-related genes since we were interested in color morph 

variation. To identify them, we compiled a list of genes linked in the melanin synthesis 

pathway, carotenoid metabolism, pteridine synthesis, iridophore guanine synthesis 

(Braasch et al., 2007; Higdon et al., 2013; McLean et al., 2017), and other 

pigmentation-associated genes with diverse functions (Baxter et al., 2019) (Table S2). 

This list is undoubtedly not exhaustive, as the molecular mechanisms of color 

production in amphibians, particularly in these toadlets, are poorly known. For gene 

nomenclature, we followed Xenbase version 6.0.0 (Fisher et al., 2023). 

We compared our list of DEGs with those detected in differential gene 

expression analyses between color phenotypes in three other hyloidean anurans 

Dendrobates auratus (Stuckert et al., 2019), Oophaga pumilio (Rodríguez et al., 2020), 

and R. sirensis (Twomey et al., 2020). 
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2.7 | Transcriptome-wide association analysis 

Classical gene expression tests are limited to comparisons of samples grouped into two 

or a few categorical conditions. Although coloration phenotypes can be discretized into 

categorical variables, as we did with the 3DRNASeq analysis above, the variation in 

color among individuals is continuous by nature. Therefore, the analyses of the 

relationship between gene expression and coloration should gain power when a 

continuous variable represents color. We used the chromatic discriminability in units of 

just noticeable differences of the toadlets from bird perceptual space to access visual 

perceptual distances (from the jnd2xyz function output in pavo2 version 2.7.1, see 

Supplementary Material; Maia et al., 2019; Pike, 2012). The y-coordinate of perceptual 

space scores was strongly correlated with the x-coordinate values, and only the 

uncorrelated x-axis and luminance scores were included in this analysis. We 

implemented a linear regression model that correlates changes in the TPM normalized 

expression values aggregated at the gene level (as obtained with Kallisto and 

3DRNASeq, see above) with x-axis and luminance scores to test for gene expression 

association using Olivia package version 0.1.0 (Sofer et al., 2021). We filtered out low-

expressed genes by removing those with more than 25% of samples with zero counts, 

maximum expression > 5, and maximum expression < 10. Zero values were replaced 

with half the minimum non-zero values in the sample, and the expression values were 

log2-transformed (“log_replace_half_min” transformation). Subsequently, we fit the 

linear regression model to the transformed expression values, incorporating population 

structure as a covariate in the model (represented by the averaged admixture proportions 

obtained for K = 2 in the admixture runs). To evaluate the statistical significance of our 

results, we ran 100 residual permutations, considering them as associated in expression 

with the perceptual space coordinates of those genes with false detection rate (FDR) 

with P-values <  0.05. 

 

2.8 | Gene co-expression network analyses 

Correlations in the expression profile of multiple genes across samples can be 

represented by gene-gene interaction networks. We used the normalized expression 

values from 3DRNASeq (already excluding lowly expressed genes) as input for a 

weighted gene co-expression network analysis using the WGCNA package (Langfelder 

& Horvath, 2008) in R. We selected appropriate soft-thresholding power for network 

construction (12 in our case) by inspecting the mean connectivity/scale independence vs 
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soft-threshold power plots. A signed network adjacency was then calculated from the 

expression data using a Pearson correlation and the selected soft-threshold power and 

translated into topological overlap measure (TOM) dissimilarities. Genes were then 

clustered into a dendrogram based on their TOM dissimilarity, and gene modules were 

defined by applying a dynamic tree cut with a minimum module size of 30 genes 

(minClusterSize = 30) and a medium sensitivity to branch splitting (deepSplit = 2). We 

then computed the eigengene values per module (i.e., the scores on the first principal 

component of expression) and correlated these with the two continuous uncorrelated 

frog color variables (x-coordinate and luminance in bird perceptual space, see section 

above) using a Pearson correlation (alpha = 0.05). An overall description of the genes 

included in those color-associated modules was obtained via an overrepresentation 

analysis of Gene Ontology terms in PANTHER version 18.0 (Thomas et al., 2022) using 

the Homo sapiens database at the biological process level and with FDR correction for 

multiple testing. 

 

3 | RESULTS 

3.1 | Color classification and bird visual modeling 

According to the modeled peafowl perception of the spectral reflectance values, the 

mclust algorithm classified the individuals of B. actaeus into four clusters (BIC = 

573.7876; Table S2). The classification error of the best-fitting Gaussian multivariate 

model (mixture of ellipsoidal, varying volume, shape, and orientation coded as VVV in 

Figure S2) was 0.04. The composition of these clusters matched the categorization into 

color morphs by a human observer (JPCM; Table S3) with a 0.15 error. We hereafter 

refer to these morphotypes as brown, gray, green, and orange morphs. 

The toadlet-to-background contrasts for peafowl showed in the dorsal view that 

orange (CAG) and gray (CAS) color morphs were the most distinctive in both color 

contrast (ΔS) and brightness contrast (ΔL) values, while the green and brown morphs 

clustered together. In lateral view, however, the orange and brown morphs were distinct 

from the green and gray morphs, with this differentiation being more evident in ΔS 

values (Figure 1; Figure S3). In summary, the orange morph is the most conspicuous 

phenotype in dorsal and lateral coloration. The brown morph is conspicuous only when 

viewed laterally, where present orange color. The green and gray morphs are the least 

contrasting against the background, both in dorsal and lateral views. 
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FIGURE 1 Plots show the position of individuals in the perceptual space of predatory 

bird (peafowl). Color (ΔS) and brightness (ΔL) visual contrasts of Brachycephalus 

actaeus individuals from the six study sites in dorsal (a) and lateral (b) views. The 

averages of inter-individual scores from color and brightness contrasts were projected 

into x and y coordinates representing the average perceptual space (c) and their 

positions into x, y, and luminance coordinates in a tetrahedral model of bird vision (d). 

Loadings of the original quantum catch variables are represented with dark gray arrows. 

Individuals are colored by their color morphs. Contrasts were calculated for each toadlet 

against the original background, assuming natural light conditions. Abbreviations: BNb, 

Alto Braço do Norte; BNg, Baixo Braço do Norte; CAG, Cantagalo; CAS, Casarão; 

GLO, Vila da Glória; and SPA, Serra da Palha. Colors represent morphs identified 

(brown [BNb], gray [CAS], green [BNg, GLO, SPA], and orange [CAG]). 

 

3.2 | Skin characterization 

Overall, two distinct dermal regions (i.e., stratum spongiosum and stratum compactum) 

were easily recognized in the skin of B. actaeus, which are separated by a thickened 

calcified Eberth-Kastschenko (EK) (Figures 2, S4, and S5; Table 1 and S4). Only two 

types of chromatophores (melanophores and xanthophores) were identified in the 

stratum spongiosum of dorsal and ventral skin, with no iridophores recognized in any 

sample. The distribution and abundance of melanophores and xanthophores vary among 

morphs and between dorsal and ventral skin (Figures 2 and S5; Table 1 and S4). 

In the dorsal skin of orange toadlets, melanophores were either absent or very 

scarce, while xanthophores were abundant and contained both carotenoid vesicles and 

pterinosomes (Figure 2A–B; Table 1). In the brown and gray toadlets, the melanophores 

and xanthophores occurred similarly, with melanophores located either below or 

mingled with xanthophores (Figure 2C–F). Meanwhile, in the green toadlets, the 
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melanophores were more abundant, whereas xanthophores were much rarer (Figure 2G–

H). Unlike the orange morph, xanthophores of grey, brown, and green morphs only have 

pterinosomes but no carotenoid vesicles (Figure 2B, 2D, 2F, and 2H). 

In the ventral skin of green morphs, the melanophores occurred in clusters, and 

the xanthophores were more abundant than in the dorsal region. This pattern can be 

linked to the orange skin with dark blotches observed externally (Figure S5J–L; Table 

1). In contrast, the very scarce presence of melanophores in the gray morph or their 

absence in the ventral skin of brown and orange morphs supports the occurrence of 

homogeneous orange bellies observed externally (Figure S5A–I). Carotenoid vesicles 

and pterinosomes were observed in both orange and brown morphs (Figure S5C and 

S5I). 

 

3.3 | Reference transcriptome assembly and annotation 

Assemblies with rnaSPADES and SOAPdenovo-trans produced the most complete 

transcript collections (Table S5, Figure S6). The entire collection of 8.9 million 

redundant transcripts was then reduced with EvidentialGene. The final consensus 

reference transcriptome (EvidentialGene’s OK-group of transcripts) contained 764,760 

transcripts with a N50 of 2098 bp and a BUSCO score with 94.4% completeness, 1.5% 

fragmentation, and 4.1% of missing genes (Table S5). Annotations with EnTap revealed 

that 405,769 transcripts had open reading frames (ORFs), and 251,354 had a hit against 

UniProt or RefSeq protein sequence databases. Only 6,651 out of 764,760 transcripts 

were flagged as contaminants in this annotation pipeline and excluded for subsequent 

analyses. Gene family and ontology searches against the EggNOG database assigned 

252,134 transcripts to gene families. Together with similarity searches against Xenopus 

tropicalis proteome and Uniprot protein databases, it allowed the functional annotation 

of 263,618 transcripts. 

 

3.4 | Genetic structure 

We recovered a total of 78,819 SNPs in the superTranscriptome of B. actaeus. Of these, 

23,579 bi-allelic SNPs were used for population structure analysis (Figure 3). The PCA 

analysis based on SNPs showed three clusters composed of two mainland groups: (1) 

BNb and BNg; (2) CAS, CAG, and GLO; and (3) the island population SPA (Figure 

3C). The SPA samples were distinct from others in the first and second components, 

explaining 21.13% of the variance. The Admixture analysis exhibited the best-fit K 
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TABLE 1. Summary of skin layers measurements (in µm) and chromatophores coverage (%)* of Brachycephalus actaeus morphs from dorsal 

and ventral regions. Values were presented following minimum–maximum. 

  Dorsal     Ventral    

Trait Orange Gray Brown Green  Orange Gray Brown Green 

Epidermis (µm) 9.68 ± 1.27 

(3.54–14.00) 
7.55 ± 1.49 

(2.66–14.09) 
10.29 ± 2.45 

(5.88–16.43) 
11.44 ± 3.99 

(3.89–24.89) 

 7.43 ± 1.83 

(3.96–12.46) 
8.38 ± 0.71 

(5.66–10.04) 
9.21 ± 2.16 

(3.35–16.72) 
10.31 ± 2.38 

(5.62–25.21) 

stratum spongiosum (µm) 13.56 ± 7.5 

(5.41–35.98) 
15.12 ± 8.45 

(3.66–47.71) 
25.63 ± 23.38 

(5.67–81.03) 
17.42 ± 9.51 

(3.20–47.88) 

 11.85 ± 6.3 

(3.20–32.05) 
10.02 ± 9.88 

(2.70–45.78) 
10.19 ± 9.53 

(2.24–68.18) 
18.81 ± 12.17 

(4.59–60.00) 

EK (µm) 6.26 ± 2.91 

(1.77–13.58) 
3.74 ± 2.4 

(0.65–13.77) 
6.24 ± 3.76 

(2.76–13.01) 
7.76 ± 3.79 

(1.63–19.61) 

 12.9 ± 6.89 

(0.79–27.12) 
16.69 ± 7.21 

(4.94–33.68) 
11.97 ± 9.64 

(2.86–39.43) 
13.09 ± 6.89 

(3.26–42.23) 

stratum compactum (µm) 38.28 ± 4.11 

(24.41–51.64) 
26.93 ± 3.86 

(16.07–47.58) 
31.62 ± 7.83 

(20.89–43.08) 
48.03 ± 6.97 

(18.39–80.38) 

 42.35 ± 9.45 

(23.73–56.57) 
28.74 ± 4.58 

(22.99–44.23) 
34.84 ± 6.47 

(24.57–47.88) 
42.26 ± 7.31 

(18.54–77.90) 

Melanophores coverage (%) 0.26 ± 0.26 

(0–1.06) 
1.52 ± 0.14 

(1.38–1.66) 
1.74 ± 1.47 

(0.27–3.21) 

7.97 ± 3.61 

(3.59–12.43) 
 0 0 0 5.06 ± 2.61 

(2.62–8.68) 

Xanthophores coverage (%) 10.45 ± 8.06 

(9.58–18.51) 
8.78 ± 5.63 

(3.16–14.41) 
3.75 ± 2.99 

(0.77–6.74) 

2.23 ± 1.61 

(0.20–4.14) 
 15.11 ± 3.41 

(11.70–18.53) 
7.43 ± 1.01 

(6.42–8.44) 
12.37 ± 8.61 

(3.75–20.98) 
2.61 ± 3.26 

(0.13–7.22) 

*The area covered by melanosomes or xanthophores was divided by the total area of the chromatophore layer in each color morph (see Material 

and Methods). 
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value for two populations: one containing island samples (SPA) and another with all 

other samples (BNb, BNg, CAS, CAG, and GLO; Figure 3C; Figure S7). The K value 

for three recovered the same population structure as PCA analyses (Figure 3B–C). In 

both analyses, the populations were not structured by color morphs. 

 
FIGURE 2 Dorsal skin structure of Brachycephalus actaeus in transversal section 

highlighting chromatophores organization and distribution. Light microscope 

photomicrographs stained with toluidine blue (left) obtained with Olympus BX51 light 

microscope coupled to a DP71 digital camera; and Electron microphotographs (right) 

obtained with JEOL JEM 100CXII transmission electron microscope at 80 kV 

acceleration voltage. (a, b) Orange morphotype (JPCM1025); (c, d) gray morphotype 

(JPCM1062); (e, f) brown morphotype (JPCM1046); and (g, h) green morphotype 

(JPCM1033). Abbreviations: c, collagen fibers; cv, carotenoid vesicle; EK, Eberth-

Kastschenko; Ep, epidermis; M, melanophore; ms, melanosome; pt, pterinosome; x, 

xanthophore. Scale bar: a, c, e, g = 10 µm; b, d, f, h = 2 µm. 
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3.4 | Genetic structure 

We recovered a total of 78,819 SNPs in the superTranscriptome of B. actaeus. Of these, 

23,579 bi-allelic SNPs were used for population structure analysis (Figure 3). The PCA 

analysis based on SNPs showed three clusters composed of two mainland groups: (1) 

BNb and BNg; (2) CAS, CAG, and GLO; and (3) the island population SPA (Figure 

3C). The SPA samples were distinct from others in the first and second components, 

explaining 21.13% of the variance. The Admixture analysis exhibited the best-fit K 

value for two populations: one containing island samples (SPA) and another with all 

other samples (BNb, BNg, CAS, CAG, and GLO; Figure 3C; Figure S7). The K value 

for three recovered the same population structure as PCA analyses (Figure 3B–C). In 

both analyses, the populations were not structured by color morphs. 

 

 

FIGURE 3 General genetic structure through geographic distribution of Brachycephalus 

actaeus color morphs northeastern state of Santa Catarina, Brazil. (a) Topographic map 

indicating the geographic location of the color morphs and their corresponding symbols: 

diamond = BNb, Alto Braço do Norte, brown morph; square = BNg, Baixo Braço do 

Norte, green morph; inverted triangle = CAG, Cantagalo, orange morph; triangle = CAS, 

Casarão, gray morph; circle = GLO, Vila da Glória, green morph; and asterisk = SPA, 

Serra da Palha, green morph. (b) Scores of 23,579 bi-allelic SNPs from 26 individuals in 

the first two principal components. (c) Population structure estimated with Admixture 

software for models with 2–3 ancestral populations (K). Ancestry proportions are 

represented by pink gradient bars (best-fit model K = 2). The colors of symbols represent 

the color morph classification. 
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3.5 | Differential expression analyses 

Expression values from 79,567 transcripts from 12,943 genes with functional annotation 

and expressed above the cutoff values were used for differential expression testing 

among the color phenotypes. The PCA plot of log2 transformed TPM normalized gene 

expression estimates showed a noteworthy level of clustering of samples by locality, 

with samples from SPA followed CAS showing the most significant divergence from 

the rest (Figure S8). Also, the PCA of gene expression did not present a color morph 

structure. 3DRNASeq pairwise and one-vs-all contrasts between color phenotypes 

identified 454 differentially expressed genes (DEGs). Among these, we identified 26 

color-associated DEGs. Eight of these were genes from the melanin synthesis pathway 

(pmel, edn1, wnt9a, dct, slc24a5, tyrp1, oca2, egfr), two from the melanosome transport 

and biogenesis (mlana, mreg), two DEGs are linked to the carotenoid metabolism 

(aldh1a2, rpe65), and one DEG of the purine synthesis pathway (gart). In addition, we 

found 13 other DEGs previously linked to chromatophore differentiation in vertebrates 

(Figure 4; Table 2). 

The DEGs in the melanin synthesis pathway showed four different expression 

profiles: three genes (oca2, slc24a5, tyrp1) were down-regulated in orange toadlets and 

up-regulated in green and, to a lesser extent, brown and gray toadlets; the other four 

(dct, edn1, mlana, pmel) were down-regulated in orange and brown toadlets and up-

regulated in gray and green toadlets; only one gene (wnt9a) was exclusively down-

regulated in orange toadlets; and only one gene (mreg) was exclusively up-regulated in 

orange and, to a lesser extent, in green toadlets (Table 2). 

The two DEGs associated with the carotenoid metabolism showed up-regulation 

in gray toadlets. For rpe65, this up-regulation was pronounced, and all the three other 

color morphs were down-regulated, but for aldh1a2, some up-regulation was detected in 

green toadlets as well. The purine synthesis enzyme gart gene, associated with 

iridophore-based pigmentation, was up-regulated in brown and gray color phenotypes 

and down-regulated in orange and green ones. 

Among all the DEGs between color morphs of B. actaeus identified in this study, 

115 out of 454 (25% of the DEGs) also appeared in one or more published lists of DEGs 

among color morphs of Dendrobates auratus, Oophaga pumilio, and Ranitomeya 

sirensis. Interestingly, only 12 genes in this group, supported by cumulative evidence, 

have been previously linked to pigmentation in vertebrates, while the other 103 genes 

have no known association with pigmentation (Table S6). 



81 

 

 

TABLE 2. Differentially expressed genes across Brachycephalus actaeus skin color morphs with previous links to color variation. 

Gene symbol Gene name Pathway Contrast group Regulation state q value log2FC 

dct L-dopachrome tautomerase precursor melanin synthesis orange-gray down-regulated 0.021 -3.769 

edn1 endothelin-1 melanin synthesis orange-gray down-regulated 0.010 -1.758 

pmel melanocyte protein PMEL isoform X1 melanin synthesis orange-gray down-regulated 0.009 -2.674 

dct L-dopachrome tautomerase precursor melanin synthesis orange-green down-regulated 0.006 -4.290 

oca2 P protein isoform X1 melanin synthesis orange-green down-regulated 0.049 -7.942 

pmel melanocyte protein PMEL isoform X1 melanin synthesis orange-green down-regulated 0.003 -2.736 

dct L-dopachrome tautomerase precursor melanin synthesis orange-(green+brown+gray) down-regulated 0.017 -3.584 

edn1 endothelin-1 melanin synthesis orange-(green+brown+gray) down-regulated 0.038 -1.187 

pmel melanocyte protein PMEL isoform X1 melanin synthesis orange-(green+brown+gray) down-regulated 0.015 -2.096 

wnt9a protein Wnt-9a isoform X1 melanin synthesis orange-(green+brown+gray) down-regulated 0.040 -1.239 

edn1 endothelin-1 melanin synthesis gray-(orange+green+brown) up-regulated 0.029 1.158 

pmel melanocyte protein PMEL isoform X1 melanin synthesis green-brown up-regulated 0.048 1.858 

dct L-dopachrome tautomerase precursor melanin synthesis green-(orange+brown+gray) up-regulated 0.009 2.136 

pmel melanocyte protein PMEL isoform X1 melanin synthesis green-(orange+brown+gray) up-regulated 0.018 1.552 

slc24a5 sodium/potassium/calcium exchanger 5 isoform X1 melanin synthesis green-(orange+brown+gray) up-regulated 0.024 2.748 

tyrp1 5,6-dihydroxyindole-2-carboxylic acid oxidase 
precursor 

melanin synthesis green-(orange+brown+gray) up-regulated 0.041 3.807 

oca2 P protein isoform X1 melanin synthesis green-(orange+brown+gray) up-regulated 0.013 4.325 

wnt3a protein Wnt-3a pigmentation variation orange-brown down-regulated 0.038 -1.306 

cdh2 cadherin-2 precursor pigmentation variation orange-gray down-regulated 0.033 -2.495 

cdh11 cadherin-11 precursor pigmentation variation orange-gray down-regulated 0.018 -1.939 

egfr epidermal growth factor receptor pigmentation variation orange-gray up-regulated 0.021 1.061 

fanci Fanconi anemia group I protein pigmentation variation orange-gray down-regulated 0.031 -1.622 

mcm2 DNA replication licensing factor mcm2 pigmentation variation orange-gray down-regulated 0.024 -2.193 

mlana melanoma antigen recognized by T-cells 1 isoform 

X1 

pigmentation variation orange-gray down-regulated 0.045 -1.716 

rb1 retinoblastoma-associated protein pigmentation variation orange-gray down-regulated 0.028 -1.985 

wif1 wnt inhibitory factor 1 precursor pigmentation variation orange-gray down-regulated 0.024 -1.534 

wnt3a protein Wnt-3a pigmentation variation orange-gray down-regulated 0.028 -1.221 

zeb2 zinc finger E-box-binding homeobox 2 isoform X1 pigmentation variation orange-gray down-regulated 0.003 -2.054 

mlana melanoma antigen recognized by T-cells 1 isoform 

X1 

pigmentation variation orange-green down-regulated 0.001 -2.570 



82 

 

 

Gene symbol Gene name Pathway Contrast group Regulation state q value log2FC 

mreg melanoregulin isoform X1 pigmentation variation orange-green up-regulated 0.044 1.471 

rab38 ras-related protein Rab-38 pigmentation variation orange-green down-regulated 0.038 -1.990 

zeb2 zinc finger E-box-binding homeobox 2 isoform X1 pigmentation variation orange-green down-regulated 0.024 -1.352 

inpp5b type II inositol 1,4,5-trisphosphate 5-phosphatase 
isoform X1 

pigmentation variation orange-(green+brown+gray) down-regulated 0.046 -1.268 

mlana melanoma antigen recognized by T-cells 1 isoform 

X1 

pigmentation variation orange-(green+brown+gray) down-regulated 0.013 -1.859 

mreg melanoregulin isoform X1 pigmentation variation orange-(green+brown+gray) up-regulated 0.012 2.065 

rb1 retinoblastoma-associated protein pigmentation variation orange-(green+brown+gray) down-regulated 0.038 -1.598 

wnt3a protein Wnt-3a pigmentation variation orange-(green+brown+gray) down-regulated 0.012 -1.152 

zeb2 zinc finger E-box-binding homeobox 2 isoform X1 pigmentation variation orange-(green+brown+gray) down-regulated 0.016 -1.371 

brca2 breast cancer type 2 susceptibility protein isoform 

X4 

pigmentation variation green-gray down-regulated 0.045 -1.225 

cbs cystathionine beta-synthase isoform X2 pigmentation variation green-gray up-regulated 0.016 1.284 

sdc4 syndecan 4 precursor pigmentation variation green-gray up-regulated 0.050 1.271 

mlana melanoma antigen recognized by T-cells 1 isoform 
X1 

pigmentation variation green-(orange+brown+gray) up-regulated 0.004 1.568 

cdh2 cadherin-2 precursor pigmentation variation gray-(orange+green+brown) up-regulated 0.024 1.857 

cdh11 cadherin-11 precursor pigmentation variation gray-(orange+green+brown) up-regulated 0.026 1.461 

wif1 wnt inhibitory factor 1 precursor pigmentation variation gray-(orange+green+brown) up-regulated 0.031 1.232 

zeb2 zinc finger E-box-binding homeobox 2 isoform X1 pigmentation variation gray-(orange+green+brown) up-regulated 0.009 1.367 

aldh1a2 retinal dehydrogenase 2 carotenoid metabolism orange-gray down-regulated 0.034 -1.672 

rpe65 retinoid isomerohydrolase carotenoid metabolism gray-(orange+green+brown) up-regulated 0.030 1.438 

gart trifunctional purine biosynthetic protein adenosine-

3 

guanine synthesis in 

iridophores 

green-brown down-regulated 0.042 -1.124 
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FIGURE 4 Expression patterns of color-associated genes in four color morphs of 

Brachycephalus actaeus. The heatmap plot represents the averaged expression values of 

all genes across all samples in each morph. 26 differentially expressed genes are 

highlighted following functional groups: melanin synthesis (in black), carotenoid 

metabolism (in orange), iridophores in guanine synthesis (in blue), and other 

pigmentation-associated genes (in gray). 

 

3.6 | Gene expression association with continuous coloration traits 

Expression filtering across the expression matrix of 25,142 genes, based on functional 

annotation (263,618 transcripts), in 26 individuals of B. actaeus removed 9,858 low-

expressed genes, and the remaining 15,284 genes were included in Olivia expression 

association analyses. For the x-axis values, 18 candidate genes were identified, of which 

five are pigmentation-associated. Four genes participate in the melanin synthesis 

pathway (dct, oca2, slc24a5, tyrp1), and one in the melanosome biogenesis (mlana). All 

these melanosome-associated genes decrease their expression as the x-axis scores 
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increase (Table 3, Figure S9). Analyses with luminance values as predictors did not 

identify any expression-associated genes. 

 

TABLE 3. Results of the transcriptome-wide association analysis with Olivia software 

relating gene expression change and the scores of individual Brachycephalus actaeus in 

the x-coordinate of avian perceptual space. Genes related to pigmentation variation are 

highlighted in bold. 
Gene AdjLogFC SE T-stat. df P-value BH FDR  E. P-value BH P-value 

tyrp1 -1.254 0.128 -9.796 23 0.000 0.000 0.000 0.001 

slc24a5 -0.968 0.141 -6.865 23 0.000 0.003 0.000 0.001 

dct -0.885 0.154 -5.747 23 0.000 0.019 0.000 0.013 

c7h10orf95 -0.724 0.146 -4.972 23 0.000 0.045 0.000 0.045 

oca2 -0.714 0.092 -7.747 23 0.000 0.001 0.000 0.001 

yipf7 -0.495 0.096 -5.153 23 0.000 0.037 0.000 0.035 

bmp2 -0.492 0.100 -4.902 23 0.000 0.051 0.000 0.049 

mlana -0.471 0.086 -5.483 23 0.000 0.023 0.000 0.019 

ppp1r3c.2 -0.449 0.088 -5.134 23 0.000 0.037 0.000 0.035 

sik1 -0.416 0.082 -5.102 23 0.000 0.037 0.000 0.038 

klhdc7b -0.390 0.060 -6.528 23 0.000 0.004 0.000 0.001 

jun_2 -0.250 0.045 -5.579 23 0.000 0.023 0.000 0.019 

lca5 -0.183 0.037 -4.975 23 0.000 0.045 0.000 0.045 

znf574 0.119 0.023 5.150 23 0.000 0.037 0.000 0.035 

derl3 0.205 0.037 5.464 23 0.000 0.023 0.000 0.019 

jmjd7 0.279 0.053 5.260 23 0.000 0.034 0.000 0.029 

LOC116412396 1.286 0.220 5.854 23 0.000 0.018 0.000 0.013 

cdhr3_3 1.286 0.234 5.490 23 0.000 0.023 0.000 0.019 

Abbreviations: AdjLogFC, adjusted Log-Fold Change per unit increase of x-coordinate 

scores (increase = more orange-red coloration); SE, standard error; T-stat., T-statistic of 

regression model; df, degrees of freedom; BH FDR, Benjamini-Hochberg false detection 

ratio; E. P-value, empirical P-value; BH P-value, Benjamini-Hochberg corrected P-value. 

