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AVISO 

 

Esta tese é parte dos requerimentos necessários à obtenção do título de Doutor em Ciências 

Biológicas, Zoologia, e como tal, não deve ser vista como uma publicação no senso do Código 

Internacional de Nomenclatura Zoológica (apesar de disponível publicamente sem restrições). Desta 

forma, quaisquer informações inéditas, opiniões e hipóteses, bem como nomes novos, mudanças 

taxonômicas não estão disponíveis na literatura zoológica. Pessoas interessadas devem estar cientes 

de que referências públicas ao conteúdo deste estudo, na sua presente forma, somente devem ser 

feitas com a aprovação prévia do autor. 

 

 

NOTICE 

 

This thesis is a partial requeriment for the PhD degree in Biological Sciences with emphasis in 

Zoology and, as such, should not be considered as a publication in the sense of the International 

Code of Zoological Nomenclature (although it is available without restrictions). Therefore, any new 

information, opinions, and hypotheses, as well as new names, taxonomic changes ae not available 

in the zoological literuature. Interested people are advised that any public reference to this study, in 

its current form, should only be done after previous acceptance of the author. 
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RESUMO 

Characinae é uma das subfamílias mais diversas de Characidae com 85 espécies válidas amplamente 

distribuídas pelas América do Sul e Central. A subfamília é representada por espécies de pequeno a 

médio porte que adotam diferentes estratégias alimentares, tais como carnivoria, onivoria e 

lepidofagia. As relações filogenéticas dentro de Characinae e desta com outras subfamílias de 

Characidae têm sido objeto de alguns estudos morfológicos, porém, não há, até o momento, 

hipóteses de relacionamento incluindo uma significativa representatividade de espécies de 

Characinae usando caracteres morfológicos ou moleculares. Além disso, os estudos publicados 

ainda apresentam incongruências nas relações intergenéricas e interespecíficas. Neste contexto, o 

presente trabalho teve como objetivos testar as hipóteses de relações filogenéticas da subfamília 

Characinae através de análises filogenômicas utilizando os elementos ultraconservados (UCEs) e 

construir um banco de dados genéticos de DNA barcode para identificar geneticamente as espécies 

de Characinae. Os resultados das análises filogenéticas corroboram a hipótese morfológica em 

relação à monofilia de Characinae e revelam novas hipóteses de relações intergenéricas e 

interespecíficas. Com base na filogenia obtida, analisamos origem e diversificação, assim como a 

evolução do tamanho e formato do corpo. Os resultados das identificações moleculares 

reconheceram uma diversidade antes subestimada que deverá contribuir para ampliação do 

conhecimento sobre a diversidade das espécies de Characinae.  

 

PALAVRAS-CHAVE: DNA Barcode, Biodiversidade, Filogenia, Sistemática, Taxonomia, 

Peixes.  

 

 

 



 

 

ABSTRACT  

Characinae is one of the most speciose subfamilies of Characidae and widely distributed throughout 

South and Central America. The subfamily contains small to medium-sized species that adopt 

distinct feeding strategies as carnivory, omnivory and lepidophagy. Phylogenetic relationships 

within the Characinae and with other subfamilies have been subject of a few morphological studies, 

although none hypothesis included a representative number of Characinae species using either 

morphological or molecular characters. Furthermore, the proposed hypotheses still present 

inconsistencies at intergeneric and interspecific levels. In this context, the present study aimed to 

test the hypotheses of phylogenetic relationships of the subfamily Characinae through 

phylogenomic analyzes using ultraconserved elements (UCEs) and to generate a barcode DNA 

genetic database for molecular identification of Characinae. The results of the phylogenetic analyses 

corroborate the morphological hypothesis about the monophyly of Characinae and reveal new 

hypotheses of intergeneric and interspecific relationships. Based on the phylogeny obtained, we 

analyzed the origin, diversification, and the evolution of body size and body shape. The results of 

molecular identification recognized a previously underestimated diversity that should contribute to 

the expansion of knowledge about the diversity of Characinae.  

 

Keywords: DNA Barcode, Biodiversity, Phylogenomics, Systematics, Taxonomy, Fish. 
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INTRODUÇÃO GERAL 

 

Subfamília Characinae  

  

Characinae Eigenmann, 1910 representa a terceira maior subfamília de Characidae (Teleostei: 

Characiformes) (Fricke et al., 2022) e sensu Mattox & Toledo-Piza, 2012 compreende 85 espécies 

(Fricke et al., 2022) agrupadas em sete gêneros: Acanthocharax Eigenmann, 1912, Acestrocephalus 

Eigenmann 1910, Charax Scopoli 1777, Cynopotamus Valenciennes 1850, Phenacogaster 

Eigenmann 1907, Galeocharax Fowler 1910 e Roeboides Günther, 1864 (Tabela 1). As espécies de 

Characinae são conhecidas popularmente como peixes-cachorra, peixes-cigarra, dentudos e tetra-

vidros (glass tetras), dentre outros nomes (Géry 1977; Mattox & Toledo-Piza 2012) e estão 

amplamente distribuídas pela região Neotropical desde o sul do México até afluentes da bacia dos 

rios Paraguai e Uruguai na Argentina, com ocorrência principalmente em rios de fluxo lento 

associados com a vegetação marginal (Lucena & Menezes 2003; Mattox et al., 2017). A maioria 

das espécies são facilmente reconhecidas devido ao formato alto do corpo, especialmente na região 

anterior onde uma gibosidade é característica, embora esta esteja ausente em Phenacogaster e 

Acestrocephalus (Lucena & Menezes 2003). São espécies de pequeno a médio porte que apresentam 

diferentes hábitos alimentares, como a carnivoria adquirida pela maioria dos gêneros, a onivoria 

presente nas espécies do gênero Phenacogaster e a lepidofagia nas espécies de Roeboides, que 

apresentam modificações especializadas como dentes mamiliformes externos para esse tipo de 

habito alimentar (Géry 1977; Sazima & Machado 1982; Sazima 1984; Lucena & Menezes 2003). 

As espécies de Characinae não exercem grande importância para a economia pesqueira, mas 

apresentam importância para a pesca de subsistência de populações ribeirinhas e é de interesse da 

aquariofilia, sendo reconhecidas como espécies com potencial ornamental (Venere & Garutti 2001; 

Hercos et al., 2009). 
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Na sistemática Characinae tem uma notória importância por conter Charax, o gênero-tipo da 

família e da ordem. Apesar dessa notoriedade a história taxômica de Characinae foi baseada por 

muito tempo a agrupamentos que incluíram representantes da família Characidae (Eigenmann 1910, 

1912; Myers 1960; Géry 1966, 1977; Weitzman & Vari 1987; Lucena 1998, Lucena & Menezes 

2003). A última definição de agrupamento foi proposto por Lucena & Menezes, 2003 que incluiu 

12 gêneros Acanthocharax; Acestrocephalus; Charax; Cynopotamus; Galeocharax; Gnathocharax 

Fowler 1913; Heterocharax Eigenmann 1912; Hoplocharax Géry 1966; Lonchogenys Myers 1927; 

Phenacogaster; Priocharax Weitzman & Vari 1987; Roeboides) baseados no formato do corpo, 

presença de mais de 20 dentes cônicos na maxila, pseudotímpano na frente da primeira costela 

pleural e nadadeira peitoral larval em espécimes de até 41,0 mm de comprimento.  

Mirande (2009, 2010) baseado em dados filogenéticos morfológicos e da literatura recuperou a 

monofilia de Characinae incluindo oito dos 12 gêneros (sensu Lucena & Menezes, 2003): 

Acanthocharax, Acestrocephalus, Charax, Cynopotamus, Galeocharax, Phenacogaster, 

Priocharax e Roeboides. Adicionalmente, propôs três gêneros, Bryconexodon Géry, 1980, Exodon 

Müller & Troschel 1844 e Roeboexodon Géry 1959 como pertencente a Characinae formando um 

clado-irmão de todos os gêneros remanescentes da subfamília. No entanto, mais recentemente com 

um conjunto mais amplo de táxons e caracteres, reinterpretou esses resultados e atribuiu 

Bryconexodon, Exodon e Roeboexodon para sua própria subfamília, Exodontinae (Mirande 2019: 

296).  

Mattox & Toledo-Piza (2012) realizaram o primeiro estudo filogenético de Characinae baseado 

em caracteres morfológicos. Seus resultados indicaram Characinae irmã de Tetragonopterus Cuvier, 

1816 e internamente restringida ao clado (Phenacogaster ((Charax+Roeboides) (Acanthocharax 

(Cynopotamus (Acestrocephalus+Galeocharax))))). Priocharax é recuperado numa politomia 

composta por Lonchogenys, Heterocharax e Hoplocharax dentro de Heterocharacinae. Os autores 

ainda propõem/redefinem as tribos Phenacogasterini (Phenacogaster), Characini (Charax e 
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Roeboides) e Cynopotamini (Acanthocharax, Acestrocephalus, Cynopotamus e Galeocharax). Os 

demais gêneros propostos por Lucena & Menezes, 2003 foram incluídos em Heterocharacinae e 

constituíram a tribo Heterocharacini (Gnatocharax (Lonchogenys (Heterocharax+Hoplocharax))) 

irmã de Roestini (Roestes Günther 1864 + Gilbertolus Eigenmann 1907) e distante dos Characinae 

(sensu Lucena & Menezes 2003).  

Outros estudos de Characiformes também incluíram representantes de Characinae usando 

dados moleculares (Javonillo et al., 2010; Oliveira et al., 2011; Tagliacollo et al., 2012; Melo et al., 

2016; Betancur‐ R et al., 2019) e análise de evidência total (Mirande 2019). Estes estudos 

concordam sobre a relação entre Characinae e Tetragonopterinae (Javonillo et al., 2010; Oliveira et 

al., 2011; Tagliacollo et al., 2012; Melo et al., 2016; Mirande, 2019; Betancur‐ R et al., 2019); no 

entanto, os estudos moleculares não corroboram a monofilia de Cynopotamus (Oliveira et al., 2011; 

Tagliacollo et al., 2012; Melo et al., 2016) e de Roeboides (Betancur‐R et al., 2019). 

Adicionalmente, Acanthocharax é hipotetizado como o grupo irmão de (Charax+Roeboides) ou 

(Cynopotamus (Acestrochephalus+Galeocharax)) em estudos morfológicos (Lucena 1998; Mattox 

& Toledo-Piza 2012), mas ainda não foram incluídos em estudos moleculares.  

 

Relações interespecíficas em Characinae 

 

Hipóteses de relações interespecíficas em Characinae ainda são escassas e restritas às análises 

morfológicas, revisões taxonômicas ou descrições de espécies. Phenacogaster, um dos gêneros mais 

diversos, ainda necessita de descrições de muitas espécies e da definição de subgrupos (Lucena & 

Malabarba 2010). Das 23 espécies válidas, quatro (P. beni Eigenmann 1911, P. microstictus 

Eigenmann 1909, P. pectinata (Cope 1870) e P. suborbitalis Ahl 1936) apresentam ampla 

distribuição e compõem o complexo P. pectinata (Lucena & Malabarba 2010). Além delas, várias 

espécies não descritas compõem este grupo (Lucena & Malabarba 2010) e a dificuldade em 
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diagnosticar essas espécies tem sido explicada pela ampla distribuição geográfica e ausência de 

diferenças morfológicas consistentes (Géry 1972; Lucena 2003; Lucena & Malabarba 2010).  

Lucena (1998) propõe quatro subunidades de Roeboides: grupo dispar (R. dispar Lucena 2001), 

grupo microlepis (R. araguaito Lucena, 2003, R. margareteae Lucena 2003, R. microlepis 

(Reinhardt 1851) e R. myersii Gill 1870), grupo affinis [R. affinis (Günther, 1868), R. biserialis 

(Garman, 1890), R. descalvadensis Fowler 1932, R. numerosus Lucena 2000, R. oligistos Lucena 

2000, R. paranensis Pignalberi 1975 (= R. descalvadensis), R. prognathus (Boulenger 1895) (=R. 

affinis), R. thurni Eigenmann 1912 (=R. affinis), R. xenodon (Reinhardt 1851) e R. sazimai Lucena 

2007)]) e grupo guatemalensis (R. bouchellei Fowler 1923, R. carti Lucena 2000, R. dayi 

(Steindachner 1878), R. dientonito Schultz 1944, R. guatemalensis (Günther 1864), R. ilsea Bussing 

1986, R. occidentalis Meek & Hildebrand 1916 e R. loftini Lucena 2011). O grupo microlepis é 

hipotetizado como mais relacionado às espécies transandinas do grupo guatemalensis (Lucena 

2000). Alternativamente, Mattox & Toledo-Piza (2012), mostraram a relação (R. dientonito ((R. 

affinis + R. descalvadensis) (R. myersii (R. occidentalis + R. xenodon))))).  

Recentemente publicada, a revisão de Charax inclui a redescrição de todas as espécies além da 

descrição de C. delimai Menezes & Lucena 2014 e a sinonimização de C. unimaculatus Lucena 

1989 em C. michaeli Lucena 1989 (Menezes & Lucena 2014). A única hipótese de relacionamento 

é apresentada baseada em caracteres morfológicos e inclui quatro das 17 espécies (Mattox & 

Toledo-Piza 2012). Esta filogenia recupera a relação ((C. condei + C. stenopterus) (C. gibbosus + 

C. pauciradiatus)).  

Cynopotamus contém 12 espécies (Fricke et al., 2022) e apenas a relação (C. xinguano Menezes 

2007 (C. gouldingi Menezes 1987 (C. kincaidi (Schultz 1950) (C. juruenae Menezes 1987 + C. 

tocantinenses Menezes 1987))) foi hipotetizada através de caracteres morfológicos (Mattox & 

Toledo-Piza 2012). Dados moleculares não recuperaram a monofilia de Cynopotamus, sendo C. 
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kincaidi irmão de Roeboides guatemalensis e C. venezulae (Schultz 1944) irmão de 

Acestrocephalus+Galeocharax (Oliveira et al., 2011). 

Acestrocephalus teve cinco espécies descritas recentemente num total de oito (Menezes 2006) 

e a única hipótese existente consiste na relação (A. acutus Menezes 2006 (A. sardina (Fowler 1913) 

(A. pallidus Menezes 2006 + A. stigmatus Menezes 2006))) (Mattox & Toledo-Piza 2012).  

Galeocharax foi recentemente revisado (Giovannetti et al., 2017) e apenas três espécies foram 

consideradas como válidas (G. gulo (Cope 1870), G. goeldii (Fowler 1913), G. humeralis 

(Valenciennes 1834), e com G. knerii (Steindachner 1879) considerada sinônima de G. gulo. A 

filogenia morfológica de Characinae contendo todas as espécies de Galeocharax não resolve as 

relações, apresentando uma politomia (Mattox & Toledo-Piza 2012). Nenhuma filogenia molecular 

entre espécies desses gêneros, nem estudos aplicando técnicas de filogenômica foram realizadas em 

Characinae até presente momento. 

 

DNA Barcode  

 

Estudos baseados em identificação molecular usando a metodologia DNA barcode (Hebert et al., 

2003) tem revelado números subestimados de espécies antes não reconhecidas e vem se mostrando 

resolutivos para questões taxonômicas em diferentes grupos de peixes neotropicais, tais como 

Characidae (Pereira et al., 2011; Silva et al. ,2013, Barreto et al., 2018), Lebiasinidae (Benzaquem 

et al., 2015), Loricariidae (Costa-Silva et al., 2015; de Borba et al., 2019; Fagundes et al., 2020), 

Serrasalmidae (Machado et al.,  2018; Mateussi et al., 2020; Ota et al., 2020) e Curimatidae (Melo 

et al., 2016b). O uso dessa técnica pode então ser promissor para Characinae podendo possivelmente 

revelar uma diversidade ainda não reconhecida, uma vez que não há estudos de identificação 

molecular para Characinae e os estudos recentes têm identificado novas espécies (Menezes & 

Lucena 2014; Lucena, Antonetti & Lucena 2018; Guimarães, Brito, Ferreira & Ottoni 2018; Lucena 
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& Lucena 2019) principalmente em Roeboides e Phenacogaster que existem espécies de ampla 

distribuição e em Phenacogaster  que apresenta o complexo P. pectinata e outras espécies ainda 

não descritas (Lucena & Malabarba 2010). Com isso, o DNA barcoding foi utilizado no presente 

estudo de Charcinae a fim de elucidar as unidades taxonômicas que os compõem e no 

direcionamento dos estudos filogenômicos. 

 

Elementos ultraconservados (UCEs) 

 

Os elementos ultraconservados (ultraconserved elements - UCEs) são regiões do genoma 

extremamente conservadas e assim compartilhadas entre grupos pertencentes a linhagens muito 

distintas, como, por exemplo, aves e humanos (Bejerano et al., 2004). Eles foram descritos por 

Bejerano et al. (2004), que encontraram 481 segmentos maiores de 200 pares de bases que eram 

absolutamente (100%) conservados em regiões ortólogas de humanos, ratos e camundongos e 

altamente conservados nos genomas de galinhas e cães (95–99%, respectivamente). Estudos 

posteriores mostraram que os UCEs também estão presentes em diversos outros organismos, como 

outros vertebrados, insetos e fungos (Siepel et al., 2005; Faircloth et al., 2012).  

O papel dos UCEs no genoma ainda não está esclarecido (Dermitzakis et al., 2005), embora os 

UCEs tenham sido associados com regulação gênica ou desenvolvimento (Sandelin et al., 2004; 

Woolfe et al., 2004) e se tem assumido que os UCEs são importantes pela sua natureza 

extremamente conservada entre grupos muito distantes filogeneticamente. Os UCEs são 

identificados nos organismos pelo alinhamento de vários genomas e por regiões desse alinhamento 

com áreas com conservação de sequências muito altas (95–100%) e filtradas utilizando critérios 

específicos como o comprimento das sequências (e.g. Bejerano et al., 2004). Suas sequências 

conservadas permitem uma fácil identificação e alinhamento entre genomas e a premissa de 

contínua variabilidade nas sequências que flanqueiam cada UCE sugere que eles podem ser um tipo 
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de “fóssil molecular”, retendo um sinal de história evolutiva em diversas escalas de tempo, 

dependendo da distância da região central dos UCEs (Faircloth et al., 2012).  

Faircloth et al. (2012) introduziram os UCEs como uma nova classe de marcadores moleculares 

em estudos filogenéticos através do enriquecimento de bibliotecas genômicas contendo centenas ou 

milhares de loci, utilizando sequenciamento de nova geração (Faircloth et al., 2012). Como as 

sequências de UCEs são altamente conservadas elas são utilizadas para o anelamento de sondas 

(probes), a partir das quais as sequências flanqueadoras dos UCEs são lidas. A presença de regiões 

com diferentes níveis de variabilidade tem tornado esta técnica muito promissora no campo da 

sistemática filogenética (Pennisi 2013). Além disso, os UCEs têm sido utilizados em muitos níveis 

de comparação entre organismos, de populações até grandes grupos (McCormack et al., 2012, 2013; 

Crawford et al., 2012; Smith et al., 2014; Starrett et al., 2016).  

Em peixes o primeiro estudo foi realizado por Faircloth et al. (2013). Nesse estudo foram 

sequenciados 500 loci de cerca de 30 espécies de Actinopterygii e as filogenias obtidas mostram 

nós altamente resolvidos em todos níveis (recentes e antigos). Os resultados suportaram as relações 

entre Amia e Lepisosteus (Holostei) e revelaram que os Elopomorpha e depois os 

Osteoglossomorpha são as primeiras linhagens a divergir entre as linhagens dos teleósteos. Em 

sequência, outros trabalhos foram realizados mostrando os UCEs como promissor e excelente 

marcador molecular para estudos filogenéticos: Amarsipidae (Harrington et al., 2016), 

Characiformes (Chakrabarty et al., 2017); Acanthomorpha (Alfaro et al., 2018),  Loricariidae (Roxo 

et al., 2019), Trichomycteridae (Ochoa et al., 2020),  Serrasalmidae (Mateussi et al., 2020) e 

Heptapteridae (Silva et al., 2021). 

Em comparação com os estudos baseados em marcadores moleculares multi-locus o uso dos 

UCEs tem se mostrado bastante eficiente. A razão para este rápido crescimento está ligada a 

diferentes características de sua abordagem, como a obtenção de dados de eventos de divergência 
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recente e antiga (Crawford et al., 2012; Harvey et al., 2016; Manthey et al., 2016) e alto custo-

benefício em função do tempo e baixo custo dada a grande quantidade de dados gerados.  

 

JUSTIFICATIVA  

 

Várias questões no âmbito da sistemática de Characinae ainda permanecem não resolvidas como 

levantadas acima e aqui sumarizadas: 1) a posição de Acanthocharax ainda é incerta, devido à falta 

de amostragem para evidência molecular; 2) a posição de Priocharax ainda não foi testada 

utilizando dados moleculares; 3) a monofilia de Cynopotamus foi rejeitada pelas hipóteses 

moleculares de Oliveira et al. (2011), Tagliacollo et al. (2012) e Melo et al. (2016) e de Roeboides 

em Betancur‐R et al. (2019); 4) as relações interespecíficas em cada um dos gêneros necessitam de 

uma maior amostragem de táxons terminais; 5) a diversidade molecular de espécies não é conhecida. 

A Tabela 1 mostra o número de táxons analisados pelos principais estudos morfológicos e 

moleculares de Characidae (Mirande 2018), morfológico da subfamília Characinae (Mattox & 

Toledo-Piza 2012) e molecular de Characidae (Oliveira et al., 2011). Pode-se notar uma necessidade 

de maior amostragem de espécies de Characinae para geração de hipóteses filogenéticas mais 

robustas. Além disso, vários problemas taxonômicos ainda existentes em vários gêneros de 

Characinae podem ser esclarecidos com a identificação molecular de espécies. Finalmente, os 

recentes avanços na sistemática molecular com a utilização de supermatrizes em escala genômica 

tem proporcionado uma ótima oportunidade para obter filogenias mais robustas, e sua consequente 

utilização em estudos macroevolutivos.  
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Tabela 1. Número de espécies analisadas por gênero de Characinae em estudos anteriores e em 

nosso estudo. 

 

Gênero 
Espécies 

válidas   

Oliveira et 

al., 2011 

Mattox & 

Toledo-Piza, 

2012 

Mirande, 2018 Este estudo 

Acanthocharax 1 0  1  0  1 

Acestrocephalus 8 1  4  1 3 

Charax 17 1 4 2 10 

Cynopotamus 12 2 5 1 9 

Galeocharax 3 1 3 1 3 

Phenacogaster 23 1 4 3 13 

Roeboides 21 1 6 2 18 

Total 85 7 27 10 57 

 

OBJETIVOS  

  

Com base nas hipóteses prévias de relacionamentos interespecíficos e intergenéricos da subfamília 

Characinae, e desta com outras subfamílias de Characidae, o presente projeto teve como objetivos: 

 

1) Elaborar e testar as hipóteses de relações filogenéticas entre os gêneros da subfamília 

Characinae e desta com os demais membros de Characidae; 

2)  Elaborar e testar as hipóteses de relações filogenéticas entre as espécies de cada um dos gêneros 

de Characinae; 

3)  Realizar a reconstrução ancestral da dieta de Characinae e testar se as mudanças na dieta 

influenciaram a diversificação morfológica do tamanho e forma do corpo; 

4) Gerar sequências utilizando a técnica de DNA barcode para permitir uma identificação 

molecular dos peixes da subfamília Characinae; 

5) Identificar linhagens/ espécies descritas ou não descritas. 
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Chapter 1 
 

 

Phylogenomic analysis of the Neotropical fish subfamily Characinae using 

ultraconserved elements (Teleostei: Characidae) 
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Abstract 

 

Characinae is one of the most species-rich subfamilies of Characidae and holds special taxonomic 

importance because it includes Charax, type-genus of Characidae and Characiformes. Currently, 

the monophyly and the hypotheses of intergeneric and interspecific relationships of Characinae are 

based on a few morphological and molecular studies but all with low species coverage. Given their 

diversity, taxonomic importance, and the lack of a taxon-dense phylogeny, we sought to buttress the 

systematic understanding of Characinae collecting DNA sequence data from ultraconserved 

elements (UCEs) of the genome from 98 specimens covering 57 species (67%) plus 17 characiforms 

as outgroups. We used maximum likelihood, Bayesian inference, and coalescent-based species tree 

approaches and the resulting phylogeny with 1,300 UCE loci (586,785 characters) reinforced the 

monophyly of the subfamily as well as of six genera: Acestrocephalus, Charax, Cynopotamus, 

Galeocharax, Phenacogaster, and Roeboides. The phylogeny reveals a novel hypothesis of 

intergeneric and interspecific relationships for the subfamily with Phenacogaster sister to all genera, 

and Acanthocharax sister to Cynopotamini (Cynopotamus (Acestrocephalus Galeocharax)) and 

Characini (Charax Roeboides). We propose a new tribe Acanthocharacini to allocate 

Acanthocharax, two subclades for Phenacogaster, two for Cynopotamus, three for Charax, and 
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reinforced the four subclades for Roeboides previously identified by morphological studies. 

Additionally, we generated a time-calibrated phylogeny for Characinae that suggested that the 

subfamily originated during the Miocene at around 19.4 million years ago. The results obtained here 

will contribute to the development of further research on the evolutionary processes modulating 

species diversification in Characinae. 

 

Keywords: biodiversity, Characiformes, freshwater fish, Neotropics, Ostariophysi, systematics. 

 

1. Introduction 

 

The Neotropical ichthyofauna is mainly composed by non-cypriniform otophysan fishes (i.e., 

Characiformes, Siluriformes, and Gymnotiformes), which constitutes about 77% of the total species 

richness (Albert et al., 2011a, b). Among Neotropical otophysan groups, Characiformes represents 

one of the most ecomorphologically diverse orders of fishes with approximately 2,200 valid species 

(Fricke et al., 2022). Within the order, the family Characidae, as proposed by Oliveira et al. (2011), 

is the most species-rich with a total of 1,228 species (Fricke et al., 2022). Due to its great diversity, 

Characidae includes some of the greatest taxonomic and systematic challenges among Neotropical 

fishes (Oliveira et al., 2011; Mirande, 2019), with the general morphology and anatomy of the 

species being highly conservative, and most members attaining maximum body sizes of 10 cm 

standard length (SL) or less (Froese & Pauly, 2021). 

 Characinae is the third most species-rich subfamily of Characidae and includes Charax Scopoli, 

1777, type genus of Characiformes. The subfamily currently comprises 85 species (sensu Mattox & 

Toledo-Piza, 2012) distributed in rivers of the Neotropical region, including both sides of the Andes. 

In the east of the Andes, they occur from the northern coastal drainages of Venezuela to tributaries 

of the lower La Plata basin (Lucena & Menezes, 2003). Most members of the group are easily 
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recognized by their deep anterior bodies with a characteristic gibbosity (Figure 1), although this is 

absent in Phenacogaster Eigenmann, 1907 and Acestrocephalus Eigenmann, 1910 (Lucena & 

Menezes, 2003; Mattox & Toledo-Piza, 2012). They have adopted three distinct feeding strategies: 

carnivory, omnivory, and lepidophagy, although most species are carnivorous and feed mainly on 

insects and other fishes (Géry, 1977; Lucena & Menezes, 2003). Roeboides represents the only 

genus of Characinae with lepidophagous habits and possesses morphological specializations that 

aid in this unusual feeding style, such as external mammiliform teeth used to pluck scales from their 

prey (Sazima & Machado, 1982; Sazima, 1984). 

The taxonomic history of Characinae has changed significantly during the two last decades, 

with its present composition defined by Lucena (1998), Lucena & Menezes (2003), Mirande (2009, 

2010) and Mattox & Toledo-Piza (2012). The definition of Characinae proposed by Lucena & 

Menezes (2003) included 12 genera (Acanthocharax Eigenmann, 1912; Acestrocephalus; Charax; 

Cynopotamus Valenciennes, 1850; Galeocharax Fowler, 1910; Gnathocharax Fowler, 1913; 

Heterocharax Eigenmann, 1912; Hoplocharax Géry, 1966; Lonchogenys Myers, 1927; 

Phenacogaster; Priocharax Weitzman & Vari, 1987; Roeboides) based on the relatively deep body 

shape, presence of more than 20 conical teeth along the maxilla, presence of a conspicuous 

pseudotympanum anterior to the first pleural rib, and the retention of larval pectoral fin in specimens 

up to 41 mm SL. Conversely, the hypothesis proposed by Mirande (2009, 2010) based on 

morphological features included eight of the 12 genera (sensu Lucena & Menezes, 2003): 

Acanthocharax, Acestrocephalus, Charax, Cynopotamus, Galeocharax, Phenacogaster, 

Priocharax, and Roeboides, with the tentative inclusion of Priocharax based on Lucena & Menezes 

(2003) (Mirande, 2010: 492). He also proposed three additional genera, Bryconexodon Géry, 1980, 

Exodon Müller & Troschel, 1844, and Roeboexodon Géry, 1959 as belonging to Characinae forming 

a clade sister to all remaining genera of the subfamily. This three-genera group is composed of 

strictly lepidophagous characids and some of them had been previously proposed as closely related 
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to Roeboides in a pre-cladistic context (e.g., Géry, 1964; Roberts, 1970). Later, with a broader set 

of taxa and characters, Mirande (2019:296) reinterpreted these results and assigned Bryconexodon, 

Exodon and Roeboexodon to their own subfamily, the Exodontinae. 

 

 

 

Figure 1. Representative specimens of Characinae. (A) Phenacogaster sp.; (B) Phenacogaster 

eurytaenia; (C) Acanthocharax microlepis; (D) Cynopotamus atratoensis; (E) Roeboides 

descalvadensis; (F) Galeocharax humeralis; (G) Charax condei; (H) Acestrocephalus sardina.  

Photographs by Martin Taylor (A, B), Johnny Jensen (C), Frank Schäefer (D, E), Frank Teigler (G), 

Pablo Giorgis (F), and Ralf Britz (H).    
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 In parallel to these studies, Mattox & Toledo-Piza (2012) carried out a morphological study 

focusing on the subfamily Characinae to test its monophyly and the subunits proposed by Lucena 

(1998) and Lucena & Menezes (2003). The morphology-based results (Figure 2B) supported the 

monophyly of the seven genera in Characinae based on ten non-ambiguous synapomorphies. The 

authors arranged the genera in three tribes: Phenacogasterini as sister to Characini and 

Cynopotamini, with the intergeneric relationships (Phenacogaster ((Charax Roeboides) 

(Acanthocharax (Cynopotamus (Acestrocephalus Galeocharax))))). Acanthocharax was previously 

considered the sister-group to Charax and Roeboides (Lucena, 1998) but the former genus was 

found as sister to all other Cynopotamini more recently (Mattox & Toledo-Piza, 2012). Among the 

outgroups, Tetragonopterus has been consistently found as the sister group to Characinae based on 

both morphological and molecular data (Buckup, 1998; Javonillo et al., 2010; Oliveira et al., 2011; 

Mattox & Toledo-Piza, 2012; Melo et al., 2016; Betancur-R et al., 2019). 

 Weitzman & Vari (1987) described the enigmatic genus Priocharax and suggested that its 

morphology was similar to members of Characinae and Cynopotaminae. Lucena (1998) was the 

first to include Priocharax in a phylogenetic context, which resulted as the most basal lineage in the 

Characinae, leading to the subsequent classification of this genus in Characinae (Lucena & 

Menezes, 2003; Mirande, 2010). Mattox & Toledo-Piza (2012) were the first to propose that 

Priocharax was more related to the Heterocharacinae, a subset of former members of the Characinae 

given their own subfamily rank (Mirande, 2010; Mattox & Toledo-Piza, 2012). Oliveira et al. (2011) 

did not analyze Priocharax but showed that Heterocharacinae is nested within Acestrorhynchidae 

rather than to Characinae and therefore transferred Heterocharacinae into Acestrorhynchidae. 

Mirande (2019), based on literature information, suggested the placement of Priocharax in the 

subfamily Characinae. Betancur et al. (2019) found Priocharax as sister to Roeboides but, after 

tissue extraction and publication, an additional specimen of the same lot was examined by us and 

the identification as Priocharax was not confirmed. Additionally, the voucher specimen used by 



 

  35 
 

Betancur et al. (2019) is no longer available for reidentification (LBP 17836; C. Souza, personal 

observation). Thus, the position of Priocharax in the phylogeny of Characidae remains unclear. 

Other characiform studies also included representatives of Characinae using both molecular 

(Javonillo et al., 2010; Oliveira et al., 2011; Tagliacollo et al., 2012; Melo et al., 2016; Betancur-R 

et al., 2019; Melo et al., 2021), and total evidence analysis (Mirande, 2019). These studies agree 

about the relationships between Characinae and Tetragonopterinae (i.e., Tetragonopterus) 

(Javonillo et al., 2010; Oliveira et al., 2011; Tagliacollo et al., 2012; Melo et al., 2016; Mirande, 

2019; Betancur-R. et al., 2019); however, the molecular studies did not corroborate the monophyly 

of Cynopotamus (Oliveira et al., 2011; Tagliacollo et al., 2012; Melo et al., 2016). In addition, 

Acanthocharax, hypothesized as the sister group of either clades (Charax Roeboides) or 

(Cynopotamus (Acestrocephalus Galeocharax)) in morphological reconstructions (Lucena, 1998; 

Mattox & Toledo-Piza, 2012), had not been included in any molecular analysis.  

 The hypotheses of interspecific relationships among genera of the Characinae are also limited 

to morphological analyses and/or arrangements proposals based on taxonomic revisions and species 

descriptions (Lucena, 1998; Lucena, 2003, 2007; Menezes, 2006; Lucena & Malabarba, 2010; 

Menezes & Lucena, 2014; Giovannetti et al., 2017). These relationships remain unclear also due to 

the low number of taxa used in phylogenetic analyses (Oliveira et al., 2011; Mattox & Toledo-Piza, 

2012; Mirande, 2019) (Figure 2). So far, the morphological phylogeny that covered interspecific 

relationships with the highest number of species of Characinae (i.e., 30%) is that of Mattox & 

Toledo-Piza (2012), although their study focused on testing the monophyly of the subfamily and the 

intergeneric relationships. In the field of molecular phylogenetics, ultraconserved elements (UCEs; 

Faircloth et al., 2012) have been used to explore the relationships within various animal groups, 

including fishes (Harrington et al., 2016; Chakrabarty et al., 2017; Alfaro et al., 2018; Roxo et al., 

2019; Ochoa et al., 2020; Mateussi et al., 2020; Melo et al., 2021). They constitute excellent markers 
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Figure 2. Intergeneric hypotheses of Characinae based on morphological (A- Lucena, 1998; B- 

Mattox & Toledo- Piza, 2012), total-evidence analysis (C- Mirande, 2019), and phylogenomic study 

(D- This study). Figures modified from original publications. 

 

for phylogenetic studies due to their presence among a wide range of taxonomic groups, low degrees 

of ambiguity, and low saturation (Siepel et al., 2005; Derti et al., 2006; McCormack et al., 2012; 

Alda et al., 2021), despite well-known problems with incomplete lineage sorting (Alda et al., 2019; 

Alda et al., 2021). Here, we performed a phylogenomic study of Characinae using 57 out of 85 

species (67%), including representatives of the seven genera currently assigned to the subfamily 

based on an UCE dataset to (i) test the monophyly of the genera, (ii) test previous phylogenetic 

hypotheses of intergeneric and interspecific relationships, and (iii) to better understand the evolution 

and biogeography of this subfamily.  

 

2. Materials and Methods 

 

2.1. Taxon sampling 

 

Our study included 98 specimens from 57 species of Characinae (67%) with representatives of all 

seven genera. Numbers in parentheses represent sample size relative to the number of valid species: 
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Acanthocharax (1/1), Acestrocephalus (3/8), Charax (10/17), Cynopotamus (9/12), Galeocharax 

(3/3), Phenacogaster (13/23), and Roeboides (18/21). The outgroup included 16 species: one species 

of Acestrorhynchidae (Acestrorhynchus microlepis (Jardine, 1841)), one Cheirodontinae 

(Protocheirodon pi (Vari, 1978)), one Aphyocharacinae (Aphyocharax pusillus Günther, 1868), 

three Exodontinae (Bryconexodon juruenae Géry, 1980, Exodon paradoxus Müller & Troschel, 

1844 and Roeboexodon guyanensis (Puyo, 1948)), two Spintherobolinae (Amazonspinther dalmata 

Bührnheim, Carvalho, Malabarba & Weitzman, 2008 and Spintherobolus papilliferus Eigenmann, 

1911), two Stevardiinae (Markiana nigripinnis (Perugia, 1891) and Planaltina myersi (Böhlke, 

1954), three Stethaprioninae (Astyanax jordani (Hubbs & Innes, 1936), Paracheirodon axelrodi 

(Schultz, 1956) and Hyphessobrycon compressus (Meek, 1904)), and three Tetragonopterinae 

(Tetragonopterus georgiae (Géry, 1965), T. argenteus Cuvier 1816, and T. chalceus Spix & 

Agassiz, 1829). Acestrorhynchus microlepis (Acestrorhynchidae) was used to root the trees. 

Separately, we used a 95% complete edge-trimmed matrix to include three species of Priocharax 

and only one specimen by species (85 taxa) to estimate a maximum likelihood (ML) tree and to 

time-calibrate the phylogeny to test the position and relationships of Priocharax. Voucher samples 

used in this study are deposited in the Laboratório de Biologia e Genética de Peixes, Universidade 

Estadual Paulista, Botucatu, Brazil (LBP), Coleção dos Recursos Genéticos, Instituto Nacional de 

Pesquisas da Amazônia, Manaus, Brazil (INPA), Royal Ontario Museum, Toronto, Canada (ROM), 

Laboratório de Ictiologia, Museu de Ciências e Tecnologia, Porto Alegre, Brazil (MCP), 

Laboratório de Ictiologia e Pesca, Universidade Federal de Rondônia, Porto Velho, Brazil (UNIR), 

Laboratório de Genética e Biologia Molecular, Universidade Federal do Maranhão, São Luís, Brazil 

(LABGEN/UFMA), Coleção Ictiológica, Museu de Zoologia da Universidade de São Paulo, São 

Paulo, Brazil (MZUSP), and Smithsonian Tropical Research Institute, Panama City, Panama 

(STRI). The samples collected in this study are in agreement with Brazilian laws through 

SISBIO/MMA permit n. 3245 and procedures for collection, maintenance and analyses followed 
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the international guidelines for animal experiments through CEEAA IBB/UNESP protocol n. 304. 

The Supplementary Table 1 includes data from all ingroup and outgroup samples. 

 

2.2. DNA extraction and sequencing 

 

DNA was extracted from muscle, gills, or fin tissues with a DNeasy Tissue kit (Qiagen Inc.) 

following manufacturer’s instructions. Then, 2 µl of each genomic DNA was quantified using 

fluorometry (Qubit, Life Technologies) to prepare the libraries using a concentration between 10–

40 ng/µl. DNA libraries and sequencing were performed at Arbor Biosciences (AB; 

arborbiosci.com; Ann Arbor, MI, USA). Whole genomic DNA was first sheared with a QSonica 

Q800R instrument and selected to modal lengths of approximately 500 nt using a dual-step SPRI 

bead cleanup.  

 DNA libraries were prepared for the 117 specimens (98 ingroup taxa and 19 outgroup taxa) by 

modifying the Nextera (Epicentre Biotechnologies) library preparation protocol for solution-based 

target enrichment following Faircloth et al. (2012) and the number of PCR cycles following the 

recommendation of Faircloth et al. (2013). AB staff used the Nextera library preparation protocol 

of in vitro transposition followed by PCR to prune the DNA and attach sequencing adapters (Adey 

et al., 2010). The Epicentre Nextera kit was used subsequentially to prepare transposase-mediated 

libraries with insert sizes averaging 100 bp (95% CI: 45 bp) following Adey et al. (2010). The 

libraries were enriched using a new probeset developed for ostariophysan fishes that captures 

sequence data for 2,708 UCE loci (Faircloth et al., 2020). Then, the DNA was converted to Illumina 

sequencing libraries with a slightly modified version of the NEBNext(R) Ultra (TM) DNA Library 

Prep Kit for Illumina(R). After ligation of sequencing primers, libraries were amplified using KAPA 

HiFi HotStart ReadyMix (Kapa Biosystems) for six cycles using the manufacturer’s recommended 

thermal profile and dual P5 and P7 indexed primers (Kircher et al., 2012). After purification with 
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SPRI beads, libraries were quantified with the Quant-iT(TM) Picogreen(R) dsDNA Assay kit 

(ThermoFisher). AB staff then enriched pools comprising 100 ng each of eight libraries (800 ng 

total) using the MYbaits(R) Target Enrichment system (MYcroarray) following manual version 3.0. 

Sequencing was performed across two Illumina HiSeq paired-end 100 bp lanes using v4 chemistry. 

 

2.3. Sequence data processing 

 

After sequencing, adapter contamination, low quality bases, and sequences containing ambiguous 

base calls were trimmed using the Illumiprocessor software pipeline (Faircloth, 2013; 

https://github.com/faircloth-lab/illumiprocessor). After trimming, the assembled Illumina were read 

into contigs on a species-by-species basis using Velvet (Zerbino & Birney, 2008) on 

VelvetOptimiser (https://github.com/VictorianBioinformatics-Consortium/VelvetOptimiser). 

Following assembly, a custom Python program (match_contigs_to_probes.py), available in 

PHYLUCE (Faircloth, 2016) was used, integrating LASTZ (Harris, 2007) to align species specific 

contigs to our probe-UCE set. During the alignment, the latter program creates a relational data base 

of matches to UCE loci by taxon. We then used the get_match_counts.py program (also in 

PHYLUCE) to query the database and generate FASTA files for UCE loci that were identified 

across all taxa. A custom Python program (seqcap_align_2.py) was then used to align contigs using 

the MUSCLE alignment algorithm (Edgar, 2004) and to perform edge trimming.   

 

2.4. Phylogenetic analyses 

 

We performed phylogenetic analyses with 75% and 90% complementary matrices to test the effect 

of missing data: the 75% complete matrix contains loci present in at least 75% of taxa (i.e. 85 

terminals or more), and the 90% complete matrix contains loci present in at least 90% of taxa (i.e. 
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103 terminals or more). We concatenated the matrices and performed analyses by ML in RAxML 

v8.019 (Stamatakis, 2014), and Bayesian inference (BI) in ExaBayes v1.4 (Aberer et al., 2014), and 

the coalescent-based species tree approach (AS) in ASTRAL-III (Zhang et al., 2018) using a 2×10 

CPU, 256 GB Zungaro server at LBP-UNESP. For ML and BI analyses, the data was partitioned to 

account for variation in rates and patterns of molecular evolution among sites using PartitionUCE 

(Tagliacollo & Lanfear, 2018) and the substitution models estimated with hcluster in PartitionFinder 

v2 (Lanfear et al., 2014; 2016) through RAxML v8.0 (Stamatakis, 2006). 

The ML analysis was performed using GTRCAT (Stamatakis, 2006) with 20 alternative runs 

of distinct parsimony starting trees in RAxML v8.019 (Stamatakis, 2014). The posteriori 

bootstrapping analysis was conducted using the autoMRE function in RAxML using the 

bootstopping criteria (Stamatakis, 2014; Pattengale et al., 2010). Bayesian inference was performed 

in ExaBayes v 1.597 (Aberer et al., 2014), with two independent runs, each with four chains (one 

cold and three heated) with 50,000,000 iterations and other parameters as default. Tree space was 

sampled every 100 generations to yield a total of 10,001 trees. We assessed convergence of the 

posterior distribution examining the ESS > 200 (effective sample size) and evaluating posterior trace 

distribution in Tracer v1.6.1 (Rambaut et al., 2014). We obtained the most likely set of trees from 

the posterior distribution of possible topologies using the consensus algorithm of ExaBayes with 

10% burn-in. The coalescent-based species tree approach (AS) was inferred from individual gene 

trees using ASTRAL-III (Zhang et al., 2018). The individual gene trees used as input to ASTRAL-

III were estimated by a ML analysis using a RAxML bootstrapped using the parameter –N = 2 and 

the GTRGAMMA model. Then, ASTRAL-III was used to infer species trees from the best gene 

trees, and to reconstruct the majority-rule consensus tree of the results. 
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2.5. Divergence time estimation 

 

We estimated a time-calibrated phylogeny using an uncorrelated relaxed molecular clock 

(lognormal) using the BEAST v2 (Bouckaert et al., 2014). We used the 95% complete edge-trimmed 

matrix (91 UCE loci with 38,888bp) to estimate both the topology and node ages. We included a 

constraint on the root and two fossils as calibration points. First, a calibration point was assigned to 

the root of the tree (i.e., all taxa) to calibrate the node splitting Acestrorhynchidae and members of 

Characidae that, based on the recent time reconstruction of the entire order Characiformes (Melo et 

al., 2021), was estimated to have occurred in the Late Cretaceous at around 72 (83–60) millions of 

years ago (Ma) (normal distribution; offset = 72 Ma; mean = 0; standard deviation = 7.0). The 

second calibration point was based on the fossil †Paleotetra entrecorregos, UNG 2T-149, an 

articulated skeleton from the Entre-Córregos Formation in Minas Gerais, Brazil, dated to the 

Eocene-Oligocene boundary (Weiss et al., 2012). The fossil was hypothesized to be a stem 

Stevardiinae (Weiss et al., 2012) or a stem Characidae (Mirande, 2019). Given the natural 

uncertainty of the fossil and pending additional analysis with less missing data showing higher 

support for early nodes of Characidae, and considering that the origin of Characidae was estimated 

at around 65 Ma (Melo et al., 2021), we assigned it to the node stem of Stevardiinae following the 

original description and phylogenetic placement (Weiss et al., 2012) (log-normal distribution; offset 

= 33.9 Ma; mean = 5.0 Ma; standard deviation = 1.0). The third calibration point was 

†Megacheirodon unicus, MCP 3086-PV, an articulated skeleton from Oligocene-Miocene deposits 

of the Tremembé Formation in São Paulo, Brazil (Bührnheim et al., 2008). †Megacheirodon was 

hypothesized to be the sister clade to Spintherobolus and Amazonspinther (Bührnheim et al. 2008), 

thus we implemented it as a calibration of the node with both genera and other members of 

Characidae (log-normal distribution; offset = 23.8 Ma; mean = 1.0 Ma; standard deviation = 1.25). 

We also included a constraint prior for the monophyly of Characidae. The BEAST analyses were 
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conducted under a birth-death model for prior distributions and ran for 50 million generations 

sampling frequency at every 10,000th generation. We checked stationarity and sufficient mixing of 

parameters (ESS > 200) using Tracer v1.6 (Rambaut et al., 2014). A consensus tree was built using 

TreeAnnotator v1.8.2. All clade-age estimates are presented as the mean plus 95% highest posterior 

density (HPD) values. 

 

3. Results and Discussion 

 

3.1. Overall patterns and monophyly of Characinae 

 

Sequencing and data filtering yielded an initial edge-trimmed aligned matrix comprising 2,527 UCE 

loci with a total of 990,049 base pairs (bp) for 114 specimens (98 Characinae and 16 outgroups) 

(Supplementary Table 2). We used two UCE matrices with 114 taxa to infer phylogenetic 

relationships: the 75% complete matrix was composed of 1,300 UCE loci and 586,785 bp, each of 

which contained sequence data for at least 85 taxa and the 90% complete matrix with 297 UCE loci 

and 137,232 bp each of which contained sequence data for at least 103 taxa. Phylogenies were 

resolved with high statistical support for most nodes regardless of matrix completeness (75% or 

90%), or method of phylogenetic inference (ML, BI, or ASTRAL-III) (Figures 3–4; S1–S5).  

The results of the ML trees and BI analyses of the edge-trimmed, 75% complete, partitioned 

matrices show identical topologies (Figures 3–4; S3). Overall, all phylogenetic inferences show the 

same topology to the intergeneric relationship, however ASTRAL-III presented the highest number 

of differences in interspecific relationships compared to the ML and the BI analyses. Details of the 

differences among each analysis can be observed in the resulted topologies (Figures 3–4; S1–S5). 

Discrepancies in interspecific relationships presented by ASTRAL-III included Galeocharax 

gulo and species of Phenacogaster and Roeboides (Figures S4-S5) that show rapid and/or recent 
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diversification (Figure 5). Disagreements among trees could be caused by different factors such as 

incomplete lineage sorting (Pollard et al., 2006; Carstens & Knowles, 2007), mutation and 

recombination rate (Pollard et al., 2006, Rosser et al., 2017), selective pressures (Malinsky et al., 

2015, Sun et al., 2015), hybridization and introgression (Toews & Brelsford, 2012, Denton et al., 

2014). Nevertheless, a significant explanation for different relationships found in ASTRAL-III can 

be attributable to deep coalescence processes, where multiples lineages tend to persist into the 

deeper portion of the species tree, that is common in species with rapid and/or recent diversification 

(Degnan & Rosenberg, 2006, 2009). 

Despite the few discordances among topologies, we constructed our discussion based on the 

results of the ML tree of the edge-trimmed, 75% complete, partitioned matrix with 100% bootstrap 

for 76.6% of the nodes (Figures 3-4) and the topology that best concord with the morphology of the 

subfamily. The UCE phylogeny supports the monophyly of Characinae and of all non-monotypic 

characin genera: Acestrocephalus, Galeocharax, Cynopotamus, Charax, Phenacogaster, and 

Roeboides (Figures 3-4; ML = 100). As our taxon sampling contained only one specimen of 

Acanthocharax, we could not test the monophyly of the genus. The intergeneric relationships of 

Characinae and the interspecific relationships in Cynopotamus and Galeocharax are strongly 

supported in most of the nodes (Figures 3-4; S1-S5). Our reconstruction also shows the closer 

relationship between Characinae and Tetragonopterus, with Exodontinae as the immediate sister 

clade. This reconstruction matches recent molecular phylogenies of related taxa (e.g. Oliveira et al., 

2011; Melo et al., 2016, 2021). Furthermore, our results found Priocharax inside Stethaprioninae 

and the relationship between Priocharax and Hyphessobrycon and other characids rather than with 

Characinae (Figures 5 and S6). 

The morphology-based phylogeny (Mattox & Toledo-Piza, 2012) supported the monophyly of 

Characinae based on ten non-ambiguous synapomorphies (details in Supplementary data), and the 

authors proposed three tribes in Characinae: Phenacogasterini (Phenacogaster), Characini (Charax 
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Roeboides) and Cynopotamini ((Acanthocharax (Cynopotamus (Acestrocephalus Galeocharax)))). 

Herein, our phylogeny shows a slightly distinct arrangement: Phenacogasterini (Phenacogaster), 

Acanthocharacini new tribe (Acanthocharax), sister to Characini (Charax Roeboides) and 

Cynopotamini (Cynopotamus (Acestrocephalus Galeocharax)) (Figures 3-4). Given the new 

phylogenetic arrangement, Acanthocharacini Souza, Melo, Mattox & Oliveira, 2021 (ZooBank 

Nomenclatural Act: urn:lsid:zoobank.org:act:E32EDF2D-978C-4DB9-AD2C-8EAB9E1E5FE1), 

is herein proposed as a new tribe of Characinae. 

 

3.1.1. Acanthocharacini Souza, Melo, Mattox & Oliveira, 2022 

urn:lsid:zoobank.org:act:E32EDF2D-978C-4DB9-AD2C-8EAB9E1E5FE1 

 

Included genus: Acanthocharax Eigenmann, 1912 

Diagnosis: As for the genus (e.g., Eigenmann, 1912). Acanthocharacini is distinguished from all 

other tribes of Characinae by the presence of a spiniform projection on the preopercle (Eigenmann, 

1912; Mattox & Toledo-Piza, 2012). The absence of predorsal scales were used previously to 

characterize the genus being useful to diagnose the tribe, albeit predorsal scales were independently 

lost in Charax condei and C. stenopterus.  
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Figure 3. Phylogenetic relationships of Characinae based on a maximum likelihood analysis of the 

75% complete matrix of ultraconserved elements (1,300 loci; 586,785 bp), highlighting the 

phylogenetic relationships in Phenacogasterini, Cynopotamini, and the position of 

Acanthocharacini. All nodes have bootstrap values ≥90% except where indicated.  
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Figure 4. Phylogenetic relationships of Characinae based on a maximum likelihood analysis of the 

75% complete matrix of ultraconserved elements (1,300 loci; 586,785 bp), highlighting the 

phylogenetic relationships in Characini. All nodes have bootstrap values ≥90% except where 

indicated.  
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3.2. Monophyly of genera and intergeneric relationships 

 

Monophyly of Phenacogaster, the sole genus in the tribe Phenacogasterini, was supported herein, 

including 14 species (13 valid and one undescribed species) out of the 23 currently recognized in 

the genus (Fricke et al., 2022). Morphologically, Phenacogaster has been diagnosed mainly by the 

presence of two longitudinal series of large, narrow, and elongate preventral scales and by the gap 

in the external tooth series of the premaxilla (Malabarba & Lucena, 1995; Lucena & Malabarba, 

2010). The former character was interpreted as one of the five synapomorphies of Phenacogaster 

(Mattox & Toledo-Piza, 2012).  

 Monophyly of the clade comprising the other six genera (i.e., Acanthocharax, Acestrocephalus, 

Charax, Cynopotamus, Galeocharax and Roeboides) was supported herein with 100% support, as 

in previous hypotheses based on morphology (Figure 2; Lucena, 1998; Mattox & Toledo-Piza, 

2012). This clade was strongly supported by the latter authors based on nine non-ambiguous 

synapomorphies, with one synapomorphy exclusive for this clade: lateral wings of mesethmoid 

poorly developed (Mattox & Toledo Piza, 2012).  