 

3.7 | Gene co-expression network analyses 

The WGCNA identified 32 gene modules, five significantly correlated with the 

coloration variables (4 with color and 1 with luminance). Albeit statistically significant, 

all these correlations were relatively weak (-0.43 < r < 0.51) (Figure S10), and we 

interpreted them with caution. Magenta and royal blue modules showed the strongest 

correlations with the color variable, while the tan module showed the strongest 

correlation with the luminance variable. Among the 967 genes in the magenta module, 

the five most overrepresented biological functions were very generic: nitrogen 

compound metabolic process (GO:0006807), metabolic process (GO:0008152), primary 

metabolic process (GO:0044238), organic substance metabolic process (GO:0071704) 

and cellular nitrogen compound metabolic process (GO:0034641). In the royal blue 



85 

 

 

module, only the transposition (GO:0032196) was overrepresented, while in the tan 

module, no statistically significant overrepresentation was detected. The other two 

modules statistically correlated with coloration variables, light cyan and midnight blue, 

were also overrepresented with generic biological processes like primary metabolic 

process (GO:0044238), metabolic process (GO:0008152), nitrogen compound 

metabolic process (GO:0006807), cellular metabolic process (GO:0044237), and 

organic substance metabolic process (GO:0071704). 

As expected, the average DEGs content of the five color-correlated modules 

(2.5% of DEGs in the modules) nearly doubled that of the uncorrelated modules (1.3 

%). The representation of color-related genes (from our a priori list, see methods) in the 

modules was, however, not different between the five color-correlated modules (3.6 %) 

and uncorrelated modules (3.4 %). 

 

4 | DISCUSSION 

In amphibians, the genetic mechanism underlying color variation has barely been 

studied, particularly in non-model species (Rodríguez et al., 2020; Stuckert et al., 2023; 

Twomey et al., 2020). Our study on Brachycephalus actaeus provides the first insight 

into the molecular basis of color polymorphism in a small Neotropical toadlet of the 

family Brachycephalidae, likely representing the lowest size limit of color polytypism 

in tetrapods. 

 

4.1 | Ecological and evolutionary implications of polytypism in B. actaeus 

Intraspecific color variation (polymorphism and polytypism) in anurans has been 

associated with diurnal activity, conspicuous colorations, and toxicity (Wollenberg et 

al., 2008). In particular, polytypism in poison frogs has been suggested as a strategy for 

balancing detection costs by different predators (Pröhl & Ostrowski, 2011; Willink et 

al., 2013). This scenario is usually interpreted within the aposematic and cryptic 

antipredator strategies, in which a species utilizes conspicuous coloration to advertise 

toxic compounds or colors that mimic the environment to reduce the possibility of being 

detected by a potential predator, respectively (Caro & Ruxton, 2019; Rojas et al., 2015; 

Ruxton et al., 2019). Given the presence of tetrodotoxin in some species of pumpkin 

toadlets (Chimetto-Tonon et al., 2021; Pires et al., 2005) and the diurnality of the genus, 

the bright orange morphs of B. actaeus can be reasonably interpreted in terms of 

aposematic signal. However, there is no data on the presence of tetrodotoxin in B. 
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actaeus, precluding a selective predation pressure based on color variation and a 

crypsis/aposematic strategy. 

In addition, although birds are considered one of the main predators of frogs 

(e.g., Dreher et al., 2015; Casa-Cardona et al., 2017; Maan & Cumming, 2012), there is 

only one report of predation in Brachycephalus by a tinamou (Carvalho, 1940). This 

lack of information also prevents an understanding of how the color variation from B. 

actaeus is perceived by other potential predators and, with it, whether the predator 

community is indeed exerting selective pressure on this trait. Natural history 

observations and predation experiments need to be conducted to clarify the role of 

predation in shaping color variation in B. actaeus. This should include consideration of 

other visually oriented predators such as crabs, spiders, mammals, lizards, and other 

frogs. 

An alternative scenario to explain color variation in B. actaeus is intraspecific 

social interactions. The presence of distinct opsins in the retina of Brachycephalus and 

other diurnal frogs, enables the perception of wavelength sensitivity, resulting in color 

discrimination (Yovanovich et al., 2017; Wan et al., 2023). For instance, dorsal 

coloration was revealed to be important for male competition and female mating 

preference in Oophaga pumilio (Crothers et al., 2011; Maan & Cumming, 2008), and it 

was shown that color variation could also be related to sexual selection (Palacios-

Rodriguez et al., 2022). However, the inter and intraspecific color communication and 

signaling in Brachycephalus remains unstudied (see Pombal Jr. et al., 1994). A third 

alternative scenario to explain this polytypism can be random genetic drift, given the 

likely isolation of some populations of B. actaeus (Chouteau & Angers, 2012; Mallet & 

Joron, 1999; Reynolds & Fitzpatrick, 2007). 

 

4.2 | Population analyses and phylogenetic relationships 

Our results indicate that color variation in B. actaeus populations is not linked to genetic 

structure but to geographic barriers and distances between populations. Similar patterns 

of genetic structure have been found for other polytypic frogs (Rojas et al., 2020; 

Roland et al., 2017). The population from São Francisco do Sul Island (SPA) is the most 

genetically distinct, likely due to geographic isolation by the Babitonga Bay. Despite 

this isolation, genetic distances between clusters remain relatively low on mitochondrial 

markers (Monteiro et al., 2018), suggesting recent isolation. The mainland cluster is 

further divided into two genetic groups that follow the geographic proximities (see 
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Figure 3), each containing different colored populations. The genetic differences 

observed in these two groups may be influenced by distance, low vagility, and species-

specific microhabitat preferences (Pie et al., 2013), although further studies are needed 

to address this question. In addition, the sampling gap among these localities may 

overshadow a clinal pattern of genetic variation. 

As discussed in the previous section, the lack of information on toxin profile and 

natural history hampers solid bases for understanding the origin and maintenance of 

distinct colored populations in B. actaeus. Previous works on polytypic frogs suggested 

that natural and/or sexual selection is not required to increase and maintain color 

variation (Lehman et al., 2024; Yeager et al., 2023). In fact, in species with small 

population sizes, which might be the case of the studied species, phenotype fixation 

may occur randomly through genetic drift (Chouteau & Angers, 2012). Further research 

on ecology and population genetics is needed to shed light on the roles of selection and 

drift in maintaining color polytypism in B. actaeus. These findings also underscore the 

importance of re-evaluating the inclusion of only coloration as a diagnostic character in 

new species descriptions of Brachycephalus (Pie et al., 2018; Ribeiro et al., 2017), 

particularly in cases with low genetic distances or lack of genetic data. Therefore, we 

emphasize the necessity of incorporating populational genetic variation into the 

taxonomic context. 

 

4.3 | Insights of skin structural and ultrastructural 

Histological examinations allowed us to trace the observed skin color variation of B. 

actaeus to the distribution of chromatophores. Specifically, the scarce number or 

complete absence of melanophores in the orange morphs, along with their more 

aggregated distribution in the brown, followed by the gray and green morphs, supports a 

pivotal role of melanin in the color variation observed in this species. We also 

documented differences in the location of melanophores above and among xanthophores 

in the green and brown morphs and basal to the xanthophores in the gray morph. 

Xanthophores were more abundant in the orange skin and contained carotenoids and 

pteridines (pterinosomes) (Figure 3). These findings align with recent studies on the 

European fire salamander (Salamandra salamandra bernardezi), where melanophores 

are more abundant in black than brown skin and are rare in yellow skin (Burgon et al., 

2020). 
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In a model proposed by Bagnara & Matsumoto (2006), they used a differential 

light absorbance and reflecting phenomena generated by the three chromatophore layers 

to explain the amphibian skin color perceived by a human observer. In this model, green 

coloration is derived from the interaction of these three layers. In contrast, although not 

explicitly mentioned, an orange/reddish coloration might be derived from the reflection 

of these wavelengths in other tissue or cell components and the absence of 

melanophores. Notably, we did not identify iridophores in the skin of any B. actaeus 

morphs. Thus, our results support this model for the orange coloration perceived in B. 

actaeus, though the component responsible for orange/reddish reflection is still 

unresolved, while it suggests that the green color is derived from a different 

phenomenon. Since green coloration is one of the most studied colors in amphibians, 

our findings, along with recent publications on the role of biliverdin and biliverdin 

binding proteins in tree frogs (Taboada et al., 2020), reveal that we still ignored many 

aspects of amphibians' coloration. 

 

4.4 | Gene expression differences between color morphs 

In general, previous studies in vertebrates have associated darker colors (brown or 

green) with a greater expression of melanin genes (Henning et al., 2013; McNamara et 

al., 2021). By contrast, orange color has been frequently correlated with carotenoids and 

pteridines genes (Andrade & Carneiro, 2021; Hubbard et al., 2010). Surprisingly, most 

genes identified in our study were directly or indirectly related to the melanin pathway 

(19 out of 26). These included significant members of the tyrosinase family (dct, pmel, 

tyrp1) and melanosome biogenesis or transporter genes (oca2, slc24a5, mlana, mreg) 

(Braasch et al., 2007). We conclude that color variation in B. actaeus mainly derives 

from the differential regulation of melanin production. These results were also 

concordant with the morphological configuration of the skin revealed in our histological 

analyses. Finally, given the limited number of color-related genes in our results, we 

briefly examine each gene’s contribution, indexed by subsections below. 

The overlap between our list of DEGs and those in other hyloidean species 

points to candidate genes for color variation specific to anurans. Of particular interest is 

a subset of 12 genes (adamtsl4, aldh9a1, ccdc80, col6a3, egfr, fat4, mrc2, pdgfra, pnp, 

pnrc2, slc29a1, and tyrp1) which have been found differentially expressed between 

color morphs in three separate studies including ours. Except for egfr and tyrp1, genes 

in this list have not previously been associated with pigmentation in other vertebrates 
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and should be the focus of future studies on amphibians. The collagen alpha-3(VI) chain 

gene (col6a3) is an exciting candidate as the role of the dermic collagen arrays in the 

pigmentation of anurans has been experimentally verified (Bagnara et al., 2007), but the 

underlying genetic mechanism is yet to be uncovered. 

 

4.4.1 | Melanin synthesis and pigment associated genes 

In vertebrates, melanin is well established to be the primary pigment of darker skin, fur, 

and feathers (Braasch et al., 2007; Hofreiter & Schöneberg, 2010; Mills & Patterson, 

2009; Bajpai et al., 2023). Accordingly, we found a suite of differentially expressed 

melanin-related genes that contribute to skin pigmentation in the brown, gray, green, 

and orange color morphs of B. actaeus. 

Overall, DEGs that were identified to be involved in melanin synthesis were 

down-regulated or undetectable in orange skin (see below), and this observation 

matches the lack of or little melanophores in skin structural and ultrastructural analyses. 

The only higher expressed gene in orange versus all morphs was mreg, which plays a 

role in melanosome transport and is involved in pigmentation (Stuckert et al., 2019). 

mreg was found differentially expressed across color morphs of D. auratus but without 

any noticeable color association (Stuckert et al., 2019). In fishes, mreg was positively 

related to dark colors (Henning et al., 2013). Also, the orange and brown morphs 

showed the gene egfr up-regulated, while in the gray and green morphs, it is down-

regulated. Its contribution to orange pigmentation is unknown. 

We found a profile of up-regulation of DEGs relating to melanin synthesis 

contributing to gray and green coloration. Interestingly, the DEGs profile found in the 

green morph is related to melanosome formation (dct, oca2, mlana, pmel, slc24a5, and 

tyrp1), whereas in the gray morph DEGs profile likely plays a role in melanin 

regulation/concentration (cdh11, cdh2, edn1, wif1, and zeb2). This pattern is supported 

by the skin structural and ultrastructural analyses. 

The expression patterns of the melanosome formation genes dct, tyrp1, and pmel 

found in the green morph agree with that observed in non-amphibian vertebrates with 

dark coloration (Higdon et al., 2013; Hoekstra, 2006; McNamara et al., 2021). dct (also 

known as tyrp2) and tyrp1 stimulate the production of eumelanin (McNamara et al., 

2021; Vachtenheim & Borovanský, 2010). pmel (also known as silv or pmel17) is 

involved in melanosome formation, promoting a fibrillar matrix in the melanosome cell 

to optimize the sequestration and condensation of melanin pigment (McNamara et al., 
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2021). Further, the green morph shows the genes oca2 and slc24a5 up-regulated, which 

encode proteins that maintain the ionic stability of the processes during melanosome 

maturation (Braasch et al., 2007; Lamason et al., 2002). 

Furthermore, we identified in the green morph the genes mlana (also known as 

mart-1 and melan) and rab38 higher expressed. mlana is a crucial element controlling 

the expression of pmel, which displays a critical role in melanosome formation (Hoashi 

et al., 2005). This matches perfectly with the expression profile observed in our study 

and supports the role of mlana for melanin control in the green skin of B. actaeus. 

Correspondingly, mlana and pmel were down-regulated in yellow skin compared to 

black skin in European fire salamander (Burgon et al., 2020). rab38 encodes a protein 

rab38, playing a significant role in sorting the melanosomal protein tyrp1. Mutational 

forms cause brown pigmentation in mice (Loftus et al., 2002). 

The green versus gray morph shows an unexpected up-regulated gene. The cbs 

gene is linked to pheomelanin synthesis, a key factor for red skin formation (Fang et al., 

2022; Zhu et al., 2016). Pheomelanin is an alternative product of the melanin synthesis 

pathway (e.g., Megía-Palma et al., 2018; Wolnicka-Glubisz et al., 2012). In lizards, 

pheomelanin was detected in brownish, gray, and black skin coloration (Megía-Palma et 

al., 2018). Supplementary studies are needed to evaluate the presence of pheomelanin in 

Brachycephalus and the function of associated genes. 

Remarkably, most pre-melanosome genes were highly expressed in the gray 

morph (brca2, cdh2, cdh11, edn1, wif1, wnt3a, wnt9a, and zeb2). In the initial stages of 

cell development, edn1 mediates a specific signaling pathway that modulates melanin 

synthesis, regulating the production or distribution of melanin in the skin (Braasch & 

Schartl, 2014). zeb2, cdh2, and cdh11 play a role in cell adhesion, regulation, and 

migration, all influencing melanocyte differentiation (Higdon et al., 2013; Maître & 

Heisenberg, 2013). Many of these DEGs, brca2, wif1, wnt9a, egfr, and wnt3a, are from 

several key signaling pathways influencing or involved in transcription factors 

preceding melanogenesis (Bagnara & Matsumoto, 2006). Precisely, they directly affect 

the transcriptional activity of the role MIFT block called the master regulator of 

melanocyte development, which has a pivotal control in melanogenesis and regulates 

the expression of the main melanogenic enzymes (Bagnara & Matsumoto, 2006; 

McLean et al., 2017; McNamara et al., 2021). In O. pumilio, the wnt9a gene was up-

regulated in red and green morphs in contrast to blue (Rodríguez et al., 2020). Finally, 

we also found the gene rb1 up-regulated in the gray morph; rb1 is fundamental for the 
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cell cycle progression of melanocytes and is a tumor suppressor gene (Carreira et al., 

2005). Although this gene was recovered in research on other amphibians, its 

association with color variation is still unclear (Stuckert et al., 2019). 

The DEGs’ profiles described here differ from studies in the poison frogs D. 

auratus and O. histrionica, which have assigned mc1r a role in color variation (Posso-

Terranova & Andrés, 2017; Stuckert et al., 2019). In O. pumilio, mc1r, kit, and tyrp1 are 

higher expressed in dorsal (green) coloration, whereas asip and tyr are higher expressed 

in ventral (yellow) (Stuckert et al., 2023). Another study in O. pumilio shows oca2 up-

regulated in blue compared to green and red morphs (Rodríguez et al., 2020). Our 

results allow us to propose the functional involvement of these melanin-candidate genes 

in the color morphs of B. actaeus. To provide a more precise understanding, we depicted 

the functions of these genes in melanin synthesis (Figure 5). 

 
FIGURE 5. Summary of regulatory effects detected on the melanin pathway in 

Brachycephalus actaeus. Steps of the melanocyte development and melanogenesis 

pathways (adapted from Braasch et al., 2007 and Cieslak et al., 2011) were annotated with 

the differentially expressed genes identified in our study (in italics) and their putative 

roles. WNT and MITF are transcription regulators. Gene names: brca2, BRCA2 DNA 

repair associated; cdh11, cadherin 11; cdh2, cadherin 2; dct, dopachrome tautomerase; 

edn1, endothelin 1; egfr, epidermal growth factor receptor; mlana, melan-A; mreg, 

melanoregulin; oca2, oculocutaneous albinism II; pmel, premelanosome protein; rab38, 

ras-related protein Rab-38; rb1, retinoblastoma-associated protein; slc24a5, solute 

carrier family 24 member 5; tyrp1, tyrosinase-related protein 1; wif1, WNT inhibitory 

factor 1; wnt3a, Wnt family member 3A; wnt9a, wingless-type MMTV integration site 

family member 9A; zeb2, zinc finger E-box binding homeobox 2. 
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4.4.2 | Genes involved in carotenoid metabolism and purine synthesis 

The gray morph of B. actaeus shows two up-regulated genes (aldh1a2, rpe65) involved 

in carotenoid metabolism. Despite not being directly associated with chromatophores, 

both genes can influence the regulation of melanocyte stem cells, as well as melanocyte 

differentiation and proliferation (Amann et al., 2012; VanBuren & Everts, 2022). 

aldh1a2 was found higher expressed in green (dorsal) than yellow (ventral) skin 

coloration during the early development of O. pumilio (Stuckert et al., 2023). Gene 

members from the aldehyde dehydrogenase 1 family (aldh1a1 and aldh1a3) are 

associated with blue/green color in frogs (Rodríguez et al., 2020) and red/yellow or blue 

skin color of lizard species (McLean et al., 2017, 2019; Nicolaï et al., 2021). The gene 

rpe65 primarily plays a crucial role in the visual cycle and is essential for rod and cone 

photoreceptors (VanBuren & Everts, 2022). 

The single gene involved in purine synthesis, gart, was higher expressed in 

brown than in green morphs of B. actaeus. In O. pumilio, gart and other genes, which 

code for enzymes influencing guanine production, showed higher expression in blue 

frogs (Rodríguez et al., 2020), whereas, in D. auratus, the gart gene was expressed at 

low levels in the “green microspot” population (Stuckert et al., 2019). In zebrafish, gart 

mutants present pigmentation defects and microphthalmia, displaying invisible 

xanthophores and iridophores, while melanophore pigmentation is reduced (Ng et al., 

2009). The genes aldh1a2, rpe65, and gart were lower expressed in the orange morph 

of B. actaeus, likely assisting the regulation and playing a functional link with the 

melanin synthesis genes. The contradiction between the gene expression in guanine 

synthesis and the lack of iridophores suggests that these genes may also be implicated in 

other pathways or that the purines accumulate in other chromatophores. 

In contrast with melanin, the genetic mechanisms underlying carotenoids and, 

especially, pteridine pigments are poorly characterized (Andrade & Carneiro, 2021). 

These candidate genes are essential for producing yellow, orange, or red pigmentation in 

several amphibians (Bagnara & Hadley, 1969; Rodríguez et al., 2020; Twomey et al., 

2020). For example, a carotenoid ketolase gene more highly expressed in the liver than 

the skin, cyp3a80, was recently reported as a color candidate for red morph in 

Ranitomeya sirensis (Twomey et al., 2020). Similarly, in other ectotherms like fishes 

and reptiles, yellow and orange colorations are associated with the expression of genes 

of these two pigment classes (Andrade & Carneiro, 2021; McLean et al., 2019; Sefc et 

al., 2014). The predominance of xanthophores in the skin of orange B. actaeus morphs 
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and the absence of differentially expressed genes linked to carotenoids and pteridines 

synthesis were unexpected. One possible explanation for this discrepancy is that 

carotenoid-related genes might be rather expressed in the liver, as shown in Ranitomeya 

sirensis (Twomey et al., 2020). Alternatively, most of these genes might have been 

expressed during development (Stuckert et al., 2023), with some basal expression levels 

in the adults that we could not detect. 

 

4.4.3 | Other genes associated with pigmentation 

Additional color-related genes were identified in our data set, but the involvement in 

color differentiation needs to be clarified. Among these DEGs, the gray vs. orange 

morph has two genes up-regulated (fanci, mcm2); the orange vs. all morphs has one 

gene down-regulated (inpp5b); and the green vs. gray morph has one gene up-regulated 

(sdc4). They all have putative structural functions that might be in DNA repair or 

replication and encoding several functions influencing the cell cycle (Ooms et al., 2009; 

Baxter et al., 2019). fanci was linked with hyperpigmentation or spots in human skin, 

mcm2 influences hair graying with age in mice, and sdc4 might be related to melanin 

abnormalities (Baxter et al., 2019). 

 

4.4.4 | Transcriptome-wide association analysis between gene expression and predator 

perceptual space 

Our results strongly support the contribution of melanin-related genes oca2, dct, mlana, 

slc24a5, and tyrp1 to color variation in B. actaeus individuals. All these genes show 

decreased expression associated with higher values in the x-coordinate axis of predator 

perception (red-orange hues) (Table 3). An additional set of 13 genes was also found to 

be associated with color variation in our results but have not been related to color 

variation in the literature. Of these, bmp2, c7h10orf95, lca5, ppp1r3c.2, sik1, klhdc7b, 

yipf7, and a paralog of jun decrease their expression as the skin color changes to more 

orange, while the other five genes (derl3, jmjd7, LOC116412396, znf574, and a cdhr3 

paralog) increase in expression. These genes constitute interesting candidates for future 

studies, necessary to understand the molecular mechanisms responsible for color 

variation in frogs. Remarkably, there exists a compelling to investigate genes heretofore 

unrecognized (Figure S9), primarily due to the prevailing constraints associated with 

non-model species. 
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4.5 | General perspectives 

By employing an integrative approach, our study has raised intriguing questions on 

color variation in a non-model organism, B. actaeus. Our bird visual modeling 

consistently indicates that visually oriented observers perceive color variation among B. 

actaeus morphs differently. Also, our findings revealing the absence of iridophores in 

the skin of B. actaeus morphs may appear to contradict previous findings used to 

explain how green color arises from the interaction of three chromatophores: 

xanthophores, iridophores, and melanophores (Bagnara & Matsumoto, 2006). Further, 

our transcriptomic analysis of skin identified DEGs primarily linked to melanin 

synthesis, underscoring their role in color polytypism. 

Notably, many of the same genes identified actively participate in the typical 

pigmentation pathways observed in vertebrates. This correlation between divergent 

genetic profiles (gene expression) and convergent analogous color phenotypes or 

patterns supports the idea of genetic constraints existing across species. However, it also 

underscores the inherent flexibility of adaptive mechanisms in color production. For 

example, among the species of the genus Ranitomeya, similar color phenotypes can be 

explained by parallel and nonparallel convergence related to carotenoid and pterin 

pigments (Twomey et al., 2023). Similarly, studies in other vertebrates have shown that 

intrapopulation divergence produces similar phenotypes despite variations in color-

related genes and/or functional mechanisms within those genes (Henning et al., 2010; 

Hubbard et al., 2010; Manceau et al., 2010; Sköld et al., 2016). 

We emphasize the need for further research in the Brachycephalus system to 

gain insights into the mechanisms underlying color polytypism, given its distinct 

biology compared to dendrobatids. Future studies should: 1) identify predators 

potentially sensitive to UV through visual models and in situ experiments; 2) assess the 

chemical defense; 3) compare toxicity levels among morphs; 4) investigate color's 

potential role in predator avoidance and sexual selection; 5) elucidate the observed 

green color derived of skin structures containing xanthophores and melanophores; 6) 

characterize skin pigments through biochemical identification to clarify expression 

patterns of the cbs gene and assess potential masking effects of melanin on other 

pigments; and 7) analyze differential expression in organs involved in pigment uptake 

and metabolism. 
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5 | CONCLUSIONS 

In this study, we addressed the phenotypic variation and the genetic basis for the color 

polytypism in Brachycephalus actaeus. Through bird visual modeling, we classified 

color morphs and explored their potential functions. We identified pigment cells in 

toadlet skin corresponding to color and structure. We recognized various candidate 

color-related genes differentially expressed among this species’ brown, gray, green, and 

orange morphs. Most of these genes are strongly associated with melanin production, 

highlighting their importance in color variation, aligning with variation in melanophores 

abundance among morphs. These findings provide the first molecular explanation for 

amphibian color variation beyond poison frogs and salamanders, integrating molecular 

data with structural information. Our study underscores the importance of investigating 

polymorphic species across other groups to gain a comprehensive understanding of the 

diverse pathways that contribute to the evolution of pigment production in amphibian 

skin. Future studies should integrate behavior, ecology, and phylogenetic relationships 

to elucidate the evolutionary process driving adaptive coloration and its potential impact 

on reproductive isolation. Given this, polytypic species offer valuable insights into 

fundamental biological processes, including, but not limited to, local adaptation, the 

persistence of genetic diversity, and speciation. Conservation efforts are crucial to 

preserving the evolutionary history of each species’ color morph. 
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1 Supplementary Methods 
 

1.1 Color morph classification and bird visual modeling 

Macrophotography: camera calibration and image processing 

We took images of the natural substrate with a Canon EOS Rebel T7 DSLR Camera 

coupled to an EF-S 15-55mm lens (without zoom), using the flash mode, shutter speed 1/125, 

aperture size f/22, and ISO 400, at a distance of ~50 cm. We included a scale quadrant (400 cm2) 

to delimit where the focal frog was collected. We took dorsal and lateral photographs of the frogs 

at a distance of ~25 cm with the same camera coupled to an EF 100mm f/2.8L Macro IS USM lens 

using the flash mode, shutter speed 1/125, aperture size f/22, and ISO 400. We positioned the 

camera on a tripod using the same settings of angle, distance, and light. We included in each image 

a 17.10% and 72.96% neutral reflectance grey scale (for measuring the reflectance, see below), 

and all images were taken with high resolution in RAW format. All photographs were taken under 

cloudy daylight illuminance, and we restricted our subsequent reflectance analyses to the human 

visible spectrum (400-700 nm). 

The processing of digital images requires reliable estimates of the camera’s spectral 

sensitivity (Stevens et al., 2009; Troscianko & Stevens, 2015). To obtain this information, we first 

measured the reflectance spectra Rf (λ) from 30 color and grey patches (Nc=18, Ng=12) on the 

ColorGauge Micro Target matte (Image Science Associates: ColorGauge ISa). We used a 

bifurcated optical fiber (Ocean Optics R-200-7-UV/VIS, fiber core size: 200 μm) connected to a 

spectrometer (Ocean Optics HR2000+) and a deuterium–tungsten DT-Mini-2GS lamp (Ocean 
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Optics) light source. The spectroscopy software OceanView v.2.0 was applied to measure and 

average five spectral scans with an integration time of 200 ms and a boxcar width of five. The 

sensor was positioned perpendicular to the surface of each color patch at a distance of 2 mm. For 

calibration, we measured the WS-1-SS as white standard (diffuse reflectance standard, Ocean 

Optics) and switched off the light of DT-Mini-2GS for measuring the dark standard. We repeated 

the calibration after every six measurements to account for the lamp drift. All color measurements 

were taken in a dark room to avoid ambient light entering the spectrometer. In addition, we also 

took reflectance measurements of the grey scale with the spectrophotometer (at the same 

configurations and conditions listed above). We calculated the reflectance for each 1nm interval in 

the range of the visual spectrum from 400 nm to 700 nm with the pavo2 package v.2.7.1 (Maia et 

al., 2019) in R v.4.1.2 (R Core Team 2021). Additionally, we calculated the average reflectance 

across all 300-nm-intervals by summarizing all reflectance values (in %) and dividing the sum by 

300. By doing this, our subsequent analyses were thus restricted to the visible spectrum (VIS; 400-

700 nm). 