 Our phylogenetic hypothesis shows Acanthocharax as sister to the clade ((Charax Roeboides) 

(Cynopotamus (Acestrocephalus Galeocharax)) (Figure 3; ML = 100), which is congruent with the 

hypothesis based mainly on comparative myology (Howes, 1976). This result contrasts, however, 

to Lucena (1998), who proposed a closer relationship between Acanthocharax and the clade formed 

by Charax and Roeboides based on two synapomorphies. The more recent morphological phylogeny 

of the subfamily suggested the inclusion of Acanthocharax in the Cynopotamini based on five 

synapomorphies (Mattox & Toledo-Piza, 2012), four of which highly homoplastic in their analyses. 

The fifth synapomorphy is the shape of the lower pharyngeal toothplate which is more elongated 

posteriorly in Acanthocharax, Cynopotamus, Acestrocephalus and Galeocharax, but should be 
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reinterpreted either as convergent in the former genus and the Cynopotamini or as lost (i.e., reversed 

to the shorter, more basal shape) in Charax and Roeboides based on our results. 

 The UCE phylogeny indicates Cynopotamus as sister to the clade with Acestrocephalus and 

Galeocharax, a relationship previously proposed by morphological studies (Menezes, 1976; 

Lucena, 1998; Mattox & Toledo-Piza, 2012). However, the relationships recovered herein do not 

support the total-evidence hypothesis that found Acestrocephalus as sister to a clade formed by 

Cynopotamus and Galeocharax (Mirande, 2019). Furthermore, Acestrocephalus, Cynopotamus and 

Galeocharax were individually corroborated as monophyletic assemblages (Figure 3; ML = 100), 

as shown in previous morphological studies (e.g., Menezes, 1976; 2006; Mattox & Toledo-Piza, 

2012; Giovanetti et al., 2017). In the tribe Characini, Charax and Roeboides are resolved as sister 

genera in our molecular study and both are supported as monophyletic (Figure 4; ML = 100), a result 

also consistent with morphological studies (Lucena, 1998; 2000; Mirande, 2009; 2010; Mattox & 

Toledo-Piza, 2012).  

 

3.3. Interspecific relationships 

 

Hypotheses of interspecific relationships in Characinae were limited to morphological analyses or 

arrangements based on taxonomic revisions and species descriptions (Lucena, 2000, 2003, 2007; 

Menezes, 2006, 2007; Lucena & Malabarba, 2010; Menezes & Lucena, 2014; Giovannetti et al. 

2017). Phenacogaster, the most species-rich genus, lacks formal descriptions for many species as 

well as taxonomic definitions of subgroups (Lucena & Malabarba, 2010). Based on 56% of its 

species diversity, our phylogeny consistently supports the presence of two main Phenacogaster 

clades (ML=100; Figure 4). 

 The first is the "Phenacogaster pectinata clade" (Figure 3), widely distributed across the 

Amazon and Paraguay basins with relatively strong node support (ML>86%). Species from the 
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Amazon (P. beni Eigenmann, 1911, P. capitulata Lucena & Malabarba, 2010, P. megalostictus 

Eigenmann, 1909, P. pectinata (Cope, 1870), P. prolata Lucena & Malabarba, 2010, P. aff. 

pectinata and P. aff. suborbitalis) are sister group to P. tegata (Eigenmann, 1911) from the Paraguay 

basin.     

 The second is the "P. franciscoensis clade", that includes P. maculoblonga Lucena & 

Malabarba, 2010, from the Orinoco basin sister to P. carteri (Norman, 1934) from Mazaruni River, 

with this subclade as sister to the remaining species in the P. franciscoensis clade. Within the latter 

group, P. wayana Le Bail & Lucena, 2010 from eastern Guiana Shield (Amapá and Jari rivers) is 

sister to two subclades: one with P. aff. retropinna Lucena & Malabarba, 2010 (Tapajós) sister to 

an undescribed species from the Xingu River, and another with successive less inclusive clades 

containing P. eurytaenia Antonetti, Lucena & Lucena, 2018 (Tocantins) sister to P. naevata 

Antonetti, Lucena & Lucena, 2018 (Tocantins) which is sister to a clade of P. calverti (Fowler, 

1941) (Parnaíba) and P. franciscoensis Eigenmann, 1911 (São Francisco). Interestingly, the species 

from Tocantins, Parnaíba and São Francisco basins are related to each other forming a 

geographically-structured subclade. This result is similar to studies with other fish groups 

distributed throughout those basins such as Otocinclus hasemani and O. xakriaba (Schaefer, 1997), 

Hisonotus sp. 1, Hisonotus sp. 2 and Parotocinclus aff. spilurus (Roxo et al., 2014), and Prochilodus 

lacustris and P. brevis (Melo et al., 2018). The time-calibrated phylogeny suggests that 

"Phenacogaster pectinata clade" and "P. franciscoensis clade" diverged during the Miocene, at 

approximately 8.4 Ma (10.4–6.4 Ma 95% HPD; Figure 5).  

Acanthocharax is the only monotypic genera of Characinae and restricted to its type species A. 

microlepis Eigenmann, 1912 with distribution through the Essequibo River and adjacent drainages 

of Guyana. In our analysis, it was represented by a single specimen from Kurupung River in Guyana 

and the phylogeny placed it as sister to the major clade containing Characini and Cynopotamini. 

 Our phylogenetic hypothesis supported the monophyly of Cynopotamus based on nine out of  
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Figure 5. Time-calibrated phylogeny for Characinae based on a BEAST analysis of 91 UCE loci 

present for at least 95% of 85 specimens (66 Characinae and 19 outgroups). Node bars show the 

95% highest posterior distribution of ages.  
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12 (75%) species of the genus. The species were grouped into two clades with high support 

(ML=100). The first is the "C. magdalenae clade" (Figure 3) that represents the first evidence of a 

close relationship among species from west of the Andes, with strong support for C. venezuelae 

(Schultz, 1944) from Santa Rosa River of Venezuela as sister to C. magdalenae (Steindachner, 

1879) from Samaná River/Magdalena basin of Colombia. The second is the "Cynopotamus 

bipunctatus clade" formed by the following species from east of the Andes: C. bipunctatus Pellegrin, 

1909, C. essequibensis Eigenmann, 1912, C. gouldingi Menezes, 1987, C. juruenae Menezes 1987, 

C. kincaidi (Schultz, 1950), C. tocantinensis Menezes, 1987, and C. xinguano Menezes 2007. 

According to timing estimates, the MRCA of Cynopotamus originated during the Miocene at 

approximately 10.0 Ma (12.5–8.0 Ma 95% HPD; Figure 5). The C. magdalenae clade (west of 

Andes) and C. bipunctatus clade (east of Andes) diverged between 9.0–5.5 Ma (95% HPD) which 

is coincident with the rise of the Eastern Cordillera (∼12 Ma) and the rise of the Merida Andes (∼8 

Ma) with the isolation of the modern Maracaibo and Orinoco basins (Albert et al., 2006).  

       Acestrocephalus is well supported as monophyletic in our analysis. Our phylogeny showed A. 

acutus Menezes, 2006 from the Tocantins River as sister to a clade formed by A. nigrifasciatus 

Menezes 2006 from Jamanxim/Tapajós and A. sardina (Fowler, 1913) from Sipapo and Negro rivers 

(Figure 3). Because our study included <50% of the species of Acestrocephalus, future studies with 

a greater number of species are necessary to better understand the relationships within the genus. 

       Galeocharax was recently revised with only three valid species [G. goeldii (Fowler, 1913), G. 

gulo (Cope, 1870) and G. humeralis (Valenciennes, 1834)] with G. knerii Steindachner, 1879 from 

the Upper Paraná river basin considered a junior synonym of G. gulo (type locality: Pebas, Peru, 

and widely distributed throughout Amazonas, Orinoco, Tocantins, and upper Paraná Rivers) 

(Giovannetti et al., 2017). Here, we analyzed five samples of G. gulo from distinct drainages 

(Araguaia, Purus, Solimões, Amazon, and Paraná) and results did not support its monophyly (Figure 

3; Figures S1-S5; ML=100). The topology found that the specimen from Araguaia River is sister to 
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the other two clades: one with G. gulo (Paraná; formerly G. knerii) and G. humeralis (Paraguay) 

and another with G. goeldii (Madeira) and G. gulo (Amazon drainages). Hence, our phylogeny does 

not support the proposal of synonymy of G. knerii and highlight that G. gulo from the Araguaia 

River might represent an undescribed species. Indeed, Giovannetti et al. (2017) discussed the 

morphological variation in populations from the Amazon, Paraná and Tocantins rivers, which would 

be interesting to be reinvestigated in light of our genomic data. 

 In Charax, molecular results strongly supported C. stenopterus from the coastal drainages of 

southern Brazil, the "Charax stenopterus clade", as a sister group of a large clade composed by 

species from the Amazon, Orinoco, Paraguay and Mearim river basins (Figures 4, S1-S5; ML=100). 

Within the large clade, two subclades emerge: "C. tectifer clade" and "C. gibbosus clade". We did 

not find monophyly for C. condei and C. niger (Figure 4; Figures S1-S5; ML=100). Charax condei 

(Géry & Knöppel, 1976) (Trombetas) and C. aff. tectifer (Amazon) were closer to a clade with C. 

metae Eigenmann 1922 (Orinoco) and C. tectifer (Cope, 1870) (Ucayali). This is a clade restricted 

to the proto-Orinoco-Amazonas, a previous fluvial configuration in northwestern South America, 

with species shared between the Orinoco and Amazon basin (Hoorn et al., 2010; Albert et al., 2018). 

Within the Charax gibbosus clade, C. condei (Amazon and Negro) were related to a successive less 

inclusive clade with C. leticiae Lucena, 1987 (Paraguay), C. gibbosus (Linnaeus, 1758) (Rupununi), 

C. awa Guimarães, Brito, Ferreira & Ottoni, 2018 (Mearim), C. niger Lucena, 1989 (Oiapoque), C. 

niger (Amapá), C. pauciradiatus (Günther, 1864) (Tapajós) and C. michaeli Lucena, 1989 

(Amazon). This biogeographic pattern approximates with the timing of the channelization of the 

Amazon River at approximately 10–5 Ma, and the subsequent connection and diversification of the 

fish faunas from western and eastern Amazon basin (Albert et al., 2018; 2021). 

 In Roeboides, Lucena (1998) used osteological and meristic traits and proposed the division of 

Roeboides in four groups: R. dispar group, R. guatemalensis group, R. microlepis group, and the R. 

affinis group. In addition, Lucena (2000) considered R. guatemalensis and R. microlepis groups as 
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sister clades, with the R. affinis group as sister of the clade formed by these groups, and R. dispar 

as the sister to all other groups. Our results partially corroborated the composition of the four groups 

(herein termed clades) but did not support R. guatemalensis clade as sister to R. microlepis clade 

(Figure 4; Figures S1-S5). Our phylogenetic hypothesis showed the R. guatemalensis clade from 

west of the Andes as sister to a large monophyletic assemblage with R. dispar clade sister to R. 

microlepis and R. affinis clades (Figure 4). However, the relationship between the R. microlepis and 

R. affinis clades presented lower bootstrap support (ML=48%). Furthermore, our study did not 

support the monophyly of R. affinis, with one lineage of R. affinis (Araguaia) sister to a clade with 

R. affinis (Solimões and Juruá), R. sazimai (Mearim), R. biserialis (Amazon) and R. descalvadensis 

(Paraguay and Paraná). The time-calibrated tree estimated that the MRCA of R. guatemalensis clade 

(west-Andes) had its origin in the Pliocene (2.6 Ma, 3.3–2.0 Ma 95% HPD) and the last speciation 

event of this clade corresponds to species from Panama (0.7 Ma, 1.0–0.4 Ma 95% HPD) and Costa 

Rica (0.8 Ma, 1.1–0.5 Ma 95% HPD). This result suggests that the distribution and diversification 

of this clade into Central America are directly associated with the closure of the Isthmus of Panama 

at approximately 4–2.8 Ma (Bermingham & Martin, 1998; Coates & Stallard , 2013; McGirr et al., 

2021). 

 Overall, this study presents the most taxon-dense phylogeny for Characinae to date covering all 

genera and provides novel hypotheses for intergeneric and interspecific relationships. Limitations 

of our study include the relatively lower species coverage of Acestrocephalus (~38%), Charax 

(~58%) and Phenacogaster (~61%), the low support for the relationship between Phenacogaster 

aff. retropinna and P. sp. Xingu with others from the P. franciscoensis clade (48%), the low support 

for the relationship between the Roeboides microlepis clade and the R. affinis clade (48%), and the 

moderate support for the placement of R. affinis (56%) and R. sazimai (70%) within the R. affinis 

clade (Figs. 2–3). Finally, our results indicate various instances of relationships that are similar to 

previous morphological phylogenies (e.g. Lucena, 1998; Mattox & Toledo-Piza, 2012) and provide 
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an interesting framework for future investigation on the evolutionary processes modulating species 

diversification. Revisionary studies of species diversity and additional molecular data are also 

crucial to better understand the species diversity and evolution in Characinae. 
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Supplementary information 

 

Supplementary Table 1. Taxonomic sampling, voucher and museum number, and geographic information of the samples included in this study. 

 

Family Subfamily Genus Species Voucher Museum number Drainage (River/Basin) Country Coordinates 

Characidae Characinae Acanthocharax Acanthocharax microlepis T20425 ROM uncat Kurupung Guyana N 06°13.324' W 060°09.068' 

Characidae Characinae Acestrocephalus Acestrocephalus acutus 96197 LBP 25321 Tocantins Brazil S 14°18'17.8" W 46°38'04.7" 

Characidae Characinae Acestrocephalus Acestrocephalus nigrifasciatus MZict 003344 MZUSP 097494 Jamanxim Brazil S 7° 3' 52.0" W 55° 26' 28.0" 

Characidae Characinae Acestrocephalus Acestrocephalus sardina T09194 ROM uncat Sipapo Guyana N 06°48'13.5" W 73°16'23.1'' 

Characidae Characinae Acestrocephalus Acestrocephalus sardina 33172 LBP 6876 Negro Brazil S 00°08.156' W 67°05.057' 

Characidae Characinae Acestrocephalus Acestrocephalus sardina 70161 LBP 17833 Negro Brazil S 00°30'5.3" W 64°49'12.2" 

Acestrorhynchidae Acestrorhynchinae Acestrorhynchus Acestrorhynchus microlepis  82946 LBP 21142 Amazon Brazil N 03°26'03.6'' W 51°43'40.8'' 

Characidae Spintherobolinae Amazonspinther  Amazonspinther dalmata  46055 LBP 9309 Madeira Brazil S 8°11'46'' W 63°51'48'' 

Characidae Aphyocharacinae Aphyocharax Aphyocharax pusillus  22920 LBP 4046 Moa/Amazon Brazil S 7°37'20.0'' W 72°47'42.2'' 

Characidae Stethaprioninae Astyanax Astyanax jordani  24599  LBP 4527 - Brazil - 

Characidae Exodontinae Bryconexodon Bryconexodon juruenae  101796 LBP 19627 Apiacás Brazil S 10°19'50.5'' W 56°59'02.2'' 

Characidae Characinae Charax Charax awa CICCAA 02152-2 UFMA uncat Mearim Brazil S 3°40'48'' W 45°19'51'' 

Characidae Characinae Charax Charax condei INPA-ICT 050072 CTGA 105925 Trombetas Brazil S 1°26'47.0" W 56°47'45.0" 

Characidae Characinae Charax Charax condei 74340 LBP 18290 Amazon Brazil S 00°26'10.0" W 64°57'05.8" 

Characidae Characinae Charax Charax condei 74420 LBP 18319 Negro Brazil S 00°30'5.3" W 64°49'12.2" 

Characidae Characinae Charax Charax gibbosus T06353 ROM uncat Rupununi Guyana - 

Characidae Characinae Charax Charax leticiae 21981 LBP 3730 Paraguay Brazil S 19°34'54.6' W 56°15'16.5'' 

Characidae Characinae Charax Charax metae 61598 LBP 18653 Orinoco Colombia N 3°29'26.6" W 73°44'34.1" 

Characidae Characinae Charax Charax michaeli 86577 LBP 22517 Amazon Colombia S 04°11'45.6'’ W 69°57'20.9'' 

Characidae Characinae Charax Charax michaeli 87532 LBP 22517 Amazon Colombia S 04°11'45.6'’ W 69°57'20.9'' 

Characidae Characinae Charax Charax niger 82731 LBP 21086 Oiapoque Brazil N 03°48'47.6'' W 51°48'31.6'' 

Characidae Characinae Charax Charax niger 83211 LBP 21217 Amapá Brazil N 02°03'42.8'' W 50°54'15.1'' 

Characidae Characinae Charax Charax pauciradiatus 66967 LBP 16206 Tapajós Brazil S 04°28'11.2" W 56°17'01.1" 

Characidae Characinae Charax Charax stenopterus 20473 LBP 3338 Southern Brazil Brazil S 32°09'06.9'' W 52°06'24.2'' 

Characidae Characinae Charax Charax stenopterus 68399 LBP 17020 Southern Brazil Brazil S 32°05'24.1'' W 52°15'09.7'' 

Characidae Characinae Charax Charax tectifer 70280 LBP 17783 Ucayali Peru S 08°39'57.2" W 74°48'08.7'' 

Characidae Characinae Charax Charax tectifer 70281 LBP 17783 Ucayali Peru S 08°39'57.2" W 74°48'08.7'' 

Characidae Characinae Charax Charax aff. tectifer 86771 LBP 22793 Amazon Brazil S 04°11'25.5” W 69°55'40.3'' 



 

  64 
 

Family Subfamily Genus Species Voucher Museum number Drainage (River/Basin) Country Coordinates 

Characidae Characinae Cynopotamus  Cynopotamus bipunctatus T24786 ROM uncat Orteguaza Colombia - 

Characidae Characinae Cynopotamus  Cynopotamus bipunctatus 91511 LBP 24313 Orteguaza Colombia N 1°31'09.3" W 75°32'19.0" 

Characidae Characinae Cynopotamus  Cynopotamus essequibensis T06254 ROM uncat Rupununi Guyana - 

Characidae Characinae Cynopotamus  Cynopotamus gouldingi 95300 LBP 25817 Madeira Brazil S 11°55'25.5'' W 61°14'17.6'' 

Characidae Characinae Cynopotamus  Cynopotamus juruenae MZict003991 MZUSP 095880 Juruena Brazil S 10°58' 30.0" W 55°44' 3.0"  

Characidae Characinae Cynopotamus  Cynopotamus kincaidi 3567 LBP 19 Paraguay Brazil S 19°34.630' W 57°01.123' 

Characidae Characinae Cynopotamus  Cynopotamus magdalenae 91521 LBP 24320 Magdalena Colombia - 

Characidae Characinae Cynopotamus  Cynopotamus tocantinensis 36391 LBP 7769 Araguaia Brazil - 

Characidae Characinae Cynopotamus  Cynopotamus venezuelae 29515 LBP 6132 Santa Rosa Venezuela N 09°38'53.8” W 72°34'56.4'' 

Characidae Characinae Cynopotamus  Cynopotamus xinguano 96753 LBP 5967 Xingu Brazil S 13°50'55.7'' W 53°15'26.7'' 

Characidae Exodontinae Exodon Exodon paradoxus  44278 LBP 8851 Araguaia Brazil S 13°22'36.1' W 50°40'08.4'' 

Characidae Characinae Galeocharax  Galeocharax goeldii UFRO-ICT 013389 UFRO uncat Madeira Brazil S 08°48'30" W 63°36'53" 

Characidae Characinae Galeocharax  Galeocharax gulo 16224 LBP 2391 Araguaia Brazil S 15°53'35.2'' W 52°15'00.9'' 

Characidae Characinae Galeocharax  Galeocharax gulo 17088 LBP 2537 Purus Brazil S 08°50'54.8'' W 68°41'23.7'' 

Characidae Characinae Galeocharax  Galeocharax gulo 86588 LBP 22568 Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' 

Characidae Characinae Galeocharax  Galeocharax gulo 87955 LBP 22644 Amazon Colombia S 04°11'39.3'’ W 69°58'06.9'' 

Characidae Characinae Galeocharax  Galeocharax gulo 96995 LBP 28889 Paraná Brazil - 

Characidae Characinae Galeocharax  Galeocharax humeralis 55986 LBP 13453 Paraguay Brazil S 17°47'59.0'' W 57°23'41.6'' 

Characidae Characinae Galeocharax  Galeocharax humeralis 56099 LBP 13483 Paraguay Brazil S 17°51'29.6'' W 57°28'34.1'' 

Characidae Stethaprioninae Hyphessobrycon Hyphessobrycon compressus  61599 LBP 19581 - Belize S 17°27'29.4'' W 88°23'34.4'' 

Characidae Stevardiinae Markiana Markiana nigripinnis  36284 LBP 7586 Paraguay Brazil S 16°11'39.5'' W 55°48'25.1'' 

Characidae Stethaprioninae Paracheirodon Paracheirodon axelrodi  24428 LBP 4472 Negro Brazil S 00°40'03.1'' W 62°58'23.5'' 

Characidae Characinae Phenacogaster Phenacogaster beni 8084 UFRO uncat Madeira Brazil S 08°41' W 63°51' 

Characidae Characinae Phenacogaster Phenacogaster calverti 27299 LBP 5582 Parnaíba Brazil S 09°09'51’ W 45°51'15' 

Characidae Characinae Phenacogaster Phenacogaster capitulata 72078 LBP 17802 Ucayali Peru S 08°35'44.2" W 74°48'04.3'' 

Characidae Characinae Phenacogaster Phenacogaster carteri T21412 ROM uncat Mazaruni Guyana - 

Characidae Characinae Phenacogaster Phenacogaster eurytaenia 93886 LBP 25604 Tocantins Brazil S 12°37'27.9" W 48°02'43.5" 

Characidae Characinae Phenacogaster Phenacogaster franciscoensis 49188 LBP 10487 São Francisco Brazil S 17°14'32.3' W 46°28'03.8'' 

Characidae Characinae Phenacogaster Phenacogaster franciscoensis 49189 LBP 10487 São Francisco Brazil S 17°14'32.3' W 46°28'03.8'' 

Characidae Characinae Phenacogaster Phenacogaster megalostictus T10318  ROM uncat Loboyoc Peru - 

Characidae Characinae Phenacogaster Phenacogaster naevata 77592 LBP 19200 Tocantins Brazil S 11°03'14.3'' W 48°34'22.0' 

Characidae Characinae Phenacogaster Phenacogaster pectinata 53617 LBP 12406 Amazon Peru S 04°09'04.2'' W 73°28'25.7'' 

Characidae Characinae Phenacogaster Phenacogaster aff. suborbitalis 59025 LBP 14095 Tapajós Brazil S 04°55'58.8'' W 56°51'51.6'' 

Characidae Characinae Phenacogaster Phenacogaster aff. pectinata 86591 LBP 22469 Amazon Colombia S 04°08'24.4'’ W 69°56'53.4'' 

Characidae Characinae Phenacogaster Phenacogaster prolata T09902 ROM uncat Pasa Venezuela - 

Characidae Characinae Phenacogaster Phenacogaster aff. retropinna 66285 LBP 16035 Tapajós Brazil S 14°25'33.8" W 54°00'56.6" 
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Family Subfamily Genus Species Voucher Museum number Drainage (River/Basin) Country Coordinates 

Characidae Characinae Phenacogaster Phenacogaster aff. retropinna 81396 LBP 20843 Tapajós Brazil S 13°48'04.8" W 56°01'37.5" 

Characidae Characinae Phenacogaster Phenacogaster sp.  66487 LBP 16061 Xingu Brazil S 14°38'24.0" W 53°55'38.0" 

Characidae Characinae Phenacogaster Phenacogaster sp.  94285 LBP 25131 Xingu Brazil S 08°47'03.0'' W 54°58'29.0'' 

Characidae Characinae Phenacogaster Phenacogaster maculoblonga 52572 LBP18683 Orinoco Colombia N 3°16'17.4" W 73°36'47.0" 

Characidae Characinae Phenacogaster Phenacogaster wayana 101795 LBP 5402 Jari Brazil S 00°37’24’’ W 52°32’49’’ 

Characidae Characinae Phenacogaster Phenacogaster tegata 24817 LBP 4683 Paraguay Brazil S 14°41'44" W 57°15"35" 

Characidae Characinae Phenacogaster Phenacogaster tegata 28227 LBP 5795 Paraguay Brazil S 15°44'3.60'' W 55°52'48.7'' 

Characidae Characinae Phenacogaster Phenacogaster tegata 36059 LBP 7641 Paraguay Brazil S 15°46'03.8'' W 55°30'44.5'' 

Characidae Characinae Phenacogaster Phenacogaster tegata 49883 LBP 10785 Paraguay Brazil S 18°25'24.4'' W 54°50'05.9'' 

Characidae Characinae Phenacogaster Phenacogaster wayana 83213 LBP 21218 Amapá Brazil N 02°03'42.8'' W 50°54'15.1'' 

Characidae Stevardiinae Planaltina Planaltina myersi  75276 LBP 11680 Paraná Brazil S 17°56'39.5'' W 47°58'09.6'' 

Characidae         - Priocharax Priocharax ariel 96382 LBP 17836 Negro Brazil S 00°25'55.6" W 65°01'16.3" 

Characidae         - Priocharax Priocharax pygmaeus 96993 LBP 22464 Amazon Brazil S 04°08'24.4'’ W 69°56'53.4'' 

Characidae         - Priocharax Priocharax varii 96981 LBP 28495 Madeira Brazil S 08°52′53.5″ W 63°37′50.8″ 

Characidae Cheirodontinae Protocheirodon  Protocheirodon pi  49268 LBP 10565 Amazon Brazil S 10°03'28.6'’ W 67°51'25.6'' 

Characidae Exodontinae Roeboexodon Roeboexodon guyanensis  59203 LBP 14159 Tapajós Brazil S 04°33'45.4'' W 56°15'36.9'' 

Characidae Characinae Roeboides Roeboides affinis 22929 LBP 4050 Juruá Brazil S 7°37'20.0'' W 72°47'42.2'' 

Characidae Characinae Roeboides Roeboides affinis 68750 LBP 17195 Araguaia Brazil S 15°10'23.2'' W 51°09'27.1'' 

Characidae Characinae Roeboides Roeboides affinis 68752 LBP 17195 Araguaia Brazil S 15°10'23.2'' W 51°09'27.1'' 

Characidae Characinae Roeboides Roeboides affinis 87169 LBP 22564 Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' 

Characidae Characinae Roeboides Roeboides affinis 87171 LBP 22564 Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' 

Characidae Characinae Roeboides Roeboides biserialis 49261 MCP 49261 Amazon Brazil S 02°11'29.4" W 54°51'28.0" 

Characidae Characinae Roeboides Roeboides bouchellei STRI-2098 STRI uncat San Rafael Costa Rica N 9°58'27.4" W 84°34'46.5" 