Next, we took pictures of the ColorGauge ISa in natural daylight with the same camera and 

lenses as used before. This was necessary to estimate the sensitivity of the camera in the red, blue, 

and green (RGB) channel by measuring all color patches in the picture of the ColorGauge ISa with 

the help of the micaToolbox v.2.2.2 (Troscianko & Stevens, 2015) in ImageJ v1.52k (Schneider et 

al., 2012). Standardization was achieved with a measured average reflectance of the eight gray 

patches in the center on ColorGauge ISa. Finally, with the RGB sensitivity data, we generated a 

cone catch model for the visual system of the peafowl (Pavo cristatus, Phasianidae), with the 

specific camera and the D65 illuminant (daylight). After, we obtained the photon catches in short-

wave-sensitive (SWS; blue), medium-wave-sensitive (MWS; green), long-wave sensitive (LWS; 

red), and double cone (DC) receptors in the retina of the bird. 

For measuring the background reflectance (Rf; n = 39), we selected from each image ten 

circular regions of interest (ROI´s, 400 pixels; n = 390) delimitated by the quadrant mentioned 

above. For each frog (n = 39), the Rf was also averaged throughout circular ROI´s (100 pixels) 

over seven dorsal (two of the head and five of the dorsum; n = 273), and five lateral measurements 

(n = 195). In all images, overexposed regions were avoided when placing the ROIs. We analyzed 

males and females together because B. actaeus does not show sexual dimorphism in coloration 

(Monteiro et al., 2018), and because our study did not focus on differences between sexes. 
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Peafowl photoreceptors and visual modeling 

In general, birds have four types of photoreceptors (tetrachromatic vision): ultraviolet-

sensitive (UVS), short-wave-sensitive (SWS; blue), medium-wave-sensitive (MWS; green) and 

long-wave sensitive (LWS; red) (Vorobyev et al., 1998) responsible for perceiving color 

differences. The receptors of the peafowl have spectral peak sensitivities (λmax) at 421 nm for VS, 

457 nm for SWS, 505 nm for MWS, and 566 nm for LWS, with a ratio of 1.0 : 1.9 : 2.2 : 2.1 (VS 

: SWS : MWS : LWS), respectively (Hart, 2001, 2002). Peafowl also possesses double cones 

(DC, λmax: 567 nm; Hart, 2002), mainly involved in achromatic vision (Hart & Vorobyev, 2005), 

i.e. for perceiving differences in brightness. 

Precisely, we used the mspec images from the dorsal and lateral body of the toadlets 

generated with the cone catch model using micaToolbox (Troscianko & Stevens, 2015) to 

calculate quantum catches in the receptors (QF) of peafowl. Equally, quantum catches were 

calculated for the substrates (QB). To visualize these perceptual differences in Cartesian 

coordinates, we computed brightness contrast (ΔL) and color contrast (ΔS) between toadlets and 

their backgrounds, measuring the Euclidean distances for each locality through the coldist 

function in pavo2 version 2.7.1 (Maia et al., 2019; Pike, 2012) in R. The ΔS was calculated 

based on the sensitivities of the cone types considering a Weber fraction ω = 0.1 (noise-to-signal 

ratio) of the bird LWS, and the ΔL was calculated based on the sensitivity of the DC with ω = 

0.05 as achromatic Weber fraction, both are typical values employed in bird visual model 

(Vorobyev et al., 1998; Endler & Mielke, 2005; Pröhl & Ostrowski, 2011). These distances were 

expressed in “just noticeable differences” (JNDs), where higher ΔL and ΔS denote the 

conspicuousness of the frogs to bird observers against their natural substrates (Hart & Vorobyev, 

2005). Lastly, ΔL and ΔS values were noise-corrected using the jnd2xyz function in pavo2 (Maia 

et al., 2019; Pike, 2012). 

 

1.2 Structural and ultrastructural skin preparation 

Small pieces of ~ 0.3 x 0.3 mm were cut from the dorsal and ventral skin regions of B. 

actaeus. These skin samples were fixed for 24 h in a Karnovsky solution (glutaraldehyde 5%, 

formaldehyde 4%, and 0.1M phosphate buffer, pH 7.2) and rinsed in phosphate buffer (pH 7.2) 

with two changes after three and six days. The skin samples were kept refrigerated at ~10°C 

during the entire process. The skin samples were washed in 0.1 mol L-1 phosphate buffer to 

remove fixative, postfixed in 1% OsO4 for 1 h in the same buffer, then dehydrated in ethanol 
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followed by a propylene oxide series, and embedded in Araldite resin. Then, semithin sections (1 

μm thickness) were stained with 1% Toluidine Blue in 1% Na2CO3. To observe skin 

ultrastructure, the ultrathin sections (0.50 μm thickness) were stained with 1% uranyl acetate for 

25 min at 377°C and lead citrate for 5 min at room temperature. 
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2 Supplementary Tables & Figures 

 

Table S1 - List of samples of Brachycephalus actaeus used in the present study 

Details of samples for mRNA sequencing (RNA), histology (skin voucher) and visual modeling (photo). Acronyms: Juliane Petry de 

Carli Monteiro field collection number (JPCM). Abbreviations: F = female; M = male; SFS = São Francisco do Sul. Samples with failed 

RNA extractions are indicated with X. 

Sample Species Color Sex RNA 
Skin voucher 

(dorsal/ventral) 
Photo Locality Municipality 

Latitude (S) Longitude (W) Elevation 
(meters) 

JPCM1021 B. actaeus orange F OK  OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1022 B. actaeus orange M OK  OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1023 B. actaeus orange M OK  OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1024 B. actaeus orange M OK 9793/9794 OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1025 B. actaeus orange F X 9795/9796 OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1026 B. actaeus orange M   OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1027 B. actaeus orange M   OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1028 B. actaeus orange M   OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1029 B. actaeus orange M   OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1030 B. actaeus orange M OK  OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1031 B. actaeus orange M   OK Morro do Cantagalo (CAG) SFS -26.19363° -48.73745° 125 

JPCM1032 B. actaeus green M OK  OK Vila da Glória (GLO)  SFS -26.23945° -48.70655° 45 

JPCM1033 B. actaeus green F OK 9797/9798 OK Vila da Glória (GLO)  SFS -26.23945° -48.70655° 45 

JPCM1034 B. actaeus green M OK 9813/9814 OK Vila da Glória (GLO)  SFS -26.23945° -48.70655° 45 

JPCM1035 B. actaeus green M OK  OK Vila da Glória (GLO)  SFS -26.23945° -48.70655° 45 

JPCM1036 B. actaeus green F X  OK Vila da Glória (GLO)  SFS -26.23945° -48.70655° 45 

JPCM1037 B. actaeus green M OK  OK Vila da Glória (GLO)  SFS -26.23945° -48.70655° 45 

JPCM1038 B. actaeus green M OK 9815/9816 OK Serra da Palha, Ilha de SFS (SPA) SFS -26.29509° -48.67547° 25 

JPCM1039 B. actaeus green M OK 9799/9800 OK Serra da Palha, Ilha de SFS (SPA) SFS -26.29509° -48.67547° 25 

JPCM1040 B. actaeus green M OK  OK Serra da Palha, Ilha de SFS (SPA) SFS -26.29509° -48.67547° 25 

JPCM1041 B. actaeus green M OK  OK Serra da Palha, Ilha de SFS (SPA) SFS -26.29509° -48.67547° 25 

JPCM1042 B. actaeus green M   OK Serra da Palha, Ilha de SFS (SPA) SFS -26.29509° -48.67547° 25 

JPCM1043 B. actaeus brown M OK 9801/9802 OK Alto Braço do Norte (BNb) Itapoá -26.12238° -48.73989° 455 

JPCM1044 B. actaeus brown M X  OK Alto Braço do Norte (BNb) Itapoá -26.12238° -48.73989° 455 

JPCM1045 B. actaeus brown M OK  OK Alto Braço do Norte (BNb) Itapoá -26.12238° -48.73989° 455 

JPCM1046 B. actaeus brown M OK 9803/9804 OK Alto Braço do Norte (BNb) Itapoá -26.12238° -48.73989° 455 

JPCM1047 B. actaeus brown M OK  OK Alto Braço do Norte (BNb) Itapoá -26.12238° -48.73989° 455 

JPCM1048 B. actaeus green F OK 9805/9806 OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1049 B. actaeus green M   OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1050 B. actaeus green F OK  OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1051 B. actaeus green F OK 9817/9818 OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1052 B. actaeus green F OK  OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1053 B. actaeus green F   OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1054 B. actaeus green M   OK Baixo Braço do Norte (BNg) Itapoá -26.12482° -48.73002° 235 

JPCM1058 B. actaeus gray M   OK Casarão Backmayer (CAS) SFS -26.17532° -48.71249° 130 
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Sample Species Color Sex RNA 
Skin voucher 

(dorsal/ventral) 
Photo Locality Municipality 

Latitude (S) Longitude (W) Elevation 
(meters) 

JPCM1059 B. actaeus gray M OK 9809/9810 OK Casarão Backmayer (CAS) SFS -26.17532° -48.71249° 130 

JPCM1060 B. actaeus gray F OK  OK Casarão Backmayer (CAS) SFS -26.17532° -48.71249° 130 

JPCM1061 B. actaeus gray F OK  OK Casarão Backmayer (CAS) SFS -26.17532° -48.71249° 130 

JPCM1062 B. actaeus gray F OK 9811/9812 OK Casarão Backmayer (CAS) SFS -26.17532° -48.71249° 130 

 



114 

 

 

Table S2 - Compiled list of color-related genes (see .xlsx separated file) 

List of genes linked in the melanin synthesis pathway, carotenoid metabolism, pteridine synthesis, 

iridophore guanine synthesis, and other pigmentation-associated genes with diverse functions 

(based on Braasch et al., 2007; Baxter et al., 2019; Higdon et al., 2013; McLean et al., 2017). 

Observation: It was included in a separate table due to an extensive number of lines. 
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Table S3 - Color classification of Brachycephalus actaeus 

Color classification using peafowl non-correlated variables selected by the best-fit model VVV. 

The model was based on the Bayesian Information Criterion performed with mclust method 

(Fraley et al., 2012). See Material and Methods for details. Abbreviations: BNb, Alto Braço do 

Norte; BNg, Baixo Braço do Norte; CAG, Cantagalo; CAS, Casarão; GLO, Vila da Glória; LWS, 

long-wave sensitive; SPA, Serra da Palha; and SWS, short-wave-sensitive. Acronym: JPCM, 

Juliane Petry de Carli Monteiro. 

Voucher Locality Morph SWS dorsal SWS side LWS side MClust group 

JPCM1021 CAG orange 0.380 0.120 0.149 1 

JPCM1022 CAG orange 0.427 0.129 0.156 1 

JPCM1023 CAG orange 0.335 0.118 0.145 1 

JPCM1024 CAG orange 0.259 0.121 0.141 2 

JPCM1025 CAG orange 0.409 0.120 0.145 1 

JPCM1026 CAG orange 0.414 0.112 0.133 1 

JPCM1027 CAG orange 0.328 0.110 0.130 1 

JPCM1028 CAG orange 0.416 0.125 0.162 1 

JPCM1029 CAG orange 0.417 0.115 0.142 1 

JPCM1030 CAG orange 0.345 0.122 0.154 1 

JPCM1031 CAG orange 0.388 0.129 0.162 1 

JPCM1032 GLO green 0.145 0.126 0.134 3 

JPCM1033 GLO green 0.137 0.130 0.135 3 

JPCM1034 GLO green 0.152 0.130 0.140 3 

JPCM1035 GLO green 0.144 0.137 0.149 3 

JPCM1036 GLO green 0.138 0.118 0.125 3 

JPCM1037 SPA green 0.154 0.119 0.131 3 

JPCM1038 SPA green 0.127 0.121 0.126 3 

JPCM1039 SPA green 0.141 0.111 0.122 3 

JPCM1040 SPA green 0.132 0.107 0.117 3 

JPCM1041 SPA green 0.137 0.097 0.111 3 

JPCM1042 SPA green 0.144 0.103 0.117 3 

JPCM1043 BNb brown 0.155 0.137 0.161 2 

JPCM1044 BNb brown 0.183 0.138 0.172 2 

JPCM1045 BNb brown 0.173 0.124 0.144 2 

JPCM1046 BNb brown 0.200 0.132 0.155 2 

JPCM1047 BNb brown 0.180 0.155 0.195 2 

JPCM1048 BNg green 0.157 0.118 0.129 3 

JPCM1049 BNg green 0.169 0.130 0.136 3 

JPCM1050 BNg green 0.173 0.130 0.141 2 

JPCM1051 BNg green 0.147 0.127 0.135 3 

JPCM1052 BNg green 0.156 0.125 0.136 3 

JPCM1053 BNg green 0.138 0.129 0.136 3 

JPCM1054 BNg green 0.143 0.121 0.124 3 

JPCM1058 CAS gray 0.228 0.128 0.141 4 

JPCM1059 CAS gray 0.239 0.136 0.158 4 

JPCM1060 CAS gray 0.213 0.126 0.149 4 

JPCM1061 CAS gray 0.262 0.136 0.153 4 

JPCM1062 CAS gray 0.169 0.121 0.130 2 
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Table S4 - Skin layers measurements (in µm) of Brachycephalus actaeus morphs from dorsal and ventral regions 

Values were presented following mean ± standard deviation (minimum–maximum). Abbreviation: BNb, Alto Braço do Norte; BNg, 

Baixo Braço do Norte; CAG, Cantagalo; CAS, Casarão; GLO, Vila da Glória; EK, calcified Eberth-Kastschenko; and SPA, Serra da 

Palha. Acronym: JPCM, Juliane Petry de Carli Monteiro. 

Voucher Slide Locality Morph RNA Layer Dorsal region Ventral region 

JPCM1024 9793 CAG orange OK Epidermis 9.20 ± 1.89 (3.54–14.00) 5.77 ± 0.99 (3.96–8.64) 

     Stratum spongiosum 14.34 ± 5.46 (9.03–26.47) 10.58 ± 8.77 (3.20–32.05) 

     EK 7.23 ± 3.22 (1.77–13.57) 13.17 ± 8.65 (0.79–22.99) 

     Stratum compactum 43.18 ± 4.35 (33.27–51.64) 36.16 ± 8.53 (23.73–44.46) 

JPCM1025 9795 CAG orange fail Epidermis 10.16 ± 0.64 (8.43–12.13) 9.08 ± 2.67 (6.08–12.46) 

     Stratum spongiosum 12.78 ± 9.54 (5.41–35.98) 13.11 ± 3.83 (5.05–17.24) 

     EK 5.29 ± 2.60 (2.26–10.80) 12.62 ± 5.13 (5.25–27.12) 

     Stratum compactum 33.37 ± 3.87 (24.41–38.08) 48.54 ± 10.37 (29.71–56.57) 

JPCM1033 9797 GLO green OK Epidermis 6.20 ± 1.01 (3.89–8.62) 15.03 ± 5.31 (10.35–25.21) 

     Stratum spongiosum 7.80 ± 4.63 (3.20–21.76) 14.22 ± 10.77 (5.50–43.41) 

     EK 2.78 ± 1.27 (1.63–5.98) 13.91 ± 10.30 (4.50–37.93) 

     Stratum compactum 23.78 ± 1.87 (18.39–32.59) 42.71 ± 6.93 (32.84–51.32) 

JPCM1034 9813 GLO green OK Epidermis 9.33 ± 2.88 (7.22–14.18) 10.48 ± 1.06 (8.12–11.86) 

     Stratum spongiosum 17.55 ± 12.35 (7.12–34.6) 18.51 ± 8.06 (7.82–26.95) 

     EK 11.72 ± 5.85 (5.28–19.11) 17.08 ± 11.2 (3.26–42.23) 

     Stratum compactum 65.75 ± 8.2 (54.01–75.22) 50.8 ± 13.00 (36.18–77.9) 

JPCM1038 9815 SPA green OK Epidermis 12.89 ± 4.77 (7.27–18.81) 9.50 ± 1.19 (7.18–12.95) 

     Stratum spongiosum 25.48 ± 13.21 (8.91–45.43) 18.66 ± 10.29 (7.75–33.44) 

     EK 9.80 ± 5.15 (4.54–15.69) 15.06 ± 8.66 (7.33–34.48) 

     Stratum compactum 57.93 ± 11.13 (42.33–80.38) 25.07 ± 5.15 (18.54–34.87) 

JPCM1039 9799 SPA green OK Epidermis 14.69 ± 7.23 (5.95–24.89) 9.38 ± 1.31 (6.94–12.85) 

     Stratum spongiosum 17.57 ± 9.44 (9.11–32.14) 13.31 ± 11.53 (4.59–45.86) 
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Voucher Slide Locality Morph RNA Layer Dorsal region Ventral region 

     EK 6.58 ± 2.55 (1.95–10.88) 9.12 ± 4.09 (3.64–20.11) 

     Stratum compactum 38.79 ± 6.66 (26.72–54.35) 37.39 ± 5.77 (22.03–52.76) 

JPCM1043 9801 BNb brown OK Epidermis 13.05 ± 3.52 (9.4–16.43) 11.73 ± 2.05 (8.95–16.72) 

     Stratum spongiosum 35.73 ± 39.26 (11.47–81.03) 16.89 ± 17.83 (3.83–68.18) 

     EK 7.2 ± 5.21 (2.92–13.01) 14.47 ± 11.85 (5.69–39.43) 

     Stratum compactum 35.59 ± 12.73 (20.89–43.08) 36.94 ± 4.61 (26.69–47.22) 

JPCM1046 9803 BNb brown OK Epidermis 7.52 ± 13.38 (5.88–9.5) 6.68 ± 2.26 (3.35–11.50) 

     Stratum spongiosum 15.53 ± 7.49 (5.67–36.78) 3.49 ± 1.22 (2.24–5.73) 

     EK 5.28 ± 2.31 (2.76–8.22) 9.46 ± 7.43 (2.86–22.73) 

     Stratum compactum 27.64 ± 2.93 (22.91–30.57) 32.74 ± 8.32 (24.57–47.88) 

JPCM1048 9805 BNg green OK Epidermis 11.51 ± 3.36 (6.14–15.46) 8.74 ± 2.08 (6.48–13.10) 

     Stratum spongiosum 19.52 ± 6.64 (6.43–31.49) 32.8 ± 20.11 (15.45–60.00) 

     EK 10.59 ± 5.36 (3.72–19.61) 9.45 ± 1.45 (6.68–12.73) 

     Stratum compactum 50.69 ± 2.16 (28.15–73.84) 50.59 ± 3.74 (41.6–54.58) 

JPCM1051 9817 BNg green OK Epidermis 14.03 ± 4.71 (7.02–19.85) 8.74 ± 3.31 (5.62–14.30) 

     Stratum spongiosum 16.6 ± 10.79 (4.47–47.88) 15.37 ± 12.26 (6.08–48.04) 

     EK 5.06 ± 2.57 (1.74–8.25) 13.94 ± 5.63 (6.85–20.31) 

     Stratum compactum 51.26 ± 11.77 (41.43–66.99) 47.01 ± 9.34 (35.68–53.32) 

JPCM1059 9809 CAS gray OK Epidermis 3.92 ± 0.70 (2.66–4.96) 8.2 ± 1.00 (5.66–10.04) 

     Stratum spongiosum 8.13 ± 6.43 (3.66–16.01) 8.86 ± 6.78 (2.7–22.32) 

     EK 2.02 ± 0.91 (0.65–2.84) 9.88 ± 5.59 (4.94–22.17) 

     Stratum compactum 18.32 ± 1.11 (16.07–20.11) 25.06 ± 2.75 (22.99–31.15) 

JPCM1062 9811 CAS gray OK Epidermis 11.17 ± 2.28 (7.23–14.09) 8.55 ± 0.42 (7.88–8.95) 

     Stratum spongiosum 22.11 ± 10.46 (11.77–47.71) 11.18 ± 12.97 (3.30–45.78) 

     EK 5.45 ± 3.89 (1.59–13.77) 23.49 ± 8.82 (11.64–33.68) 
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Voucher Slide Locality Morph RNA Layer Dorsal region Ventral region 

     Stratum compactum 35.54 ± 6.60 (27.7–47.58) 32.41 ± 6.41 (25.91–44.23) 
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Table S5 - Descriptive statistics of the transcriptome assemblies 

The first three columns describe the assemblies used as input for the final ensemble assembly with 

EvidentialGene pipeline (last column). The three input transcriptomes in this table represent the 

de-duplicated collection of all transcriptomes produced by each assembler (24x SOAPdenovo-

trans, 6x rnaSPADES, and 6x Trinity sets to one file for the concatenated transcript collection). 

 SOAPdenovo-

trans 
rnaSPADES Trinity 

EvidentialGene  

(final Ensemble) 

Number of transcripts 4,942,020 1,364,522 2,642,442 764,760 

Mean transcript length 641 794 521 1,153 

Longest transcript 43,552 43,456 31,228 43,465 

Transcript N50 1,385 1,760 721 2,098 

BUSCO score 94.3% 94.2% 92.7% 94.4% 
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Table S6 – Differentially expressed genes cross-comparison among anurans 

Comparison of DEGs from skin color morphs between anuran species available in the literature: Brachycephalus actaeus (this study), 

Dendrobates auratus (Stuckert et al., 2019), Oophaga pumilio (Rodríguez et al., 2020), and Ranitomeya sirensis (Twomey et al., 

2020). Abbreviation: Cum. = cumulative evidence. 

Symbol Gene name B. actaeus R. sirensis D. auratus O. pumilio 
Color-

related 
Function Cum. 

adam11 ADAM metallopeptidase domain 11 X  X  NO  2 

adamts1 ADAM metallopeptidase with thrombospondin type 1 motif 1 X   X NO  2 

adamtsl4 ADAMTS like 4 X  X X NO  3 

adh1 alcohol dehydrogenase 1 X   X NO  2 

adm adrenomedullin X   X NO  2 

aldh9a1 aldehyde dehydrogenase 9 family member A1 X  X X NO  3 

atf3 activating transcription factor 3 X   X NO  2 

atg4d autophagy related 4D, cysteine peptidase X   X NO  2 

b3galt5 Beta-1,3-galactosyltransferase 5 X   X NO  2 

bmp6 bone morphogenetic protein 6 X   X NO  2 

brca2 BRCA2, DNA repair associated X X   YES pigmentation variation 2 

c1d C1D nuclear receptor corepressor X   X NO  2 

carhsp1 calcium regulated heat stable protein 1 X  X  NO  2 

cbs cystathionine-beta-synthase X   X YES pigmentation variation 2 

ccdc80 coiled-coil domain containing 80 X  X X NO  3 

cdh11 cadherin 11 X  X  YES pigmentation variation 2 

cfap53 cilia and flagella associated protein 53 X   X NO  2 

chtf18 chromosome transmission fidelity factor 18 X   X NO  2 

cnn1 calponin 1, basic, smooth muscle X  X  NO  2 

col14a1 collagen, type XIV, alpha 1 X  X  NO  2 

col18a1 collagen type XVIII alpha 1 X  X  NO  2 

col6a3 collagen type VI alpha 3 chain X  X X NO  3 

cpxm2 carboxypeptidase X (M14 family), member 2 X  X  NO  2 

cyp2k4 cytochrome P450 2K4 gene 1 X   X NO  2 

dcn decorin X  X  NO  2 

ddit3 DNA damage inducible transcript 3 X   X NO  2 

dlc1 DLC1 Rho GTPase activating protein X   X NO  2 

ednrb2 endothelin receptor B subtype 2 X  X  NO  2 

egfr epidermal growth factor receptor X  X X YES pigmentation variation 3 
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Symbol Gene name B. actaeus R. sirensis D. auratus O. pumilio 
Color-
related 

Function Cum. 

ethe1 ethylmalonic encephalopathy 1 X   X NO  2 

fat4 FAT atypical cadherin 4 X  X X NO  3 

fkbp15 FKBP prolyl isomerase family member 15 X  X  NO  2 

fos Fos proto-oncogene, AP-1 transcription factor subunit X   X NO  2 

gart 

phosphoribosylglycinamide formyltransferase, 

phosphoribosylglycinamide synthetase, phosphoribosylaminoimidazole 

synthetase X  X  YES 

guanine synthesis in 

iridophores 2 

ggct gamma-glutamylcyclotransferase X   X NO  2 

gpm6b glycoprotein M6B X   X NO  2 

gramd1a GRAM domain containing 1A X  X  NO  2 

herpud1 homocysteine inducible ER protein with ubiquitin like domain 1 X   X NO  2 

hgd homogentisate 1,2-dioxygenase X   X NO  2 

ipo4 importin 4 X   X NO  2 

kank2 KN motif and ankyrin repeat domains 2 X  X  NO  2 

kctd12 potassium channel tetramerization domain containing 12 X   X NO  2 

klf4 KLF transcription factor 4 X   X NO  2 

klhdc7b kelch domain containing 7B X   X NO  2 

lcmt1 leucine carboxyl methyltransferase 1 X   X NO  2 

lin1 LINE-1 reverse transcriptase homolog X   X NO  2 

lorf2 LINE-1 retrotransposable element ORF2 protein X   X NO  2 

loxl2 lysyl oxidase like 2 X  X  NO  2 

lum lumican X  X  NO  2 

ly75 lymphocyte antigen 75 X   X NO  2 

mamdc2 MAM domain containing 2 X  X  NO  2 

manf mesencephalic astrocyte-derived neurotrophic factor X   X NO  2 

map1lc3a microtubule associated protein 1 light chain 3 alpha X  X  YES pigmentation variation 2 

mlana melan-A X   X YES pigmentation variation 2 

mmp16 matrix metallopeptidase 16 X   X NO  2 

mmp28 matrix metalloproteinase 28 X   X NO  2 

mrc2 mannose receptor C type 2 X  X X NO  3 

msx2 msh homeobox 2 X  X  NO  2 

mthfs 

5,10-methenyltetrahydrofolate synthetase (5-formyltetrahydrofolate 

cyclo-ligase) X   X NO  2 

ndnf neuron-derived neurotrophic factor X   X NO  2 

nedd1 NEDD1 gamma-tubulin ring complex targeting factor X   X NO  2 
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Symbol Gene name B. actaeus R. sirensis D. auratus O. pumilio 
Color-
related 

Function Cum. 

nnmt nicotinamide N-methyltransferase X   X NO  2 

nr1i3 nuclear receptor subfamily 1 group I member 3 X  X  NO  2 

nr4a1 nuclear receptor subfamily 4 group A member 1 X   X NO  2 

nxpe4 neurexophilin and PC-esterase domain family member 4 X   X NO  2 

oca2 oculocutaneous albinism II X   X YES melanin synthesis 2 

olfml2a olfactomedin like 2A X  X  NO  2 

osmr oncostatin M receptor X  X  NO  2 

p4ha2 prolyl 4-hydroxylase, alpha polypeptide 2 X   X NO  2 

pdgfra platelet derived growth factor receptor alpha X  X X NO  3 

plp1 proteolipid protein 1 X  X  NO  2 

pmel premelanosome protein X X   YES melanin synthesis 2 

pnp purine nucleoside phosphorylase X X  X NO  3 

pnrc2 proline rich nuclear receptor coactivator 2 X  X X NO  3 

pol pol polyprotein X   X NO  2 

ppfia3 

protein tyrosine phosphatase, receptor type, f polypeptide (PTPRF), 

interacting protein (liprin), alpha 3 X   X NO  2 

ptprd protein tyrosine phosphatase receptor type D X   X NO  2 

rgn regucalcin X   X NO  2 

rif1 replication timing regulatory factor 1 X  X  NO  2 

rtn4rl1 reticulon 4 receptor-like 1 X   X NO  2 

s100pbp S100P binding protein X  X  NO  2 

scara5 scavenger receptor class A member 5 X  X  NO  2 

sdc1 syndecan 1 X   X NO  2 

sdc3 syndecan 3 X  X  NO  2 

sdc4 syndecan 4 X  X  YES pigmentation variation 2 

sec14l5 SEC14-like lipid binding 5 X  X  NO  2 

serpinf1 

serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment 

epithelium derived factor), member 1 X   X NO  2 

sfmbt2 Scm like with four mbt domains 2 X   X NO  2 

slc29a1 solute carrier family 29 member 1 (Augustine blood group) X X  X NO  3 

slc34a2 solute carrier family 34 member 2 X   X NO  2 

slc4a1 solute carrier family 4 member 1 (Diego blood group) X X   NO  2 

slc6a14 solute carrier family 6 member 14, gene 1 X   X NO  2 

slit1 slit guidance ligand 1 X  X  NO  2 
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Symbol Gene name B. actaeus R. sirensis D. auratus O. pumilio 
Color-
related 

Function Cum. 

slit2 slit guidance ligand 2 X  X  NO  2 

smad9 SMAD family member 9 X   X NO  2 

sorbs1 sorbin and SH3 domain containing 1 X   X NO  2 

srprb SRP receptor subunit beta X   X NO  2 

st3gal3 ST3 beta-galactoside alpha-2,3-sialyltransferase 3 X   X NO  2 

taok1 TAO kinase 1 X  X  NO  2 

tdrd3 tudor domain containing 3 X   X NO  2 

tfb2m transcription factor B2, mitochondrial X   X NO  2 

tmem120b transmembrane protein 120B X   X NO  2 

tnip2 TNFAIP3 interacting protein 2 X   X NO  2 

ttc1 tetratricopeptide repeat domain 1 X   X NO  2 

ttc9 tetratricopeptide repeat domain 9 X   X NO  2 

ty3b-i transposon Ty3-I Gag-Pol polyprotein X   X NO  2 

tyrp1 tyrosinase-related protein 1 X  X X YES melanin synthesis 3 

vcan versican X  X  NO  2 

vwf von Willebrand factor X  X  NO  2 

wnt9a wingless-type MMTV integration site family member 9A X   X YES melanin synthesis 2 

wsb1 WD repeat and SOCS box containing 1 X   X NO  2 

xlcof22* oocyte zinc finger protein XlCOF22 X   X NO  2 

zbed6 zinc finger, BED-type containing 6 X  X  NO  2 

zfp36 ZFP36 ring finger protein X   X NO  2 

znf638 zinc finger protein 638 X  X  NO  2 
*as zo22 in Rodríguez et al. (2020). 
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Figure S1 –Quantification of chromatophores in Brachycephalus actaeus skin 

Procedure for quantifying coverage of melanophores and xanthophores in the skin of B. actaeus. 