Characidae Characinae Roeboides Roeboides carti STRI-324 STRI uncat Mandinga Panama N 9°28'11.8" W 79°07'26.9" 

Characidae Characinae Roeboides Roeboides dayi 90745 LBP 24273 Magdalena Colombia N 5°11'47.2" W 74°45'52.6" 

Characidae Characinae Roeboides Roeboides descalvadensis 22254 LBP 3834 Paraguay Brazil S 19°34'17.3' W 56°14'44.8'' 

Characidae Characinae Roeboides Roeboides descalvadensis 22783 LBP 3958 Paraguay Brazil S 15°54'03' W 56°01'17'' 

Characidae Characinae Roeboides Roeboides descalvadensis 43169 LBP 9211 Paraná Brazil S 22°51'45.3'' W 48°06'21.0'' 

Characidae Characinae Roeboides Roeboides descalvadensis 56252 LBP 13526 Paraguay Brazil S 17°49'26.7'' W 57°31'03.0'' 

Characidae Characinae Roeboides Roeboides biserialis 72599 LBP 18034 Amazon Brazil S 03°05'57.7’" W58°27'18.0" 

Characidae Characinae Roeboides Roeboides dientonito 15633 LBP 2220 Orinoco Venezuela N 07º30'50.9" W 66º09'19.8" 

Characidae Characinae Roeboides Roeboides dientonito 29546 LBP 6106 Santa rosa Venezuela N 09°38'53.8' W 72°34'56.4'' 

Characidae Characinae Roeboides Roeboides dientonito 29551 LBP 6106 Santa rosa Venezuela N 09°38'53.8' W 72°34'56.4'' 

Characidae Characinae Roeboides Roeboides dientonito 29576 LBP 6114 Apón Venezuela N 10°01'42.0'' W 72°25'58.0'' 

Characidae Characinae Roeboides Roeboides dientonito 29578 LBP 6114 Apón Venezuela N 10°01'42.0'' W 72°25'58.0'' 

Characidae Characinae Roeboides Roeboides dispar 49266 LBP 10150 Amazon Brazil S 10°03'28.6'’ W 67°51'25.6'' 
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Family Subfamily Genus Species Voucher Museum number Drainage (River/Basin) Country Coordinates 

Characidae Characinae Roeboides Roeboides guatemalensis 18531 LBP 2755 Llano Sucio Panama N 09°19’26.2'' W 79°46'08.2'' 

Characidae Characinae Roeboides Roeboides ilseae STRI-2020 STRI uncat Salama Nuevo Costa Rica N 8°54'15.3" W 83°26'21.6" 

Characidae Characinae Roeboides Roeboides loftini AM-17 STRI uncat Tambo Panama N 8°39'56.4" W 80°17'15.0" 

Characidae Characinae Roeboides Roeboides margareteae CICCAA 02075-1 UFMA uncat Mearim Brazil S 3°39'11" W 45°46'25" 

Characidae Characinae Roeboides Roeboides microlepis 26124 LBP 5098 Paraguay Brazil S 16°06'66'' W 57°44'33'' 

Characidae Characinae Roeboides Roeboides myersii 87569 LBP 22518 Amazon Colombia S 04°11'45.6'’ W 69°57'20.9'' 

Characidae Characinae Roeboides Roeboides myersii 87570 LBP 22518 Amazon Colombia S 04°11'45.6'’ W 69°57'20.9'' 

Characidae Characinae Roeboides Roeboides numerosus 47538 LBP 10217 Orinoco Venezuela N 07°37'24.4' W 66°24'48.0'' 

Characidae Characinae Roeboides Roeboides occidentalis STRI-3459 STRI uncat Iglesia Panama N 8°25'23.0" W 78°00'05.0" 

Characidae Characinae Roeboides Roeboides sazimai CICCAA 02111-2 UFMA uncat Mearim Brazil S 3°43'48.0" W 45°35'07.0" 

Characidae Characinae Roeboides Roeboides occidentalis 91506 LBP 24307 Patía Colombia N 2°00'45.8" W 77°10'26.1" 

Characidae Characinae Roeboides Roeboides xenodon 48878 LBP 10387 São Francisco Brazil S 17°17'21.9" W 44°47'08.4'' 

Characidae Characinae Roeboides Roeboides xenodon 49056 LBP 10444 São Francisco Brazil S 17°14'19.9' W 46°23'39.0'' 

Characidae Spintherobolinae Spintherobolus Spintherobolus papilliferus 61600 LBP 20540 Southern Brazil Brazil S 23°41'44.3" W 46°03'10.7" 

Characidae Tetragonopterinae Tetragonopterus Tetragonopterus argenteus 22029 LBP 3758  Paraguay Brazil S 19°34'33.7' W 56°14'49.5'' 

Characidae Tetragonopterinae Tetragonopterus Tetragonopterus chalceus 56694 LBP 13946 Tapajós Brazil S 04°16'49.5'' W 59°59'26.1'' 

Characidae Tetragonopterinae Tetragonopterus Tetragonopterus georgiae 82752 LBP 21093 Oiapoque Brazil N 03°48'47.6'' W 51°48'31.6'' 
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Supplementary Table 2. Values of the number of trimmed reads, number of contigs assembled, total base pair of contigs, number of UCE contigs, 

mean length of all contigs and their average coverage for samples. 

 
 

Species Voucher number Museum number Number of trimmed reads Contigs assembled Total bp contigs UCE contigs Total bp 

Acession Number SRA (to be 

provider) 

Acanthocharax microlepis T20425 ROM uncat 1877491 95320 18986551 1711 1107139  

Acestrocephalus acutus 96197 LBP 25321 5552410 158811 36812329 1716 1217665  

Acestrocephalus nigrifasciatus MZict 003344 MZUSP 097494 3612375 114793 30069817 1808 1475447  

Acestrocephalus sardina T09194 ROM uncat 6206732 144214 33977853 1730 1230821  

Acestrocephalus sardina 33172 LBP 6876 2417235 112993 21301594 1825 1320513  

Acestrocephalus sardina 70161 LBP 17833 2691051 127793 22897321 1593 1045710  

Acestrorhynchus microlepis  82946 LBP 21142 2428153 208329 31788019 1532 790007  

Amazonspinther dalmata  46055 LBP 9309 1866742 65231 14504391 1811 1264008  

Aphyocharax pusillus  22920 LBP 4046 607315 24458 6172995 1658 1215382  

Astyanax jordani  24599 LBP 4527 1555975 52509 12011776 1807 1510645  

Bryconexodon juruenae  101796 LBP 19627 4378954 146490 33409085 1864 1423224  

Charax awa CICCAA 02152-2 UFMA uncat 717160 44674 10564962 1769 1307419  

Charax condei INPA-ICT 050072 CTGA 105925 2938292 99569 24091224 1773 1223686  

Charax condei 74340 LBP 18290 912116 32820 5737739 1532 455199  

Charax condei 74420 LBP 18319 302094 20522 3739870 1483 462733  

Charax gibbosus T06353 ROM uncat 3863551 132103 31076638 1543 1058106  

Charax leticiae 21981 LBP 3730 4254867 204799 35725608 1732 1195472  

Charax metae 61598 LBP 18653 3137304 279869 44135637 1665 914222  

Charax michaeli 86577 LBP 22517 3261718 283321 43829983 1606 756482  

Charax michaeli 87532 LBP 22517 5675611 173555 34331596 1719 1147749  

Charax niger 82731 LBP 21086 1385494 75275 13677718 1764 1171830  

Charax niger 83211 LBP 21217 4557912 128268 30901571 1678 1268604  

Charax pauciradiatus 66967 LBP 16206 6158435 141253 27011692 1504 630112  

Charax stenopterus 20473 LBP 3338 2784253 42522 11856412 1706 1189117  

Charax stenopterus 68399 LBP 17020 1378262 139397 20749796 1564 768457  

Charax tectifer 70280 LBP 17783 5777570 180694 38375399 1458 811042  

Charax tectifer 70281 LBP 17783 12698337 234371 53402835 1327 702370  
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Species Voucher number Museum number Number of trimmed reads Contigs assembled Total bp contigs UCE contigs Total bp 

Acession Number SRA (to be 

provider) 

Charax aff. tectifer 86771 LBP 22793 4121063 100804 18048092 1315 460353  

Cynopotamus bipunctatus T24786 ROM uncat 3214252 109779 27775636 1799 1421351  

Cynopotamus bipunctatus 91511 LBP 24313 3954389 115647 24531053 1787 1276430  

Cynopotamus essequibensis T06254 ROM uncat 6113287 155873 35608392 1274 736085  

Cynopotamus gouldingi 95300 LBP 25817 485760 36067 8001093 1722 1076654  

Cynopotamus juruenae MZict003991 MZUSP 095880 2991506 102245 27285738 1593 1257737  

Cynopotamus kincaidi 3567 LBP 19 1729753 27672 8987514 1636 1297777  

Cynopotamus magdalenae 91521 LBP 24320 3281790 100785 20840468 1822 1192517  

Cynopotamus tocantinensis 36391 LBP 7769 4883580 129089 30168041 1672 1097599  

Cynopotamus venezuelae 29515 LBP 6132 8962606 242195 52815265 1518 940255  

Cynopotamus xinguano 96753 LBP 5967 14008613 263409 62522749 1475 960240  

Exodon paradoxus  44278 LBP 8851 2020665 184324 28741642 1654 712453  

Galeocharax goeldii UFRO-ICT 013389 UFRO uncat 7030141 172517 40963031 1616 1173506  

Galeocharax gulo 16224 LBP 2391 4842365 136004 32883994 1360 899939  

Galeocharax gulo 17088 LBP 2537 10436829 182754 32467282 1230 385610  

Galeocharax gulo 86588 LBP 22568 4370264 104420 24009441 1846 1322181  

Galeocharax gulo 87955 LBP 22644 2716879 118391 28804427 1781 1470720  

Galeocharax gulo 96995 LBP 28889 5037200 135499 32150722 1744 1191108  

Galeocharax humeralis 55986 LBP 13453 1873791 85516 16884682 1825 1221099  

Galeocharax humeralis 56099 LBP 13483 1375740 220092 34513913 1461 506036  

Hyphessobrycon compressus  61599 LBP 19581 3106427 84791 14097450 1527 648124  

Markiana nigripinnis  36284 LBP 7586 1909439 172838 27165057 1595 779487  

Paracheirodon axelrodi  24428 LBP 4472 2392042 174405 26452753 1594 669044  

Phenacogaster beni 8084 UFRO uncat 3260120 107240 25254542 1803 1262990  

Phenacogaster calverti 27299 LBP 5582 7883570 179795 42053472 1639 1106904  

Phenacogaster capitulata 72078 LBP 17802 3047061 102245 24956300 1797 1372484  

Phenacogaster carteri T21412 ROM uncat 3143939 109238 25665793 1825 1302980  

Phenacogaster eurytaenia 93886 LBP 25604 2854466 108597 23953360 1806 1107557  

Phenacogaster franciscoensis 49188 LBP 10487 2481790 125655 21340828 1816 1166464  

Phenacogaster franciscoensis 49189 LBP 10487 2499520 108651 19670102 1845 1260484  
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Species Voucher number Museum number Number of trimmed reads Contigs assembled Total bp contigs UCE contigs Total bp 

Acession Number SRA (to be 

provider) 

Phenacogaster megalostictus T10318 ROM uncat 3509774 113072 27268119 1792 1302191  

Phenacogaster naevata 77592 LBP 19200 8045271 182620 39689079 1374 705495  

Phenacogaster pectinata 53617 LBP 12406 5925538 213291 41349909 1731 903297  

Phenacogaster aff. suborbitalis 59025 LBP 14095 3579284 304366 46377043 1680 860080  

Phenacogaster aff. pectinata 86591 LBP 22469 3459207 109238 23448385 1841 1223561  

Phenacogaster prolata T09902 ROM uncat 3464978 118062 26731124 1722 1141872  

Phenacogaster aff. retropinna 66285 LBP 16035 6232323 182370 39220228 1720 1031989  

Phenacogaster aff. retropinna 81396 LBP 20843 5930018 247971 48870009 1540 989193  

Phenacogaster sp. 66487 LBP 16061 2827616 97174 22932206 1736 1201838  

Phenacogaster sp. 94285 LBP 25131 3951380 140280 30431184 1741 1017071  

Phenacogaster maculoblonga 52572 LBP18683 9584014 106038 29368950 1216 607834  

Phenacogaster wayana 5402 LBP 21218 4982346 136784 31007922 1667 1072399  

Phenacogaster tegata 24817 LBP 4683 720041 37466 7491682 1697 1005205  

Phenacogaster tegata 28227 LBP 5795 1467856 146615 21990433 1570 740327  

Phenacogaster tegata 36059 LBP 7641 1626215 56500 13073073 1761 1234328  

Phenacogaster tegata 49883 LBP 10785 1948491 77179 16781004 1791 1247891  

Phenacogaster wayana 83213 LBP 21218 1902149 79151 18143566 1756 1208017  

Planaltina myersi  75276 LBP 11680 1900107 192673 27595692 1503 673157  

Priocharax ariel 96382 LBP 17836 3362630 254810 44215773 1379 593152  

Priocharax pygmaeus 96993 LBP 22464 2762984 216059 37673050 1422 657983  

Priocharax varii 96981 LBP 28495 4074576 311850 54327852 1358 587939  

Protocheirodon pi  49268 LBP 10565 2511759 217160 30825691 1489 633654  

Roeboexodon guyanensis  59203 LBP 14159 3500379 152110 31927493 1835 1500890  

Roeboides affinis 22929 LBP 4050 1908805 93295 19942005 1822 1310152  

Roeboides affinis 68750 LBP 17195 7007474 185491 41047041 1699 1126387  

Roeboides affinis 68752 LBP 17195 4088914 326901 57796795 1383 555590  

Roeboides affinis 87169 LBP 22564 3808120 161757 29751714 1786 1200150  

Roeboides affinis 87171 LBP 22564 2564075 117703 20969170 1751 1115520  

Roeboides biserialis 49261 MCP 49261 6119495 477137 85112389 1366 590953  

Roeboides bouchellei STRI-2098 STRI uncat 3205245 112445 27835003 1801 1529458  



 

  70 
 

Species Voucher number Museum number Number of trimmed reads Contigs assembled Total bp contigs UCE contigs Total bp 

Acession Number SRA (to be 

provider) 

Roeboides carti STRI-324 STRI uncat 2817050 108138 26575429 1827 1541102  

Roeboides dayi 90745 LBP 24273 4152653 360897 54771948 1439 616306  

Roeboides descalvadensis 22254 LBP 3834 2104711 252451 39059175 1603 744857  

Roeboides descalvadensis 22783 LBP 3958 7867895 991655 161939966 1492 606454  

Roeboides descalvadensis 43169 LBP 9211 2188904 179817 29640291 1455 621781  

Roeboides descalvadensis 56252 LBP 13526 1331949 137199 22006306 1516 530136  

Roeboides biserialis 72599 LBP 18034 4433879 125964 29166836 1705 1169838  

Roeboides dientonito 15633 LBP 2220 5728762 183596 41705688 1757 1318600  

Roeboides dientonito 29546 LBP 6106 3296990 94378 20350591 1596 789722  

Roeboides dientonito 29551 LBP 6106 8459506 202654 46551334 1670 1103000  

Roeboides dientonito 29576 LBP 6114 3873021 207222 34366929 1807 1125183  

Roeboides dientonito 29578 LBP 6114 5749683 181241 37976916 1680 980272  

Roeboides dispar 49266 LBP 10150 6190339 154317 35191597 1630 982911  

Roeboides guatemalensis 18531 LBP 2755 1907664 70913 14676177 1592 700861  

Roeboides ilseae STRI-2020 STRI uncat 3059068 109379 28934753 1829 1747762  

Roeboides loftini AM-17 STRI uncat 3408292 119455 29961064 1800 1557738  

Roeboides margareteae CICCAA 02075-1 UFMA uncat 3584061 126751 29855078 1781 1423784  

Roeboides microlepis 26124 LBP 5098 5463377 699610 110660529 1522 692241  

Roeboides myersii 87569 LBP 22518 8057964 190830 38091166 1147 419270  

Roeboides myersii 87570 LBP 22518 8791164 226724 49380739 1588 979023  

Roeboides numerosus 47538 LBP 10217 3475291 107390 25537215 1695 1248656  

Roeboides occidentalis STRI-3459 STRI uncat 2294398 97500 24243839 1838 1628638  

Roeboides sazimai CICCAA 02111-2 UFMA uncat 4569207 146914 33948020 1764 1323112  

Roeboides occidentalis 91506 LBP 24307 2081521 78699 16771035 1623 1093443  

Roeboides xenodon 48878 LBP 10387 1510325 29972 7368011 1500 939024  

Roeboides xenodon 49056 LBP 10444 2798665 77457 21347499 1838 1503391  

Spintherobolus papilliferus 61600 LBP 20540 2750620 234093 38151238 1565 825254  

Tetragonopterus argenteus 22029 LBP 3758 4499947 498451 71228641 1662 815787  

Tetragonopterus chalceus 56694 LBP 13946 2792781 119765 25543247 1840 1324641  

Tetragonopterus georgiae 82752 LBP 21093 4181681 154066 35554285 1859 1436975  
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Supplementary data. List of morphological synapomorphies from Mattox & Toledo-Piza (2012) 

of the clades corroborated herein. Synapomorphies are organized by clades and are referred to by 

the number of the character in that study, and the state transition that represents the synapomorphy 

between parenthesis. Asterisks refer to exclusive synapomorphies of that clade. 

 

Characinae (10 non-ambiguous synapomorphies): 

4(0>2), absence of axilar scale on pelvic fin;  

15(0>1), presence of a superficial lateral slit on pars malaris of adductor mandibulae; 

16(0>1), presence of central raphe along anterior margin of pars malaris of adductor mandibulae; 

31(0>1), dilatator operculi reaching at least the vertical through centre of orbit; 

50(0>1), presence of superficial neuromasts associated with pores and striae on surface of 

infraorbital series; 

74(0>1), toothed margin of maxilla longer than edentulous margin; 

100(0>1), two anteriormost branchiostegal rays slender along entire length; 

103(0>1), gill rakers on first branchial arch shaped as bony plates and covered with denticles; 

128(0>1), presence of small notch on posteroventral margin of cleithrum; 

141(2>0), absence of small ossifications associated with first proximal dorsal-fin radial.  

 

Clade comprising Acanthocharax, Acestrocephalus, Charax, Cynopotamus, Galeocharax and 

Roeboides (nine non-ambiguous synapomorphies): 

5(0>1), contralateral series of scales on the abdominal region forming a keel and bordering a gap 

along ventral mid-line between pelvic girdle and anus (reversed in Acestrocephalus); 

12(0>1), dorsal extension of pars rictalis of the adductor mandibulae restricted ventrally; 

37(0>1), lateral wings of mesethmoid poorly developed; * 
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38(0>1), the dorsal inflexion of the dorsal surface neurocranium resulting in large gibbosity 

(reversed in Acestrocephalus and Galeocharax); 

90(0>1), presence of small and triangular posterodorsal projection of hyomandibula; 95 (0>1), 

space between posterior arms of dorsal hypohyal small forming a narrow slit; 

97(0>2), articulation between anterior and posterior ceratohyals with strong interdigitating 

processes; 

102(1>0), absence of bony lamella dorsal to fourth basibranchial, and lateral lamella of pelvic 

bone almost reaching anterior tip of rod-shaped element. 

 

Characini (Charax and Roeboides) (five non-ambiguous synapomorphies): 

47(0>1), supraoccipital spine well developed and collaborating with the great gibbosity; 

60(0>2), absence of infraorbital 4 as an antogenous element (reversed to infraorbital 4 present but 

small in some species of Roeboides); 

105 (1>0), presence of tooth plate on ventral surface of second pharyngobranchial (reversed in 

Charax pauciradiatus); 

136 (0>1), anterior tip of pelvic bone located anterior to vertical through posterior margin of 

cleithrum; * 

143 (0>1), first anal-fin pterygiophores with distinct posterodorsal slope (independently acquired 

in Cynopotamus). 

 

Cynopotamini (sensu Menezes, 1976 as subfamily: Acestrocephalus, Cynopotamus and 

Galeocharax) (eight non-ambiguous synapomorphies): 

1(1>2), presence of spinoid scales; 

4(2>0), presence of a single axilar scale on pelvic fin; 
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11(0>2), dorsal limit of the pseudotympanum composed by the lateralis superficialis anteriorly 

and obliquus superioris posteriorly; * 

16(1>0), absence of central raphe along anterior margin of pars malaris of the adductor 

mandibulae (independently acquired in Charax condei); 

35(1>0), posterior margin of levator operculi situated posterior to vertical through posterior 

margin of adductor operculi (reversed in Galeocharax knerii [=Galeocharax gulo]); 

41(1>0), absence of rhinosphenoid; 

95(1>2), posterior arms of dorsal hypohyal fused to each other (independently acquired in Charax 

pauciradiatus and C. stenopterus); 

98(0>1), interhyal with ventral tip slightly laterally flattened with small anterior projection. 

 

Clade comprising Acestrocephalus and Galeocharax (six non-ambiguous synapomorphies): 

38(1>0), dorsal surface of neurocranium flat (reversion of a synapomorphy of the clade 

comprising all characins except Phenacogaster); 

63(0>1), anterior branch of laterosensory canal on infraorbital 6 elongate anteriorly; 

77(1>0), presence of two tooth series on dentary; 

105(1>0), presence of tooth plate on ventral surface of second pharyngobranchial; 

128(1>0), posteroventral margin of cleithrum straight; 

137(1>0), lateral lamella of pelvic bone short. 

 

Phenacogasterini (Phenacogaster) (five non-ambiguous synapomorphies): 

3(0>1), presence of two longitudinal series of large, narrow, and elongate preventral scales bent at 

the sides forming an angle with the side of the body; * 

24(0>1), segmentum mandibularis of the adductor mandibulae dorsally pinnate; 
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68(1>0), anterior tip of nasal not reaching region between premaxilla and maxilla (independently 

acquired in Roeboides dientonito and R. xenodon); 

89(0>1), posterior limit of metapterygoid-quadrate fenestra formed by metapterygoid, quadrate 

and symplectic; 

120(0>1), presence of bony expansion on medial side of rib of fifth vertebra.  

 

Acanthocharax microlepis (four non-ambiguous autapomorphies): 

2(0>1), absence of pre-dorsal scales; 

90(1>2), presence of large, approximately rounded posterodorsal projection of hyomandibula; 

92(0>1), presence of spiniform projection on posterior margin of preopercle; 

107(1>0), presence of two series of gill rakers on first ceratobranchial. 

 

Acestrocephalus (six non-ambiguous synapomorphies): 

5(1>0), contralateral series of longitudinal series of scales continuous on ventral surface, which is 

usually rounded and does not have keel or gap formed by scales (reversion of a synapomorphy of 

the clade comprising all characins except Phenacogaster); 

17(0>1), dorsal origin of anterior portion of pars mentalis of the adductor mandibulae reaching 

articulation between hyomandibula and pterotic; 

44(0>1), ascending process of parasphenoid reaching posterior margin of pterosphenoid; * 

68(1>2), anterior tip of nasal reaching horizontal arm of premaxilla (independently acquired in 

Roeboides affinis); 

90(1>2), presence of a large approximately round posterodorsal projection of hyomandibula. 

108(0>1), presence of one series of gill rakers on second ceratobranchial; 

 

Charax (four non-ambiguous synapomorphies): 
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12(1>2), dorsal extension of pars rictalis of the adductor mandibulae restricted ventrally to 

horizontal arm of preopercle; 

41(1>0), absence of rhinosphenoid; 

62(0>1), absence of anterodorsal branch of laterosensory canal on infraorbital 6; 

128(1>2), presence of a large notch and projection on posteroventral margin of cleithrum. * 

 

Cynopotamus (seven non-ambiguous synapomorphies): 

39(0>1), epiphyseal bar with anterior and posterior lamellar expansions from frontals; 

54(0>2), presence of a large and triangular projection on posteroventral portion of antorbital 

(reversed in C. tocantinensis); 

64(0>2), presence of long process on infraorbital 6 at region of contact with infraorbital 5; 

78(0>1), anterior portion of autopalatine separated by aperture delimiting medial rounded portion 

and straight lateral portion respectivelly in contact with neurocranium and maxilla; 

85(0>1), presence of a process on the lateral margin of ectopterygoid (independently acquired in 

Galeocharax gulo); 

121(0>1), rib of fifth vertebra longer and more robust than posterior ribs; 

143(0>1), first anal-fin pterygiophores with distinct posterodorsal slope (acquired independently 

in Characini). 

 

Galeocharax (five non-ambiguous synapomorphies): 

7(0>1), scales on caudal fin covering lobes at least partially on median portion of fin; 

30(0>1), limit of ventral portion of levator arcus palatini extending to anterior margin of 

metapterygoid; 

55(0>1), presence of projection on anteroventral margin of infraorbital 1; 

66(0>1), presence of a rudimentary lateral bony expansion on nasal; 
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127(1>2), presence of well-developed anteriorly directed projection along anteroventral margin of 

cleithrum (independently acquired in Acestrocephalus sardina, and in the clade comprising 

Charax and Roeboides as an ambiguous synapomorphy).  

 

Roeboides (four non-ambiguous synapomorphies): 

46(0>1), presence of projection on lateral tip of epiotic; 

52(0>1), dorsal portion of antorbital positioned in space dorsal to lateral ethmoid and ventral to 

frontal; * 

64(0>1), presence of short process on infraorbital 6 at region of contact with infraorbital 5, formed 

only by extension of laminar margin of bone (reversed in Roeboides xenodon); * 

69(0>1), presence of mamilliform teeth outside mouth. 
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Supplementary Fig. 1. Maximum likelihood inference using 90% complete matrix. Only 

support values < 100% are shown. 
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Supplementary Fig. 2. Phylogenetic hypothesis of Characinae based in Bayesian analysis using 

90% complete matrix. Nodal support between 0.99-0.50 denoted by blue circle and support 

between 0.49-0.01 denoted by red circles.  
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Supplementary Fig. 3. Phylogenetic hypothesis of Characinae based in Bayesian analysis using 

75% complete matrix. Nodal support between 0.99-0.50 denoted by blue circle and support 

between 0.49-0.01 denoted by red circles.  
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Supplementary Fig. 4. Species tree inference from 90% complete matrix. Nodal support 

between 0.99-0.50 denoted by blue circle and support between 0.49-0.01 denoted by red circles.  
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Supplementary Fig. 5. Species tree inference from 75% complete matrix. Nodal support 

between 0.99-0.50 denoted by blue circle and support between 0.49-0.01 denoted by red circles. 
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Supplementary Fig. 6. Maximum likelihood inference using 95% complete matrix (only support 

values < 100% are shown). This result supports the relationship between Priocharax and 

Hyphessobrycon (Stethaprioninae) and other characids rather than with Characinae. 
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Chapter 2 
 

 

Evolution and ecomorphology of the subfamily Characinae (Actinopterygii: 

Characiformes: Characidae)  
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Evolution and ecomorphology of the subfamily Characinae (Actinopterygii: Characiformes: 

Characidae) 

 

Camila S. Souza 

 

Departamento de Biologia Estrutural e Funcional, Instituto de Biociências, Universidade Estadual 

Paulista, R. Prof. Dr. Antônio C. W. Zanin 250, 18618-689, Botucatu, SP, Brazil 

 

Abstract 

 

The members of the species-rich characid subfamily Characinae occur widely throughout South and 

Central America. They are small to medium sized fishes, with the largest species not exceeding 240 

mm in standard length. Most members of this group exhibit a deep anterior body with a characteristic 

gibbosity, though that feature is absent in Phenacogaster and Acestrocephalus. Though characins 

have been long-known to adopt three distinct feeding strategies: carnivory, omnivory and 

lepidophagy, no study has even reconstructed the evolutionary history of characin diet and its 

associated ecomorphology using modern methods. In this contribution, we link 2D and 3D 

morphometrics to a novel UCE phylogeny to reconstruct how diet and shape diversified across the 

phylogeny and determine whether diet predicts body and skull shape in this radiation of fishes. We 

generated phylomorphospaces using 153 lateral images of of 40 characin species and 147 micro-CT 

scans of skulls from 46 species of Characinae, tested for phylogenetic signal, reconstructed the 

evolutionary history of diet and shape, and used phylogenetic and non-phylogenetic ANOVAs to 

test for associations between diet, shape and size. All characters demonstrated significant 

phylogenetic signal. Omnivory is the probably the ancestral feeding state for Characinae, with 

carnivory also being a possibility. While nonphylogenetic ANOVA on 2D and 3D landmarks 
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indicated significant differences in body shape, body size, and skull shape among the three 

ecological groups, phylogenetic ANOVAs on size and the 2D landmarks were insignificant.  

Therefore, the body size and body shape differences among the three ecological groups could have 

been created by a random walk and are not necessarily the result of adaptation to different ecologies.  

 

Keywords: Morphology, Diet, Body shape, Phylomorphospaces, ct-scan. 

 

1. Introduction  

 

Characiformes represents one of the most ecomorphologically diverse orders of fishes, with 

approximately 2,200 valid species (Fricke et al., 2022). Within this order the family Characidae is 

the most species-rich, with 1,238 species (Fricke et al., 2022). Perhaps because of its great diversity, 

Characidae includes some of the greatest taxonomic and systematic enigmas among Neotropical 

fishes (Javonillo et al., 2010; Mirande, 2010; Mirande, 2019; Oliveira et al., 2011). The morphology 

of the Characidae is highly conservative, with most members attaining small maximum body sizes 

of 10cm or less, and members of even the predatory genera rarely exceeding 20 cm (Reis et al., 

2003; Mirande, 2018). 

Characinae is the third most speciose subfamily of Characidae. It has great taxonomic relevance 

because it contains Charax, the type genus of the family and the order. Currently, all 85 species of 

Characinae are grouped into three tribes: Characini (Charax + Roeboides), Cynopotamini 

(Acanthocharax (Cynopotamus (Acestrocephalus + Galeocharax))), and Phenacogasterini 

(Phenacogaster) (sensu Mattox & Toledo-Piza, 2012; Fricke et al., 2022). Characins occur widely 

in rivers throughout the Neotropical region, including both sides of the Andes. In cis-Andean South 

America, they occur from the northern coastal drainages of Venezuela to tributaries of the Rio 

Paraguay and Rio Uruguay. Most members of the group are easily recognized by their deep anterior 
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bodies with a characteristic gibbosity, though this is absent in Phenacogaster and Acestrocephalus 

(Lucena & Menezes, 2003).  

Members of Characinae have adopted three distinct feeding strategies: 41 carnivorous species, 

23 omnivorous species and 21lepidophagous species (sensu Venere & Garutii, 2013; Mattox et al., 

2017; Fricke et al., 2022). Roeboides represents the only characin genus e with lepidophagous 

feeding habits and possesses morphological specializations that aid this unusual feeding style, such 

as external mammiliform teeth (Sazima & Machado, 1983; Sazima, 1983). Several studies have 

examined ontogenetic changes in diet and such feeding morphologies within Characinae, mainly 

among species of Roeboides (Peterson & Winemiller, 1997; Peterson & McIntyre, 1998; Hahn et 

al., 2000; Novakowski et al., 2004; Bonato et al., 2017; Kolmann et al., 2018b). However, these 

studies were based on a restricted taxonomic sampling and most were published before modern 

phylogenetic comparative methodologies became established. No study so far has examined the 

evolutionary history of dietary and ecomorphological diversification across the entire radiation of 

Characinae using such methods. 

Herein, we apply phylogenetic ANOVA, tests of phylogenetic signal and ancestral state 

construction to conduct such an analysis in a phylomorphospace approach (Sidlauskas 2008). Such 

an approach provides a way of mapping the history of a clade's morphological diversification and 

inferring the magnitude and direction of shape change along any branch of the phylogeny. It has 

been used to investigate the correlation between shifts in morphology, habitat, and diet (Klingenberg 

& Ekau, 1996; Vidal-García & Keogh, 2017), patterns of body shape evolution along lineages 

(Benson & Choiniere, 2013; Serb et al., 2017), morphological divergence and convergence 

(Sakamoto & Ruta, 2012) and to visualize adaptive radiations (Arbour & López-Fernández, 2013).  

Though originally developed for use with 2D landmark data, recently 3D data generated through 

micro-CT scanning have been analyzed using phylomorphospaces (Bardua et al., 2019; Dollion et 

al., 2017; Evans et al., 2018; Kolmann et al., 2018a; Kolmann et al., 2018b; Vidal-García & Keogh, 
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2017). Micro-CT scanning produces high-resolution images of the internal anatomy of specimens 

while leaving them intact (Faulwetter et al., 2013). The ambitious ScanAllFish project aims to scan 

every fish species in the world using the micro-CT scanning technique, thereby making images 

suitable for 3D phylomorphospace reconstruction widely available to the world’s ichthyologists 

(Project: oVert: UW - CT Scan all Fishes: 

https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/220).  

The phylogenetic comparative analysis herein links 3D skull shape data generated as part of the 

ScanAllFish project to 2D body shape data, a dietary classification and a robust phylogeny to 

understand the morphological and trophic evolution of Characinae. In particular, we sought to 

reconstruct how diet evolved within Characinae, and determine whether dietary shifts influenced 

the morphological diversification of braincase shape, body shape, and body size in this subfamily 

of fishes. 

 

2. Materials and Methods 

 

2.1.  Taxon sampling 

 

We examined of 153 specimens acquired from museums (Table 1) representing 40 out of 85 species 

of Characinae (47%) plus the outgroup taxa Tetragonopterus chalceus and T. argenteus. Taxon 

sampling averaged 39% of the carnivorous species (1- Acanthocharax   microlepis; 1-

Acestrocephalus; 7- Charax; 5- Cynopotamus; 2- Galeocharax), 66% of the lepidophagus species 

(14-Roeboides); and 43% of the omnivorous species (10- Phenacogaster) (Table 1) within 

Characinae. The number of individuals measured per species ranged from 2 to 8 individuals.   
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Table 1. Species examined and their respective catalog numbers, number of specimens, maximum 

length (cm) and dietary classification. 

 

Species Catalog number Specimens 

Maximum 

length 

(cm) Diet Source 

Acanthocharax microlepis FMNH 53666 5 8.5 Carnivore Mattox et al. 2017 
      

Acestrocephalus sardina ANSP192399/ AUM43599/AUM44032 8 13.5 Carnivore Mattox et al. 2017 

Charax pauciradiatus LBP14117 4 10.1 Carnivore Mattox et al. 2017 

Charax gibbosus ANSP135634 3 12.5 Carnivore Mattox et al. 2017 

Charax leticiae LBP8771 4 10 Carnivore Venere & Garutii, 2013 

Charax metae FMNH55145/LBP18734 5 11 Carnivore Mattox et al. 2017 

Charax michaeli FMNH100336 4 13 Carnivore Mattox et al. 2017 

Charax stenopterus LBP14529/LBP17020/LBP13020/LBP13169 4 9.4 Carnivore Mattox et al. 2017 

Charax tectifer ANSP130523 4 10 Carnivore Mattox et al. 2017 

Cynopotamus bipunctatus ANSP192522/ANSP198968/ANSP191144/ANSP128733 4 17.5 Carnivore Venere & Garutii, 2013 

Cynopotamus essequibensis ANSP176793/ANSP189604/ANSP189604/ANSP175515 4 16 Carnivore Mattox et al. 2017 

Cynopotamus kincaidi LBP19/LBP12638 2 17.4 Carnivore Mattox et al. 2017 

Cynopotamus magdalenae USNM310473 2 40 Carnivore Mattox et al. 2017 

Cynopotamus gouldingi ANSP 180805 2 16.5 Carnivore Mattox et al. 2017 

Galeocharax gulo LBP2556/LBP13302 4 22 Carnivore Mattox et al. 2017 

Galeocharax humeralis LBP13453 4 13.7 Carnivore Mattox et al. 2017 

Phenacogaster capitulata  LBP17802 4 3.5 Omnivore Venere & Garutii, 2013 

Phenacogaster eurytaenia  LBP25604 4 4.59 Omnivore Venere & Garutii, 2013 

Phenacogaster franciscoensis LBP24038 4 4.2 Omnivore Venere & Garutii, 2013 

Phenacogaster megalostictus  LBP131826 3 3.7 Omnivore Venere & Garutii, 2013 

Phenacogaster naevata LBP9385 4 3.45 Omnivore Venere & Garutii, 2013 

Phenacogaster pectinata LBP22715 2 4.5 Omnivore Venere & Garutii, 2013 

Phenacogaster prolata LBP18683  4 4.99 Omnivore Venere & Garutii, 2013 

Phenacogaster sp.  LBP16061 4 3.54 Omnivore Venere & Garutii, 2013 

Phenacogaster tegata FMNH108487 8 3.2 Omnivore Venere & Garutii, 2013 

Phenacogaster wayana ANSP189599 4 4.68 Omnivore Venere & Garutii, 2013 

Roeboides affinis LBP22638 4 11 Lepidophage Mattox et al. 2017 

Roeboides bouchellei  FMNH128131 4 8.2 Lepidophage Mattox et al. 2017 

Roeboides carti  USNM311020 5 8.3 Lepidophage Mattox et al. 2017 

Roeboides dayi FMNH85335 4 10.9 Lepidophage Mattox et al. 2017 

Roeboides descalvadensis LBP5110 4 8.9 Lepidophage Mattox et al. 2017 

Roeboides dientonito  LBP6114 4 6.8 Lepidophage Mattox et al. 2017 

Roeboides dispar ANSP180932 2 8.11 Lepidophage Mattox et al. 2017 

Roeboides guatemalensis LBP2755 4 13 Lepidophage Mattox et al. 2017 

Roeboides ilseae  ANSP163737/ANSP164256 3 7.6 Lepidophage Mattox et al. 2017 
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Species Catalog number Specimens 

Maximum 

length 

(cm) Diet Source 

Roeboides margareteae  ANSP95879/ANSP82289 2 18.47 Lepidophage Mattox et al. 2017 

Roeboides myersii ANSP178154 3 15.77 Lepidophage Mattox et al. 2017 

Roeboides numerosus ANSP196316 2 6.1 Lepidophage Mattox et al. 2017 

Roeboides occidentalis  ANSP99843 4 13 Lepidophage Mattox et al. 2017 

Roeboides xenodon LBP10444 4 8.2 Lepidophage Mattox et al. 2017 

Tetragonopterus argenteus OS 18365 3 12.7 Omnivore  Mattox et al. 2017 

Tetragonopterus chalceus OS 18616 4 11.2 Omnivore Mattox et al. 2017 

 

2.2. 2D landmarks 

2.2.1. Body shape  

 

We captured the body shape of each individual specimen and species by placing 2D landmarks on 

images obtained using a digital camera (Canon D90) equipped with a 60mm macro lens and 

following the phototank immersion method described in Sabaj Pérez (2009).  We digitized each 

image using 15 landmarks and three curves (Fig. 1) located on lateral photographs using TPSDig 2 

(Rohlf, 2017).  The curves were decomposed into three series of semilandmarks in tpsUtil32 (Rohlf, 

2015) to provide information along curves of the body that presented no obvious homologous 

landmarks that could be located in all species. The 50 total semilandmarks include 23 placed along 

the outline of the head between the tip of the snout and supraoccipital spine, 20 between the 

supraoccipital spine and the dorsal-fin origin and seven between the insertion and origin of the anal 

fin.  We checked for possible digitization errors, and verified that we located the same number of 

landmarks for all samples by uniting data from all specimens of a species in tpsUtil32 (Rohlf, 2015) 

and then performing a Procrustes superimposition and relative warps analysis for each species in 

tpsRelw (Rohlf, 2003). After verifying that there were no large morphological outliers that 

represented digitization errors, we exported the consensus configuration for each species, and 

combined all the species consensus into a final TPS file in tpsUtil.   
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We constructed body shape morphospaces by relative warp analysis of that TPS file in tpsRelw, and 

also via principal components analysis in the geomorph package (v. 2.1.3) (Adams & Otárola-

Castillo, 2013) in the R computing environment (R Core Development Team 2013). Semilandmarks 

were treated as such in all these analyses through the constrution of a “sliders” file, and a “links” 

file was constructed to aid visualization of landmark configurations.  We also converted the TPS 

files into NTS format (another text file used for landmark coordinates and other variables by some 

programs). 

 

 

 

Figure 1: Lateral view of Charax pauciradiatus LBP14117, (110.99 mm SL). Landmarks represent: 

(1) anterior tip of the premaxilla; (2) posterior extreme of the supraoccipital spine; (3) dorsal-fin 

origin; (4) dorsal-fin insertion; (5) adipose-fin origin; (6) posterior extent of vertebral column and 

anterior of hypural plate; (7) anal-fin insertion; (8) anal-fin origin; (9) pelvic-fin origin; (10) 

pectoral-fin origin; (11) posterior extreme of maxilla; (12) posterior margin of posterior naris; (13)  

anterior margin of orbit along longest axis; (14) posterior margin of orbit along longest axis; (15) 

posterior extreme of opercle. 
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2.2.3.  Body size 

 

Maximum body size (MBS) of each species was obtained from data available in the literature (Reis 

et al., 2003; Menezes, 2006, 2007; Lucena & Malabarba, 2010; Antonetti et al., 2018).  Those data 

appear in Table 1. 

 

2.2.4. Ecological characterization  

 

We identified and characterized the three distinct feeding strategies (carnivory, omnivory and 

lepidophagy) in the species of Characinae from data available in the literature, including species 

descriptions, field guides and checklists (Reis et al., 2003, Menezes, 2006, 2007, Lucena & 

Malabarba, 2010, Venere & Garutii, 2013, Mattox et al., 2017) (Table 1). 

 

2.3. Phylogeny  

 

We linked the morphometric and ecological data to a phylogeny of subfamily Characinae based on 

ultraconserved elements (maximum likelihood analysis of the 75% complete matrix of 

ultraconserved elements; 1,300 loci; 586,785 bp) (Souza et al., in review; Cap. 1). Using the drop.tip 

command from the APE package in R (Paradis & Schliep, 2019), we pruned out ingroup species for 

which ecomorphological data were not available. As outgroup taxa we retained Tetragonopterus 

chalceus and T. argenteus. We ultrametricized the phylogeny via penalized likelihood using the 

default settings of the chronos routine in APE. 

 

2.3.1 Phylogenetic comparative methods 

• Ancestral state estimation  
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Ancestral dietary shifts were determined using maximum likelihood (ML) and Bayesian inference 

using the ace command in APE, and the implementation of SIMMAP (Bollback, 2006) (nsim=100) 

in the R package phytools (Revell, 2012). To visualize the pattern of body size evolution we used 

the contMap and phenogram95 functions in phytools (Revell, 2012). These functions map a 

continuous character on to a phylogenetic tree by estimating ancestral states at each node using 

fastAnc (fast estimation of ML ancestral states).  

• Tests of phylogenetic signal 

To estimate the phylogenetic signal of the body size data we used K statistic of Blomberg et al. 

(2003) as implemented with the function phylosig in phytools (Revell, 2012).   That statistic 

estimates the strength of phylogenetic signal in a dataset relative to that expected under a Brownian 

motion model of evolution. For the body shape data, we estimated phylogenetic signal using Kmult, 

the multivariate generalization of Bloomberg’s K (Adams, 2014) as implemented in the physignal 

routine within the R package Geomorph (Adams & Otárola-Castillo, 2013). Kmult is a 

generalization of Blomberg’s K found from the equivalency between statistical methods based on 

covariance matrices and those based on distance matrices (Adams, 2014). The advantage of this 

approach is that, in addition to inferring whether there is a small or large amount of signal present 

in the data, it provides a reference value for the degree to which the dataset departs from the 

Brownian motion model of evolution (Diniz-Filho et al., 2012).  

• Phylomorphospace construction  

To visualize whether and how each ecological group and clade differs in body shape we constructed 

phylomorphospaces (Sidlauskas, 2008) using the “phylomorphospace” function in the R package 

“phytools” (Revell, 2012) and the gm.prcomp function in geomorph (Adams & Otárola-Castillo, 

2013).  

• Phylogenetic and Nonphylogenetic ANOVA and MANOVA 
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To test for significant morphological differences in body size and body shape among the three 

ecological groupings, we perfomed phylogenetic and nonphylogenetic ANOVA and MANOVA.  

Non-phylogenetic approaches used the aov function from the core R package for the body size data 

and the procD.lm routine in geomorph (Adams & Otárola-Castillo, 2013) for the body shape data.  

Phylogenetic ANOVA on the body size data used the aov.phylo routine in the geiger package 

(Harmon et al., 2008), and phylogenetic MANOVA on the body shape data used the phylogenetic 

least squares approach implemented by procD.pgls within geomorph (Adams & Otárola-Castillo, 

2013). 

 

2.4. 3D landmarks 

 

2.4.1. Skull Shape 

 

To test whether each ecological group (carnivory, omnivory and lepidophagy) differs in braincase 

morphology, we micro-CT scanned 147 specimens from museum or personal collections 

representing 45 species of Characinae (Supplementary Table 1), many of which are also represented 

in the body shape dataset.  Because multiple individuals of a single species were needed to examine 

potential allometric shape changes in the the skull we reduced this dataset to just the species for 

which we were able to scan between 2 to 8 individuals (Table 2). The final CT dataset includes 108 

specimens representing 26 species.  Scanning was performed using the Bruker Skyscan 1173 at the 

Karel F. Liem Bio-Imaging Center at University of Washington Friday Harbor Labs (UW). We 

reconstructed the resulting image stacks using NRecon (Bruker microCT, Kontich, Belgium, 2016) 

and isolated individual fish from each batch in DataViewer 2.1 (Bruker, Kontich, Belgium, 2010). 

We converted these image stacks to DICOM file format for viewing and segmentation in the 

computer program Horos v2.0.1 (The Horos Project, 2015; http://www.horosproject.org/) and 
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CTVox 2.7 software (Bruker Corp., Billerica, MA). All microCT scans will be freely available for 

download from Morphosource (Boyer et al., 2016; morphosource.org). 

 

Table 2- Species, sample sizes and catalogue numbers. Note that many museum lots contain 

multiple individuals. 

 

Species 

Number of 

Individuals Catalogue number 

Acanthocharax microlepis 5 FMNH 53666 

Acestrocephalus sardina 8 ANSP 192399/ AUM 44032/AUM 43599 

Charax leticiae 4 LBP 8771 

Charax metae 2 LBP 18734/ FMNH 55145 

Charax michaeli 4 LBP 22517/ FMNH 100336 

Charax pauciradiatus 4 LBP 14117 

Charax stenopterus 4 LBP 17020/LBP 14529/LBP 13020/LBP 13169 

Charax tectifer 3 ANSP 180523 

Charax gibbosus 3 ANSP 135634 

Cynopotamus essequibensis 3 ANSP 176793/ANSP 189604 

Galeocharax humeralis 3 LBP13453 

Phenacogaster sp 3 LBP 16061 

Phenacogaster eurytaenia 4 LBP 25604 

Phenacogaster franciscoensis 4 LBP 24038 

Phenacogaster megalostictus 4 ANSP 131826 

Phenacogaster naevata 4 LBP9385 

Phenacogaster pectinata 3 LBP22715 

Phenacogaster prolata 4 LBP 18683 

Phenacogaster wayana 4 ANSP 189600/ ANSP 189599 

Roeboides affinis 3 LBP22638 

Roeboides descalvadensis 4 LBP5110 

Roeboides dientonito 6 LBP6114/ ANSP 206220 

Roeboides guatemalensis 3 LBP2755 

Roeboides xenodon  4 LBP10444 

Roeboides dayi 5 FMNH 85335 

Roeboides myersii 3 ANSP 178154 
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2.4.2. Skull shape geometric morphometrics and effect of diet on skull shape  

 

Specimens were digitized in three dimensions with 21 landmarks placed around the neurocranium, 

of which 16 were bilaterally symmetric and 5 fell along the sagittal plane (Table 3; Fig. 2) using 3D 

Slicer 4.10.2 (Kikinis et al., 2014; Buser et al., 2020). A principal components analysis (PCA) 

identified the principal axes of skull shape variation among the data. In the morphospace resulting 

from PCA, species were plotted using colors that correspond to their ecological group (carnivory, 

omnivory and lepidophagy). To test for significant skull shape variation among the three ecological 

groupings, we perfomed a non-phylogenetic Procrustes MANOVA. All analysis were performed 

using the geomorph (Adams & Otárola-Castillo, 2013) and morpho (Schlager et al., 2019, R 

package v2.7) packages in R. 

 

Table 3- Landmark definitions for the three-dimensional geometric morphometric analysis of skull 

shape.  

 

Landmark # Landmark description 

1 Mesethmoid-anterior tip 

2 Mesethmoid-dorsal left margin 

3 Mesethmoid-dorsal right margin 

4 Anterior margin of the frontal foramen (left side) 

5 Posterior margin of the frontal foramen (right side) 

6 Frontal-anteriormost segment of posterior fontanel 

7 Anterior of supraoccipital crest 

8 Supraoccipital-anterior right margin 

9 Supraoccipital-anterior left margin 

10 Tip of supraoccipital crest 

11 Supraoccipital-posterior left margin 

12 Supraoccipital-posterior right margin 

13 Posterior of supraoccipital crest 

14 Supracleithrum left margin 

15 Supracleithrum right margin 

16 Anterior limit between frontal and sphenotic (left side) 
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Landmark # Landmark description 

17 Anterior limit between frontal and sphenotic (right side) 

18 Frontal-anterior left margin 

19 Frontal-anterior right margin 

20 Lateral ethmoid (left side) 

21 Lateral ethmoid (right side) 
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Figure 2: Three-dimensional skull surface rendering of Roeboides numerosus showing the location 

of 21 landmarks. A- dorsal view; B and C lateral views. 
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3. Results 

 

3.1.  2D landmarks 

 

Ancestral state estimation  

  

The maximum likelihood (ML) and SIMMAP reconstructions inferred that general omnivory was 

probably the ancestral feeding state for Characinae (Fig. 3-4), with carnivory also being a 

possibility. Assuming that the most recent common ancestor of Characinae was indeed omnivorous, 

Phenacogaster was the only group to maintain that ancestral feeding state.  A transition to carnivory 

occurred on the branch leading to the clade containing Acanthocharax, Charax, Roeboides, 

Cynopotamus, Galeocharax and Acestrocephalus. Lepidophagy was the last ancestral feeding state 

to evolve, and evolved along the branch leading to Roeboides, which are the only characin species 

that specialize on eating scales.  

The reconstruction of trends in body size (Fig. 5) revealed an evolutionary transition toward 

smaller body sizes in the lineage leading to Phenacogaster and an overall increase in body sizes in 

the lineage leading to the clade containing Cynopotamus, Acestrocephalus and Galeocharax. That 

increase was followed by a transition back to smaller bodies in the lineage leading to A. sardina and 

a further increase in Cynopotamus magdalenae, which is substantially larger than any other member 

of the subfamily. An additional increase in body size occurred in the lineage leading to the species 

pair Roeboides myersii and R. margareteae. 
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Figure 3. Reconstruction of the evolutionary history of diet of Characinae. Piecharts at nodes depict 

the relative probability of each diet in that ancestor. 
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Figure 4. SIMMAP cladogram illustrating ancestral state reconstruction of diet for the subfamily 

Charinae. Branch colors correspond to diet (Yellow: omnivore; Red: carnivore; Blue: lepidophage). 
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Figure 5. ContMap cladogram illustrating estimated ancestral maximum body size (MBS). Branch 

colors correspond to estimates of ln MBS (i.e., maximum standard body length measured from tip 

of snout to base of caudal fin), with red indicating smaller and green or blue indicating larger MBS. 
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Tests of phylogenetic signal 

 

We estimated a K-statistic of 1.07 for the body shape data, matching the expectation of the Brownian 

motion model and representing a statistically significant level of phylogenetic signal (P=0.001) 

relative to the permuted null.  The K statistic for the body size data of 0.848 also represents 

significant phylogenetic signal (P=0.002) and agrees closely with the Brownian expectation.  

 

Body shape phylomorphospace  

 

The first principal component (PC1) axis of the body shape phylomorphospace explained  

 

 

 

 

 

 

 

 

Figure 6. 

Phylomorphospace plot 

for the subfamily 

Characinae in which 

terminal colors 

correspond to diet. 
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46.9% of variance in body shape among characin species, while the second explained an additional 

27.9% (Fig. 6). PC1 illustrates variance between strongly concave dorsal profiles (negative values) 

and slightly concave or straight dorsal profiles (positive values). Variation along the PC2 axis 

describes the differences between elongate (positive values) and foreshortened body shapes (Fig. 

6), and largely reflects the morphological differences between the outgroup (Tetragonopterus) and 

the ingroup species. Lepidophagous and omnivorous characins each have a relatively conserved 

morphology, and thus each trophic class occupies a confined region of morphospace. Lepidophages 

possess strongly concave dorsal profiles and omnivores slightly concave or straight dorsal profiles, 

and thus are well-separated along PC1. Unlike lepidophages and omnivores, the carnivorous 

characins possess three distinct morphologies in morphospace, one of which matches the 

lepidophagous morphology and another of which overlaps with the omnivorous morphology. A 

third carnivorous morphology lies at the positive extreme of PC1, and demonstrates a slightly 

concave dorsal shape and elongate body.  