(a) Representative image of the skin of B. actaeus used for analysis. (b) Manual selection of the 

chromatophore layer to measure the total area. Creation of a mask for measuring the coverage of 

(c) melanosomes and (d) xanthophores, obtained through image segmentation using Trainable 

Weka Segmentation plugin version 3.0.
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Figure S2 - Color classification model for Brachycephalus actaeus morphs 

The best-fit model by Bayesian Inference Criterium (BIC) using the mclust method to classify the 

color morphs of Brachycephalus actaeus was ellipsoidal, varying volume, shape, and orientation 

(VVV = 573.7876 score). The three non-correlated variables (short-wave-sensitive in dorsal and 

lateral views and long-wave sensitive in lateral view) were based on photon catch sensitivities of 

peafowl obtained from frog images in micaToolbox. The legend shows multivariate model names 

from package mclust (Fraley et al., 2022).
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Figure S3 - Original calibrated photographs and simulated bird visual perception of 

Brachycephalus actaeus morphs 

Original calibrated photographs and simulated bird visual perception of Brachycephalus actaeus 

morphs. Icons at the left of each row indicate original camera captures and peafowl simulated 

vision, respectively. (a–c) green morphs (JPCM 1048, 1033, 1039); (d) gray morph (JPCM1059); 

(e) brown morph (JPCM1046); and (f) orange morph (JPCM1025). See voucher details in Table 

S1.
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Figure S4 - Scheme of skin structure of Brachycephalus actaeus 

Skin structure of Brachycephalus actaeus (orange morphotype, JPCM1025) in dorsal view in light 

microscope photomicrographs of vertical section stained with toluidine blue. Layer’s abbreviation: 

Ep = epidermis; EK = calcified Eberth-Kastschenko; SC = stratum compactum; and SS = stratum 

spongiosum.
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Figure S5 - Ventral skin in life and skin structure of Brachycephalus actaeus 

Ventral skin in life (left) and ventral skin structure of Brachycephalus actaeus in transversal section 

highlighting chromatophores organization and distribution. Light microscope photomicrographs 

stained with toluidine blue (center) obtained with an Olympus BX51 light microscope coupled to 

a DP71 digital camera, and Electron microphotographs (right) obtained with JEOL JEM 100CXII 

transmission electron microscope at 80 kV acceleration voltage. (a, b, c) Orange morph 

(JPCM1025); (d, e, f) gray morph (JPCM1062); (g, h, i) brown morph (JPCM1046); and (j, k, l) 

green morph (JPCM1033). Abbreviations: c, collagen fibers; cv, carotenoid vesicle; EK, Eberth-

Kastschenko; Ep, epidermis; M, melanophore; ms, melanosome; pt, pterinosome; x, xanthophore. 

Scale bar: b, e, h, k = 10 µm; c, f, i, l = 2 µm. 
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Figure S6 – BUSCO statistics results 

BUSCO completeness statistics of the three transcript collections resulting from each assembler 

(rnaSPADES, SOAPdenovo-trans, and Trinity) and the final ensemble transcriptome obtained by 

EvidentialGene pipeline. Completeness was estimated against 3354 benchmarking genes in the 

vertebrata orthologous database collection v10.
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Figure S7 - ADMIXTURE estimation of Brachycephalus actaeus 

ADMIXTURE estimation of Brachycephalus actaeus based on 23,579 biallelic SNPs. Cross-

validation (CV) error is minimal when the ancestry groups are two (K = 2) by running 20 

repetitions for K = 1 to 10.
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Figure S8 - PCA of gene expression estimates of Brachycephalus actaeus by sample 

Principal component analyses of gene expression estimates of Brachycephalus actaeus by sample 

TPM normalized read counts per sample were log2 transformed and the first two PCs are plotted 

by color morph and locality. See main text for the locality abbreviations.
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Figure S9 - Volcano plot reflects the transcriptome-wide association's statistical 

Volcano plot reflects the transcriptome-wide association's statistical results between gene 

expression estimates and the coloration (x-coordinate scores in bird perceptual space) from 

15,284 genes of Brachycephalus actaeus morphs. Statistically significant associations are 

highlighted with colored dots (blue: down-regulated, red: up-regulated genes).
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Figure S10 - Gene co-expression network analyses WGCNA 

WGCNA results. A) The dendrogram of the gene topological overlap measures dissimilarity with the resulting clusters defined by a 

dynamic tree-cut threshold. B) Correlation between the module eigen expression values and the two Brachycephalus actaeus 

coloration variables representing color and luminance in avian perceptual space. For each cell, the Pearson correlation and associated 

p-values are provided with darker cell colors indicating stronger positive (red) or negative (blue) correlations. 
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Monteiro, J. P. C., Lyra, M. L., Condez, T. H., Carvalho, T. R., Zamudio, K. R., & Célio F. B. 

Haddad. Aposematism and miniaturization: The evolutionary miscellany in Brachycephalus 

taxonomy. 

Artigo em preparação. 

 

“Aposematismo e miniaturização: A miscelânea evolutiva na taxonomia de Brachycephalus” 

 

Resumo 

Estratégias de coloração intraespecífica, e.g. polimorfismo e politipismo, evoluíram em muitas 

espécies não relacionadas filogeneticamente, como um meio de adaptação para garantir a aptidão 

em determinado ambiente. A diversificação fenotípica pode aumentar a divergência genética e 

potencializar características envolvidas no isolamento reprodutivo. Em anfíbios, espécies 

aposemáticas, quimicamente defendidas e diurnas apresentam polimorfismo e politipismo de 

maneira recorrente, manifestando múltiplas estratégias de cor que variam entre sinais de alerta e 

padrões discretos para camuflagem. Os miniaturizados e endêmicos sapinhos-pingo-de-ouro do 

gênero Brachycephalus habitam a serrapilheira das montanhas da Mata Atlântica brasileira e são 

aposemáticos, tóxicos e diurnos. O recente politipismo demonstrado na espécie B. actaeus, 

proporciona uma oportunidade para investigar este inédito sistema modelo relacionando dados de 

genótipo e fenótipo. Para estudar a diversidade populacional, amostramos diversas localidades ao 

longo da distribuição da espécie para fornecer uma perspectiva da divergência genética, 

morfológica e acústica dos morfos de cores conhecidos—verde, marrom, cinza e laranja. Nossos 

dados suportaram a estruturação geográfica de quatro populações, as quais não são relacionadas 

com a coloração: norte (morfos marrom e verde), centro (morfos cinza e laranja), sul (morfo verde) 

e ilha (morfo verde). Entre as populações continentais, norte, centro e sul, identificamos a presença 

de fluxo gênico, principalmente entre centro (morfo cinza) e sul, indicando uma zona de transição. 

Os dados morfológicos revelaram uma profunda variação intraespecífica, não correlacionada com 

coloração, localidade ou população. Por outro lado, dados acústicos sugerem uma diversificação 

no canto de anúncio da população do centro, que pode estar relacionada ao aposematismo como 

um sinal multimodal. Nossos resultados trazem contribuição significativa em Brachycephalus, 
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destacando a miniaturização e o aposematismo como fenômenos potenciais para a elevada variação 

intraespecífica e enfatizando os desafios na determinação de divergências interespecíficas. Futuros 

estudos são necessários para reavaliar as espécies descritas e contribuir para o entendimento da 

evolução da coloração e do uso dos sinais de cor neste grupo de sapos aposemáticos. 
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Abstract 

Intraspecific coloration strategies, e.g., polymorphism and polytypism, have evolved in many 

phylogenetically unrelated species as an adaptation mechanism to ensure fitness in a specific 

environment. Phenotypic diversification can increase genetic divergence and enhance features 

involved in reproductive isolation. In amphibians, aposematic, chemically defended, and diurnal 

species recurrently exhibit polymorphism and polytypism, displaying multiple color strategies 

ranging from warning signals to discrete patterns for camouflage. The miniaturized and endemic 

pumpkin toadlets of the Brachycephalus genus inhabit the leaf litter of the Brazilian Atlantic Forest 

mountains and are aposematic, chemically defended, and diurnal. The recent polytypism 

demonstrated in the species B. actaeus provide an opportunity to investigate this novel model 

system by linking genotype-phenotype data. For studying population diversity, we sampled several 

localities along the species distribution to provide insight into the genetic, morphological, and 

acoustic divergence of known color morphs—green, brown, gray, and orange. Our data supported 

the geographic structuring of four populations unrelated to coloration: Northern (brown and green 
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morphs), Center (gray and orange morphs), Southern (green morph), and Island (green morph). 

Among mainland populations (Northern, Center, and Southern), we identified gene flow, 

particularly between the Center (gray morph) and Southern, indicating a transition zone. 

Morphological data revealed in-deep intraspecific variation not correlated with coloration, 

location, or population. Conversely, acoustic data suggest diversification in the advertisement call 

of the Central population, potentially related to aposematism as a multimodal signal. Our results 

provide a significant contribution to Brachycephalus, emphasizing miniaturization and 

aposematism as potential phenomena for high intraspecific variation and underscoring challenges 

in determining interspecific divergences. Future studies are strongly necessary to reassess 

described species and contribute to understanding the evolution of coloration and the use of color 

signals in this group of aposematic toadlets. 

Keywords: Amphibia, Anura, Atlantic Forest, bioacoustics, coloration, morphology, population 

genetics, osteology, polymorphism, SNPs 

 

1 INTRODUCTION 

The diversity of color in animals plays a crucial role in communication systems, influencing 

detection and recognition within and between species (Baden & Osorio, 2019; Endler, 1993; Osorio 

& Vorobyev, 2008). Color polymorphism – characterized by multiple distinct color morphs within 

a species – has independently evolved across diverse animal groups, including fishes, amphibians, 

lizards, birds, and mammals (Caro, 2017; Emberts & Wiens, 2022; Ford, 1945). While cryptic 

coloration provides undetectability when blending with the environment, aposematic coloration 

signals chemical defences or harm to potential predators, favoring the diversity of signaling 

strategies within species (Briolat et al., 2019; Rojas et al., 2015). Hence, many of aposematic 

species are polymorphic or, more restrictively, polytypic, which involves distinct locally selected 

morphs (Caro & Ruxton, 2019; Mappes et al., 2005). 

The effectiveness of visual signals is shaped by environmental features (e.g. ambient light 

and substrate) and the perceptual systems of receivers (Endler, 1992, 1993). Consequently, the 

interactions between color attributes and environmental fitness favor individuals better adapted to 

that location (Endler, 1991; Mclean et al., 2014; Yewers et al., 2019). Species color patterns may 

assist multiple, often conflicting roles, including communication and camouflage (Hutton et al., 

2015; Rojas, 2017; Ruxton et al., 2018), likely as a result from lineage-specific solutions to 
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evolutionary trade-offs between these functions (Cummings & Endler, 2018; Endler, 1992; Mclean 

& Stuart-Fox, 2014). Mechanisms driving intraspecific polymorphism or polytypism, such as 

geographic variation, may be precursors to speciation, contributing to genetic differentiation and 

reproductive isolation between local morphs (Mclean & Stuart-Fox, 2014). For example, in birds, 

color polymorphism associated with ecological, geographic, and genetic processes can promote 

rapid speciation (Hugall & Stuart-Fox, 2012). 

Color polymorphism in aposematic anurans has been observed as a convergent evolution 

among distantly related taxa, driven by similar selection pressures (Hoffman & Blouin, 2000; 

Rojas, 2017; Rojas et al., 2015). This phenomenon explains the presence of striking color patterns 

in unrelated clades of diurnal and chemically defended frog lineages, exemplified by the 

Neotropical poison frogs (Dendrobatidae) and the Malagasy genus Mantella (Mantellidae). Poison 

frogs stands out as extensively studied, exhibiting different levels of color strategies that promote 

survival and reproductive success, not necessarily implying speciation (Lorioux-Chevalier et al., 

2023; Dreher et al., 2015; Twomey et al., 2020). Some polytypic poison frog species represent 

examples of multiple color strategies, displaying signals that range from cryptic camouflage to 

conspicuous warning coloration, including intermediate signals (Pröhl & Ostrowski, 2011; Rojas, 

2017; Willink et al., 2013). The color differences contribute to different levels of individual fitness, 

promoting divergence in behavior (Pröhl & Ostrowski, 2011; Rößler et al., 2019; Willink et al., 

2013), call characteristics (Brusa et al., 2013; González-Acosta et al., 2023; Vargas-Salinas & 

Amézquita, 2013), morphology (Rudh, 2013; Winebarger et al., 2018), and chemical compounds 

(Lawrence et al., 2023; Saporito et al., 2007; Wang, 2011). 

Conspicuous color patters, diurnal activity, and chemical defences also may characterize 

the pumpkin toadlets (Brachycephalidae) from Brazilian Atlantic Forest. These miniaturized 

members of the Brachycephalus genus inhabit the forest leaf-litter, displaying dorsal hues that 

range from bright orange/yellow to cryptic green/brown colors (Condez et al., 2020; Lyra et al., 

2021). While some studies have focused on delimiting species based on color divergences and 

presumed absence of gene flow (e.g. Pie et al., 2018), no integrative approach has explored 

morphological and genetic variation in Brachycephalus species. 

Commonly, body coloration has been considered as an taxonomic informative character 

among Brachycephalus species, resulting from a selection effect by rapid evolution (Pie et al., 

2018, 2013). The use of color pattern as diagnostic character leads to exceptionally high levels of 
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endemism, increasing the number of recognized species (Bornschein et al., 2019; Pie et al., 2018). 

Although the genus Brachycephalus encompasses 41 species (Frost, 2023), research has 

predominantly focused on species descriptions, resulting in a notable gap in basic information. 

Occasional studies report behavior (Dorigo et al., 2012; Lima et al., 2013; Pombal Jr. et al., 1994), 

calling activity (Oliveira & Haddad, 2017; Verdade et al., 2008), parental care (Pombal Jr., 1999), 

chemical defences (Arcanjo et al., 2015; Chimetto Tonon et al., 2021; Pires et al., 2005), as well as 

the use of aposematic signals (Rebouças et al., 2019). 

Recently, new approaches have highlighted the adaptative role of color evolution in 

Brachycephalus, offering evidence of polytypism in B. actaeus (Lyra et al., 2021; see chapter II 

here [hereafter Monteiro et al., unpublished]). The color morphs in this species, ranging from 

cryptic green to conspicuous orange, seems not be associated with population structure but might 

be correlated with geographic distribution (Monteiro et al., unpublished). Thus, B. actaeus 

represents an opportunity to investigate the relationship among genotype-phenotype and its likely 

role in speciation. Hence, exploring the genetic and phenotypic differences across the species' 

distribution is crucial to understanding divergence patterns at the population level. 

In this study, we aim to evaluate the relationships among color diversity, genetics, and 

geographical variation in traits that are potentially involved in reproductive isolation within B. 

actaeus populations. Specifically, we assessed the population structure, morphological traits, and 

advertisement calls to investigate how they relate to color variation. Through initial comparisons, 

we demonstrated the consequences of phenotypic variation in these polymorphic aposematic 

lineages, carrying implications for conservation and further evolutionary studies on 

Brachycephalus. 

 

2 MATERIAL AND METHODS 

2.1 Species studied 

Brachycephalus actaeus, a miniaturized species within the B. pernix group, occurs in a 

small area of approximately 80 km² in the northeastern state of Santa Catarina, Brazil. This diurnal 

pumpkin toadlet is ground-dwelling species that reproduces in the ground by direct-development. 

Unlike most pumpkin toadlets, which are found at higher altitudes, B. actaeus inhabits areas near 

the sea level, reaching up to 500 meters in elevation (Monteiro et al., 2018; Lyra et al., 2021). 

Notably, B. actaeus is the first species within the genus shown to exhibit significant color variation, 
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displaying colors that range from cryptic green to aposematic orange across its distribution. We 

followed color name classification as presented in Monteiro et al. (unpublished): brown, green, 

gray, and orange. 

 

2.2 Field sampling 

We conducted multiple fieldwork surveys over the past eight years (2013 – 2021) to collect 

data on B. actaeus in the Babitonga Bay region, northeastern of the state of Santa Catarina, Brazil 

(Fig. 1; Appendix I). A total of 98 individuals were collected from 11 localities across three 

municipalities: two localities at Garuva (Alto Bom Futuro, brown morph [BFb]; and Baixo Bom 

Futuro, green morph [BFg]), three localities at Itapoá (Alto Braço do Norte, brown morph [BNb]; 

Baixo Braço do Norte, green morph [BNg]; and Fazenda Palmito Juriti, green morph [PAJ]), and 

six localities at São Francisco do Sul (Centro de Estudos e Pesquisas Ambientais da Univille, green 

morph [CEPA]; Morro Cantagalo, orange morph [CAG]; Casarão Backmeyer, gray morph [CAS]; 

Estrada do Saí, green morph [SAI]; Morro Grande, green morph [MOG]; and Serra da Palha, green 

morph [SPA]). 

The study area encompasses approximately 80 km², corresponding to the currently known 

species distribution range. Specimens were found during the daytime under leaf litter, usually 

located by their calls, and were collected by hand. Additionally, we conducted supplementary 

fieldwork surveys to gather topotype specimens from B. pernix group species for inclusion in the 

phylogenetic analyses. The genetic data available for these species on GenBank show certain 

sections excluded (see Monteiro et al., 2018). The specimens were temporarily placed in plastic 

bags for transportation to the laboratory. Whenever possible, we photographed the specimens and 

then euthanized them using 5% lidocaine. Muscle tissue was extracted and stored in absolute 

ethanol, while the specimen was fixed in 10% formalin and preserved in 70% ethanol for permanent 

storage. All specimens were deposited in the Célio F. B. Haddad (CFBH) Amphibian Collection at 

Departamento de Biodiversidade, Instituto de Biociências, Universidade Estadual Paulista, Rio 

Claro, São Paulo, Brazil. All research procedures were conducted in accordance with the 

Universidade Estadual Paulista’s institutional animal care and use committee protocol n° 6896, 

under the collection permits SISBIO #23501-6, # 49587-1, and #63104-4. 
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Figure 1. Distribution of Brachycephalus actaeus in northeastern of the state of Santa Catarina, 

Brazil. Color circles indicate the color morph at each locality. Abbreviations: BFb = Bom Futuro 

brown morph (no photo); BFg = Bom Futuro green morph (no photo); BNb = Braço do Norte 

brown morph; BNg = Braço do Norte green morph; CEPA = Centro de Estudos e Pesquisas 

Ambientais da Univille; CAG = Morro Cantagalo; CAS = Casarão Backmeyer; MOG = Morro 

Grande; SPA= Serra da Palha; PAJ = Fazenda Palmito Juriti; SAI = Estrada do Saí. Credit photos: 

J.P.C. Monteiro (BNb, CAG, and CAS) and T.H. Condez (BNg, CEPA, MOG, SPA, PAJ, and SAI). 
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2.3 Genomic data and analyses 

2.3.1 DNA extraction and ddRADseq data generation 

To evaluate B. actaeus genetics, we sampled 70 individuals representing all color morphs 

across the previously mentioned localities (Appendix I). Total genomic DNA was isolated from 

liver and muscle tissue samples with QIAamp DNA Micro Kit, which is supplied with a carrier 

RNA that enhances binding of DNA to the QIAmp MinElute column membrane (Qiagen, Valencia, 

CA, USA). We quantified the extracted DNA concentration in a Qubit® 2.0 fluorometer (Thermo 

Fisher Scientific, CA, USA). Samples with lesser DNA content, such as those from small muscle 

tissues, were concentrated by three consecutive times water elution’s and dryings on a SpeedVac 

(Thermo Fisher Scientific), until the DNA concentration reached at least 20 ng/μl. We then 

employed a double-digest restriction-site associated DNA sequencing (ddRADseq) protocol 

(Peterson et al., 2012) to generate DNA libraries comprising thousands of short nuclear fragments 

across entire genome of B. actaeus. 

Genomic DNA was double-digested with the restriction enzymes SbfI-HF (5′ CCTGCAGG 

5′) and MspI (5′ CCGG 3′), ligated to adapters containing multiplexed individual barcodes. In a 

reaction volume of 30 μl, we combined 100 ng genomic DNA (10 μl at 10 ng/μl); 15 units of both 

SbfI-HF and MspI (NEB, Ipswich, MA; 0.75 μl each); 300 units of T4 DNA ligase (NEB, 0.75 μl); 

3 μl of 10xCutSmart ligase buffer (NEB); 1.0 μl each of a uniquely barcoded SbfI-P1 adapter (one 

of 24) and MspI-P2 adapter (Integrated DNA Technologies, Coralville, IA, USA; 0.25 μM each); 

3 μl of 10 mM ATP (NEB); and 9.75 μl of ddH2O. The restriction-ligation mixture was incubated 

at 37 °C for 30 min and 20 °C for 1 h, before pooling 20 μl from each of the 24 barcoded samples. 

Each pool was PCR-amplified using 20 ng P1/P2 adapted DNA template (10 μl at 2 ng μl), 12.5 μl 

2X Phusion PCR Master Mix (2X, NEB), and 1.25 μl each of forward index primer and a uniquely 

indexed reverse primer (one of 12; 5 μM each, Integrated DNA Technologies). B. actaeus samples 

were distributed with other samples (not included here) across four libraries, with the maximum 

number of 48 uniquely barcoded/indexed individuals per library. Each library was supplied with 

two technical replicates to monitor possible errors. Fragments were pooled across index groups, 

PCR amplified and size-selected to retain fragments between 300 and 1000 bp. Final libraries were 

visualized on agarose gels to ensure correct fragment size. Each library was single-end sequenced 

to 100 bp on one lane of the Illumina HI-SEQ 2500 at the Cornell University Genomics Facility, 

Ithaca, United States. 
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We verified the quality of Illumina sequences reads and the presence of adapter 

contamination with FastQC v0.11.9 (Andrews, 2010). Data were demultiplexed using 

process_ratags scripts from Stacks 2.3 pipeline (Catchen et al., 2013), where reads for each index 

group were divided by barcode, trimmed to a standard length of 94 bp and sequences flagged by 

the Illumina quality filter were removed. This processing step is necessary to remove ambiguous 

radtags. After renaming the samples based on their unique index and barcode combinations, we 

checked the processed radtags and counted the reads by sample using summarize_Radtags and 

ReadCount scripts. The ddRADseq library protocol generated an average of 2,6 million reads per 

individual, ranging from 237,532 to 6,080,752. 

 

2.3.2 ddRADseq alignment 

For quality filtering, de novo assembly, and reads alignments we performed ipyrad v0.9.77 

pipeline (Eaton & Overcast, 2020). First, we include all samples together following default 

parameters yielding 41,841 loci, with 78% of missing data. Low-quality samples (those lacking 

50% of the loci, N = 13) were excluded from the dataset using Matrix Condenser (de Medeiros & 

Farrell, 2018). This filtering strategy yielded a total of 49,609 loci for 57 samples of B. actaeus, 

with 56% of missing data (see Table S1 for ipyrad summary results). 

Afterward, we retained 228,403 biallelic SNPs out of 234,575, with > 5% missing data for 

SNPs, and minor allele count (MAC) > 2 via vcftools v0.1.16 (Auton & Marcketta, 2015) for use 

in subsequent analyses. Also, PLINK v1.9 (Purcell et al., 2007) was used to convert the SNPs data 

into PED and MAP format and binary files (BED, RAW, and BIM), using the flags “--make-bed -

-recode --chr-set 95 and allow-extra-chr”. PLINK files were imported into R v4.1.2 (R Core Team, 

2021) and stored in a genlight object using function ‘read.PLINK’ with adegenet v2.1.10 (Jombart 

et al., 2018; Jombart, 2008). Except for Principal Component Analysis (PCA), the handling and 

subsequent analyses of SNP data were performed in R using wrapper functions from SambaR v1.09 

package (de Jong et al., 2021). 

 

2.3.3 Population structure and genetic diversity 

As a prior, we implemented a stringent missing data cutoff to prevent the overestimation of 

genetic clusters. Population structure analyses, relying on allele frequency estimation, are 

particularly susceptible to the impact of rare alleles (Falush et al., 2007). Thus, we employed 
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SambaR to filter variants based on the following criteria: exclusion of SNPs with high read depth 

(determined by fitting a normal distribution to the lowest 99.5% of observed depth values and 

subsequently calculating a Bonferroni-corrected threshold value); and identification and removal 

of potential paralogs through heterozygosity excess. 

Admixture analysis was conducted to explore population structure and the optimal number 

of populations (K) was determined via cross-validation (Frichot et al., 2014). Analyses was 

performed using sparse Non-negative Matrix Factorization algorithm (sNMF) using LEA package 

v3.6.0 (Frichot & François, 2015), which does not assume Hardy–Weinberg equilibrium (HWE) to 

identify clusters. The best-fit number was estimated with K = 1–10, with 100 replicates for each 

K. Additionally, we investigated individual clustering within the SNP dataset through PCA in 

PLINK v1.9. PCA results were visualized using tidyverse version 2.0.0 (Wickham et al., 2019) in 

R. 

We then calculated FST (Wright, 1943) and absolute diversity Dxy (Nei & Li, 1979) as 

separated metrics to estimate population differentiation based on populations structure identified 

in admixture analyses (Cruickshank & Hahn, 2014). To perform subsequent analyses we 

considered the we allowed 60% of missing data per sample and 15% of missing data per SNPs, and 

kept other parameters as defined before (Table S2). Also, two measures of nucleotide diversity 

were assessed: proportion of segregating sites (Watterson’s theta, θW) (Watterson, 1975), and 

nucleotide diversity (π) (Nei, 1987). After, we performed the neutrality statistics Tajima’s D which 

considers the difference between π and θW (Tajima, 1989). 

 

2.3.4 Mitochondrial genetic comparisons and phylogenetic inference 

We amplified mitochondrial fragment of the 16S rRNA gene (16S) from B. actaeus using 

ddRAD extractions. Also, we extracted genomic DNA from muscle tissue ethanol-preserved from 

18 species of the B. pernix group which we has successfully collected (B. albolineatus, B. 

auroguttatus, B. boticario, B. brunneus, B. curupira, B. ferruginus, B. fuscolineatus, B. izecksohni, 

B. leopardus, B. mariaterezae, B. mirissimus, B. olivaceus, B. pernix, B. pombali, B. quiririensis, 

B. tridactylus, and B. verrucosus), using a standard ammonium acetate extraction protocol adapted 

from Maniatis et al. (1982) to amplify 16S. This fragment is currently available for several 

Brachycephalus species in the GenBank database. We performed DNA amplification in a 21 μl 

volume reaction using Fermentas Taq Polymerase master mix and reagents (MBI Fermentas, USA) 



145 

 

 

with the primers 16Sar-L (3’ CGCCTGTTTATCAAAAACAT 5’) and 16Sbr-H (5’ 

CCGGTCTGAACTCAGATCACGT 3’) (Palumbi et al., 1991). The polymerase chain reactions 

(PCRs) started with an initial hold at 95 °C (3 min), followed by 35 cycles of denaturation at 95 °C 

(15 s), annealing at 50 °C (15 s), extension at 60 °C (30 s), and then by a final hold at 60 °C (3 

min). PCR products were purified using Exonuclease and Shrimp Alkaline Phosphatase 

(Affimetrix/USB, Cleveland, OH) and sequenced in both directions by Macrogen Inc. (Seoul, 

Republic of Korea). Sequences were quality-checked and trimmed in Geneious v.7 (Biomatters 

Ltd.). Newly generated mitochondrial sequences were uploaded to GenBank (accession numbers 

to be provided; Table S4). 

We executed a multiple sequence alignment in MAFFT v.7 online version, using the G-

INS-i strategy in default parameters (Katoh et al., 2019). The haplotype network of 16S was 

generated for B. actaeus individuals using the Median Joining Network algorithm (Bandelt et al., 

1999) in PopART v.1.7 (Leigh et al., 2015). Furthermore, we estimated intraspecific distance using 

uncorrected p-values in Mega v.X (Kumar et al., 2018). Moreover, we inferred the mitochondrial 

phylogenetic relationship among species of the genus Brachycephalus to determine B. actaeus’ 

position using Maximum Likelihood (ML) inference in RAxML v.8 (Stamatakis, 2014), 

implemented in the online CIPRES Science gateway portal (Miller et al., 2010). Our compilation 

included 39 out of 40 Brachycephalus species from present study and GenBank (Table S4). We 

added five species of Ischnocnema as outgroup, since this genus is the sister taxa of 

Brachycephalus, and used Haddadus binotatus to root the tree (Padial et al., 2014). Final matrix 

comprised 186 individuals and 490 base-pairs (Table S4). We searched for the best tree using the 

GTRCAT model and 1,000 starting points. After, we performed 1,000 non-parametric bootstrap 

replicates to access node support. We interpreted bootstrap values above 90 as evidence of high 

support, values below 75 as poor support, and intermediate bootstrap values as moderate support. 

 

2.4 Phenotypic and acoustic traits 

2.4.1 Morphometric measurements and analyses 

Morphometric measurements were obtained from 74 adult specimens of B. actaeus from 

nine localities (Appendix I). We followed Duellman (2015) for the definitions of snout-vent length 

(SVL), head length (HL), head width (HW), eye diameter (ED), eye-nostril distance (END), 

interorbital distance (IOD), nostril diameter (ND), internarial distance (IND), tibia length (TIBL), 
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and foot length (FL). We followed Heyer et al. (1990) for the definitions of upper arm length (AL), 

forearm length (FAL), hand length (HAL), and thigh length (THL). We measured specimens in a 

Zeiss Stemi SV 11 stereomicroscope equipped with an ocular micrometer. SVL was measured 

using calipers (± 0.1 mm of accuracy). 

To fit the morphometric dataset, we removed the potential effect of SVL from dependent 

variables using a regression model and the residuals were retained in a new dataset to be used in 

subsequent analyses. After, we standardized the variables using z-scores to reduce dimensionality 

(Gotelli & Ellison, 2011). Thus, we performed a PCA assessing the significance of each Principal 

Component (PC) and variables along each axis using permutation-based statistical tests with the 

PCAtest v0.0.1 package (Camargo, 2022). In addition, we conducted a Kruskal-Wallis test to check 

potential differences in SVL of males and females across localities (Kruskal & Wallis, 1952). 

Next, we ran a discriminant analysis of principal components (DAPC) using the package 

adegenet v2.1.10 (Jombart and Collins, 2015). The morphometric dataset is referred as the response 

variables, while predictor variables included color morphs (brown, gray, green, and orange), 

locality (BNb, BNg, CEPA, CAG, CAS, PAJ, SAI, and SPA), and population (Northern, Center, 

Southern, and Island). In this context, ‘population’ corresponds to K = 4 based on the best-fit model 

of genetic populations (see Results section). Samples from BFb (N = 2) and BFg (N = 2) were 

excluded because of the low sample size. The calculations were performed separately for female 

and male due to sexual dimorphism (Monteiro et al., 2018). All analyses were carried out using R 

v. 4.1.2 (R Core Team, 2021). 

 

2.4.2 Micro-CT scanning and osteology characterization 

For osteology comparisons, we analyzed four individuals of B. actaeus representing all 

color morphs (CFBH 39872 [green morph], JPCM351 [orange morph], JPCM410 [brown morph], 

and TC256 [gray morph]). The specimens were scanned using micro-X-ray computed tomography 

in a phoenix v|tome|x s 240 (GE Measurement & Control, Wunstorf, Germany). Scans were 

conducted at a voltage of 50 kV and a current of 150 µA for 30 minutes (1300 ms per image). We 

allocated the specimens into the plastic tube with floral foam soaked in ethanol to prevent 

desiccation, so that prevented them from moving while they were being scanned. For 3D skull 

reconstruction we used 3DSlicer v.4.10.2 (open source http://www.slicer.org/; Fedorov et al., 

2012). Scan data are available from MorphoSource.org at the following URL: 
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https://www.morphosource.org/update. Osteological characterization followed the nomenclature 

of bone structures as outlined by Trueb (1993) and Campos et al. (2010). The characterization of 

green morph also included the cleared and double stained specimen (CFBH 39848) mentioned in 

the original description of the species (Monteiro et al., 2018). This decision was made due to 

anomalous bones observed in the individual scanned in Micro-CT representing this morph (CFBH 

39872), as detailed in the Results section. 

 

2.4.3 Advertisement call recordings and acoustic analyses 

Anurans often have species-specific advertisement calls that are thought to act as 

reproductive barriers between closely related and sympatric species (Boul et al., 2007). 

Consequently, we conducted a comprehensive analysis of various aspects of the advertisement call 

to explore potential differences among B. actaeus males, based on color morph, population, and 

locality. Male advertisement calls of 51 individuals were recorded by J.P.C. Monteiro during field 

trips over the past seven years (2013 – 2019), mainly on periods of heightened B. actaeus calling 

activity  – during the morning (0600 – 1000 h) and the afternoon (1500 – 1830 h). Our call 

recordings overlaps most sites sampled for genomic data and included all morphs for comparison. 

Advertisement calls were recorded in the field using a Marantz PMD 661 MKII digital recorder 

(sampling rate: 44.1 kHz; sample size: 16 bits) coupled with a Sennheiser ME66/K6 unidirectional 

microphone positioned 50 – 100 cm from calling males. We collected voucher males whenever 

possible and call recordings were deposited in the CFBH acoustic collection (Table S3). Air 

humidity and temperature were measured in situ after each recording to assess the temperature 

effect on the recorded calls. 

Acoustic analysis was carried out using Raven Pro 1.5 (Bioacoustics Research Program, 

2014), generating spectrograms with a Hann window type, window size 512 samples, overlap 75% 

(locked), hop size 128 samples, DFT size 512 samples (locked), grid spacing 86.1 Hz, and color 

map Cool. Ten acoustic parameters were selected following Köhler et al. (2017): call duration (s), 

inter-call interval (s), call rate, number of pulses per note, pulse rate, dominant frequency (kHz), 

lower and upper frequencies (kHz), bandwidth (kHz), and peak time (%). In this species, each 

emitted note was considered one call, and the average values of each variable per male were used 

for statistical analyses. 
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For statistical analyses, we calculated a z-score standardization to make variables 

dimensionless and comparable (Borcard et al., 2018). We performed a PCA reducing variable space 

and significance was assessed via permutation-based statistical tests with package PCAtest v0.0.1 

(Camargo, 2022). To evaluate the effect of color morph, population structure (pop), and geographic 

distance (geo) on call structure, we modeled the call parameters with geographic and morph 

distances matrices, conducting a redundancy analysis (RDA) with the package vegan v2.6.4 

(Oksanen et al., 2022). RDA, a canonical form of PCA, uncovers linear combinations of variables 

in the explanatory matrix that explain the most variance in the response matrix (Legendre et al., 

2011). 

We excluded four correlated variables a priori (Pearson’s r > 0.7; note repetition rate, pulse 

repetition rate, minimum and maximum frequencies). The temperature effect on each call trait was 

statistically removed using linear regression analysis and residuals were used in subsequent 

analyses (Gerhardt & Huber, 2002; Gotelli & Ellison, 2011). Accounting for a potential body size 

effect was challenging due to the limited number of vouchers collected in the field (see Monteiro 

et al., 2018 for detailed discussion on this topic). The geographic coordinates data (latitude and 

longitude) were transformed in geodetic coordinates (Euclidian distance) using SoDA v1.0-6.1 

(Chambers, 2015) to apply distance-based Moran’s eigenvector maps (dbMEM) with adespatial 

v0.3.21 (Dray et al., 2012). dbMEM decomposes spatial structure into several orthogonal 

eigenvectors, allowing testing the importance of spatial structure on call parameters. The first 

eigenvectors describe broad-scale patterns, while the last eigenvectors pronounce variation in fine-

scale patterns, i.e. eigenvectors describe variation from the entire geographic area to sampling site 

(Borcard et al., 2018; Borcard & Legendre, 2002). Significance of dbMEMs (p < 0.05) was 

assessed using the moran.randtest function (defined by Moran’s I). 

We performed forward selection for each set of predicted variables (morph, pop, and geo) 

to select only the significative variables for a final RDA. The adjusted R2 value was assessed for 

the stopping criterion in forward selection test, identifying the significant variables. The overall 

significance of RDAs, independent variables, and canonical axes were assessed using the anova.cca 

function in vegan, applying Monte Carlo tests with 1000 permutations (Borcard et al., 2018). 

Finally, we checked the models for collinearity via variation inflation factor (VIF), assuming a 

threshold of VIF > 10 (Legendre and Legendre, 2012). All analyses were completed with R version 

4.1.2 (R Core Team, 2022). 
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3 RESULTS 

3.1 Color variation in B. actaeus 

B. actaeus displays remarkable color variation, ranging from cryptic green to aposematic 

orange, including intermediate brown and gray morphs. Each locality predominantly exhibits a 

single-color category, with individuals displaying only slight variations in color and pattern, except 

for individuals collected at CAS that seem to be polymorphic. Throughout its geographic 

distribution, the green morph is the only widespread distributed (Figs. 1 and 2). The morphs can 

be characterized by: i) brown, dominant on the dorsal region, with variations between brown and 

orange on the lateral side (Fig. 2A – D), and a completely orange ventral region; ii) green, 

predominantly found on the dorsal and lateral regions of the body (Fig. 2E – H, U – AB), with 

orange spots on the ventral region; iii) orange, prevalent across the entire body with a white 

vertebral stripe on the dorsal region (Fig. 2I – L); and iv) gray, with variable shades of white, 

brown, and green on the dorsal and lateral regions (Fig. 2M – T), and entirely orange on the ventral 

region. In addition, we observed irises with golden dots in some individuals of gray morph (Fig. 

2Q and N). 

 

3.2 Population analyses 

3.2.1 Populations genetic structure 

We recovered 5,039 biallelic SNPs out of 228,403, with 56% of missing data, using a 

stringent filtration strategy. The sNMF analysis inferred four populations (K) from 57 individuals 

of B. actaeus (alpha = 100; cross-entropy = 0.426; Fig. 3). These populations exhibit a clear signal 

of geographic structure, henceforth defined as Northern (BFb, BFg, BNb, BNg, and PAJ), Center 

(CAG and CAS), Southern (CEPA and SAI), and Island (SPA and MOG) (Fig. 3). Admixture was 

pronounced between Northern and Center populations, as well as between Center (specifically 

CAS) and Southern populations. The presence of a shared gene pool was evident in all populations. 
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Figure 2. Color diversity in Brachycephalus actaeus. A – D, Brown morph from Alto Braço do 

Norte; E – H, green morph from Baixo Braço do Norte; I – L, orange morph from Morro Cantagalo; 

M – T, gray morph from Casarão Backmeyer; U, green morph from Estrada do Saí; V – X, green 

morph from Centro de Estudos e Pesquisas Ambientais da Univille; Y – AA, green morph from 

Serra da Palha, Island; and AB, Fazenda Morro Grande, Island. Credit photos: Juliane Monteiro 

(B, C, E, G, I, K, M, O, P – R, and Y) and Thais Condez (A, D, F, H, J, L, N, S, T, U – X, and Z – 

AB). 
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Figure 3. Genetic structure of Brachycephalus actaeus in northeastern state of Santa Catarina, 

Brazil. Population genomic structure estimated from 5,039 biallelic SNPs from ddRAD dataset. A) 

Ancestry proportions are represented by yellow, purple, pink, and green bars depict the relative 

proportion of alleles in each individual (best-fit model K = 4). B) Pie charts on map indicate the 

admixture of ancestry proportions corresponding to each site. Abbreviations by population: 

Northern (BFb = Bom Futuro brown morph; BFg = Bom Futuro green morph; BNb = Braço do 

Norte brown morph; BNg = Braço do Norte green morph; and PAJ = Fazenda Palmito Juriti); 

Center (CAG = Cantagalo and CAS = Casarão); Southern (CEPA = Centro de Estudos e Pesquisas 

Ambientais da Univille and SAI = Estrada do Saí); and Island (MOG = Morro Grande and SPA = 

Serra da Palha). 

The first two principal components (PCs) of PCA analysis account for 21.95% of the total 

variance in the genomic dataset. Like in the population structure analyses, the results revealed four 

grouping segregated, by geographic location (Fig. 4). The Center and Southern groups did not 

overlap but formed a close situated cluster, in agreement with the previous findings. Neither of 

these analysis grouped populations based on color morph. 
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Figure 4. Plot of the two first principal component (PCs) summarizing nuclear dataset from 5,039 

biallelic SNPs across Brachycephalus actaeus in northeastern state of Santa Catarina, Brazil. 

Colors indicate color morph (brown, gray, green, and orange). Abbreviations: BFb = Bom Futuro; 

BFg = Bom Futuro; BNb = Braço do Norte; BNg = Braço do Norte; CAG = Cantagalo CAS = 

Casarão; CEPA = Centro de Estudos e Pesquisas Ambientais da Univille; MOG = Morro Grande; 

PAJ = Fazenda Palmito Juriti; SAI = Estrada do Saí; and SPA= Serra da Palha. 

 

3.2.2 Genetic divergence and gene flow 

The second filtering strategy retained 39 out of 57 individuals (5 – 16 per population) and 

21,545 biallelic SNPs out of 228,403, with 51% of missing data. The lowest FST value was found 

between Northern vs. Center (FST = 0.117), followed by Center vs. Southern (FST = 0.144), 

Northern vs. Southern (FST = 0.196), Northern vs. Island (FST = 0.367), Center vs. Island (FST = 

0.378), and the highest value was Southern vs. Island (FST = 0.416). In contrast, Dxy results showed 

similar absolute divergence variation among all pairwise populations. The lowest ancestral 

variation value was found between Center vs. Southern (Dxy = 0.144), followed by Northern vs. 

Center (Dxy = 0.154), Southern vs. Island (Dxy = 0.162), Northern vs. Southern (Dxy = 0.163), 

Center vs. Island (Dxy = 0.165), and Northern vs. Island (Dxy = 0.179). Both FST and Dxy values 

were significant (P-value < 0.05). 

Nucleotide diversity within mainland populations exhibited a similar profile in terms of the 

number of segregating sites, θW and π. The Northern population displayed higher genetic diversity 
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compared to the others (S = 13379, θW = 0.180, and π = 0.137), while the Island showed the lowest 

genetic diversity (S = 4359, θW = 0.082, and π = 0.062). Tajima’s neutrality values were negative 

for all populations, suggesting historical population expansions or positive selection, with excess 

of polymorphic sites, especially notable in the Southern population (Table 1). 

Table 1. Genetic diversity and neutrality statistics for the four populations of Brachycephalus 

actaeus evidencing non-equilibrium histories among lineages. Abbreviations: MAF, minor allele 

frequency; S, number of segregating sites; θW, the proportion of segregating sites (Watterson’s 

theta); π, proportion of nucleotide diversity. P-values are associated with the Tajima's D test for 

neutrality. 

Population MAF S θW π Tajima’s D P-value 

Northern (N = 16) 0.16 13379 0.180 0.137 -0.043 0.00 

Center (N = 10) 0.19 10215 0.155 0.124 -0.031 0.00 

Southern (N = 8) 0.26 7786 0.120 0.114 -0.007 0.01 

Island (N = 5) 0.54 4359 0.082 0.062 -0.020 0.00 

Metapop (N = 39) 0.09 21545 0.232 0.022 -0.083 0.00 

 

3.3 Haplotype network and pairwise distance based on mtDNA 

The 16S mtDNA haplotype network corroborated genetic similarities among Northern, 

Center, Southern, and Island populations. We identified 12 haplotypes, with 13 variable sites. The 

haplotypes differed by a maximum of two mutational steps and shown one haplotype shared with 

the gray, green and orange morphs. Three out of 12 haplotypes were privative to the green morph, 

two to the orange morph, two to the brown morph, and one to the gray morph (Fig. 5A). No 

association was found between color categories and the genetic structure inferred from mtDNA. 

However, privative haplotypes were linked to specific locations (Fig. 5B) and haplotypes 

distributions tend to organize by population structure (Fig. 5C). 

The uncorrected p-distances for pairwise divergence among individuals from four morphs 

across ten B. actaeus localities range from 0.2% to 1.5% for 16S (Table 2). The lowest distance is 

found among individuals from Island, SPA, and MOG (0.2 %), while the highest distance between 

individuals is observed between BFb and BNb against CAG (1.5%). The BFb locality exhibits the 

highest intraspecific variation (1.1%). 
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Figure 5. Median-joining haplotype network based on 16S rRNA mitochondrial fragment (473 bp) 

from 48 individual of Brachycephalus actaeus. The haplotypes are represented by circles and 

haplotype frequency is proportional to circle size. Colors show the proportion of individuals in 

each category: A) morphs; B) localities; C) genetic population. Abbreviations: BFb = Bom Futuro; 

BNb = Braço do Norte; BNg = Braço do Norte; CAG = Cantagalo CAS = Casarão; CEPA = Centro 

de Estudos e Pesquisas Ambientais da Univille; MOG = Morro Grande; PAJ = Fazenda Palmito 

Juriti; SAI = Estrada do Saí; and SPA= Serra da Palha. 

 

Table 2. Genetic p-distance based on the mitochondrial 16S rRNA fragment (473 bp) across 

Brachycephalus actaeus sampled in the northeastern Santa Catarina, Brazil. Average distances 

among individuals within each locality are highlighted in bold. 

Locality BFb BNb BNg PAJ CAG CAS CEPA SAI SPA MOG 

BFb (n = 2) 1.1%          

BNb (n = 6) 1.0% 0.3%         

BNg (n = 7) 0.7% 0.6% 0.5%        

PAJ (n = 3) 0.9% 0.5% 0.6% 0.9%       

CAG (n = 12) 1.5% 1.5% 1.2% 1.1% 0.3%      

CAS (n = 6) 1.3% 1.4% 1.1% 0.9% 0.6% 0.5%     

CEPA (n = 6) 1.1% 0.9% 0.9% 0.7% 0.6% 0.6% 0.1%    

SAI (n = 1) 1.4% 1.1% 1.2% 1.0% 0.9% 0.8% 0.3% -   

SPA (n = 4) 0.9% 1.3% 0.9% 0.9% 0.4% 0.3% 0.5% 0.7% 0.0%  

MOG (n = 1) 1.1% 1.2% 1.0% 1.0% 0.6% 0.5% 0.4% 0.7% 0.2% - 

*BFb = Bom Futuro brown morph; BNb = Braço do Norte brown morph; BNg = Braço do Norte 

green morph; PAJ = Fazenda Palmito Juriti; CAG = Cantagalo; CAS = Casarão; CEPA = Centro 

de Estudos e Pesquisas Ambientais da Univille; SAI = Estrada do Saí; SPA = Serra da Palha; and 

MOG = Morro Grande. 
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ML analysis based on 16S sequences supports the monophyly of B. actaeus including all 

color morphs, although with moderate to high bootstrap value (Fig. 6). There is no clear structure 

among lineages inferred by nuclear data (Northern, Center, Southern, and Island) on mitochondrial 

fragment. The reconstructed phylogeny revealed low support among most species of B. pernix 

group (Fig. 6). We also recovered paraphyly in the B. brunneus clade (B. brunneus + B. curupira 

+ B. izecksohni + B. leopardus), in the B. albolineatus clade (B. albolineatus + B. boticario + B. 

fuscolineatus + B. mirissimus), and in the B. pernix clade (B. auroguttatus + B. coloratus + B. 

ferruginus + B. mariaterezae + B. olivaceus + B. pernix + B. pombali + B. quiririensis + B. tabuleiro 

+ B. verrucosus). 

Part 1/2. 

Figure 6. Maximum Likelihood phylogenetic inference for Brachycephalus species based on 490 

bp of 16S mtDNA sequences. Maximum likelihood non-parametric bootstrap support values is 

shown near the branches (values ≥ 70%). GenBank accession numbers, localities abbreviations for 

B. actaeus, and sequences details are available in Table S4.  
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Figure 6. Part 2/2.                       
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3.4 Variation in phenotypic and acoustic traits 

3.4.1 Morphometry 

In total, we measured 31 females and 39 males of adult specimens (Table S5). The first 

three PCs account for 41.94% of the total morphometric variance in females and 44.61% in males. 

Permutation-based statistical tests were not significant for females’ data, while the first two axes 

were significant for male’s data, explaining 33.4% of the total variance. Variables HW, IOD, IND, 

and HAL had significant loadings in PC1, and AL, THL, and FL had significant loadings in PC2 

(Fig. 7A; Table S6). The Kruskal-Wallis test was not significant for both male (P-value = 0.37) and 

female (P-value = 0.09) SVL across localities. 

Bidimensional discriminant analysis of principal components (DAPC) scatterplots depicted 

an overlapped distribution of two significant axes for male data, indicating a lack of distinction in 

morphometric traits among color morphs (Fig. 7B). Only HL and HW had contribution to the linear 

discriminant (LD) axes. In the first axis, HL had a higher contribution than HW (60% and 40% 

respectively) and, in the second axis, HW had a higher contribution (68% and 32%, respectively) 

(Fig. 7B). HL was positively related to LD1, while HW was negatively related to LD2. Our results 

suggest variation in morphometric traits among individual from the same locality, as the analyses 

did not reveal any distinct cluster. 

 
Figure 7. Morphometric analyses based on thirteen traits of Brachycephalus actaeus males (N = 

39). A) Principal component analysis represents the significative axes PC1 and PC2. B) 

Discriminant analysis of principal components (DAPC) of significative PCs axes from male data 

by morph. The axes represent the two linear discriminants (LD). The PCA eigenvalues shows the 

portion of variance retained when maintaining 13 PCA axes. The DA eigenvalues shows the relative 

percent variation explained by each of the retained discriminant analysis (DA) eigenvectors. 

Abbreviation: AL, upper arm length; FAL, forearm length; ED, eye diameter; END, eye-nostril 

distance; FL, foot length; HAL, hand length; IND, internarial distance; IOD, interorbital distance; 

HL, head length; HW, head width; ND, nostril diameter; TIBL, tibia length; and THL, thigh length. 
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3.4.2 Osteology 

The osteology examination of the four specimens of B. actaeus (CFBH 39872, JPCM351, 

JPCM410, and TC256) revealed significant variations when compared with single specimen used 

in the original description of the species (CFBH 39848, Monteiro et al., 2018; Fig. 8). We carefully 

assigned these variations, considering all five specimens mentioned. Arytenoid cartilages were 

found to be mineralized in all specimens of B. actaeus (contrary to the earlier cartilaginous 

characterization in Monteiro et al. 2018; Fig. 8E – H). Also, the procoracoid and epicoracoid were 

observed to be fused with the clavicle and coracoid, with the clavicle separated from the coracoid 

by a wide ovoid fenestra (contrary to the statement in Monteiro et al., 2018: “procoracoid and 

epicoracoid fused with coracoid but separated from the clavicle by an ovoid fenestra, distant from 

the epicoracoid”). The pectoral girdle showed variable degrees of mineralization in the dorsal and 

ventral regions (Fig. 8A – D). 