 

 Phylogenetic and nonphylogenetic MANOVA and ANOVA  

 

The nonphylogenetic MANOVA-shape (F = 8.2599, p = 0.001) and ANOVA- size (F = 15.08, p = 

1.16e-05) was highly significant and showed that the dietary groupings differ in body shape and 

body size. However, the results of the phylogenetic MANOVA on shape (F = 0.8269, p = 0.592) 

and of the phylogenetic ANOVA on size (F = 12.687, p = 0.3267) were not significant. This result 

shows that body size and body shape differences among the three ecological groups are consistent 

with a random walk, and that the morphological similarity among species with similar ecologies 

may result from their close evolutionary relationship rather than from selection for an optimal 

phenotype.  
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3D landmarks 

 

 Skull shape geometric morphometrics and effect of diet on skull shape  

 

The PCAs showed that the first two PC axes summarize the majority of shape variance (38.15% and 

17.82%, respectively) (Fig. 7). Along PC1 axis, carnivores and lepidophages vary widely in skull 

shape, while omnivores occupy a confined portion of the diagram (Fig. 7).  

 

 

 

 

 

 

 

 

Figure 7. PCA values on skull shape variation based on species means, using the R package 

geomorph. Thin-plate spline (TPS) deformation grids are displayed to indicate variation on skull 

shape.  

 

The variation is mainly associated with the anterior-posterior lengthening (negative values) and 

shortening (positive values) of the skull (Fig. 3). The second axis of variation (PC 2) corresponded 

to the width of the skull, with negative values representing wider skulls, and positve values 

represeting narrower skulls. All three trophic groups vary widely on PC2 (Fig. 7). The results of the 
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MANOVA showed that there was a significant difference in skull shape between at least two of the 

ecological groups (F = 10.122, p = 0.001, likely driven by the restriction of omnivores to positive 

or near-zero values of PC1). 

 

4. Discussion 

 

Diet appears to have evolved infrequently during the characin radiation.  Assuming that the most 

recent common ancestor of Characinae was indeed omnivorous as suggested by both methods of 

ancestral state reconstruction, only characins of the genus Phenacogaster retained the ancestral diet.  

The prevalance of carnivory among the modern species most likely reflects a single transition away 

from omnivory, rather than multiple origins of that diet.  Similarly, only a single transition to 

lepidophagy occurred within Characinae, in the lineage leading to Roeboides.   

  The body size evolution showed does not have an evolutionary tendency towards a general 

increase or decreases in size.  Although, it is possible observed that the larger sizes prevail in most 

carnivorous fish. The hierarchy of increasing animal body size with increasing trophic level has 

been broadly accepted since Charles Elton's work in the early 1900s (Ou et al., 2017). Also, body 

size and trophic position are important and often ecologically linked traits in fishes (Bloom et al., 

2018). However, our results showed the ancestral state reconstruction of the diet based on a 

restricted phylogeny of Characinae with only one Tetragonopterus outgroup. In order to better 

conclude the evolution of the diet in Characinae is necessary to use on outgroup a wide range of 

Characiformes species.  

Lepidophagous and omnivorous characins demonstrate distinctive morphologies, suggesting at 

first glance the existence of a link between diet and shape.  Those distinctive morphologies drive 

the strong significance of the nonphylogenetic MANOVA/ANOVAs of body shape and size.  

However, phylogenetic versions of these analyses yielded insignifiant results.  That lack of 
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significance reflects the strong phylogenetic signal in these data, and the scarcity of transitions 

among the ecological character states, and indicates that the data cannot reject the hypothesis that 

body size and body shape evolved as a random walk along the phylogeny.  Such a random process 

can produce a wide variety of morphological patterns including unequal morphological diversity, 

apparent stasis, and clustering in morphospace (Raup & Gould 1974; Raup 1977; Foote 1996; Pie 

& Weitz 2005).  Thus the morphological similarity among species with similar ecologies may result 

from their close evolutionary relationship rather than from selection for an optimal phenotype.  

The substantial overlap in body shape and skull shape morphospace between species with 

different ecologies also suggests that even if a link between diet and morphology does exist within 

Characinae, it may be relatively weak.  For example, the sister groups Charax and Roeboides share 

the same body shape, despite the former being carnivorous and the latter specializing on scales. 

Members of all three trophic groups overlap in skull shape, and while omnivores are absent from 

half of that morphospace, all omnivorous species share a fairly recent common ancestor and that 

restriction could easily also result from their shared ancestry.  The influence of random processes 

may indeed provide the best explanation for the diversification of characin morphology. 

Nevertheless, it is important to recognize that the inability to reject a random null hypothesis 

does not mean that the null hypothesis is true. Studies have demonstrated that body shapes can be 

influenced by many factors, such as ecological interactions, biomechanical constraints and natural 

selection (Wake & Larson, 1987; Gould, 2002; Adams & Nistri, 2010). The insignificant results 

herein may therefore reflect an ecological classification that does not capture the factors that 

determine characin morphology, particulary if diet is not primary.   Alternatively, the morphological 

datasets may not fully capture the aspects of shape that respond most strongly to shifts in diet., such 

as differences in dentition or in jaw mechaniscs.  Certainly, Roeboides species appear to have 

evolved specialized strategies and structures optimized for lepidophagy, such as the tooth and jaw 

characteristics that distinguish them from the carnivorous members of Charax species (carnivores) 
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(Kolmann et al. (2018b)), and a formal statistical analysis of those character systems would have 

likely revealed a more definitive separation among the ecological groupings than was apparent in 

the analysis of the general shapes of the body and skull.   

Finally, the analysis herein may simply lack the statistical power needed to reject the random 

hypothesis, even if a true relationship between diet and body or skull shape does exist.  Burns & 

Sidlauskas (2019) showed recently that half of all major shifts in characiform body shape coincide 

with changes in trophic niches, suggesting that dietary diversification sometimes drives characiform 

body evolution, or vice versa.  Thus, that relationship may hold within Characinae, even if we lack 

the statistical power to detect it. Only a single transition exists among each dietary class within 

Characinae, and thus the dataset does not afford the ability to determine whether repeated transitons 

to the same ecology produce the same morphologies.  Indeed, Burns & Sidlauskas (2019) in their a 

much larger analysis failed to recover a statistically significant signal of convergence in body shape 

among detrititivorous characiforms, despite a clear clustering of those species in morphospace and 

the presence of three independent origins of the ecology.  The only significant convergence in that 

study occurred among predators, which represented one of the most frequently evolving ecologies 

among any exhibited within the order.   

Thus, to fully unlock the reasons for the substantial morphological diversification of characins, 

future studies should measure those morphologies at a broader taxonomic and with greater 

ecological precision.  As future studies permit more precise ecological characterization of each 

characiform species, and as the phylogeny of Characiformes expands to include more taxa, we 

anticipate substantial improvement in our ability to detect a link between ecology and shape within 

the subfamily Characinae, if such a link does in fact exist.  
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Supplementary information 

Supplementary Table 1. Characin samples that were CT-scanned.  

Catalogue number Species Name scan 

FMNH 53666 Acanthocharax microlepis scan_acantho_1 

FMNH 53666 Acanthocharax microlepis scan_acantho_1 

FMNH 53666 Acanthocharax microlepis scan_acantho_1 

FMNH 53666 Acanthocharax microlepis scan_acantho_1 

FMNH 53666 Acanthocharax microlepis scan_acantho_1 

AUM44032 Acestrocephalus sardina Acestrocephalus can 1b 

AUM44032 Acestrocephalus sardina Acestrocephalus can 1b 

AUM43599 Acestrocephalus sardina Acestrocephalus can 2 

AUM43599 Acestrocephalus sardina Acestrocephalus can 2 

AUM 43599 Acestrocephalus sardina Acestrocephalus can 3b 

ANSP 192399 Acestrocephalus sardina scan_cynopotamus_8 

ANSP 192399 Acestrocephalus sardina scan_cynopotamus_8 

ANSP 192399 Acestrocephalus sardina scan_cynopotamus_8 

ANSP 180523 Charax tectifer scan_charax_1 

ANSP 180523 Charax tectifer scan_charax_1 

ANSP 180523 Charax tectifer scan_charax_1 

ANSP 180523 Charax tectifer scan_charax_1 

ANSP 135634 Charax gibbosus scan_cynopotamus_4 

ANSP 135634 Charax gibbosus scan_cynopotamus_4 

ANSP 135634 Charax gibbosus scan_roebo_5 

LBP8771 Charax leticiae Charax can 1 

LBP8771 Charax leticiae Charax can 1 

LBP8771 Charax leticiae Charax can 1 

LBP8771 Charax leticiae Charax can 1 

LBP18734 Charax metae Charax can 3 

LBP18734 Charax metae Charax can 3 

FMNH 55145 Charax metae scan_charax_14 

FMNH 55145 Charax metae scan_charax_14 

FMNH 55145 Charax metae scan_charax_14 

FMNH 55145 Charax metae scan_charax_14 

FMNH 55145 Charax metae scan_charax_14 

LBP22517 Charax michaeli Charax can 3 

LBP22517 Charax michaeli Charax can 3 

FMNH100336 Charax michaeli scan_roebo_9 

FMNH100336 Charax michaeli scan_roebo_9 

FMNH100336 Charax michaeli scan_roebo_9 

FMNH100336 Charax michaeli scan_roebo_9 

ANSP 101413 Charax microlepis scan_roebo_3 
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Catalogue number Species Name scan 

LBP14117 Charax pauciradiatus Charax can 2c 

LBP14117 Charax pauciradiatus Charax can 2c 

LBP14117 Charax pauciradiatus Charax can 2c 

LBP14117 Charax pauciradiatus Charax can 2c 

LBP 17020 Charax stenopterus Charax can 4 

LBP 14529 Charax stenopterus Charax can 4 

LBP13020 Charax stenopterus Roeboides can 5 

LBP13169 Charax stenopterus Roeboides can 6 

ANSP 192403 Cynopotamus bipunctatus scan_cynopotamus_8 

ANSP 176793 Cynopotamus essequibensis scan_cynopotamus_4 

ANSP 189604 Cynopotamus essequibensis scan_cynopotamus_4 

ANSP 189604 Cynopotamus essequibensis scan_roebo_5 

USNM310473 Cynopotamus magdalenae Cynopotamus can 2 

LBP 2556 Galeocharax gulo Acestrocephalus can 2 

LBP 2556 Galeocharax gulo Acestrocephalus can 3b 

LBP13453 Galeocharax humeralis Acestrocephalus can 1b 

LBP13453 Galeocharax humeralis Acestrocephalus can 1b 

LBP13453 Galeocharax humeralis Galeocharax can 1b 

LBP13453 Galeocharax humeralis Galeocharax can 1b 

FMNH 54598 Phenacogaster beni scan_roebo_3 

LBP25604 Phenacogaster eurytaenia Camilla_Can_APS_ 

LBP25604 Phenacogaster eurytaenia Camilla_Can_APS_ 

LBP25604 Phenacogaster eurytaenia Camilla_Can_APS_ 

LBP25604 Phenacogaster eurytaenia Camilla_Can_APS_ 

LBP24038 Phenacogaster franciscoensis Phenacogaster can4 

LBP24038 Phenacogaster franciscoensis Phenacogaster can4 

LBP24038 Phenacogaster franciscoensis Phenacogaster can4 

LBP24038 Phenacogaster franciscoensis Phenacogaster can4 

LBP4683 Phenacogaster jancupa scan_phenacogaster_10 

LBP4683 Phenacogaster jancupa scan_phenacogaster_10 

LBP17082 Phenacogaster maculoblonga Phenacogaster can5 

LBP17082 Phenacogaster maculoblonga Phenacogaster can5 

LBP17082 Phenacogaster maculoblonga Phenacogaster can5 

LBP17082 Phenacogaster maculoblonga Phenacogaster can5 

ANSP 131826 Phenacogaster megalostictus scan_phenacogaster_12 

ANSP 131826 Phenacogaster megalostictus scan_phenacogaster_12 

ANSP 131826 Phenacogaster megalostictus scan_phenacogaster_12 

ANSP 131826 Phenacogaster megalostictus scan_phenacogaster_12 

ANSP 190567 Phenacogaster microstictus scan_phenacogaster_10 

ANSP 190567 Phenacogaster microstictus scan_phenacogaster_10 

LBP9385 Phenacogaster naevata Phenacogaster can7 

LBP9385 Phenacogaster naevata Phenacogaster can7 

LBP9385 Phenacogaster naevata Phenacogaster can7 
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Catalogue number Species Name scan 

LBP9385 Phenacogaster naevata Phenacogaster can7 

LBP22715 Phenacogaster pectinata Phenacogaster can3 

LBP22715 Phenacogaster pectinata Phenacogaster can3 

LBP22715 Phenacogaster pectinata Phenacogaster can3 

LBP 5795 Phenacogaster prolata scan_phenacogaster_13 

LBP 5795 Phenacogaster prolata scan_phenacogaster_13 

LBP 18683 Phenacogaster prolata scan_phenacogaster_13 

LBP 18683 Phenacogaster prolata scan_phenacogaster_13 

LBP 18683 Phenacogaster prolata scan_phenacogaster_13 

LBP 18683 Phenacogaster prolata scan_phenacogaster_13 

LBP16061 Phenacogaster sp.  Phenacogaster can7 

LBP 16061 Phenacogaster sp.  Phenacogaster can1c 

LBP 16061 Phenacogaster sp.  Phenacogaster can1c 

LBP 16061 Phenacogaster sp.  Phenacogaster can1c 

LBP 16061 Phenacogaster sp.  Phenacogaster can1c 

FMNH108487 Phenacogaster tegata scan_phenacogaster_12 

FMNH108487 Phenacogaster tegata scan_phenacogaster_12 

ANSP189600 Phenacogaster wayana scan_phenacogaster_11a 

ANSP189600 Phenacogaster wayana scan_phenacogaster_11a 

ANSP189599 Phenacogaster wayana scan_phenacogaster_11a 

ANSP189599 Phenacogaster wayana scan_phenacogaster_11a 

LBP22638 Roeboides affinis Roeboies scan 1 

LBP22638 Roeboides affinis Roeboies scan 1 

LBP22638 Roeboides affinis Roeboies scan 1 

LBP22638 Roeboides affinis Roeboies scan 2 

FMNH 128131 Roeboides bouchellei scan_roebo_2 

USNM311020 Roeboides carti  Roeboides can 3 

USNM311020 Roeboides carti  Roeboides can 3 

USNM311020 Roeboides carti  Roeboides can 4 

USNM311020 Roeboides carti  Roeboides can 4 

FMNH 85335 Roeboides dayi scan_roebo_6 

FMNH 85335 Roeboides dayi scan_roebo_6 

FMNH 85335 Roeboides dayi scan_roebo_6 

FMNH 85335 Roeboides dayi scan_roebo_6 

FMNH 85335 Roeboides dayi scan_roebo_6 

LBP5110 Roeboides descalvadensis Roeboides can 5 

LBP5110 Roeboides descalvadensis Roeboides can 6 

LBP5110 Roeboides descalvadensis Roeboides can 7 

LBP5110 Roeboides descalvadensis Roeboides can 7 

ANSP 206220 Roeboides dientonito scan_roebo_7 

ANSP 206220 Roeboides dientonito scan_roebo_7 

ANSP 206220 Roeboides dientonito scan_roebo_7 

LBP6114 Roeboides dientonito Roeboides can 3 



 

  118 
 

Catalogue number Species Name scan 

LBP6114 Roeboides dientonito Roeboides can 3 

LBP6114 Roeboides dientonito Roeboides can 4 

ANSP180932 Roeboides dispar scan_roebo_9 

ANSP180932 Roeboides dispar scan_roebo_9 

LBP2755 Roeboides guatemalensis Roeboies scan 1 

LBP2755 Roeboides guatemalensis Roeboies scan 2 

LBP2755 Roeboides guatemalensis Roeboies scan 2 

LBP2755 Roeboides guatemalensis Roeboies scan 2 

ANSP 164256 Roeboides ilsea scan_roebo_3 

ANSP 120320 Roeboides magdalenae scan_roebo_3 

ANSP 95879 Roeboides margareteae scan_roeboides_15 

ZMUC P241391 Roeboides microlepis Roeboides can 8b 

ANSP 178154 Roeboides myersii scan_cynopotamus_4 

ANSP 178154 Roeboides myersii scan_roebo_5 

ANSP 178154 Roeboides myersii scan_roebo_5 

ANSP 196316 Roeboides numerosus scan_charax_1 

ANSP 196316 Roeboides numerosus scan_roebo_3 

ANSP 99843 Roeboides occidentalis scan_roebo_7 

ANSP 99843 Roeboides occidentalis scan_roebo_7 

LBP10444 Roeboides xenodon  Roeboides can 5 

LBP10444 Roeboides xenodon  Roeboides can 5 

LBP10444 Roeboides xenodon  Roeboides can 6 

LBP10444 Roeboides xenodon  Roeboides can 6 
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Molecular identification and description of a new species of Phenacogaster 

(Characidae: Characinae) 
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Molecular identification and description of a new species of Phenacogaster (Characidae: 

Characinae)  

 

Camila S. Souza 

 

Departamento de Biologia Estrutural e Funcional, Instituto de Biociências, Universidade Estadual 

Paulista, R. Prof. Dr. Antônio C. W. Zanin 250, 18618-689, Botucatu, SP, Brazil 

 

Abstract 

 

Phenacogoster is the most species-rich genus of Characinae containing 23 valid species widely 

distributed in riverine systems of cis-Andean South America. However, little has been advanced in 

the molecular studies for Phenacogoster. Here, we used partial sequences of the mitochondrial gene 

cytochrome c oxidase subunit I (COI) and species delimitation methods to the identification of 13 

valid species of Phenacogaster and to assess the intraspecific genetic diversity. Additionally, we 

recognize and describe a new species from the Xingu and Araguaia basins.  

 

Keywords: Phenacogasterii, Neotropical fish, Taxonomy, COI, biodiversity 

 

1. Introduction 

 

The Neotropical fish subfamily Characinae contains 85 valid species and 7 genera (Acanthocharax 

Eigenmann 1912, Acestrocephalus Eigenmann 1910, Charax Scopoli 1777, Cynopotamus 

Valenciennes 1850, Galeocharax Fowler 1910, Phenacogaster Eigenmann 1907, and Roeboides 

Günther 1864) (Mattox & Toledo-Piza, 2012). Phenacogaster is the most species-rich genus of 
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Characinae, with 23 species widely distributed in riverine systems of cis-Andean South America 

(Fricke et al., 2022). They are small fishes that reach up to 6 cm standard length and popularly 

known as “lambaris”, “glass tetras”, “mojaritas”, and “yaya” (Lucena & Malabarba, 2010).  

Phenacogaster is morphologically distinguished from other Characinae genera by dorsal profile 

without gibbosity, preventral region flat and covered by two longitudinal series of elongate and 

imbricated scales that form a zig-zag pattern in ventral view (Mattox et al., 2017). The latest 

taxonomic revision of the genus recognized nine new species, almost doubling the number of 

species then recognized for the genus, and provided an identification key for the species (Lucena & 

Malabarba, 2010). The authors proposed the P. pectinata complex with P. pectinata (Cope 1870), 

P. microstictus Eigenmann 1909, P. beni Eigenmann 1911 and P. suborbitalis (Ahl 1936) (Lucena 

& Malabarba, 2010). However, several undescribed species are recognized in this group and the 

difficulty to diagnose them is associated by the broad distribution and lack of consistent 

morphological differences (Géry, 1972; Lucena & Malabarba, 2010). After that revision, only three 

species were described: P. naevata and P. eurytaenia from the Tocantins basin (Antonetti et al., 

2018) and P. julliae from the São Francisco basin (Lucena & Lucena, 2019).  

The use of molecular information can help the species delimitation (Barreto et al., 2018; 

Mateussi et al., 2020; Ota et al., 2020) and indicate potential hidden diversity (Pires et al., 2017; 

Machado et al., 2018; Ramirez et al., 2020). In this context, and considering the lack of molecular 

studies for Phenacogaster, we used partial sequences of the mitochondrial gene cytochrome c 

oxidase subunit I (COI) and species delimitation methods to the identification of 13 valid species of 

Phenacogaster and to assess the intraspecific genetic diversity. Additionally, we recognize and 

describe a new species from the Xingu and Araguaia basins.  
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2. Materials and Methods 

Taxon sampling 

 

We used specimens of Phenacogaster collected recently or obtained from ichthyological 

collections, and morphologically identified with the help of identification keys (e.g. Lucena & 

Malabarba, 2010). All fishes were collected following the Brazilian laws through SISBIO/MMA 

permit n. 3,245 and procedures for collection, maintenance and analyses followed the international 

guidelines for animal experiments through CEEAA IBB/UNESP protocol n. 304.  

 

Molecular analysis 

 

DNA Extraction, Amplification and Sequencing 

 

One hundred and one taxa were included in the molecular analyses (Supplementary Table 1). 

Ninety-eight sequences were generated herein, and three sequences were obtained from Genbank 

(1- Tetragonopterus carvalhoi Melo, Benine, Mariguela & Oliveira 2011 and 2- Phenacogaster 

wayana Le Bail & Lucena 2010). DNA was extracted from samples of muscle, liver or gills, using 

the extraction method of the Ivanova et al. (2006). Partial sequences of the cytochrome c oxidase 

subunit I (COI) gene were amplified by polymerase chain reaction (PCR) with primers FishF1, 

FishR1 and FishF2, FishR2 (Ward et al., 2005) or L6252-Asn and H7271-COXI (Melo et al., 2011). 

PCR amplifications were performed in a total volume of 12.5 µl that included 1.25 µl of 10X buffer, 

0.25 μl of MgCl2 (50 mM), 0.2 μl dNTPs (2 mM), 0.5 μl of each primer (5 mM), 0.1 μl of PHT Taq 

DNA polymerase (Phoneutria), 1.0 μl of genomic DNA (200 ng) and 8.7 μl ddH2O. PCR conditions 

consisted of an initial denaturation (5 min at 94°C), followed by 30 cycles of chain denaturation 

(50s at 94°C), primer hybridization (45s at 50-54°C) and nucleotide extension (1 min at 68°C), and 
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a final extension (10 min at 68°C). All PCR products were checked on 1% agarose gels and then 

purified with ExoSap-IT (USB Corporation) following the manufacturer’s instructions. The purified 

PCR products were submitted to sequencing reactions using BigDye Terminator v 3.1 Cycle 

Sequencing Ready Reaction Kit (Applied Biosystems) and purified again by ethanol precipitation. 

Products were loaded onto an ABI 3130 DNA Analyzer automatic sequencer (Applied Biosystems).  

 

Data analysis 

Sequences were assembled using Geneious v7.1.9 (Kearse et al., 2012) and subsequently aligned 

with Muscle (Edgar, 2004) under default parameters. The method of Xia et al. (2003) were used to 

evaluate the occurrence of substitution saturation in DAMBE v5.3.38 (Xia, 2013). Nucleotide 

variation, substitution patterns and the best-fit model of nucleotide evolution were estimated in 

MEGA v10 (Kumar et al., 2018).  

The maximum-likelihood (ML) and neighbor-joining (NJ) trees were performed with 1000 

bootstrap replicates, using the K2P+G model (Kimura 1980) in MEGA v10. Two distinct species 

delimitation methods were performed: Automatic Barcode Gap Discovery analysis (ABGD; 

Puillandre et al., 2012) available in the ABGD webserver 

(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) using Kimura (K80; 1.0)  evolutionary 

model with X = 1.0, Pmin = 0.001 and Pmax = 0.1 and  Poisson Tree Process (PTP; Zhang et al., 

2013) using the best maximum-likelihood (ML) tree, 100,000 generations, and other parameters at 

default in the bPTP webserver (http://species.h-its.org/ptp/). The values of genetic distance were 

calculated in MEGA v10 using the K2P model+G and groups were ordered based on morphological 

identification. ABGD, bPTP and genetic distance analysis were performed without the outgroup 

Tetragonopterus carvalhoi.  

 

 

https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html
http://species.h-its.org/ptp/
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Morphological analysis 

 

Morphometric and meristic data were taken on the left side of each specimen whenever possible 

following Fink & Weitzman (1974) and Lucena & Malabarba (2010). Measurements were taken 

point to point with a precision of 0.1 mm using a digital caliper. Counts of vertebrae and 

supraneurals were obtained from cleared and stained specimens (c&s) prepared with the protocol 

from Taylor & Van Dyke (1985). All measurements are expressed as percents of standard length 

(SL), except subunits of the head that are expressed as percents of head length (HL). In each 

description the frequency of each count is provided in parentheses, and the count of the holotype is 

indicated by an asterisk. 

 

3. Results 

 

Molecular identification  

 

Partial sequences of the COI gene were obtained for 101 specimens representing 13 out of 23 valid 

species of Phenacogaster (56.2%). The matrix contained 678 pb (190 pb variable sites) and 

nucleotide composition of 24.6% adenine, 27.4% citosine, 18% guanine and 30% thymine. DAMBE 

indicated no saturation for either transitions or transversions in both asymmetrical (Iss.cAsym) and 

symmetrical (Iss.cSym) topologies. ML and NJ trees recovered almost the same topology, and both 

supported the recognition of the new species (Figure 1; Supplementary Fig. 1). ABGD delimited 16 

species and recognized P. pectinata and P. capitulata as a single species (Fig. 1; Supplementary 

Fig. 2). Conversely, bPTP delimited a disproportionate number of 38 species, but also identified P. 

pectinata and P. capitulata as a single species (Fig. 1; Supplementary Fig 3). The overall mean of 
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K2P genetic distances was 0.077 ± 0.008. Interspecific genetic distances ranged from 0.026 ± 0.007 to 0.141 ± 0.020 and intraspecific distances ranged 

from 0.000 ± 0.000 to 0.006 ± 0.004 (Table 1).  

 

Table 1- Pairwise K2P genetic distances among species of Phenacogaster. Intraspecific genetic variations are highlighted in bold in the last column. 