We observed anomalies in the vertebral column of CFBH 39872. In this individual, the 

spinal plates from the vertebrae III to vertebrae VI and from the vertebrae VII to Sacral are fused 

in dorsal view, and the centra and the transverse processes may also be fused in ventral view, 

forming a unique element (Fig. 8D; Fig. S1H). Furthermore, spinal plate VIII and sacral are fused 

in CFBH 39848, JPCM351, and TC256 (Fig. 8A – B). The orientation of transverse processes in 

B. actaeus exhibits variability: Presacral III in the anomalous specimen (CFBH 39872) is 

perpendicular and diagonally twisted; Presacral V is posteriorly oriented (CFBH 39848, JPCM351, 

and JPCM410) or perpendicular (CFBH 39872 and TC256); Presacral VI is oriented anteriorly 

(CFBH 39848) or perpendicular to the notochordal axis (CFBH 39872, JPCM351, JPCM410, and 

TC256); and Presacral VII is oriented anteriorly (JPCM410) or perpendicular to the notochordal 

axis (CFBH 39848, CFBH 39872, JPCM351, and TC256). Lengths of transverse processes of 

presacrals differ among all examined specimens: VIII < II < VI ~ VII < V <III < IV (paratype, 

CFBH 39848); VIII < II ~ VI ~ VII < III ~ V < IV (paratype, CFBH 39872); VIII < II ~ VII < V ~ 

VI < III < IV (JPCM351); VIII < II ~ VI ~ VII < V < III ~ IV (TC256); and VIII < VI ~ VII < II ~ 

V < III ~ IV (JPCM410) (Fig. 8A – D). In the manus, distal carpals are partially fused (I–II) or 

fused (III–IV) with the centrale but distinguishable (JPCM351 and JPCM410). Tips of fingers II 

are pointed (JPCM351 and JPCM410) or arrow-shaped (CFBH 39848) (Fig. S1). Two specimens 

presented indistinguishable tip of fingers due to CT resolution (CFBH 39872 and TC256). In the 
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pes, phalangeal formula varies between 0 – 2 – 3 – 4 – 0 (JPCM351 and CFBH 39872) and 1 – 2 

– 3 – 4 – 0 (CFBH 39848, JPCM410, and TC256) (Fig. S1). 

 
Figure 8. High-resolution computed tomography (Micro-CT) scans of Brachycephalus actaeus. A 

and E: orange morph (JPCM351); B and F: gray morph (TC256); C and G: brown morph 

(JPCM410); and D and H: green morph (CFBH 39872). Above in dorsal view, arrows indicate 

vertebrae anomalies. Below in ventral view, arrows indicate mineralized arytenoid cartilages. 

Abbreviations: PV, Presacral vertebrae; and SP, spinal plate. 

3.4.3 Advertisement call 

To evaluate the distinctiveness of advertisement calls within B. actaeus, we analyzed 816 

calls from 51 individuals across nine localities (Table S3; Table S7). The PCA based on the acoustic 

dataset did not reveal distinct clades among color morphs, localities, or populations (Fig. 9A). The 

first two PCs axes were significant, explaining 57.3% of the total variation (Table S8). In PC1, 

there were significative loadings of temporal traits, such call repetition rate and pulse repetition 

rate, as well as the number of pulses, all exhibiting negative correlations. In contrast, another 

temporal trait, the inter-call interval, together with the spectral frequency traits (dominant, lower 

and upper frequencies), presented positive correlations. All these variables had significant loadings 

in PC1. In PC2, lower, upper, and dominant frequencies were positively correlated and had 

significant loadings (Table S8). 

The analysis of spatial eigenfunction using dbMEM resulted in three positive spatial 

correlation Moran’s eigenvector maps (MEMs) (Fig. S2). Significance was observed in the Monte-

Carlo tests for all three MEMs (P-value < 0.05). The forward selection test from RDA models 
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identified the green morph, Northern and Center populations, and MEM1 as significant predictors 

of call variation in B. actaeus (Table 3). MEM1 refers to the variation among call traits across 

broad-scale patterns. The permutation test selected the Center population and MEM1 as the best 

variables to explain the model, and this was confirmed by low collinearity (VIF > 10; Legendre 

and Legendre, 2012). The final RDA was globally significant (P-value = 0.02) and revealed an 

adjusted coefficient of determination of 4,00%. The first two axes of RDA accounted for 3.69% 

and 0.31% of total call variation, respectively (Table 3). The Center population was positively 

correlated with the number of pulses and call duration, and MEM1 negatively correlated with rise 

time, frequency bandwidth, and inter-call interval (Fig. 9B and Table 3). 

Table 3. Results of redundancy analyses testing the relationship between acoustic variables* and 

morphs, populations, geographic distance and environmental data for Brachycephalus actaeus. 

Inertia = amount of variation in the data set; adjusted R² (Adj. R²) = selected more useful variables; 

adjusted R² cumulative = cumulative determination of variables in Adj. R²; F = calculated f-scores; 

d.f. = degrees freedom in the model. The test was considered significant at P-value < 0.05 (in bold). 

Variable RDA     Forward selection   

 Inertia 

Adj. 

R² 

(%) 

F d.f. P  Significative 
variable 

Adj. R² 

cum. 

(%) 

F P 

Geographic distance 
0.60 4.20 1.73 0.60 0.05  MEM1 3.77 2.96 0.01 

MEM1 + MEM2 + MEM3           

Morphs 
0.95 10.39 2.93 0.95 0.01  Green 

morph 
8.90 5.89 0.01 

brown + gray + green + orange           

Population 
0.90 9.53 2.76 0.90 0.00  Northern 6.75 4.62 0.00 

Northern + Center + Southern + Island       Center 9.24 2.35 0.04 

Significative variables 
0.94 8.35 2.14 0.94 0.00  

    

MEM1 + green morph + Northern + Center        

   

Best variables by permutation test** 
0.47 4.00 2.04 0.47 0.02 

     

Center and MEM1      

     

*The acoustic variables lower and upper frequencies, call repetition rate, and pulse repetition rate 

were not included because they were significantly correlated with other variables. **Main statistics 

of the permutation test to simplify the model: MEM1 (AIC = 89.775; F = 2.375; and P-value = 

0.050); and Center (AIC = 91.382; F = 3.988; and P-value = 0.005). 
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Figure 9. Acoustic analyses comparing Brachycephalus actaeus calls. A) Principal component 

analysis plot of the first two significant axes in whole acoustic data. B) Redundant analyses (RDA) 

of significant predictive variables, MEM1 (geographic structure) and Center (genetic population), 

and non-correlated acoustic traits. Only the first axis of global RDA was significant and explain 

3.69% of variance. Abbreviations: CD, call duration; CI, inter-call interval; CR, call rate; DF, 

dominant frequency; FBW, frequency bandwidth; LF, lower frequency; NP, number of pulses; RT, 

rise time; PR, pulse rate; and UP, upper frequency. 

 

4 DISCUSSION 

Our findings revealed clear intrapopulation color variation in Brachycephalus actaeus, 

supported by multiple evidence, including genetics, morphology, osteology, and bioacoustics, in 

agreement with previous studies by Lyra et al. (2021) and Monteiro et al. (unpublished). Color 

polytypism within species has long been documented in aposematic frogs, guided by the central 

prediction that if color variance exists, it should be correlated with signal differences through 

adaptative roles (Briolat et al., 2019; Caro, 2017; Mayr, 1963). Specifically, in Brachycephalus 

species, cryptic and conspicuous colors have been putatively associated with antipredator strategies 

(Monteiro et al., unpublished; Rebouças et al., 2019). Our contribution reinforces the predominance 

of color polymorphism and polytypism in B. actaeus, offering insights for future studies on 

Brachycephalus species. 

The color morphs in B. actaeus exhibit patterns proposed as precursors to the evolution of 

aposematism (Loeffler-Henry et al., 2023). These patterns are characterized by fully conspicuous 

(orange morph), dorsal cryptic with small patches of conspicuous coloration on ventral surfaces 

(green morph), and dorsal cryptic with fully conspicuous ventral surface (brown and gray morphs). 

In this way, it is essential to trace the history of aposematism in this species to understand whether 
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these color morphs represent a continuum in the acquisition of aposematism, or if the aposematic 

coloration observed currently evolves back to cryptic. 

The distribution of color morphs in B. actaeus differs from the four identified populations, 

corresponding to Northern (BFb, BFg, BNb, BNg, and PAJ), Center (CAG and CAS), Southern 

(CEPA and SAI), and Island (MOG and SPA). The color of CAS individuals is predominantly gray, 

varying to brownish and greenish, occasionally with a weakly delimited white vertebral stripe, 

which is clearly displayed by the orange morph (Fig. 2M – T). Also, CAS individuals showed wide 

genetic admixture in comparison to relatives. Additionally, the broader distribution observed for 

the green morph might indicate greater fitness plasticity across different environmental conditions 

and pressures. The green morph were found exclusively in the Island population (MOG and SPA), 

which is geographically fragmented due to human occupation and is currently isolated from 

mainland populations by Babitonga Bay (Monteiro et al., 2018). 

The FST results for pairwise populations support lower gene flow between mainland 

(Northern, Center, and Southern) and the Island, which is likely an indicative of the physical barrier 

imposed by Babitonga Bay to gene exchange. Among mainland populations, we detected highest 

genetic diversity, low genetic differentiation, and probable level of gene flow. The Tajima’s 

neutrality values were negative for all populations, with a notable emphasis in the Southern 

population. Negative Tajima’s D values can suggest population expansions after selective sweep 

and bottleneck (Galtier et al., 2000). Due to the loss of genetic variation after spatial isolation, the 

new population can become genetically distinct from the original population (Arenas et al., 2012), 

which could explain the structure of four populations here observed in B. actaeus. Further, studies 

will be necessary to investigate demographic history and evaluate differences in timing and 

intensity of bottlenecks in B. actaeus populations. In addition, the fixation of rare alleles in the 

Southern population (CEPA and SAI) might be an outcome of smaller effective population size 

during spatial isolation (Pabijan et al., 2012), suggesting a recent contact with CAS from Center 

population. 

The morphometric analysis revealed that both head length and width made a substantial 

contribution to individual differences. The observed overlap between color morphs led us to 

interpret this outcome as a reflection of intraspecific variability among individuals within same 

sampled localities. Additionally, no differences in body size were detected. Aposematic coloration 

is known to function as an effective warning signal, typically favoring larger-sized individuals 
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(Hagman & Forsman, 2003). Contrary to the predictions presented for the general body size shifts 

within the genus Brachycephalus (Condez et al., 2020), we found no evidence supporting positive 

selection pressures favoring larger body size in the orange morph of B. actaeus. Although this 

phenomenon has been documented in amphibians, such as Oophaga granulifera (Brusa et al., 

2013), O. pumilio (Rudh, 2013), or Ambystoma (Winebarger et al., 2018), it is possible that certain 

species, as observed in Plethodon (Winebarger et al., 2018), are too small to derive advantages 

from conspicuous coloration in larger bodies. 

In the osteological comparison of B. actaeus, we identified prominent disparities, 

underscoring the importance of evaluating intraspecific characteristics. Predominantly, these 

differences were related to specific details in bone structures, such as variations in the length and 

orientation of transverse processes of vertebrae, fusion in manus bones, the shape of the fingertips, 

and pes’ phalangeal formula. The intraspecific variability observed in the phalangeal formula 

agrees with previous remarks observed in miniaturized species, suggesting a potential outcome of 

miniaturization (Yeh, 2002). Notably, the fusion of centra and the transverse processes in the 

anomalous vertebrae column of the CFBH 39872 specimen aligns with conditions observed in 

other Brachycephalus species, such as those with bony plates (i.e., B. ephippium and B. 

rotenbergae; Campos et al., 2010). This discovery, tied to the fact that structural modifications, like 

bone fusions and bone plates, are shared between all Brachycephalus relatives, reinforces that the 

genes responsible for structural modifications may be present but inactive in some species. 

Similarly, substantial osteological variations in diagnostic traits have been documented in 

Brachycephalus species when the intraspecific sample size is expanded (Folly et al., 2021). 

Combined with existing literature, these intraspecific variations support the idea that increased 

intraspecific variability in adults of miniaturized species may result as a by-product of size 

reduction (Hanken, 1993; Hanken & Wake, 1993; Yeh, 2002). 

Furthermore, our bioacoustics approach revealed the influence of the Center population 

(comprising CAG and CAS localities, represented by orange and gray morphs, respectively) and 

geographic distances on call variation. Male calls from these localities exhibited predominantly 

three pulses per call (one call-note), a pattern uncommon in all other localities where calls regularly 

consist of two pulses per note. This distinctive acoustic characteristic suggests population 

specificity in the communication patterns of B. actaeus. The conspicuous orange coloration and 

acoustic distinctions in CAG perhaps can contribute to multimodal signaling, potentially 
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influencing local female mate choice preferences (Dreher & Pröhl, 2014; Rojas et al., 2018), which 

was supported by low genetic admixture among other populations. On the other hand, the similar 

call characteristics amid CAS and CAG, coupled with color variation and clearly genetic admixture 

between the CAS and Southern population, indicate CAS as a potential recent transition zone 

among color morphs. 

Diversification in acoustic signals in polymorphic/polytypic poison frogs has been 

proposed as a consequence of the aposematism, aiding in partner recognition while employing a 

color strategy to avoid predation (Dreher et al., 2015; Rojas et al., 2018; Santos et al., 2014). Also, 

numerous studies have linked call variation to factors like geographic variation or/and genetic 

structure (Brusa et al., 2013; González-Acosta et al., 2023; Twomey et al., 2015). Within 

Brachycephalus species, there is a noteworthy absence of studies that assess intraspecific acoustic 

variation across the geographic distribution of species. The puzzle deepens when considering the 

presumed deafness of Brachycephalus species (Goutte et al., 2017). The fact that males of different 

species of Brachycephalus emit conspicuous vocalizations (authors personal observations; e.g. 

Condez et al., 2021) and antiphonal calls (Oliveira & Haddad, 2017; C.F.B. Haddad, personal 

observations for B. ephippium, B. pitanga, B. rotenbergae, and B. toby; J.P.C. Monteiro 

observations for all species of B. pernix group), which presuppose acoustic synchronization with 

neighboring males, shows that they have the ability to perceive sounds. In an evolutionary context, 

we argue that acoustics signals in Brachycephalus have a sensory function, potentially being 

received through an alternative pathway. Our findings still suggest that intraspecific acoustic 

variation in B. actaeus may be influenced by sexual selection and geographic distance. It is, 

however, crucial to acknowledge the limitation of our data, which warrant further research to 

improve sample size and incorporate important variables, such as male body size, environmental 

conditions, and behavior, to improve statistical robustness and to test alternative explanations. 

Until recently, color variation in Brachycephalus was often overlooked as an intraspecific 

characteristic. Instead, the attribution of high numbers of newly identified microendemic species 

has been linked to color differences, helping as a diagnostic character indicative of rapid 

diversification (e. g. Pie et al., 2018; Ribeiro et al., 2015, 2017). The inclusion of more samples 

offers a greater understanding of intraspecific variation and could help signal possible paraphylies 

as exemplified in our phylogenetic reconstruction. While the mechanisms underlying phenotypic 

diversity in Brachycephalus are unknown, our results confirm that certain characters, such as 
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coloration, osteology, and bioacoustics, frequently used to define taxa, do not always reflect 

evolutionary divergence. 

Thus, an alternative evolutionary interpretation among Brachycephalus species predicts 

intriguing scenarios where color diversity within species evolves from cryptic or aposematic 

phenotypes multiple times, a pattern common in dendrobatids (Grant et al., 2017). Undoubtedly, 

researchers must make effort to reassess the described species by identifying intraspecific 

morphological features and patterns in genetic lineages. This step will be crucial to important 

advances in understanding evolution in Brachycephalus, resulting in appropriated conservations 

measures. Many of these species and/or color morphs are limited to specific conditions at higher 

elevation locations in the Atlantic Forest remnants, making them vulnerable to climate change and 

habitat disturbance. The future direction for conservation should be carefully reconsidered, 

considering a broad understanding to preserve the evolutionary history of each lineage. 

Altogether, our evidence provides a significant contribution to evolutionary scenario in 

Brachycephalus, highlighting the challenges in the taxonomy and systematics of these cryptic, 

aposematic, and miniaturize species – these last two phenomena contributing to high intraspecific 

variation (Briolat et al., 2019; Hanken & Wake, 1993; Paluh et al., 2020). The gradient from crypsis 

to aposematism in B. actaeus represents possible predator avoidance strategies (Monteiro et al., 

unpublished), reflecting opposing solutions to the trade-off between the costs of detection by 

predators and the benefits of learned aversion (Willink et al., 2013). However, nothing is known 

about whether female mate preferences play a role in selecting color morphs or if there is epigenetic 

regulation influenced by environmental conditions (Caballero et al., 2012; Gao et al., 2022). An 

intriguing avenue for future research on color morph selection will be to assess (1) the geographic 

variation in predator identity; (2) frequency-dependent sexual selection due to females’ mate 

preferences; (3) how environmental variables (e.g., climate, resource availability, luminance) affect 

microhabitat; and (4) the variation of chemical defences among color morphs. 

In conclusion, this study underscores the urgent need for targeted conservation efforts, 

particularly for the vulnerable Island population of B. actaeus. The imminent threats posed by 

urbanization and pollution stemming from the nearby port region place this population at 

significant risk, exacerbated by its location outside of conservation areas and confined to a limited 

space. On the other hand, mainland populations face a similar alert level for threats, mainly 

associated with urbanization. However, the prospect of future protection within the conservation 
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area “Refúgio da Vida Silvestre das Nascentes do Saí” provides a promising path for its 

populations. 
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Appendix I. Details of Brachycephalus actaeus samples used in the present study. Abbreviations: m. = measurements and SFS = São 

Francisco do Sul. Acronyms: CFBH = Célio F. B. Haddad amphibian collection; JPCM = Juliane Petry de Carli Monteiro; TC = Thais 

Condez; UFMG = amphibian collection of Centro de Coleções Taxonômicas do Instituto de Ciências Biológicas da Universidade Federal 

de Minas Gerais, and UNIVILLE = Universidade da Região de Joinville. 

Field 

code 
Voucher Morph Population 

Local 

code 

ddRAD 

matrix 

Call 

matrix 

Measu. 

matrix 
Locality Municipality 

Latitude 

(S) 

Longitude 

(W) 

Elevation 

(meters) 

JPCM400  Brown Northern BFb x*  x Alto Bom Futuro Garuva -26.1128 -48.7449 339 

JPCM401  Brown Northern BFb x*  x Alto Bom Futuro Garuva -26.1128 -48.7449 339 

JPCM402  Green Northern BFg x*  x Baixo Bom Futuro Garuva -26.1106 -48.7405 282 

JPCM403  Green Northern BFg   x Baixo Bom Futuro Garuva -26.1106 -48.7405 282 

JPCM390  Brown Northern BNb x**  x 
Morro da Antena, Alto 

Braço do Norte 
Itapoá -26.1225 -48.7396 452 

JPCM391  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1225 -48.7396 452 

JPCM392  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1225 -48.7396 452 

JPCM393  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1225 -48.7396 452 

JPCM394  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1225 -48.7396 452 

JPCM409  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1287 -48.7417 521 

JPCM410  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1211 -48.7356 464 

JPCM411  Brown Northern BNb x*  x 
Morro da Antena, Alto 

Braço do Norte 

Itapoá 
-26.1211 -48.7356 464 

JPCM707  Brown Northern BNb  x  Morro da Antena, Alto 

Braço do Norte 
Itapoá -26.1225 -48.7396 452 

JPCM708  Brown Northern BNb  x  Morro da Antena, Alto 

Braço do Norte 
Itapoá -26.1225 -48.7396 452 

JPCM708  Brown Northern BNb  x  Morro da Antena, Alto 

Braço do Norte 
Itapoá -26.1225 -48.7396 452 
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JPCM361 CFBH 39863 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM362 CFBH 39864 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM363 CFBH 39865 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM364 UFMG18972 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM365 CFBH 39867 Green Northern BNg   x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM366 CFBH 39868 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM367 CFBH 39869 Green Northern BNg x*   
Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá -26.1248 -48.7300 236 

JPCM368 CFBH 39870 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM369 CFBH 39871 Green Northern BNg x*   
Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM387 CFBH 30875 Green Northern BNg x*  x 

Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá 

-26.1248 -48.7300 236 

JPCM702  Green Northern BNg  x  
Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá -26.1248 -48.7300 236 

JPCM703  Green Northern BNg  x  
Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá -26.1248 -48.7300 236 

JPCM706  Green Northern BNg  x  
Estrada para Morro da 

Antena, Baixo Braço 

do Norte 

Itapoá -26.1218 -48.7323 346 
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JPCM265 UFMG18970 Green Southern CEPA   x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM313 UFMG18971 Green Southern CEPA   x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM356 CFBH 39855 Green Southern CEPA x*  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM357 CFBH 39856 Green Southern CEPA x**  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM358 CFBH 39857 Green Southern CEPA x*  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM359 CFBH 39858 Green Southern CEPA x*  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM360 CFBH 39859 Green Southern CEPA   x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM374 UFMG18973 Green Southern CEPA x*  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM375 CFBH 39561 Green Southern CEPA x*  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM599  Green Southern CEPA  x  

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 
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TC269 CFBH 39847 Green Southern CEPA x*  x 

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2232 -48.6886 138 

TC288 CFBH 39848 Green Southern CEPA x* x  

Trilha da captação, 

Centro de Estudos e 

Pesquisas Ambientais 

UNIVILLE 

SFS -26.2233 -48.6886 138 

JPCM259  Orange Center CAG   x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM341  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM342  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM343  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM344  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM345  Orange Center CAG x** x x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM346  Orange Center CAG x**  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM347  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM348  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM349  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM350  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM351  Orange Center CAG x**  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM352  Orange Center CAG   x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM353  Orange Center CAG x**  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM354  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM677  Orange Center CAG  x  Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM678  Orange Center CAG  x  Morro Cantagalo SFS -26.1893 -48.7323 237 

TC278  Orange  Center CAG    Morro Cantagalo SFS -26.1893 -48.7323 237 

TC279  Orange  Center CAG    Morro Cantagalo SFS -26.1892 -48.7310 237 

TC280  Orange Center CAG x*  x Morro Cantagalo SFS -26.1892 -48.7310 237 

TC281  Orange Center CAG x*  x Morro Cantagalo SFS -26.1892 -48.7310 237 

TC282  Orange Center CAG   x Morro Cantagalo SFS -26.1893 -48.7323 237 

TC283  Orange Center CAG x*  x Morro Cantagalo SFS -26.1893 -48.7323 237 

TC284  Orange Center CAG x*  x Morro Cantagalo SFS -26.1892 -48.7310 237 

TC285  Orange Center CAG x*  x Morro Cantagalo SFS -26.1892 -48.7310 237 

TC286  Orange Center CAG x**  x Morro Cantagalo SFS -26.1893 -48.7323 237 

JPCM355  Gray Center CAS x*  x Casarão Backmeyer SFS -26.1753 -48.7125 129 
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JPCM675  Gray Center CAS  x  Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC232  Gray Center CAS   x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC233  Gray Center CAS x**  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC253  Gray Center CAS x**  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC254  Gray Center CAS   x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC255  Gray Center CAS x*  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC256  Gray Center CAS x*  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC257  Gray Center CAS x*  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC258  Gray Center CAS x**  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC259  Gray Center CAS   x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC260  Gray Center CAS x*  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC261  Gray Center CAS x*   Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC262  Gray Center CAS x*  x Casarão Backmeyer SFS -26.1753 -48.7125 129 

TC267 CFBH 39846 Green Island MOG x*   Morro Grande SFS -26.2964 -48.6194 40 

JPCM294 CFBH 39850 Green Island SPA   x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM295 CFBH 39851 Green Island SPA x*  x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM371 CFBH 39872 Green Island SPA x*  x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM372 CFBH 39873 Green Island SPA x*  x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM373 UFMG18973 Green Island SPA x*  x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM396 CFBH 39876 Green Island SPA x*  x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM397 CFBH 39877 Green Island SPA x*  x Serra da Palha SFS -26.2949 -48.6738 80 

JPCM670  Green Island SPA  x  Serra da Palha SFS -26.2949 -48.6738 80 

JPCM671  Green Island SPA  x  Serra da Palha SFS -26.2949 -48.6738 80 

JPCM412 CFBH 42005 Green Northern PAJ x*  x Fazenda Palmito Juriti SFS -26.1359 -48.7316 125 

JPCM413 CFBH 42006 Green Northern PAJ x*  x Fazenda Palmito Juriti SFS -26.1367 -48.7354 170 

JPCM414 CFBH 42007 Green Northern PAJ x*  x Fazenda Palmito Juriti SFS -26.1367 -48.7354 170 

JPCM415 CFBH 42008 Green Northern PAJ x**  x Fazenda Palmito Juriti SFS -26.1367 -48.7354 170 

JPCM320 CFBH 39853 Green Southern SAI   x Estrada do Saí SFS -26.2020 -48.6935 81 

JPCM321 CFBH 39854 Green Southern SAI x**  x Estrada do Saí SFS -26.2020 -48.6935 81 

JPCM370 CFBH 39862 Green Southern SAI x*  x Estrada do Saí SFS -26.2020 -48.6935 81 

JPCM642  Green Southern SAI  x  Estrada do Saí SFS -26.2020 -48.6935 81 

*Final samples used in ddRAD dataset; **Samples excluded from ddRAD dataset by filter criterium. 
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Table S1. Final statistics summary provided by ipyrad for the 57 samples of Brachycaphalus 

actaeus in this study. Raw reads refer to the total reads produced during Illumina sequencing; post-

processing reads are those that remained after filtering for quality, adaptor contamination, 

ambiguous barcodes, and mitochondrial sequences; total clusters are the number of homologous 

sequences clusters created with the post-processing reads; mean depth is the mean depth of 

coverage of a cluster. Estimated heterozygosity (H) and error rate (E) were calculated across 

clusters, and consensus sequences were created for each cluster (Consens. reads). Consensus 

sequences were clustered across specimens and loci that passed filtering parameters were included 

in the final data matrix (Loci in assembly). 

Sample 
Raw 

reads 

Reads 

passing 

filter 

Total 

clusters 

Hidepth 

clusters 
H E 

Consens. 

reads 

Loci in 

assembly 

JPCM295 1951114 1946077 74292 22890 0.037 0.014 15624 12946 

JPCM341 1575692 1561278 70826 19966 0.041 0.015 12977 11051 

JPCM342 3215533 3184815 126761 32324 0.048 0.012 22326 18822 

JPCM343 2238591 2219328 93241 24984 0.040 0.013 16311 13758 

JPCM344 1596301 1579478 80158 20220 0.044 0.015 13007 10927 

JPCM347 1985728 1972641 71940 24398 0.044 0.013 16547 14155 

JPCM348 2576760 2557619 101286 29825 0.042 0.013 20827 17705 

JPCM349 1462280 1449819 66997 18419 0.045 0.015 11671 9922 

JPCM350 3996285 3956628 105973 37699 0.038 0.011 27470 23196 

JPCM354 2823155 2798005 89425 32068 0.036 0.013 22708 19428 

JPCM356 3652663 3630861 104886 34383 0.039 0.011 24346 20372 

JPCM358 3878013 3845068 108851 37745 0.038 0.011 27455 23594 

JPCM359 4713738 4683344 130420 40102 0.041 0.011 28345 24187 

JPCM361 2093264 2075110 80319 24244 0.043 0.014 16373 13816 

JPCM362 4148700 4109081 119402 39394 0.043 0.011 28527 23908 

JPCM363 2691700 2669147 92429 30434 0.039 0.013 21150 17938 

JPCM364 4009418 3999969 127001 42478 0.035 0.012 30876 23452 

JPCM366 3919415 3886611 118091 37679 0.045 0.011 27004 22780 

JPCM367 3991387 3962514 110875 38628 0.038 0.011 28043 23445 

JPCM368 2534070 2511957 89194 29486 0.041 0.012 20535 17434 

JPCM369 2089057 2066583 81766 26074 0.041 0.014 17606 15066 

JPCM370 4100141 4070688 112553 38832 0.041 0.011 28711 24243 
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Sample 
Raw 

reads 

Reads 

passing 

filter 

Total 

clusters 

Hidepth 

clusters 
H E 

Consens. 

reads 

Loci in 

assembly 

JPCM371 4397722 4370389 119118 39034 0.040 0.010 28819 24223 

JPCM372 2591300 2572741 91339 29571 0.039 0.012 21116 17992 

JPCM373 1984082 1967586 77366 24508 0.039 0.013 16985 14524 

JPCM374 3187307 3158534 89785 33754 0.038 0.011 24603 21053 

JPCM375 3386293 3355111 97737 35135 0.038 0.012 25327 21755 

JPCM387 2633979 2614252 87641 28240 0.039 0.013 19588 16518 

JPCM391 1976171 1955064 75265 23904 0.040 0.015 15965 13552 

JPCM392 1639193 1625013 70574 19795 0.042 0.015 12709 10735 

JPCM393 2497142 2470101 85772 27736 0.041 0.014 19178 16283 

JPCM394 2867686 2843574 92432 30612 0.039 0.013 21543 18079 

JPCM396 2828084 2815293 86561 32889 0.038 0.012 24157 20470 

JPCM397 6080752 6029167 138109 44958 0.043 0.010 33647 27461 

JPCM400 4077148 4045504 157241 41086 0.041 0.011 29636 21998 

JPCM401 1998520 1994061 80282 23806 0.040 0.014 15738 12693 

JPCM402 2056271 2039400 78091 24998 0.041 0.013 16957 14099 

JPCM409 3240430 3214037 117001 33992 0.043 0.013 23938 20131 

JPCM410 3470655 3456832 130151 38729 0.039 0.013 27374 21906 

JPCM411 2601947 2583714 87504 29915 0.036 0.013 20796 17592 

JPCM412 2773838 2747267 97366 30401 0.040 0.013 21341 18095 

JPCM413 2911583 2879820 96998 29994 0.040 0.013 20860 17613 

JPCM414 3164487 3139076 94415 33503 0.038 0.011 23994 20280 

TC255 3816275 3791587 107019 36699 0.045 0.011 26815 22501 

TC256 2311918 2294766 84714 26301 0.044 0.013 17276 14976 

TC257 3126042 3104947 104384 32245 0.046 0.012 22907 19427 

TC260 1835325 1821198 75477 22451 0.043 0.015 14944 12736 

TC261 3194804 3170705 106999 32818 0.047 0.012 23229 19707 

TC262 2176088 2158194 79599 26141 0.042 0.013 17905 15202 

TC267 3111359 3100443 115856 35125 0.040 0.013 25437 20731 

TC269 4103791 4090638 115999 42259 0.036 0.012 31351 24357 

TC280 2475773 2451375 89408 28608 0.042 0.013 20002 17111 

TC281 2439268 2418838 111773 27255 0.046 0.013 18212 15267 

TC283 1741995 1722328 93553 21634 0.046 0.015 13907 11697 

TC284 3494578 3466808 132218 33665 0.049 0.012 23413 19758 

TC285 2758053 2729336 112020 30471 0.045 0.013 21154 17692 

TC288 4015382 3987452 114462 38119 0.042 0.010 28001 23897 
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Table S2. Summary statistics for two filters parameters used for SNPs dataset performed in 

SambaR v1.0.9 package. Before filtering refers to file generated by VCFtools. 

 

Before 

filtering 

After 

filtering* 

After 

filtering** 

Number of individuals 57 57 39 

Number of SNPs 228403 5039 21545 

Percentage of SNPs with maf >= 0.05 57.36 31.59 52.21 

Mean proportion of missing data per 

individual 0.56 0.56 0.51 

GC content 0.61 0.66 0.64 

Transition vs transversion ratio 1.30 1.31 1.29 

Filter parameters: *indmiss=0.95; snpmiss = 0.05; MAC = 2; dohefilter = TRUE; 

**indmiss=0.6; snpmiss = 0.15; MAC = 2; dohefilter = TRUE. 
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Table S3. Information on sound recordings from Brachycephalus actaeus. For abbreviations of 

local code see Appendix I. 

Sound file Voucher Morph Local code Population Air (°C) UR (%) Date 

JPCM086 unvouched brown BNb Northern 25 70 8/10/2019 

JPCM087 JPCM707 brown BNb Northern 23 70 8/10/2019 

JPCM088 unvouched brown BNb Northern 22 75 8/10/2019 

JPCM089 unvouched brown BNb Northern 22 75 8/10/2019 

JPCM090 unvouched brown BNb Northern 22 75 8/10/2019 

JPCM091 unvouched brown BNb Northern 22 75 8/10/2019 

JPCM092 unvouched brown BNb Northern 19 80 8/10/2019 

JPCM093 JPCM708 brown BNb Northern 19 89 8/10/2019 

JPCM094 JPCM708 brown BNb Northern 19 89 8/10/2019 

JPCM095 unvouched brown BNb Northern 19 85 8/9/2019 

JPCM098 unvouched brown BNb Northern 19 85 8/9/2019 

JPCM001 CFBH 39848 green CEPA Southern 25 95 23/10/2014 

JPCM002 unvouched green CEPA Southern 19 95 23/10/2014 

JPCM015 unvouched green CEPA Southern 23 85 15/9/2014 

JPCM035 JPCM599 green CEPA Southern 21 95 16/9/2018 

JPCM037 unvouched green CEPA Southern 21 95 16/9/2018 

JPCM050 unvouched green SAI Southern 28 90 28/1/2019 

JPCM051 JPCM642 green SAI Southern 28 90 28/1/2019 

JPCM052 unvouched green SAI Southern 28 90 28/1/2019 

JPCM085 JPCM706 green BNg Northern 23 80 8/10/2019 

JPCM005 unvouched green BNg Northern 17 100 23/11/2015 

JPCM006 unvouched green BNg Northern 16 100 23/11/2015 

JPCM074 JPCM702 green BNg Northern 23 85 8/10/2019 

JPCM076 unvouched green BNg Northern 23 85 8/10/2019 

JPCM077 JPCM703 green BNg Northern 23 85 8/10/2019 

JPCM078 unvouched green BNg Northern 23 85 8/10/2019 

JPCM082 unvouched green BNg Northern 24 85 8/10/2019 

JPCM083 unvouched green BNg Northern 24 85 8/10/2019 

JPCM003 unvouched green SPA Island 24 80 20/11/2015 

JPCM004 unvouched green SPA Island 24 80 20/11/2015 

JPCM053 JPCM671 green SPA Island 21 80 30/9/2019 

JPCM054 JPCM670 green SPA Island 21 80 30/9/2019 

JPCM056 unvouched green SPA Island 20 90 30/9/2019 

JPCM057 unvouched green SPA Island 20 90 30/9/2019 

JPCM058 unvouched green SPA Island 20 90 30/9/2019 

JPCM060 unvouched gray CAS Center 23 80 1/9/2019 

JPCM061 unvouched gray CAS Center 21 84 1/9/2019 

JPCM062 unvouched gray CAS Center 21 85 1/9/2019 

JPCM063 unvouched gray CAS Center 21 85 1/9/2019 

JPCM064ind1 unvouched gray CAS Center 21 85 1/9/2019 

JPCM064ind2 unvouched gray CAS Center 21 85 1/9/2019 

JPCM065 unvouched gray CAS Center 20 85 1/9/2019 

JPCM066 JPCM675 gray CAS Center 20 85 1/9/2019 

JPCM016 JPCM345 orange CAG Center 17 91 29/8/2015 

JPCM067 unvouched orange CAG Center 22 78 2/10/2019 

JPCM068 unvouched orange CAG Center 22 78 2/10/2019 
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Sound file Voucher Morph Local code Population Air (°C) UR (%) Date 

JPCM069 JPCM677 orange CAG Center 21 80 2/10/2019 

JPCM070 unvouched orange CAG Center 22 80 2/10/2019 

JPCM071 unvouched orange CAG Center 21 80 2/10/2019 

JPCM072 JPCM678 orange CAG Center 21 80 2/10/2019 

JPCM073 unvouched orange CAG Center 21 88 2/10/2019 
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Table S4. GenBank accession numbers of 16S mtDNA sequences of Brachycephalus and outgroups (Haddadus and Ischnocnema) used in this 

study. All Brachycephalus actaeus sequences in the present study where generate from ddRAD extractions. New sequences are highlighted in bold. 

Brazilian States (UF): BA = Bahia; ES = Espírito Santo; MG = Minas Gerais; PR = Paraná; RJ = Rio de Janeiro; SC = Santa Catarina; and SP = 

São Paulo. 

Species Voucher Field Voucher Locality Municipality UF GenBank Observation 

Brachycephalus actaeus  JPCM400 Alto Bom Futuro Garuva SC This study  

Brachycephalus actaeus  JPCM401 Alto Bom Futuro Garuva SC This study  

Brachycephalus actaeus  TC255 Casarão Backmeyer São Francisco do Sul SC This study  

Brachycephalus actaeus  TC256 Casarão Backmeyer São Francisco do Sul SC This study  

Brachycephalus actaeus  TC257 Casarão Backmeyer São Francisco do Sul SC This study  

Brachycephalus actaeus  TC260 Casarão Backmeyer São Francisco do Sul SC This study  

Brachycephalus actaeus  TC261 Casarão Backmeyer São Francisco do Sul SC This study  

Brachycephalus actaeus  TC262 Casarão Backmeyer São Francisco do Sul SC This study  

Brachycephalus actaeus CFBH 39862 JPCM370 Estrada do Saí São Francisco do Sul SC This study paratype 

Brachycephalus actaeus CFBH 39863 JPCM361 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus CFBH 39864 JPCM362 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus CFBH 39865 JPCM363 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus CFBH 39868 JPCM366 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus CFBH 39869 JPCM367 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus CFBH 39870 JPCM368 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus UFMG 18972 JPCM364 Estrada para Morro da Antena, Baixo Braço do Norte Itapoá SC This study paratype 

Brachycephalus actaeus CFBH 42005 JPCM412 Fazenda Palmito Juriti São Francisco do Sul SC This study  

Brachycephalus actaeus CFBH 42006 JPCM413 Fazenda Palmito Juriti São Francisco do Sul SC This study  

Brachycephalus actaeus CFBH 42007 JPCM414 Fazenda Palmito Juriti São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM341 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM342 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM343 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM347 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM348 Morro Cantagalo São Francisco do Sul SC This study  
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Species Voucher Field Voucher Locality Municipality UF GenBank Observation 

Brachycephalus actaeus  JPCM350 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM352 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM354 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  TC278 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  TC280 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  TC281 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  TC285 Morro Cantagalo São Francisco do Sul SC This study  

Brachycephalus actaeus  JPCM391 Morro da Antena, Alto Braço do Norte Itapoá SC This study  

Brachycephalus actaeus  JPCM392 Morro da Antena, Alto Braço do Norte Itapoá SC This study  

Brachycephalus actaeus  JPCM393 Morro da Antena, Alto Braço do Norte Itapoá SC This study  

Brachycephalus actaeus  JPCM409 Morro da Antena, Alto Braço do Norte Itapoá SC This study  

Brachycephalus actaeus  JPCM410 Morro da Antena, Alto Braço do Norte Itapoá SC This study  

Brachycephalus actaeus  JPCM411 Morro da Antena, Alto Braço do Norte Itapoá SC This study  

Brachycephalus actaeus CFBH 39846 TC267 Morro Grande São Francisco do Sul SC This study paratype 

Brachycephalus actaeus CFBH 39851 JPCM295 Serra da Palha São Francisco do Sul SC This study paratopotype 

Brachycephalus actaeus CFBH 39872 JPCM371 Serra da Palha São Francisco do Sul SC This study paratopotype 

Brachycephalus actaeus CFBH 39873 JPCM372 Serra da Palha São Francisco do Sul SC This study paratopotype 

Brachycephalus actaeus CFBH 39877 JPCM397 Serra da Palha São Francisco do Sul SC This study paratopotype 

Brachycephalus actaeus CFBH 39561 JPCM375 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 

Brachycephalus actaeus CFBH 39847 TC269 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 

Brachycephalus actaeus CFBH 39848 TC288 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 

Brachycephalus actaeus CFBH 39855 JPCM356 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 

Brachycephalus actaeus CFBH 39858 JPCM359 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 

Brachycephalus actaeus UFMG 18970 JPCM265 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 

Brachycephalus actaeus UFMG 18973 JPCM374 
Centro de Estudos e Pesquisas Ambientais 

UNIVILLE 
São Francisco do Sul SC This study paratype 



188 

 

 

Species Voucher Field Voucher Locality Municipality UF GenBank Observation 

Brachycephalus albolineatus CFBH 41754 CHCpo701 Morro Boa Vista Jaraguá do Sul SC MG889434 topotype 

Brachycephalus albolineatus  JPCM729 Morro Boa Vista Jaraguá do Sul SC This study topotype 

Brachycephalus albolineatus  JPCM730 Morro Boa Vista Jaraguá do Sul SC This study topotype 

Brachycephalus albolineatus  

Feb2017-

RNA02 Morro Boa Vista Jaraguá do Sul 
SC 

MZ770738      
topotype 

Brachycephalus alipioi  CFBH3566  Vargem Alta ES HQ435690  

Brachycephalus auroguttatus  JPCM597 Pedra da Tartaruga Garuva SC MZ770739 topotype 

Brachycephalus auroguttatus  JPCM560 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM561 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM571 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM573 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM576 Pedra da Tartaruga Garuva SC MZ770739 topotype 

Brachycephalus auroguttatus  JPCM577 Pedra da Tartaruga Garuva SC This study topotype 

Brachycephalus auroguttatus  JPCM587 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM594 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM595 Campos do Quiriri Garuva SC This study  

Brachycephalus auroguttatus  JPCM596 Pedra da Tartaruga Garuva SC This study topotype 

Brachycephalus boticario  JPCM867 Morro do Cachorro Blumenau SC This study topotype 

Brachycephalus boticario  JPCM868 Morro do Cachorro Blumenau SC This study topotype 

Brachycephalus boticario  JPCM869  Morro do Cachorro Blumenau SC This study topotype 

Brachycephalus brunneus  JPCM777 Caratuva, Parque Estadual Pico Paraná 
Campina Grande do 

Sul 
PR This study topotype 

Brachycephalus brunneus  JPCM781 Pico Caratuva 

Campina Grande do 

Sul 
PR This study topotype 

Brachycephalus brunneus  JPCM785 Pico Caratuva 

Campina Grande do 

Sul 
PR This study topotype 

Brachycephalus brunneus  JPCM787 Próximo ao Pico Paraná Antonina PR This study  

Brachycephalus brunneus  JPCM788 Próximo ao grampo, Pico Paraná Antonina PR This study  

Brachycephalus brunneus  JPCM790 Próximo ao grampo, Pico Paraná Antonina PR This study  

Brachycephalus brunneus  JPCM897 Parque Nacional Guaricana Morretes PR This study  
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Species Voucher Field Voucher Locality Municipality UF GenBank Observation 

Brachycephalus brunneus  JPCM854 Parque Nacional Guaricana Morretes PR This study  

Brachycephalus brunneus  JPCM855 Parque Nacional Guaricana Morretes PR This study  

Brachycephalus brunneus  JUM28 Pedra Branca do Araraquara Guaratuba PR This study  

Brachycephalus bufonoides ZUFRJ 15424 
 

Serra Queimada trail, APA de Macaé de Cima, 

Lumiar 
Nova Friburgo RJ MH259790 topotype 

Brachycephalus clarissae MNRJ 56504 
  

Cachoeiras de 

Macacu 
RJ This study paratype 

Brachycephalus coloratus MHNCI 11566  
Recreio da Serra, Mananciais da Serra Piraquara PR MT928335  

Brachycephalus coloratus   Recreio da Serra, Mananciais da Serra Piraquara PR MT928334  

Brachycephalus coloratus   Recreio da Serra, Mananciais da Serra Piraquara PR MT928336  

Brachycephalus crispus CFBH 44400 TC146 Trilha do cedro grande Cunha SP This study  

Brachycephalus curupira  JPCM791 Distrito Malhada - Serro e Gemido São José dos Pinhais PR This study topotype 

Brachycephalus curupira  JPCM792 Distrito Malhada - Serro e Gemido São José dos Pinhais PR This study topotype 

Brachycephalus curupira  JPCM794 Distrito Malhada - Serro e Gemido São José dos Pinhais PR This study topotype 

Brachycephalus darkside PPGT602  Parque Estadual da Serra do Brigadeiro Ervália MG This study topotype 

Brachycephalus didactylus CFBH T11506  Vale da Revolta Teresópolis RJ MG889427  

Brachycephalus ferruginus CFBH 40436 TC142 Parque Estadual Pico do Marumbi - Trilha Abrolhos Morretes PR MG889438 topotype 

Brachycephalus ferruginus  JPCM841 Parque Estadual Pico do Marimbi Morretes PR This study topotype 

Brachycephalus ferruginus  JPCM842 Parque Estadual Pico do Marumbi - Trilha Branca Morretes PR This study topotype 

Brachycephalus ferruginus  JPCM848 Parque Estadual Pico do Marimbi Morretes PR This study topotype 

Brachycephalus ferruginus  TC142 Parque Estadual Pico do Marimbi Morretes PR MG889438 topotype 

Brachycephalus fuscolineatus  JPCM600 Morro do Baú Ilhota SC This study topotype 

Brachycephalus fuscolineatus  JPCM870 Morro do Baú Ilhota SC This study topotype 

Brachycephalus fuscolineatus  JPCM871 Morro do Baú Ilhota SC This study topotype 

Brachycephalus fuscolineatus  JPCM872 Morro do Baú Ilhota SC This study topotype 

Brachycephalus garbeanus CFBH 16800  Sítio de Davi Miler Macaé de Cima RJ HQ435694  

Brachycephalus guarani CFBH 12997  Morro Prumirim Ubatuba SP MK697371 paratopotype 

Brachycephalus hermogenesi  TC129  Salesópolis SP MG889426  

Brachycephalus ibitinga CFBH 44448 TC410 Parque das Neblinas Bertioga SP This study paratype 
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Brachycephalus izecksohni  JPCM919 Parque Nacional de Saint Hilaire-Lange Guaratuba PR This study topotype 

Brachycephalus izecksohni  JPCM919 Pico Torre da Prata Guaratuba PR This study topotype 

Brachycephalus izecksohni  JPCM921 Pico Torre da Prata Guaratuba PR This study topotype 

Brachycephalus izecksohni  JPCM927 Pico Torre da Prata Guaratuba PR This study topotype 

Brachycephalus leopardus  JPCM799 Pico do Araçatuba Tijucas do Sul PR This study topotype 

Brachycephalus leopardus  JPCM800 Pico do Araçatuba Tijucas do Sul PR This study topotype 

Brachycephalus leopardus  JPCM801 Pico do Araçatuba Tijucas do Sul PR This study topotype 

Brachycephalus margaritatus CFBH 2420  Castelo Country Club Petrópolis RJ MK697377  

Brachycephalus mariaterezae  JPCM684 Serra Queimada Joinville SC This study topotype 

Brachycephalus mariaterezae  JPCM685 Serra Queimada Joinville SC This study topotype 

Brachycephalus mariaterezae  JPCM686 Serra Queimada Joinville SC This study topotype 

Brachycephalus mariaterezae  JPCM692 Serra Queimada Joinville SC This study  

Brachycephalus mariaterezae  JPCM693 Serra Queimada Joinville SC This study  

Brachycephalus mariaterezae  JPCM720 Serra Queimada Joinville SC This study  

Brachycephalus mirissimus  JPCM743 Morro Santo Anjo Massaranduba SC This study topotype 

Brachycephalus mirissimus Not given MP-2018 Morro Santo Anjo Massaranduba SC MH136570  

Brachycephalus mirissimus  JPCM743 Morro Santo Anjo Massaranduba SC This study topotype 

Brachycephalus mirissimus  JPCM744 Morro Santo Anjo Massaranduba SC This study topotype 

Brachycephalus mirissimus  JPCM745 Morro Santo Anjo Massaranduba SC This study topotype 

Brachycephalus nodoterga CFBH T2226 CFBH9606  Santana do Parnaiba SP MG889425  

Brachycephalus olivaceus CFBH 40440 TC236 Castelo dos Bugres Joinville SC MG889435  

Brachycephalus olivaceus  TC241 Castelo dos Bugres Joinville SC This study  

Brachycephalus olivaceus  TC243 Castelo dos Bugres Joinville SC This study  

Brachycephalus olivaceus  TC246 Morro do Boi Corupá SC MG889436  

Brachycephalus olivaceus  JPCM699 Serra Queimada Joinville SC This study topotype 

Brachycephalus olivaceus  JPCM700 Serra Queimada Joinville SC This study topotype 

Brachycephalus olivaceus  JPCM701 Serra Queimada Joinville SC This study topotype 

Brachycephalus pernix  JPCM856 Morro do Anhangava Quatro Barras PR This study topotype 
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Species Voucher Field Voucher Locality Municipality UF GenBank Observation 

Brachycephalus pernix  JPCM857 Morro do Anhangava Quatro Barras PR This study topotype 

Brachycephalus pernix  JPCM862 Morro do Anhangava Quatro Barras PR This study topotype 

Brachycephalus pitanga CFBH 16746 
 

Núcleo Santa Virgínia PESM 
São Luiz do 

Paraitinga 
SP HQ435699 holotype 

Brachycephalus pitanga  
MVTIS3205 

Núcleo Santa Virgínia PESM 
São Luiz do 

Paraitinga 
SP MZ770741 topotype 

Brachycephalus pombali  JPCM898 PARNA Guaricana - Serra das Canasvieiras Morretes PR This study topotype 

Brachycephalus pombali  JPCM899 PARNA Guaricana - Serra das Canasvieiras Morretes PR This study topotype 

Brachycephalus pombali  JPCM900 PARNA Guaricana - Serra das Canasvieiras Morretes PR This study topotype 

Brachycephalus pulex  TC184   Camacan BA MK697385 topotype 

Brachycephalus pulex  
MVTIS3204 Parque Nacional Serra das Lontras Arataca BA MZ770742  

Brachycephalus puri 
MZUSP 

139152  
Parque Nacional do Caparaó Ibitirama ES OK298954 paratype 

Brachycephalus puri ZUFABC039  Parque Nacional do Caparaó Ibitirama ES OK298956 topotype 

Brachycephalus quiririensis CFBH 40406 TC202 Campos do Quiriri Campo Alegre SC MG889437  

Brachycephalus quiririensis  

Feb2017-RNA-

D 
Campos do Quiriri Campo Alegre SC 

MZ770743  

Brachycephalus quiririensis  

Feb2017-RNA-

C 
Campos do Quiriri Campo Alegre SC 

MZ770744  

Brachycephalus rotenbergae CFBH 16854  Serra do Japi Jundiaí SP HM216361  

Brachycephalus rotenbergae CFBH 16809   Atibaia SP HM208306  

Brachycephalus rotenbergae HCLP-A78   São Francisco Xavier SP MT396579 paratype 

Brachycephalus sulfuratus CFBH 39146 TC244 Castelo dos Bugres Joinville SP MG889429 paratype 

Brachycephalus sulfuratus  JPCM389 Morro da Antena, Alto Braço do Norte Itapoá SC MG889430  

Brachycephalus sulfuratus CFBH 39150 TC141 Morro do Anhangava Quatro Barras SP MG889428 paratype 

Brachycephalus sulfuratus  Feb2017-

RNA44 
Casarão Backmeyer São Francisco do Sul SC MZ770751  

Brachycephalus tabuleiro MNRJ 93858  Serra do Tabuleiro São Bonifácio SC OR116969 paratype 

Brachycephalus tabuleiro 
UNIFESSPA 

112 
 Serra do Tabuleiro São Bonifácio SC OR116970 paratype 

Brachycephalus tabuleiro ZUFMS-AMP 14532 Serra do Tabuleiro São Bonifácio SC OR116971 paratype 

Brachycephalus toby CFBH 23002  Morro do Corcovado Ubatuba SP HQ435701 paratype 
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Brachycephalus tridactylus CFBH 43888 TRID5 Reserva Natural Salto Morato Guaraqueçaba PR MG889432 topotype 

Brachycephalus tridactylus CFBH 43889 TRID6 Reserva Natural Salto Morato Guaraqueçaba PR MG889433 topotype 

Brachycephalus tridactylus MHNCI 10294 TRID1 Reserva Natural Salto Morato Guaraqueçaba PR MG889431 topotype 

Brachycephalus tridactylus JPCM449 JPCM449 Parque Estadual do Rio Turvo Barra do Turvo SP This study  

Brachycephalus tridactylus JPCM450 JPCM450 Parque Estadual do Rio Turvo Barra do Turvo SP This study  

Brachycephalus tridactylus JPCM451 JPCM451 Parque Estadual do Rio Turvo Barra do Turvo SP This study  

Brachycephalus tridactylus TC341 TC341 Ilha do Cardoso Cananéia SP This study  

Brachycephalus tridactylus TC348 TC348 Ilha do Cardoso Cananéia SP This study  

Brachycephalus tridactylus TC363 TC363 Ilha do Cardoso Cananéia SP This study  

Brachycephalus vertebralis CFBH 7907  Sopé do Morro Cuzcuzeiro Picinguaba SP HQ435702  

Brachycephalus verurcosus CFBH 42072 JPCM467 Morro da Tromba Joinville SC This study topotype 

Brachycephalus verurcosus CFBH 42073 JPCM468 Morro da Tromba Joinville SC This study topotype 

Brachycephalus verurcosus CFBH 42080 JPCM475 Morro da Tromba Joinville SC This study topotype 

Brachycephalus verurcosus CFBH 42093 JPCM490 Morro da Tromba Joinville SC This study topotype 

Haddadus binottatus CFBH T16973 CFBH34398 Floresta Nacional da Tijuca Rio de Janeiro RJ MG889423  

Ischnocnema colibri CFBH 41809 PPGT653 Reserva Biológica Augusto Ruschi Santa Teresa ES MH538419 paratype 

Ischnocnema juipoca CFBH 9904  Retiro Campos do Jordão SP JX267349  

Ischnocnema nasuta CFBH 24782 JLG90084 Reserva Biológica Augusto Ruschi Santa Teresa ES JX267520  

Ischnocnema parnaso CFBH 41812 LOD1385 Pedra do Sino, Parque Nacional da Serra dos Órgãos Guapimirim RJ MH538421 holotype 

Ischnocnema venancioi MNRJ 53932     Teresópolis RJ KC468531   
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Table S5. Measurements of females and males of Brachycephalus actaeus from the eight localities northern of the State of Santa Catarina. Values 

are given as mean ± SD (min – max). Abbreviations: BNb, Braço do Norte brown morph; BNg, Braço do Norte green morph; CEPA, Centro de 

Estudos e Pesquisas Ambientais da Univille; CAG, Morro Cantagalo; CAS, Casarão Backmeyer; PAJ, Fazenda Palmito Juriti; SPA, Serra da Palha 

(Island); and SAI, Estrada do Saí. 