Numbers below diagonal are values of interspecific distances and numbers above diagonal are respective values of standard deviation. 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Intraspecific 

genetic 

distances 

1- P. microstictus  0.007 0.013 0.011 0.011 0.011 0.013 0.011 0.016 0.017 0.017 0.012 0.015 0.014 0.016 0.015 0.015 - 

2- P. prolata 0.026  0.011 0.010 0.010 0.009 0.012 0.010 0.017 0.017 0.016 0.013 0.015 0.013 0.017 0.014 0.015 0 

3- P. pectinata 0.079 0.069  0.007 0.011 0.010 0.013 0.011 0.018 0.020 0.019 0.016 0.017 0.016 0.018 0.018 0.019 0.001±0.003 

4- P. capitulata 0.051 0.043 0.027  0.010 0.011 0.015 0.011 0.022 0.023 0.021 0.016 0.018 0.018 0.020 0.017 0.017 0 

5- P. beni 0.058 0.052 0.065 0.046  0.006 0.007 0.008 0.016 0.018 0.018 0.013 0.015 0.014 0.017 0.015 0.015 0 

6- P. aff. suborbitalis 0.062 0.052 0.057 0.048 0.030  0.007 0.008 0.016 0.017 0.018 0.014 0.014 0.013 0.016 0.014 0.016 0.003±0.002 

7- P. aff. beni 0.073 0.070 0.072 0.067 0.029 0.028  0.008 0.018 0.018 0.019 0.016 0.017 0.016 0.017 0.018 0.021 0 

8- P. tegata 0.058 0.053 0.069 0.047 0.039 0.035 0.029  0.016 0.016 0.017 0.013 0.015 0.013 0.016 0.014 0.015 0.003±0.001 

9- P. wayana 0.102 0.111 0.129 0.125 0.111 0.113 0.118 0.110  0.014 0.016 0.014 0.012 0.012 0.016 0.013 0.015 0 

10- P. retropinna 0.110 0.111 0.141 0.131 0.127 0.120 0.120 0.110 0.080  0.009 0.010 0.011 0.010 0.012 0.010 0.011 0.005±0.002 

11- P. sp. n 0.114 0.112 0.139 0.117 0.131 0.126 0.134 0.120 0.109 0.045  0.010 0.013 0.011 0.013 0.012 0.014 0.006±0.003 

12- P. maculoblonga 0.071 0.079 0.114 0.092 0.090 0.091 0.099 0.081 0.086 0.053 0.057  0.009 0.009 0.011 0.009 0.010 0 

13- P. calverti 0.100 0.103 0.123 0.103 0.105 0.103 0.112 0.101 0.067 0.058 0.077 0.051  0.008 0.011 0.008 0.011 0 

14- P. aff. retropinna 0.086 0.085 0.106 0.103 0.088 0.084 0.098 0.082 0.068 0.051 0.067 0.045 0.042  0.012 0.008 0.010 0.006±0.002 

15- P. franciscoensis 0.113 0.118 0.133 0.124 0.125 0.118 0.119 0.115 0.106 0.073 0.085 0.068 0.068 0.070  0.010 0.008 0.010±0.003 

16- P. eurytaenia 0.093 0.090 0.124 0.107 0.099 0.098 0.118 0.094 0.073 0.050 0.068 0.050 0.041 0.038 0.051  0.007 0 

17- P. naevata 0.096 0.095 0.131 0.108 0.103 0.107 0.135 0.099 0.088 0.058 0.073 0.051 0.060 0.053 0.032 0.030  0 
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Figure 1. ML tree of species of 

Phenacogaster based on the COI gene 

(678 pb). Vertical bars at right represent 

the number of species obtained by the 

ABGD and bPTP analyses. Numbers 

near nodes represent bootstrap support 

(values <70% are not shown). Codes 

before tip names represent tissue 

numbers or deposited sequences in 

NCBI.  
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Morphological identification 

 

Phenacogaster sp. n. (Fig. 2, Tab. 2)  

 

 

 

Figure 2. Phenacogaster sp. n., MZUSP 120058, holotype, 26.7 mm SL, holotype, Brazil, Pará, 

Novo Progresso, Amazon basin, Rio Xingu.  

 

Holotype. MZUSP 120058, 26.7 mm SL, Brazil, Pará, Novo Progresso, Amazon basin, rio Xingu 

(Riacho em estrada de terra perpendicular à BR163 entre a FAB e Cachoeira da Serra, provável 

afluente do Curuá), 08°29’59” S 54°58’06.1” W, 07 Aug 2015, F. Dagosta, M.M.F. Marinho, P. 

Camelier, V. Giovanetti. 

 

Paratypes: All from Brazil. MZUSP 120058, 28, 20.4-34.9 mm SL, same data as holotype. MZUSP 

97621, 49, 21.6-33.6 mm SL, 4 (c&s), Pará, Altamira, Amazon basin, Rio Xingu, Rio Curuá-Iriri, 

08°15’17” S 55°06’40” W, 27 Oct 2007, JLO Birindelli, L Souza, AL Netto-Ferreira, MH Sabaj, 

NK Lujan. LBP 25217 (tissue number: 94032), 1, 30.58 mm SL, Pará, Altamira, Amazon basin, Rio 

Xingu, Rio Treze de Maio, 08°39’06.9” S 55°02’09.1” W, 24 Sep 2017, AC Dias, CS Souza, C 

Souto, N Flausino Jr, R Devidé. LBP 30738, 1, 38.06 mm SL, Mato Grosso, Primavera do Leste, 

Amazon basin, Rio Xingu, Córrego Xavante, 14°38’24” S 53°55’38” W, 23 Aug 2021, CS Souza, 

L Reia, GSC. Silva, EV Ywamoto. LBP 16061, 9, 22.9-35.4 mm SL, Mato Grosso, Primavera do 
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Leste, Amazon basin, Rio Xingu, Córrego Xavante, 14°38’24” S 53°55’38” W, 05 Aug 2012, C 

Oliveira, M Taylor, GHC Silva, JHM Martinez. LBP15807, 2, 21.58-28.19 mm SL, Mato Grosso, 

Querência, Amazon basin, Rio Xingu, Afluente rio Feio, 12°33’20.5” S 52°16’16.1” W, 31 Jul 2012, 

C Oliveira, M Taylor, GHC Silva, JHM Martinez. LBP 15835 (tissue number: 64949), 2, 19.3- 26.9 

mm SL, Mato Grosso, Querência, Amazon basin, Rio Xingu, Rio Feio, 12°31’55.7” S 52°20’29.8” 

W, 31 Jul 2012, C Oliveira, M Taylor, GHC Silva, JHM Martinez. MZUSP 97708, 8, 27.3-32.4 mm 

SL, Mato Grosso, Santo Antonio do Leste, Araguaia basin, rio Suspiro, 14° 52’30.0” S 54° 5’ 0.0” 

W, 18 Jan 2002, N Menezes, O Oyakawa, GM Guazzelli, R Quevedo. MZUSP 118678, 8, 26.9-

29.6, Mato Grosso, Mato Grosso, Santo Antonio do Leste, Araguaia basin, rio Suspiro. 14° 52’ 

30.92” S 54° 05’1.47” W, 17 Nov 2014, F Dagosta, O Ohara, V Giovannetti.  

 

Diagnosis. Phenacogaster sp. n. is distinguished from all congeners except P. tegata (Eigenmann 

1911), P. carteri (Norman 1934), P. napoatilis (Lucena & Malabarba 2010), and P. capitulata 

(Lucena & Malabarba 2010) by the presence of incomplete lateral line. It differs from P. tegata by 

the presence of round humeral blotch near pseudotympanum and distant to vertical line of dorsal-

fin origin (vs. humeral blotch horizontally-elongated and posteriorly distant from pseudotympanum, 

close to vertical line of dorsal-fin origin). The new species also differs from P. carteri, P. napoatilis, 

and P. capitulata by the presence of humeral blotch rounded in males and females (vs. presence or 

absence humeral blotch in only females).  Phenacogaster sp. n. can be distinguished from P. 

retropinna Lucena & Malabarba, 2010, from Xingu and Araguaia basins by presence of incomplete 

lateral line (vs. complete), anal-fin origin at vertical line through base of first or second dorsal-fin 

branched rays (vs. anal-fin origin at vertical through fifth or sixth dorsal-fin branched rays) and 

supplemented by overlapped ranges of body depth (29.4–36.2% SL vs 25.1–32.8% SL). Finally, 

Phenacogaster sp. n. can be diagnosed from P. ojitata Lucena & Malabarba, 2010, from Xingu 

basin by presence of incomplete lateral line (vs. complete), larger orbital diameter (34–42.9% HL 
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vs 33–36.9% HL), and caudal peduncle blotch slightly extending over middle of caudal-fin rays (vs. 

caudal peduncle blotch diamond-shaped and further extending over middle caudal-fin rays). 

 

Description. Morphometric data in Table 2. Body compressed and relatively slender. Dorsal profile 

convex from anterior tip of upper jaw to dorsal-fin origin; slightly straight from dorsal-fin base to 

adipose-fin originand slightly concave from that point to base of dorsal procurrent caudal-fin rays. 

Ventral profile convex from tip of lower jaw to anal-fin origin. Body profile along anal-fin base 

straight. Ventral profile of caudal peduncle straight to slightly concave. Preventral area flattened.  

Mouth terminal with lower jaw slightly shorter than upper jaw; posterior tip of maxilla reaching 

midpoint of second infraorbital. Pseudotympanum extending from region of first rib to anterior 

border of second rib. Premaxilla with two tooth rows. Outer row with 6(1) or 8(1) total teeth, divided 

in medial and lateral sections by gap; medial section with 3(2) tricuspid teeth; lateral section with 

3(1) or 5(1). Inner row with 6(1) or 9(1) total teeth, 4(1) or 5(1) tricuspid teeth followed by 2(1) or 

4 (1) conical teeth. Maxilla with 22(2), 23(1), or 29(1) conical teeth. Dentary with 16(1), 18(2), or 

19 (1) teeth, in single row, with 4(1), 5(1), 6(1) or 7(1) tricuspid teeth followed by 11(2), 12(1) or 

14(1) conical teeth (Fig. 3). 

Dorsal-fin rays ii,8*(10). Anal-fin rays iv,30(1), 31(1), 33(1) or 34*(1). Pectoral fin rays i,11*(3) or 

i,12(2). Pelvic-fin rays i,7*(5); its tip reaching beyond anal-fin origin. Lateral line incomplete. 

Lateral line longitudinal to 30(1), 32(8), 33(2), 34*(35), or 36(4). Pored scales 7(4), 8(9), 9*(14), 

10(6), 11(9), 12(4), 13(1), 14 (4), or 16(1); some specimens with perforated scales 2(2) or 5(3) 

before the last scales non-perforated. Scale series between lateral line and dorsal-fin origin 5(6), 

6*(42), or 7(5). Scale series between lateral line and anal-fin origin 4(24), 5*(24), or 6(7). Gill rakers 

on upper limb of first gill arch 4(14) or 5(5); gill rakers on lower limb 7(19). Total vertebrae 35(3) 

or 36(1): precaudal 15(4), caudal 20(3) or 21 (1). Supraneurals 4(4).  
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Table 2. Morphometric data of Phenacogaster sp. n.  (n= 39, holotype included). SD = standard 

deviation. Range includes holotype. 

 

 Holotype  n  Range Mean SD 

Standard length (SL) (mm) 26.7 39  24.1 - 38.06 29.5 - 

Percents of standard length       

Greatest body depth 31.5 39  29.4 - 36.2 32.5 1.7 

Snout to dorsal-fin origin 53.3 39  50.6 - 55.3 52.9 1.1 

Snout to pectoral-fin origin 26.7 39  26.6 - 31.5 28.7 1.3 

Snout to pelvic-fin origin 42.7 39  39.1 - 45.3 41.8 1.4 

Snout to anal-fin origin 53.8 39  51.3 - 58.9 55.6 1.9 

Dorsal-fin origin to hypural joint 51.5 39  47.7 - 54.3 51 1.8 

Dorsal-fin origin to anal-fin origin 31.2 39  29.3 - 36.9 32.8 1.7 

Dorsal-fin origin to pelvic-fin origin 32.3 39  31.9 - 39.9 34.6 1.7 

Dorsal-fin origin to pectoral-fin origin 38.9 39  36 - 41.3 38.4 1.4 

Caudal-peduncle depth 9.1 39  8.6 - 11.4 9.7 0.7 

Pectoral-fin length 16.6 39  16.5 - 22.8 20.3 1.7 

 Holotype  n  Range Mean SD 

Pelvic-fin length 15.2 39  14.1 - 20.4  17.4 1.5 

Head length  28 39  24 - 29.8 27.3 1.2 

Percents of head length        

Snout length  26.5 39  23.4 - 34.1 27.4 2.2 

Orbital diameter 36.2 39  34 - 42.9 37.4 2.1 

Interorbital width 27 39  24.4 – 32.3 28 2.2 
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Figure 3. Phenacogaster sp. n., MZUSP 97621, 23.81 mm SL, paratype: maxilla (top right), 

premaxilla (top left), and lower jaw (bottom). Lateral view, left side.  

 

Color in alcohol. Overall ground coloration yellowish. Dorsolateral region of body with 

chromatophores along margins of scales. Ventrolateral region less pigmented. Humeral blotch 

rounded or oval immediately to second to five lateral-line scales, extending from the rear of 

pseudotympanum, covering about three to five scale rows vertically. Caudal peduncle with 

diamond-shaped blotch of dark pigmentation. Anal, pelvic, pectoral, and dorsal fins hyaline 

scattered with small dark chromatophores. Adipose fin hyaline (Fig. 1).  

 

Color in life. Overall ground coloration yellowish to golden. Dorsolateral region of body with 

chromatophores along margins of scales. Ventrolateral region less pigmented. Humeral blotch 

rounded or oval posteriorly with bright yellow to orange blotch. Diamond-shaped caudal blotch over 
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middle portions of caudal peduncle, slightly extending posteriorly to distal portion of medial caudal-

fin rays. All fins orange to yellowish coloration, more intense at anterior half of caudal-fin lobes. 

Posterior tip of caudal and dorsal fins scattered by small dark chromatophores.  

 

Sexual dimorphism. Mature males with hooks on pelvic and anal fin rays.  

 

Distribution. Phenacogaster sp.n. is known from the upper Xingu and upper Araguaia rivers, 

Amazon basin, Brazil (Fig. 4).  

 

Figure 4. Map showing the distribution of Phenacogaster sp. n. in the upper Xingu and Araguaia 

river basins. Type locality = white star.  
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Conservation status. Phenacogaster sp. n. is widely distributed across the upper Xingu and 

Araguaia river basins, and there are no significant threats affecting its populations. Therefore, we 

suggest the category Least Concern (LC) according to the International Union for Conservation of 

Nature criteria (IUCN Standards and Petitions Subcommittee, 2014). 

 

Comparative material examined. Phenacogaster retropinna: MZUSP81267 (17, 32.9 - 39,2 mm 

SL), Brazil, Amazonas, Amazon River basin, rio Negro. 0º16’22.0” N 69º 54’3.0” W, 7 Nov 2002, 

Lima et al. MZUSP99771 (14, 32- 40.3 mm SL), Brazil, Mato Grosso, Aripuanã, Madeira River 

basin, rio Aripuanã, Balneário Primavera, a jusante do salto de Dardanelos. 10º09’54” S 59º26’55” 

W, 12 Dec 2004, F. A. Machado, C.M.C Leite, N.E. Silva & R. Rosa. MZUSP 30550 (12, 18.5- 

30.5 mm SL), Brazil, Mato Grosso, Gaúcho do Norte, Xingu River basin, rio Xingu, encontro dos 

rios Culuene e Sete de Setembro (canal). 12º 56’ 0.0” S 52º49’0.0” W, 23 Jul 1984, M Goulding, 

Portugal & Carvalho. LBP 25926 (2, 33.61- 36.49 mm SL), Brazil, Mato Grosso, Paranatinga, 

Xingu River basin, Rio Culuene. 13°50’50.8” S 53°15’40.2” W, 24 Jan 2018, NF Junior, N Estevão, 

FA Machado. LBP 15676 (105, 21.5-43.3 mm SL), Brazil, Mato Grosso, Ribeirão Cascalheira, 

Xingu River basin, Córrego do Gato. 13°09’13.6” S 51°55’18.7” W, 30 Jul 2012, C Oliveira, M 

Taylor, GHC Silva, JHM Martinez. P. capitulata: LBP 17802 (6, 27.38–31.97 mm SL), Peru, 

Pucallpa, Coronel Portillo, Ucayali River basin. 08°35’44.2” S 74°48’04.3” W, 18 Jun 2013, R 

Britzke. P. tegata: MZUSP 35889 (5, 26.9-37.9 mm SL), Brazil, Mato Grosso, Itiquira, Paraguay 

River basin, rio Piquiri, faz. Santo Antônio do Paraíso. 17º 12’0.0” S 54º 9” 0.0” W, 3/x/1979, J.H.B. 

Medeiros & J. C. Oliveira. MZUSP 96694 (10, 24.8-27.7 mm SL), Brazil, Mato Grosso, Barão do 

Melgaço, Paraguay River basin, rio Mutum.16º19’30”S 55º49’59”W, F.A. Machado, F.C.T. Lima 

et al.  LBP 7641 (6, 35.8–39.1 mm SL), Brazil, Mato Grosso, Santo Antonio do Leverger, Paraguay 

River basin. 15°46’03.8” S 55°30’44.5” W, 01 Mar 2009, M Mehanna, PA Campos. LBP 7606 (16, 

21.7–31.8 mm SL), Brazil, Mato Grosso, Barão de Melgaço, Paraguay River basin, Lagoa Marginal 

rio Cuiabá. 16°11’39.5” S 55°48’25.1” W, 29 Jan 2021, C Oliveira, GA Lopez, R Britzke. P. ojitata: 
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MZUSP 30551 (36.3 mm SL), Brazil, Pará, rio Curuá, Serra do Cachimbo, rodovia Santarém- 

Cuiabá, poço de cachoeira. 09º22’0.0” S 54º52’0.0” W, 15 Aug 1984, M Goulding. MZUSP 100922 

(28.4 - 33.5 mm SL; 2 d&c, 31.2- 30.5 mm SL), Brazil, Pará, rio Curuá, Serra do Cachimbo, rodovia 

Santarém- Cuiabá, poço de cachoeira. 09º22’0.0” S 54º52’0.0” W, 15 Aug 1984, M Goulding. 

MZUSP 97588 (30.5-48.8 mm SL), Brazil, Pará, Altamira, Xingu basin, rio Curuá, na ponte da 

BR163. 08°53’54” S 55°59’20” W, 29 Oct 2007, J. Birindelli, L. Sousa, A. Netto-Ferreira, M. Sabaj-

Perez, N. Lujan. P. napoatilis: MZUSP 38667 (9, 21.5-35 mm SL), Equador, Napo, Napo River 

basin, rio Jatuncocha, 2km acima da Laguna Jatuncocha, 1º3’0.00” S 75º31’4.0” W, 26 Oct 1981, 

D. Stewart & M. Ibarra. 

 

4. Discussion 

 

The present study shows the results from the first molecular analysis of the genus Phenacogaster. 

The molecular methods delimited 38 and 16 species based on the application of the bPTP and 

ABGD, respectively. The discrepancy in the results obtained among the analysis may be related to 

the variety of algorithms and implementations of each method (Luo et al., 2018; Dellicour & Flot, 

2018). Also, the population sizes, number of species involved, and speciation rates can affect the 

delimitation (Ahrens et al., 2016). Despite that, we conservatively recognize only 13 valid species 

of Phenacogaster and one new species (described herein). Preliminary morphological analyses 

indicate that P. aff. suborbitalis (Tapajós), P. aff. beni (Madeira), and P. aff. retropinna 

(Arinos/Tapajós) may represent cryptic or yet unrecognized species but a broad morphological 

examination is needed to confirm such conclusions. 

Although Phenacogaster is morphologically distinct of other Characinae genera, the species 

identification is rather complex and based mainly on color variation (Lucena & Malabarba, 2010). 

Widely distributed and undescribed species were recently grouped in the proposed P. pectinata 



 

  135 
 

complex (P. pectinata, P. microstictus, P. beni), by presenting a set of characters such as humeral 

blotch present in females, humeral blotch absent or restricted to a few chromatophores in males, and 

the origin of the anal fin vertically that projects at the vertical line of the dorsal-fin origin, and the 

complete lateral line. Here, both topologies (Fig. 1; Sup. 1) partially corroborate the composition of 

the P. pectinata complex. The analyses indicate P. aff. suborbitalis, P. aff. beni, P. capitulata, P. 

tegata, and P. prolata forming a large clade (Fig. 1). Additionally, the phylogeny of the subfamily 

Characinae based on genomic-wide data supports this clade (Souza et al., in review; Cap. 1).  

Phenacogaster sp. n., described in the present study, is known from the upper Xingu and upper 

Araguaia river basins of the Brazilian Shield (Fig. 4). Lucena & Malabarba (2010) described two 

species with distribution in the Xingu river basin, P. retropinna from Negro, Madeira, Xingu and 

Araguaia rivers, and P. ojitata restricted to the Rio Curuá, a left tributary of the Xingu river basin.  

Here, molecular and morphological evidence support that Phenacogaster sp. n. represents a distinct 

species from P. retropinna. The mitochondrial data analysis showed a high genetic divergence 

between these two species (0.045±0.009; Tab. 1). Unfortunately, no tissue of P. ojitata were 

available for molecular analyses. However, Phenacogaster sp. n. can be easily distinguished from 

P. ojitata by the presence of incomplete lateral line (vs. complete) and supplemented by larger 

orbital diameter (34- 42.9% HL vs 33-36.9% HL). Furthermore, Phenacogaster sp. n. can be 

distinguished from other Phenacogaster species with incomplete lateral line by presence of humeral 

blotch (vs. absence of humeral blotch in P. carteri); the presence of humeral blotch in males and 

females (vs. absence humeral blotch in males in P. napoatilis and P. capitulata); humeral blotch in 

males and females located near pseudotympanum and distant from dorsal-fin origin (vs. humeral 

blotch in males and females distant from the pseudotympanum and near dorsal-fin origin in P. 

tegata). 

The incomplete lateral line is a character found in four out of 23 valid species of Phenacogaster 

(Lucena & Malabarba, 2010) and independently acquired along the phylogeny (Souza et al., in 
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review; Cap. 1). Incompletely pored lateral line or even absence in many characids are result of loss 

of terminal stages in the developmental sequence (Marinho et al., 2021). Cyphocharax punctatus 

(Vari & Nijssen 1986), C. boiadeiro Melo 2017, and Moenkhausia andrica Reia, Oliveira & Benine 

2021 has an increase of the number of pored scales associated with the ontogenetic development of 

specimens (Vari, 1992; Melo, 2017, Reia et al., 2021). We observed young and adults of 

Phenacogaster sp. n with incomplete lateral line with only five of 39 individuals with discontinuous 

lateral line scale. A comparable pattern of specimens with incomplete and discontinuous lateral line 

scale was not yet reported to species of Phenacogaster, but observed in characids such as 

Hyphessobrycon cachimbensis Travassos, 1964 and Diapoma obi (Casciotta, Almirón, Piálek & 

Rícan, 2012) (Marinho et al., 2021). 

This is the first molecular study of Phenacogaster and although the data cover 56% of the 

described species, the results support the recognition of the new species from the upper Xingu and 

Araguaia basins. Additionally, the study suggests the occurrence of an underestimated diversity in 

the genus and represents an important step to better delimit and recognize the species diversity in 

Phenacogaster. 
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Supplementary information 

 

Supplementary Table 1. List of the all specimens used in species delimitation analyses. 

Museum number Voucher Species Drainage Country Coordinates Genbank number 

LBP 19200 77592, 77593, 77594, 77595, 77596 P. naevata Tocantins River Brazil 11°03'14.3''S 48°34'22.0"W  

LBP 15353 63432 P. naevata Tocantins River Brazil 10°12'43.8"S 40°27'09.3"W  

LBP 9385 43992, 43993, 43994, 43995 P. naevata Guamá River Brazil 01°34'00.5''S 47°09'51.4''W  

LBP 10487 49188, 49190 P. franciscoensis São Francisco River Brazil 17°14'32.3'S 46°28'03.8''W  

MZUSP 114504 002712 P. franciscoensis Grande River Brazil 12°17'57.7"S 45°00'56.8"W  

LBP 5582 27299, 27300, 27301, 27303 P. franciscoensis Parnaíba River Brazil 09°09'51''S 45°51'15''W  

LBP 1507 11610, 11611, 11612 P. eurytaenia Araguaia River Brazil 15°52'40.4'' 52°18'15.5''W  

LBP 17173 68679, 68680, 68681 P. eurytaenia Tocantins River Brazil 14°58'37.4''S 48°40'42.1''W  

LBP 25604 93885, 93886, 93887 P. eurytaenia Tocantins River Brazil 12°37'27.9"S 48°02'43.5"W  

LBP 15966 66140, 66141 P. retropinna Xingu River Brazil 13°29'41.8"S 53°04'57.7"W  

LBP 15676 64461, 64462, 64463, 64464 P. retropinna Xingu River Brazil 13°09'13.6"S 51°55'18.7"W  

LBP 25926 96687, 96688 P. retropinna Xingu River Brazil 13°50'50.8''S 53°15'40.2''W  

LBP 16691 67828 P. retropinna Xingu River Brazil 03°24'19.8''S 52°05'48.0''W  

LBP 16670 67771, 67772, 67773, 67774, 67775 P. retropinna Xingu River Brazil 03°30'14.3''S 52°02'19.9''W  

LBP 18683 52577, 52578, 52579, 52580,18683 P. maculoblonga Orinoco River Colômbia 3°16'17.4"N 73°36'47.0"W  

LBP 15734 64637 Phenacogaster sp. n Xingu River Brazil 12°53'04.3"S 52°02'00.3"W  

LBP 25217 94032 Phenacogaster sp. n Xingu River Brazil 08°39'06.9''S 55°02'09.1''W  

LBP 15807 64848, 64849 Phenacogaster sp. n Xingu River Brazil 12°33'20.5"S 52°16'16.1"W  

LBP 15676 156763 Phenacogaster sp. n Xingu River Brazil 13°09'13.6"S 51°55'18.7"W  

LBP 5612 27352, 27354, 27355 P. calverti Parnaiba River Brazil 7°30'55.0"S 46°04'53.0"W  

LBP 20843 81396, 81397, 81398, 81399, 81400 P. aff. retropinna Arinos River Brazil 13°48'04.8"S 56°01'37.5"W  

LBP 16035 66285, 66286, 66287, 66288, 66289 P.aff.  retropinna Xingu River Brazil 14°25'33.8"S 54°00'56.6"W  

MHNG 2759.079 GBOL1178, GBOL1179 P. wayana Litany River French Guiana 2°56'16.7"N 54°10'20.6"W MZ051714, MZ051920 

LBP 6931 33310, 33311, 33312, 33313, 33314 P. prolata Negro River Brazil 0°04'66.5"N 66°48'54.6"W  

ROM uncat 16180 P. microstictus Essequibo River Guyana 2°09'33.5"N 59°17'33.5"W  
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Museum number Voucher Species Drainage Country Coordinates Genbank number 

LBP 22680 85472, 85473, 85474 P. pectinata Amazon River Brazil 4°12'02.7"S 69°55'35.3"W  

LBP 22418 86779, 86780 P. pectinata Amazon River Colômbia 4°07'33.8"S 70°00'28.9"W  

LBP 12406 53617, 53619 P. pectinata Amazon River Peru 4°09'04.2"S 73°28'25.7"W  

LBP 17802 72077, 72078, 72080 P. capitulata Ucayali River Peru 8°35'44.2"S 74°48'04.3"W  

LBP 5795 28227 P. tegata Aricá-Mirim River Brazil 15°44'03.6"S 55°52'48.7"W  

LBP 10785 49882, 49883 P. tegata Paraguay River Brazil 18°25'24.4"S 54°50'05.9"W  

LBP 7606 36274, 36275 P. tegata Paraguay River Brazil 16°11'39.5"S 55°48'25.1"W  

LBP 7641 36057, 36059 P. tegata Paraguay River Brazil 15°46'03.8"S 55°30'44.5"W  

LBP 14095 59022, 59024, 59026 P. aff. suborbitalis Tapajós River Brazil 4°55'58.8"S 56°51'51.6"W  

LBP 16865 69319, 69320, 69321, 69322, P. beni Acre River Brazil 10°04'44.3"S 67°32'33.9"W  

LBP 12024 51284, 51285, 51286, 51287, 51288 P. aff. beni Madeira River Brazil 7°56'06.6"S 63°27'21.2"W  

LBP 5376 27022 T. carvalhoi Jari River Brazil 0°33'51.0"S 52°34'45.0"W HM070393.1 
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Supplementary Fig. 1. NJ tree of species of Phenacogaster, based on the COI gene.  
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Supplementary Fig. 2. ABGD dataset reporting the number of groups delimitated to 

Phenacogaster. 
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Supplementary Fig. 3. Bayesian Poisson Tree Processes (bPTP) delimitation of species 

of Phenacogaster. 
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Molecular species delimitation of the Cynopotamini genera Acestrocephalus, 

Cynopotamus, and Galeocharax (Teleostei: Characidae: Characinae) 
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Abstract 

 

Molecular investigations using DNA barcoding have improved our knowledge of the Neotropical 

ichthyofauna. Here we analyzed 46 cytochrome c oxidase subunit I partial sequence representing of 

12 species of Cynopotamini (37% Acestrocephalus, 50% Cynopotamus and 100% Galeocharax) 

and used species delimitation methods to test the morphological hypotheses of the species limits 

and the presence of multiple biological units. The analyses identified different numbers of genetic 

lineages (ABGD = 18 lineages and bPTP = 10 lineages) and both methods indicated potential 

candidate species to genus Galeocharax.  