 Females (N = 31)       

Trait BNb (N = 1) BNg (N = 6) CEPA (N = 3) CAG (N = 11) CAS (N = 3) PAJ (N = 4) SAI (N = 1) SPA (N = 2) 

SVL 11.94  
11.77 ± 0.23 

(11.45 – 12.10) 

11.24 ± 0.49 

(10.81 – 11.77) 

11.47 ± 0.63 

(10.00 – 12.26) 

12.85 ± 0.38 

(12.42 – 13.07) 

11.57 ± 0.38 

(11.29 – 12.10) 
12.42  

11.69 ± 0.11 

(11.61 – 11.77) 

HL 2.48  
2.22 ± 0.09 

(2.10 – 2.33) 

2.16 ± 0.09 

(2.06 – 2.21) 

2.19 ± 0.08 

(2.06 – 2.29) 

2.37 ± 0.07 

(2.29 – 2.41) 

2.48 ± 0.19 

(2.25 – 2.72) 
2.29  

2.16 ± 0.13 

(2.06 – 2.25) 

HW 4.15  
3.94 ± 0.14 

(3.81 – 4.15) 

3.94 ± 0.28 

(3.71 – 4.25) 

3.99 ± 0.26 

(3.42 – 4.39) 

4.03 ± 0.15 

(3.90 – 4.20) 

4.03 ± 0.32 

(3.66 – 4.39) 
4.10  

3.74 ± 0.04 

(3.71 – 3.76) 

ND 0.26  
0.37 ± 0.01 

(0.36 – 0.38) 

0.36 ± 0 

(0.36 – 0.36) 

0.38 ± 0.03 

(0.33 – 0.43) 

0.38 ± 0.09 

(0.28 – 0.43) 

0.28 ± 0.02 

(0.26 – 0.31) 
0.36  

0.40 ± 0.05 

(0.36 – 0.43) 

IND 1.40  
1.33 ± 0.05 

(1.26 – 1.38) 

1.27 ± 0.01 

(1.26 – 1.28) 

1.28 ± 0.08 

(1.11 – 1.40) 

1.46 ± 0.09 

(1.38 – 1.55) 

1.32 ± 0.04 

(1.26 – 1.36) 
1.4  

1.26 ± 0 

(1.26 – 1.26) 

ED 1.41  
1.40 ± 0.05 

(1.33 – 1.45) 

1.38 ± 0.03 

(1.35 – 1.41) 

1.35 ± 0.07 

(1.22 – 1.47) 

1.51 ± 0.10 

(1.45 – 1.62) 

1.39 ± 0.04 

(1.33 – 1.41) 
1.35  

1.38 ± 0.07 

(1.33 – 1.43) 

IOD 2.52  
2.31 ± 0.07 

(2.21 – 2.41) 

2.29 ± 0.07 

(2.21 – 2.33) 

2.28 ± 0.15 

(2.02 – 2.60) 

2.62 ± 0.15 

(2.52 – 2.79) 

2.45 ± 0.09 

(2.33 – 2.52) 
2.60  

2.33 ± 0.06 

(2.29 – 2.37) 

END 0.84  
0.69 ± 0.02 

(0.67 – 0.71) 

0.66 ± 0.01 

(0.65 – 0.67) 

0.68 ± 0.05 

(0.62 – 0.78) 

0.64 ± 0.06 

(0.57 – 0.67) 

0.75 ± 0.05 

(0.71 – 0.81) 
0.64  

0.70 ± 0.02 

(0.68 – 0.71) 

AL 2.29   
2.42 ± 0.26 

(1.98 – 2.75) 

2.24 ± 0.23 

(1.98 – 2.44) 

2.32 ± 0.12 

(2.14 – 2.59) 

2.44 ± 0.27 

(2.29 – 2.75) 

2.20 ± 0.19 

(1.98 – 2.44) 
2.29  

2.44 ± 0 

(2.44 – 2.44) 

FAL 2.44  
2.25 ± 0.14 

(2.10 – 2.44) 

2.38 ± 0.05 

(2.33 – 2.41) 

2.33 ± 0.14 

(2.06 – 2.48) 

2.55 ± 0.15 

(2.44 – 2.72) 

2.18 ± 0.13 

(2.06 – 2.37) 
2.25  

2.47 ± 0.08 

(2.41 – 2.52) 

HAL 2.14  
1.87 ± 0.09 

(1.80 – 2.04) 

1.87 ± 0.07 

(1.83 – 1.95) 

1.94 ± 0.09 

(1.80 – 2.04) 

2.10 ± 0.09 

(2.04 – 2.20) 

2.02 ± 0.08 

(1.98 – 2.14) 
1.92  

1.70 ± 0.23 

(1.53 – 1.86) 

THL 5.00  
4.51 ± 0.20 

(4.17 – 4.7) 

4.22 ± 0.37 

(3.79 – 4.47) 

4.48 ± 0.18 

(4.09 – 4.70) 

4.68 ± 0.12 

(4.55 – 4.78) 

4.55 ± 0 

(4.55 – 4.55) 
4.78  

4.51 ± 0.06 

(4.47 – 4.55) 

TIBL 3.79  
3.70 ± 0.21 

(3.41 – 3.94) 

3.72 ± 0.27 

(3.49 – 4.02) 

3.72 ± 0.23 

(3.26 – 4.02) 

3.89 ± 0.19 

(3.71 – 4.09) 

3.93 ± 0.07 

(3.87 – 4.02) 
4.09  

3.87 ± 0.11 

(3.79 – 3.94) 

FL 5.76  
5.37 ± 0.21 

(5.08 – 5.61) 

5.13 ± 0.19 

(4.93 – 5.31) 

5.31 ± 0.27 

(4.85 – 5.69) 

5.51 ± 0.35 

(5.15 – 5.84) 

5.27 ± 0.26 

(5.00 – 5.61) 
5.84  

5.54 ± 0.22 

(5.38 – 5.69) 
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 Males (N = 39)       

 BNb (N = 6) BNg (N = 2) CEPA (N = 6) CAG (N = 9) CAS (N = 9)  SAI (N = 2) SPA (N = 5) 

SVL 
10.03 ± 0.23 

(9.84 – 10.48) 

9.36 ± 0.39 

(8.55 – 10.65) 

10.11 ± 0.65 

(9.84 – 10.16) 

9.84 ± 0.26 

(10.00 – 10.32) 

10.2 ± 0.11 

(9.36 – 13.07) 
 10.08 ± 0.42 

(10.48 – 12.10) 

10.10 ± 9.68 

(9.52 – 12.42) 

HL 
2.06 ± 0.06 

(1.78 – 2.21) 

2.02 ± 0.13 

(1.78 – 2.29) 

1.99 ± 0.13 

(1.90 – 2.02) 

1.95 ± 0.14 

(1.94 – 2.13) 

2.01 ± 0.06 

(1.78 – 2.41) 
 1.98 ± 0.14 

(2.21 – 2.72) 

2.02 ± 1.94 

(2.06 – 2.29) 

HW 
3.62 ± 0.13 

(3.37 – 3.66) 

3.42 ± 0.20 

(3.12 – 3.71) 

3.53 ± 0.20 

(3.37 – 3.66) 

3.45 ± 0.14 

(3.42 – 3.56) 

3.57 ± 0.17 

(3.03 – 4.20) 
 3.54 ± 0.20 

(3.76 – 4.39) 

3.35 ± 3.42 

(3.51 – 4.15) 

ND 
0.24 ± 0 

(0.33 – 0.36) 

0.36 ± 0.04 

(0.33 – 0.43) 

0.37 ± 0.01 

(0.33 – 0.36) 

0.35 ± 0.03 

(0.34 – 0.37) 

0.37 ± 0.01 

(0.28 – 0.43) 
 0.35 ± 0.04 

(0.31 – 0.31) 

0.34 ± 0.17 

(0.36 – 0.36) 

IND 
1.19 ± 0.04 

(1.11 – 1.26) 

1.17 ± 0.06 

(1.06 – 1.33) 

1.18 ± 0.07 

(1.14 – 1.28) 

1.17 ± 0.07 

(1.21 – 1.19) 

1.23 ± 0.05 

(1.06 – 1.55) 
 1.25 ± 0.06 

(1.23 – 1.36) 

1.11 ± 1.14 

(1.19 – 1.40) 

ED 
1.27 ± 0.06 

(1.24 – 1.32) 

1.26 ± 0.03 

(1.18 – 1.39) 

1.30 ± 0.05 

(1.17 – 1.28) 

1.25 ± 0.07 

(1.22 – 1.39) 

1.31 ± 0.04 

(1.24 – 1.62) 
 1.25 ± 0.06 

(1.32 – 1.41) 

1.31 ± 1.17 

(1.30 – 1.35) 

IOD 
2.09 ± 0.08 

(1.98 – 2.17) 

2.08 ± 0.10 

(1.90 – 2.29) 

2.10 ± 0.10 

(2.02 – 2.25) 

2.05 ± 0.09 

(2.13 – 2.17) 

2.17 ± 0.08 

(2.06 – 2.79) 
 2.19 ± 0.06 

(2.13 – 2.52) 

2.12 ± 2.02 

(2.13 – 2.6) 

END 
0.59 ± 0.04 

(0.55 – 0.64) 

0.63 ± 0.04 

(0.57 – 0.67) 

0.60 ± 0.02 

(0.57 – 0.67) 

0.62 ± 0.04 

(0.65 – 0.68) 

0.64 ± 0.01 

(0.60 – 0.67) 
 0.66 ± 0.03 

(0.68 – 0.81) 

0.65 ± 0.47 

(0.65 – 0.67) 

AL 
2.04 ± 0.11 

(1.86 – 2.20) 

2.06 ± 0.17 

(1.92 – 2.17) 

2.08 ± 0.10 

(1.68 – 2.14) 

2.05 ± 0.15 

(1.98 – 2.35) 

1.96 ± 0.11 

(1.83 – 2.75) 
 2.06 ± 0.22 

(2.35 – 2.44) 

2.03 ± 1.83 

(2.14 – 2.29) 

FAL 
1.98 ± 0.20 

(1.90 – 2.25) 

1.96 ± 0.11 

(1.82 – 2.29) 

2.08 ± 0.16 

(2.06 – 1.98) 

2.07 ± 0.09 

(1.98 – 2.17) 

2.19 ± 0 

(2.06 – 2.72) 
 1.98 ± 0.04 

(2.13 – 2.37) 

2.12 ± 1.78 

(2.10 – 2.25) 

HAL 
1.67 ± 0 

(1.68 – 1.86) 

1.62 ± 0.06 

(1.40 – 1.92) 

1.72 ± 0.17 

(1.71 – 1.80) 

1.69 ± 0.08 

(1.74 – 1.74) 

1.81 ± 0.04 

(1.43 – 2.20) 
 1.77 ± 0.13 

(1.83 – 2.14) 

1.64 ± 1.53 

(1.62 – 1.92) 

THL 
3.87 ± 0.06 

(3.79 – 4.47) 

3.83 ± 0.21 

(3.64 – 4.32) 

4.02 ± 0.24 

(3.79 – 4.17) 

4.18 ± 0.18 

(4.17 – 4.24) 

4.03 ± 0 

(3.79 – 4.78) 
 4.17 ± 0.21 

(4.17 – 4.55) 

3.99 ± 3.71 

(3.87 – 4.78) 

TIBL 
3.41 ± 0.16 

(3.18 – 3.49) 

3.3 ± 0.14 

(3.03 – 4.32) 

3.41 ± 0.19 

(3.34 – 3.41) 

3.29 ± 0.3 

(3.18 – 3.41) 

3.57 ± 0.16 

(3.18 – 4.32) 
 3.30 ± 0.08 

(3.56 – 4.02) 

3.27 ± 3.11 

(3.41 – 4.09) 

FL 
4.69 ± 0 

(4.55 – 5.15) 

4.62 ± 0.18 

(4.55 – 5.08) 

4.78 ± 0.22 

(4.47 – 4.78) 

4.84 ± 0.2 

(4.62 – 4.93) 

4.81 ± 0.11 

(4.24 – 5.84) 
 4.70 ± 0.27 

(4.93 – 5.61) 

4.67 ± 4.32 

(4.62 – 5.84) 

*Abbreviation: AL, upper arm length; FAL, forearm length; ED, eye diameter; END, eye-nostril distance; FL, foot length; HAL, hand length; IND, internarial 

distance; IOD, interorbital distance; HL, head length; HW, head width; ND, nostril diameter; SVL, snout-vent length; TIBL, tibia length; and THL, thigh length. 
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Table S6. Component loadings, eigenvalues, and variance explained of principal component 

analyses of the first five axes based on the morphometric traits for Brachycephalus actaeus. In 

bold, the highest loadings (P-value < 0.05) of significative axes (PC1 and PC2 for males). 

Morphometric variable 
Females (n =31) 

  

Males (n = 39) 

PC1 PC2 PC3 PC4 PC5   PC1 PC2 PC3 PC4 PC5 

Head length -0.73 0.41 -0.09 0.19 -0.05  -0.08 0.16 -0.73 0.24 -0.09 

Head width -0.31 -0.05 0.16 -0.71 0.14  0.65 0.40 0.17 -0.17 -0.14 

Eye diameter 0.06 0.08 -0.40 0.02 0.78  0.39 -0.42 0.28 0.22 -0.32 

Interorbital distance -0.15 -0.38 0.52 -0.23 0.36  0.64 -0.09 -0.18 0.27 -0.30 

Eye-nostril distance 0.00 0.32 0.47 0.64 0.04  0.32 -0.02 -0.17 0.72 0.27 

Internarial distance -0.24 0.24 0.68 0.13 0.23  0.73 0.23 -0.38 0.01 -0.20 

Interorbital distance -0.69 0.37 -0.17 -0.06 0.29  0.08 -0.04 -0.64 -0.57 -0.04 

Upper arm length 0.09 -0.68 0.00 0.17 0.18  -0.23 -0.68 -0.19 -0.02 -0.31 

Forearm length -0.12 -0.66 0.32 0.12 0.01  0.28 -0.44 0.14 0.15 0.38 

Hand length -0.54 0.02 0.16 -0.31 -0.28  0.72 0.03 0.33 -0.31 -0.15 

Thigh length -0.66 -0.20 -0.09 0.24 0.17  0.11 -0.79 -0.23 -0.09 0.04 

Tibia length -0.65 -0.29 -0.11 0.06 -0.34  0.41 0.18 -0.19 -0.14 0.71 

Foot length -0.39 -0.52 -0.34 0.27 0.01  0.33 -0.65 0.02 -0.24 0.27 

Eigenvalue 2.52 1.92 1.43 1.30 1.16   2.57 2.16 1.51 1.25 1.17 

% of variance explained 19.40 14.76 11.02 10.02 8.93   19.80 16.61 11.62 9.61 9.00 
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Table S7. Advertisement call of Brachycephalus actaeus from the seven localities from northern of the State of Santa Catarina. Values are given 

as mean ± SD (min – max). Abbreviations: BNb = Braço do Norte brown morph; BNg = Braço do Norte green morph; CEPA = Centro de Estudos 

e Pesquisas Ambientais da Univille; CAG = Morro Cantagalo; CAS = Casarão Backmeyer; SPA= Serra da Palha (Island); and SAI = Estrada do 

Saí. 

Trait* BNb (N = 11) BNg (N = 9) CEPA (N = 5) CAG (N = 8) CAS (N = 8) SPA (N = 7) SAI (N = 3) 

CD 
0.05 ± 0.01 

(0.04 – 0.07) 

0.04 ± 0.01 

(0.03 – 0.06) 

0.04 ± 0.00 

(0.03 – 0.04) 

0.04 ± 0.01 

(0.03 – 0.05) 

0.05 ± 0.01 

(0.04 – 0.06) 

0.04 ± 0.00 

(0.04 – 0.05) 

0.05 ± 0.01 

(0.04 – 0.06) 

CR 
13 ± 2 

(11 – 16) 

13 ± 3 

(8 – 19) 

14 ± 4 

(9 – 19) 

16 ± 2 

(11 – 19) 

14 ± 2 

(12 – 18) 

10 ± 2 

(7 – 13) 

18 ± 3 

(16 – 22) 

CI 
4.50 ± 0.76 

(3.41 – 5.63) 

4.66 ± 1.60 

(2.70 – 7.68) 

4.78 ± 1.60 

(3.10 – 6.80) 

3.92 ± 0.68 

(3.20 – 5.41) 

4.20 ± 0.48 

(3.67 – 4.83) 

5.85 ± 1.22 

(4.49 – 8.22) 

3.34 ± 0.59 

(2.68 – 3.82) 

NP 
2 ± 1 

(2 – 3) 

2 ± 1 

(2 – 4) 

2 ± 0 

(2 – 2) 

3 ± 0 

(2 – 3) 

3 ± 1 

(2 – 4) 

2 ± 0 

(2 – 3) 

1 ± 1 

(1 – 2) 

PR 
32 ± 9 

(22 – 48) 

33 ± 16 

(16 – 63) 

29 ± 11 

(19 – 46) 

42 ± 7 

(31 – 52) 

41 ± 17 

(23 – 70) 

24 ± 7 

(11 – 32) 

24 ± 3 

(22 – 28) 

LF 
6234.9 ± 337.6 

(5625 – 6750) 

6577.6 ± 366.8 

(5881.5 – 7020.8) 

6218.8 ± 153.6 

(5986.3 – 6405.6) 

5839.7 ± 628.3 

(5250.0 – 7008.9) 

6388.3 ± 280.8 

(6009.6 – 6833.4) 

6238.0 ± 612.9 

(5233.5 – 7087.5) 

6417.5 ± 262.7 

(6114.6 – 6583.3) 

UF 
7169.0 ± 151.4 

(6953.1 – 7406.2) 

7446.1 ± 306.9 

(6981.9 – 7925.8) 

7100.0 ± 142.9 

(6916.5 – 7304.2) 

6762.5 ± 509.3 

(6328.1 – 7700.9) 

7135.2 ± 296.5 

(6776.8 – 7653.4) 

7328.4 ± 410.5 

(6676.3 – 7900.0) 

7512.2 ± 625.9 

(6791.7 – 7921.9) 

DF 
6722.8 ± 210.7 

(6454.3 – 7031.2) 

7074.6 ± 262.3 

(6663.7 – 7395.8) 

6695.7 ± 67.1 

(6612.1 – 6791.3) 

6313.4 ± 611.6 

(5653.1 – 7366.0) 

6821.0 ± 281.5 

(6413.5 – 7321.0) 

6960.5 ± 441.2 

(6308.0 – 7543.8) 

7096.4 ± 521.1 

(6510.4 – 7507.9) 

FBW 
934.1 ± 270.8 

(536.9 – 1481.2) 

868.5 ± 173.3 

(630.2 – 1100.3) 

881.2 ± 141.3 

(670.9 – 1023.0) 

922.8 ± 139 

(691.9 – 1081.2) 

746.9 ± 217.5 

(339.3 – 980.1) 

1090.4 ± 503.1 

(728.2 – 2134.2) 

1094.6 ± 367.2 

(677.1 – 1367.2) 

RT 
12 ± 4 

(1 – 2) 

14 ± 5 

(1 – 2) 

16 ± 5 

(1 – 2) 

13 ± 5 

(1 – 2) 

11 ± 4 

(1 – 2) 

16 ± 5 

(1 – 2) 

17 ± 6 

(1 – 2) 

*CD, call duration (s); CI, inter-call interval; CR, call rate/min; DF, dominant frequency (Hz); FBW, frequency bandwidth (Hz); LF, lower frequency (Hz); NP, number 

of pulses; RT, call rise time (%); PR, pulse rate/min; UF, upper frequency (Hz). 
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Table S8. Component loadings, eigenvalues, and variance explained of the first five axes of 

principal component analyses based on acoustic traits from 51 males of Brachycephalus 

actaeus. In bold, the highest loadings (P-value < 0.05) of significative axes (PC1 and PC2). 

Acoustic traits PC1 PC2 PC3 PC4 PC5 

Call repetition rate -0.65 0.41 -0.60 0.03 -0.12 

Pulse repetition rate -0.77 0.47 0.08 0.24 0.30 

Number of Pulses -0.53 0.29 0.54 0.24 0.50 

Call duration -0.39 0.27 0.40 -0.25 -0.61 

Lower frequency 0.64 0.71 0.00 -0.25 0.09 

Upper frequency 0.75 0.56 0.00 0.33 -0.11 

Dominant frequency 0.69 0.64 -0.02 0.27 -0.02 

Frequency bandwidth 0.00 -0.39 0.00 0.87 -0.31 

Call rise time 0.41 -0.37 -0.57 0.00 0.34 

Inter-call interval 0.64 -0.45 0.56 -0.06 0.13 

Eigenvalue 3.41 2.21 1.42 1.15 0.96 

Percentage of variance 34.80 22.54 14.46 11.75 9.75 
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Figure S1. Moran’s eigenvectors maps (MEMs) attributed to each site. Eigenvalue scores are 

proportional to the size of the squares (black = negative, white = positive). MEM1 was significantly 

correlated with acoustic parameters matrix. (dbMEM1: broad-scale variable; 2 medium scale; 3 

fine-scale). 
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Figure S2. High-resolution computed tomography (Micro-CT) scans of Brachycephalus actaeus body. A and E: gray morph (TC256); 

B and F: orange morph (JPCM351); C and G: brown morph (JPCM410); and D and H: green morph (CFBH 39872). Above, dorsal view. 

Below, ventral view. 
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CONCLUSÕES GERAIS 

 

i) O gênero Brachycephalus representa um modelo promissor para compreender a 

evolução da coloração, defesa química, plano corporal e hiperossificação do esqueleto. 

ii) As translocações encontradas no genoma mitocondrial da espécie de sapo-pulga, B. 

hermogenesi, e das espécies do grupo de B. ephippium, destacam a necessidade de um 

amplo estudo evolutivo para entender os prováveis eventos de introgressão e as 

implicações funcionais derivadas dessa nova ordenação gênica nas espécies. 

iii) Brachycephalus actaeus é apresentado como mais uma evidência evolutiva em anfíbios 

onde o aposematismo em espécies diurnas e tóxicas pode ser precursor do 

polimorfismo/politipismo de cor. Além, outras espécies descritas para o gênero são 

potenciais candidatas para representar esse fenômeno. 

iv) A regulação gênica entre os diferentes morfos de coloração de Brachycephalus actaeus 

é poligênica e principalmente regulada pelos genes relacionados à síntese de melanina. 

Não foi encontrada expressão dos genes que regulam pigmentos de carotenoides e 

pteridinas na pele do morfo laranja. Assim, as espécies de Brachycephalus podem ser 

interessantes modelo para investigar os perfis gênicos associados a coloração da pele, 

podendo revelar novas vias na aquisição de cor. 

v) Diante de um predador visualmente orientado, os morfos de Brachycephalus actaeus 

foram percebidos diferentemente, sugerindo uma potencial função ecológica. Até então, 

nenhum estudo focou na variação intraespecífica de coloração como uma estratégia 

antipredatória no gênero. Estudos in situ são fortemente necessários para identificar a 

pressão de seleção de cor local pelos predadores. 

vi) A miniaturização promove intensa variação na morfologia. O aposematismo promove 

intensa variação de coloração e pode influenciar diferenças bioacústicas. Em 

Brachycephalus actaeus exemplificamos essa problemática e lançamos luz sobre as 

dificuldades taxonômicas e sistemáticas que refletem diretamente em como as 

descrições de espécies estão sendo conduzidas atualmente. 

vii) Os padrões de isolamento tipicamente observados na diversificação das espécies de 

Brachycephalus em conjunto com os padrões de cores nem sempre corroboram como 

divergência evolutiva. De fato, essas espécies representam complexos evolutivos ao 
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longo de cadeias de montanhas da Mata Atlântica, apresentando alta variação de 

coloração em um sistema ainda pouco compreendido, pois não foi estudado. 

viii) Este estudo fornece diversas evidências para do polimorfismo de cor em 

Brachycephalus abrindo caminho para novas perguntas sobre a diversificação da 

coloração aposemática e o uso de estratégias de cor nesse interessante modelo de 

espécies aposemáticas e miniaturizadas. 
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APÊNDICE I 

 

Monteiro, J. P. C., Ibáñez, R., Mantzana-Oikonomaki, V., Pröhl, H., & Rodríguez, A. (2023) 

Genetic diversity of Oophaga vicentei (Anura: Dendrobatidae) and taxonomic position of a 

remarkable color morph from Panama. Salamandra, 59(4): 347–351. 

 

“Diversidade genética de Oophaga vicentei (Anura: Dendrobatidae) e posição taxonômica 

de um notável morfo de cor do Panamá” 

 

Resumo 

Apesar de ser um dos grupos de anuros Neotropicais mais estudados, as relações filogenéticas, o 

status taxonômico e os limites das espécies das rãs do gênero Oophaga permanecem pouco claros. 

Neste estudo, combinamos novas sequências de DNA mitocondrial de duas localidades no noroeste 

do Panamá com dados pré-existentes para reconstruir uma filogenia de Máxima Verossimilhança 

das Oophaga Mesoamericanas. Nossos resultados fornecem as primeiras evidências genéticas 

sobre a monofilia de Oophaga vicentei e esclarecem a posição taxonômica de uma morfologia de 

cor distinta. Nosso trabalho destaca a importância de estudos adicionais sobre a diversidade 

fenotípica e genotípica de O. vicentei como um sistema modelo contrastante para estudos 

comparativos de aposematismo. 
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APÊNDICE II 

 

Condez, T. H., Monteiro, J. P. C., Malagoli, L. R., Trevine, V. C., Schunck, S., Garcia, P. C. A., & 

Haddad, C. F. B. 2021. Notes on the hyperossified pumpkin toadlets of the genus Brachycephalus 

(Anura: Brachycephalidae) with the description of a new species. Herpetologica, 77(2): 176–194 

 

“Notas sobre os sapinhos-pingo-de-ouro hiperossificados do gênero Brachycephalus (Anura: 

Brachycephalidae) com a descrição de uma nova espécie” 

 

Resumo 

Atualmente, quatro espécies de sapinhos-pingo-de-ouro são reconhecidas pelo extremo grau de 

hiperossificação no crânio e coluna vertebral dentro do gênero Brachycephalus. Além de seu 

tamanho corporal maior em comparação com outras espécies do gênero, B. darkside, B. ephippium, 

B. garbeanus e B. margaritatus compartilham características osteológicas notáveis, como as 

grandes placas paravertebrais que formam um escudo ósseo dorsal ornamentado, visível através do 

tegumento. Contribuímos para o conhecimento atual desse grupo ao analisar sua diversidade e 

descrever uma nova espécie hiperossificada proveniente de importantes remanescentes de Mata 

Atlântica no sudeste do Brasil, incluindo aqueles que fazem fronteira com São Paulo, a maior e 

mais populosa cidade da América do Sul. A nova espécie é diagnosticada por uma combinação de 

caracteres morfológicos, osteológicos e bioacústicos, com evidências adicionais de sequências de 

mtDNA para confirmar seu posicionamento filogenético. As placas ósseas paróticas e 

paravertebrais externamente delimitadas por uma borda áspera e clara podem prontamente 

distinguir a nova espécie das outras espécies hiperossificadas dentro de Brachycephalus. A nova 

espécie está amplamente distribuída ao longo da Serra do Mar, incluindo a região da Serra de 

Paranapiacaba, em altitudes de 700 a 1000 metros acima do nível do mar, na costa central do estado 

de São Paulo, sudeste do Brasil. Discutimos caracteres morfológicos valiosos dentro desse grupo 

de espécies, reforçamos a necessidade de estudos adicionais e destacamos a relevância de áreas 

protegidas para a conservação da biodiversidade em regiões metropolitanas. 
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