 

Keywords: Fish, Diversity, Systematics, DNA barcode, COI 

 

1. Introduction 

 

The characiform Characinae comprises 85 valid species in eight genera broadly distributed 

throughout river basins of the Neotropical region (sensu Mattox & Toledo-Piza, 2012). Species of 

the subfamily are easily recognized by their deep anterior bodies with a characteristic gibbosity, 
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except Phenacogaster and Acestrocephalus (Lucena & Menezes, 2003), and by the presence of 

superficial neuromasts over the head (Mattox et al., 2017). The subfamily is monophyletic and 

arranged in three tribes: 1) Characini with Charax Scopoli, 1977 and Roeboides Günther, 1864; 2) 

Cynopotamini with Acanthocharax Eigenmann, 1912, Acestrocephalus Eigenmann, 1910, 

Cynopotamus Valenciennes in Cuvier & Valenciennes, 1850, and Galeocharax Fowler, 1910; 3) 

Phenacogasterini with Phenacogaster Eigenmann, 1907 (sensu Mattox & Toledo-Piza, 2012). More 

recently, based in phylogenomic data, Souza et al. (in review; Cap. 1) proposed a new tribe, 

Acanthocharacini, to allocated Acanthocharax. 

Cynopotamini is supported by eight non-ambiguous synapomorphies, in which the presence of 

spinoid scales is one of the clearest features for the three included genera (Mattox & Toledo-Piza, 

2012). Galeocharax is monophyletic and supported by five synapomorphies (Mattox & Toledo-

Piza, 2012) and externally identified by the presence of scales on the caudal fin, two series of dentary 

teeth, and the lateral expansion of the tubular portion of the nasal bone (Mattox et al., 2017). 

Giovannetti et al. (2017) revised Galeocharax and recognized three valid species: Galeocharax 

humeralis (Valenciennes, 1834) from the Rio Paraguai and the lower Rio Paraná, Galeocharax gulo 

(Cope, 1870) from the Amazon, Orinoco, Oyapock, Araguaia, Tocantins, and upper Paraná river 

basins, and Galeocharax goeldii (Fowler, 1913) from the Rio Madeira basin River basin. The 

authors also proposed G. knerii (Steindachner, 1879) from the upper rio Paraná basin, as a junior 

synonym of G. gulo.  

The second genus is Acestrocephalus, characterized by contralateral series of longitudinal series 

of scales continuous on ventral surface, usually rounded and not forming a keel or gap of scales, the 

ascending process of parasphenoid reaching posterior margin of pterosphenoid, and anterior tip of 

nasal reaching horizontal arm of premaxilla near base of tooth series (Mattox & Toledo-Piza, 2012). 

Acestrocephalus is distributed from northern to central South America and is currently represented 

by eight species: A. acutus Menezes, 2006, A. anomalus (Steindachner, 1880), A. boehlkei Menezes, 
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1977, A. maculosus Menezes, 2006, A. nigrifasciatus Menezes, 2006, A. pallidus Menezes, 2006, 

A. sardina (Fowler, 1913), and A. stigmatus Menezes, 2006. 

The third genus in Cynopotamini is Cynopotamus, characterized externally by a relatively large 

body sizes, one tooth series on dentary, spinous scales and predorsal scales present (Mattox et al., 

2017) and internally by presence an epiphyseal bar with anterior and posterior lamellar expansions 

from frontals, anterior margin of palatine separated by aperture delimiting medial rounded portion 

and straight lateral portion in contact with neurocranium and maxilla, respectively, presence of 

process on lateral margin of ectopterygoid (Mattox Toledo-Piza, 2012). Cynopotamus has 13 

species: C.  amazonum (Günther, 1868), C. argenteus (Valenciennes, 1837), C. atratoensis 

(Eigenmann, 1907), C. bipunctatus Pellegrin, 1909, C. essequibensis Eigenmann, 1912, C. 

gouldingi (Menezes, 1987), C. juruenae Menezes, 1987, C. kincaidi (Schultz, 1950), C. magdalenae 

(Steindachner 1879), C. tocantinensis Menezes, 1987, C. venezuelae (Schultz, 1944), C. xinguano 

Menezes, 2007 distributed in South America.  

 Although the tribe Cynopotamini possesses a high morphological diversity, it has never been 

subject of a molecular investigation aiming to investigate species boundaries. Recent molecular 

investigations in the Neotropical ichthyofauna have found the presence of multiple genetic lineages 

within species and have improved our current knowledge in terms of biological diversity (Pereira et 

al., 2013; Gomes et al., 2015; Díaz et al., 2016; Rossini et al., 2016; Ramirez et al., 2017; Machado 

et al., 2018; Mateussi et al., 2019; Jennings et al., 2019). Here, we generated mitochondrial data for 

12 species of the tribe and used species delimitation analyses to test the morphological hypotheses 

of the species limits for every analyzed species and the presence of multiple biological units.  
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2. Materials and Methods 

 

Taxon sampling 

 

Taxon sampling was represented by 12 valid species of Cynopotamini and were collected or 

obtained from ichthyological collections, and morphologically identified by identification keys 

(Giovannetti et al. 2017; Menezes, 2006, 2007). All fishes were collected following the Brazilian 

laws through SISBIO/MMA permit n. 3,245 and procedures for collection, maintenance and 

analyses followed the international guidelines for animal experiments through CEEAA IBB/UNESP 

protocol n. 304. Voucher specimens were fixed in 95% ethanol or 10% formalin and transferred to 

70% ethanol for permanent storage, and posteriorly deposited in the collection of the Laboratório 

de Biologia e Genética de Peixes, Instituto de Biociências, Universidade Estadual Paulista, 

Botucatu, Brazil (LBP).  

 

DNA Extraction, Amplification and Sequencing 

 

DNA was extracted from muscles, liver or gills, using the extraction method of the Ivanova et al. 

(2006). Partial sequences of the cytochrome c oxidase subunit I (COI) gene were amplified by 

polymerase chain reaction (PCR) with primers FishF1, FishR1 and FishF2, FishR2 (Ward et al., 

2005) or L6252-Asn and H7271-COXI (Melo et al., 2011). PCR amplifications were performed in 

a total volume of 12.5 µl that included 1.25 µl of 10X buffer, 0.25 μl of MgCl2 (50 mM), 0.2 μl 

dNTPs (2 mM), 0.5 μl of each primer (5 mM), 0.1 μl of PHT Taq DNA polymerase (Phoneutria), 

1.0 μl of genomic DNA (200 ng) and 8.7 μl ddH2O. PCR conditions consisted of an initial 

denaturation (5 min at 94°C), followed by 30 cycles of chain denaturation (50s at 94°C), primer 

hybridization (45s at 50-54°C) and nucleotide extension (1 min at 68°C), and the final extension (10 
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min at 68°C). All PCR products were checked on 1% agarose gels and purified with ExoSap-IT 

(USB Corporation) following the manufacturer’s instructions. The purified PCR products were 

submitted to sequencing reactions using BigDye Terminator v 3.1 Cycle Sequencing Ready 

Reaction Kit (Applied Biosystems) and purified again by ethanol precipitation. Products were 

loaded onto an ABI 3130 DNA Analyzer automatic sequencer (Applied Biosystems). 

 

Molecular analysis 

 

Sequences of each forward and reverse strands were assembled using Geneious v7.1.9 (Kearse et 

al., 2012) and contigs were subsequently aligned with Muscle algorithm under default parameters 

(Edgar, 2004). Substitution saturation was evaluated using the method of Xia et al. (2003) in 

DAMBE v5.3.38 (Xia, 2013). Nucleotide variation, substitution patterns and the best-fit model of 

nucleotide evolution were estimated in MEGA v10 (Kumar et al., 2018). The values of genetic 

distance were calculated in MEGA v10 using the TrN+G model (Tamura, 1992), as suggested by 

the best-fit model test in MEGA. Groups were ordered based on preliminary topologies. 

The maximum likelihood (ML) analysis was performed under RAxML HPC-PTHREADS-

SSE3 (Stamatakis, 2006) using five random parsimony trees with the GTR+G model (Stamatakis et 

al., 2008) on 2x 40 CPU 128GB Brycon server at LBP/UNESP. We also estimated a neighbor-

joining tree (NJ) with 1000 bootstrap replicates, using the TrN+G (Tamura, 1992) in MEGA v10 

(Kumar et al., 2018). Two  species delimitation methods were performed in this study: 1) Automatic 

Barcode Gap Discovery analysis (ABGD; Puillandre et al. , 2012) available in the ABGD webserver 

(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) using Kimura (K80; 2.0), evolutionary 

model with X = 1.0, Pmin = 0.001 and Pmax = 0.1; 2) Bayesian Poisson Tree Process (bPTP; Zhang 

et al., 2013) using the best maximum-likelihood (ML) tree, 100,000 generations, and other 

parameters at default in the bPTP webserver (http://species.h-its.org/ptp/). We used DnaSP v5 

https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html
http://species.h-its.org/ptp/


 

  151 
 

(Librado & Rozas, 2009) with two reduced matrices excluding sites with missing data to estimate 

the diversity, number, and distribution of haplotypes. Thereafter, we generated two haplotype 

networks using the median‐joining analysis (Bandelt, Forster, & Röhl, 1999) available in PopART 

1.7 (Leigh & Bryant, 2015): one for Acestrocephalus plus Cynopotamus, and the other for 

Galeocharax. 

 

3. Results 

 

A total of 46 partial sequences of COI were analyzed: Acestrocephalus sardina (2 specimens), A. 

nigrifasciatus (1), A. acutus (1), Galeocharax gulo (12), G. goeldii (2), G. humeralis (8), 

Cynopotamus argenteus (5), C. juruenae (2), C. essequibensis (4), C. xinguano (1), C. gouldingi 

(2), C. goeldii (2). Four additional sequences were used as outgroups: Acanthocharax microlepis 

(1), Phenacogaster calverti (1), P. franciscoensis (1), Tetragonopterus carvalhoi (1) 

(Supplementary table 1). The corresponding number of species for each genus was Acestrocephalus 

(37.5%), Cynopotamus (50%), and Galeocharax (100%). The final matrix had 540 base pairs (bp) 

with a total 182 variable sites. The nucleotide composition was 25.8% adenine (A), 24.8% cytosine 

(C), 16.6% guanine (G) and 32.7% thymine (T). DAMBE indicated no saturation in either 

transitions or transversions in both asymmetrical (Iss.cAsym) and symmetrical (Iss.cSym) 

topologies.  

For our dataset, ML and NJ tree presented the same topology, and ABGD and bPTP delimited 

different numbers of genetic lineages (Figure 1; Supplementary Figs. 1-2-3). ABGD indicated 18 

genetic lineages and revealed three lineages within Galeocharax gulo (G. gulo from Solimões River; 

G. gulo from Araguaia River; G. gulo from Paraná River) (Fig. 1). Differently, bPTP delimited 10 

genetic lineages not differentiating species of Galeocharax and Cynopotamus (Fig. 1). The values 
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of interspecific distances among the lineages of Galeocharax gulo ranged from 0.017±0.005 to 

0.049±0.010 and intraspecific distances ranged from 0 to 0.002±0.001 (Table 1).   

Population genetic analyses for the reduced matrix of Acestrocephalus plus Cynopotamus resulted 

in a total of 10 haplotypes with haplotype diversity (Hd) of 0.9000 and Galeocharax with 13 

haplotypes and Hd = 0.8893.  

 

Figure 1. ML tree of species of Cynopotamus, Acestrocephalus and Galeocharax, based on the COI 

gene (543 pb). Vertical bars at right represent the number of species obtained by the ABGD and 

bPTP analyses. Numbers near nodes represent bootstrap support (Values <50% are not shown). 

Numbers of the specimen are after tip names. 
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Figure 2. Haplotype network analyses showing the distribution of the distinct haplotypes of 

species of Cynopotamus, Acestrocephalus and lineages and species of Galeocharax.  
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Table 1. Genetic distances among species of Acanthocharax, Cynopotamus, Acestrocephalus and Galeocharax. Intraspecific genetic variations are 

highlighted in bold in the last column. Numbers below diagonal are values of interspecific distances and numbers above diagonal are respective 

values of standard deviation. 

 

 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Intraspecific 

genetic 

distances 

1- Acanthocharax microlepis 
 

0.036 0.039 0.040 0.038 0.037 0.034 0.036 0.034 0.037 0.034 0.033 0.035 0.033 0.034 - 

2- Acestrocephalus sardina 0.245 
 

0.014 0.019 0.029 0.021 0.022 0.022 0.023 0.021 0.024 0.025 0.025 0.025 0.028 0.001±0.001 

3- A. nigrifasciatus 0.250 0.088 
 

0.013 0.026 0.020 0.024 0.022 0.022 0.021 0.024 0.023 0.024 0.024 0.028 - 

4- A. acutus 0.274 0.129 0.081 
 

0.026 0.020 0.022 0.023 0.023 0.020 0.022 0.022 0.023 0.022 0.026 - 

5- Cynopotamus argenteus 0.235 0.253 0.218 0.207 
 

0.021 0.020 0.018 0.019 0.020 0.023 0.023 0.022 0.024 0.026 0 

6- C. juruenae 0.238 0.195 0.193 0.181 0.153 
 

0.010 0.011 0.011 0.005 0.022 0.021 0.022 0.021 0.024 - 

7- C. xinguano 0.219 0.203 0.223 0.188 0.144 0.051 
 

0.007 0.008 0.009 0.022 0.021 0.022 0.021 0.025 - 

8- C. goeldii 0.232 0.211 0.215 0.195 0.126 0.055 0.027 
 

0.007 0.010 0.023 0.022 0.022 0.021 0.025 0 

9- C. gouldingi 0.219 0.211 0.215 0.188 0.138 0.058 0.034 0.025 
 

0.010 0.024 0.023 0.023 0.022 0.027 - 

10- C. essequibensis 0.240 0.196 0.196 0.177 0.151 0.013 0.043 0.049 0.051 
 

0.022 0.021 0.021 0.021 0.023 - 

11- Galeocharax goeldii 0.225 0.213 0.201 0.187 0.196 0.189 0.190 0.193 0.201 0.183 
 

0.008 0.005 0.007 0.011 0.001±0.001 

12- G. humeralis 0.210 0.216 0.193 0.180 0.186 0.173 0.176 0.180 0.187 0.174 0.033 
 

0.007 0.005 0.011 0.004±0.004 

13- G. gulo - Solimões River 0.224 0.226 0.203 0.189 0.185 0.184 0.184 0.187 0.194 0.178 0.018 0.025 
 

0.005 0.010 0.002±0.001 

14- G. gulo - Paraná River 0.211 0.219 0.199 0.179 0.195 0.176 0.169 0.173 0.178 0.170 0.025 0.016 0.017 
 

0.010 0.001±0.001 

15- G. gulo - Araguaia River 0.210 0.248 0.238 0.223 0.221 0.189 0.207 0.210 0.207 0.183 0.054 0.063 0.050 0.049 
 

- 
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The haplotype distribution of the matrix with Acestrocephalus and Cynopotamus was: one 

haplotype for A. nigrifasciatus, A. acutus, C. argenteus, C. juruenae, C. essequibensis C. xinguano 

and two haplotypes for A. sardina and C. gouldingi (Fig. 2). The matrix of Galeocharax has one 

haplotype for Cynopotamus xinguano (outgroup) and 12 haplotypes for Galeocharax. G. gulo from 

Araguaia River presented one haplotype, G. gulo from Paraná River, G. humeralis and G. goeldii 

presented two haplotypes each, and G. gulo from Solimões River presented five haplotypes (Fig. 

2). Analyses indicated lack of haplotype sharing among lineages of Galeocharax gulo. 

 

4. Discussion 

 

The present study provides the first molecular data for species identification and delimitation of 12 

species for the Cynopotamini genera Acestrocephalus, Cynopotamus, and Galeocharax. The ABGD 

and bPTP presented distinct results for the numbers of lineages/species (Fig. 1). However, the ML, 

NJ and ABGD results identified the presence of three genetic lineages within the widely distributed 

Galeocharax gulo. The only interspecific genetic divergence values lower than 2% was between G. 

gulo from the Paraná river and G. gulo from the Solimões river (0.017±0.005) and between G. gulo 

from the Paraná and G. humeralis from Paraguai and Uruguay basins (0.016±0.005). In addition, 

we did not find shared haplotypes among species of Galeocharax or among lineages of Galeocharax 

gulo, suggesting a strong genetic structure for each species and lineages.  

Giovanetti et al. (2017) examined morphological data for a high number of specimens of 

Galeocharax from the Amazonas, Tocantins, and Upper Paraná River basins. Their results revealed 

overlaps in the diagnostic characters of both G. gulo and G. knerii (deeper body and presence of 

fewer teeth on the posterior row of the dentary (Menezes, 1976)), and all the meristic and 

morphometric characters. The authors proposed G. knerii from the Upper Paraná River basin as a 

junior synonym of G. gulo from the Amazon River basin. However, Mattox & Toledo-Piza (2012) 
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found differences in myological characters, in which specimens from the upper Upper Paraná basin 

had the posterior margin of the adductor operculi at the same vertical line than the levator operculi, 

while the Galeocharax from the Amazonas River basin had the posterior margin of the levator 

operculi extending posteriorly through the margin of the adductor operculi. Although Mattox & 

Toledo-Piza (2012) analyzed fewer specimens, this would indicate a clear morphological diagnosis 

for G. knerii. Recently, our phylogenomic reconstruction of the entire subfamily Characinae (Souza 

et al. in review; Cap.1) supported the monophyly of three lineages of G. gulo (G. gulo Araguaia 

River, G. gulo Paraná River, and G. gulo Amazon River). The molecular results found here and the 

phylogenomic analysis (Souza et al. in review) allied to previous morphological data (Menezes 

1976; Mattox & Toledo-Piza 2012) does not support the proposal of synonymy of G. knerii for the 

Paraná River.  

The lineage of Galeocharax from the Araguaia River showed the higher interspecific distances 

among the lineages from Paraná River and Solimões River (>4%). Giovanetti et al. (2017) did not 

examine samples from the Araguaia River but from Tocantins basin and found a tendency towards 

lower values in the number of branched anal-fin rays and total number of vertebrae when compared 

to specimens from the remainder of the geographic distribution of the species. Because the Araguaia 

basin has been recognized as an area with high endemicity of freshwater fishes (Albert & Reis 2011; 

Lima & Moreira, 2003; Britski and Lima 2008; Hrbek et al., 2014; Antonetti et al., 2018), further 

research with additional morphological and molecular data is encouraged to test the hypothesis that 

this lineage represents an undescribed species. 

Additionally, some questions still remain to be explored because of the gap in our taxon 

sampling for the Tocantins, Xingu and Orinoco basins. Besides that, considering that Taphorn 

(1992: 185) suggested that specimens of Galeocharax from the Apure River, Venezuela, could 

represent an undescribed species and the recent taxonomic revisions of Acestrocephalus and 
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Cynopotamus (Menezes, 2006, 2007) resulted in the descriptions of various new species, the 

diversity of Galeocharax is possibly underestimated. 

In Acestrocephalus and Cynopotamus, we did not find genetically distinct lineages. The overall 

genetic divergence among species of Acestrocephalus (8.1% - 12.9%) and Cynopotamus (2.5% - 

15.3%) is higher than in Galeocharax (1.7% - 4.9%) indicating an ancient diversification of 

Acestrocephalus and Cynopotamus, and a recent diversification of Galeocharax. It is notorious that 

different groups have different evolutionary rates (Krieger & Fuerst 2002) and the lower 

interspecific genetic divergence observed among some Neotropical fishes could be related to recent 

high levels of diversification (Hubert et al., 2007; Carvalho et al., 2011; Pereira et al., 2011, 2013; 

Ramirez & Galetti, 2015; Ramirez et al., 2017; Shimabukuro-Dias et al., 2017).  

Our analyses were performed with 37.5% of the species of Acestrocephalus, 50% of 

Cynopotamus, and 100% of Galeocharax, which represent the first array of data to permit the 

molecular identification of many species of these three genera. Additionally, this study is the first 

to provide barcode sequences to identify the rare Acanthocharax microlepis (used as outgroup). The 

lack of available material for genetic studies and limitations to collect Cynopotamini species are 

challenges for future studies. Despite these limitations, this is the most complete molecular study 

for Cynopotamini and results contribute to a precise species identification that are fundamental for 

conservation purposes. 
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Supplementary information 

 

Supplementary table 1. List of the all specimens used in species delimitation analyses. 10 

sequences were obtained from Genbank (KU288813, KU288844, KU288839, KU288920, KU288999, KU288840, KU288918, 

KU288857, KU288921, HM070393). 

 

Genus Species Drainage Country Voucher Tissue number  Museum number GenBank n. 

Acanthocharax A. microlepis Kurupung River Guiana T20425 20425 ROM 
 

Acestrocephalus A. acutus Tocantins River Brazil 96197 96197 LPB 25321 
 

Acestrocephalus A. sardina Sipapo River Venezuela T09194 T09194 ROM 
 

Acestrocephalus A. sardina Negro River Brazil 70161 70161 17833 
 

Acestrocephalus A. nigrifasciatus Jamanxim River Brazil MUZUSP003344 3344 97469 
 

Cynopotamus C. argenteus Paraná River Argentina LAR066 LAR066 MAG ICT 0066 KU288813 

Cynopotamus C. argenteus Paraná River Argentina LAR104 LAR104 
 

KU288844 

Cynopotamus C. argenteus Paraná River Argentina LAR097 LAR097 
 

KU288839 

Cynopotamus C. argenteus Paraná River Argentina LAR219 LAR219 MAG ICT 0208 KU288920 

Cynopotamus C. argenteus Paraná River Argentina LAR321 LAR321 MG-ZV-P-00211 KU288999 

Cynopotamus C. gouldingi Madeira River Brazil UFRO-ICT 017897 8193 UFRO 
 

Cynopotamus C. gouldingi Madeira River Brazil 8099 UFRO 8099 UFRO 
 

Cynopotamus C. goeldii Madeira River Brazil UFRO 11471 UFRO 
 

Cynopotamus C. goeldii Madeira River Brazil UFRO-ICT 023656 11470 UFRO 
 

Cynopotamus C. xinguano Xingu River Brazil 96753 96753 LBP 25967 
 

Cynopotamus C. juruenae Teles Pires River Brazil MUZUSP003991 95880 95880 
 

Cynopotamus C. juruenae Teles Pires River Brazil MUZUSP004013 95910 95910 
 

Cynopotamus C. essequibensis Essequibo River Guyana T15904 T15904 ROM 
 

Cynopotamus C. essequibensis Essequibo River Guyana T21611 T21611 ROM 
 

Cynopotamus C. essequibensis Branco River Brazil 38067 38067 LBP 8158 
 

Cynopotamus C. essequibensis Essequibo River Guyana T15903 T15903 ROM 
 

Galeocharax G. humeralis Paraguai River Brazil 55987 55987 LBP 13453 
 

Galeocharax G. humeralis Uruguai River Brazil LAR098 LAR098 
 

KU288840 

Galeocharax G. humeralis Uruguai River Brazil LAR217 LAR217 MAG ICT 0206 KU288918 

Galeocharax G. humeralis Uruguai River Brazil LAR119 LAR119 
 

KU288857 

Galeocharax G. humeralis Uruguai River Brazil LAR221 LAR221 MAG ICT 0210 KU288921 

Galeocharax G. humeralis Paraguai River Brazil 56099 56099 LBP 13483 
 

Galeocharax G. humeralis Paraguai River Brazil 56100 56100 LBP 13483 
 

Galeocharax G. humeralis Paraguai River Brazil 56861 56861 LBP 13694 
 

Galeocharax G. gulo Parana River Brazil 20164 20164 LBP 3496 
 

Galeocharax G. gulo Parana River Brazil 96994 1 LBP 28889 
 

Galeocharax G. gulo Parana River Brazil 96695 2 LBP 28889 
 

Galeocharax G. gulo Parana River Brazil 96996 3 LBP 28889 
 

Galeocharax G. gulo Parana River Brazil 3923 3923 LBP 76 
 

Galeocharax G. goeldii Madeira River Brazil UFRO-ICT 013389 6666 UFRO 
 



 

  164 
 

Genus Species Drainage Country Voucher Tissue number  Museum number GenBank n. 

Galeocharax G. goeldii Madeira River Brazil UFRO-ICT 006854 6810 UFRO 
 

Galeocharax G. gulo Solimões River Brazil INPA P 32932 INPA 
 

Galeocharax G. gulo Solimões River Brazil INPA P 32933 INPA 
 

Galeocharax G. gulo Solimões River Brazil INPA-ICT 055530 P 32295 INPA 
 

Galeocharax G. gulo Solimões River Brazil   INPA P 32934 INPA 
 

Galeocharax G. gulo Solimões River Brazil 17129 17129 LBP 2556 
 

Galeocharax G. gulo Solimões River Brazil 17130 17130 LBP 2556 
 

Galeocharax G. gulo Araguaia River Brazil 16224 16224 LBP 2391 
 

Phenacogaster P. franciscoensis Parnaíba River Brazil 49190 49190 LBP 10487 
 

Phenacogaster P. calverti Parnaiba River Brazil 27355 27355 LBP 5612 
 

Tetragonopterus T. carvalhoi Jari River Brazil 27022 27022 LBP 5376 HM070393 
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Supplementary Fig. 1. NJ tree of species of Acestrocephalus, Cynopotamus and Galeocharax, 

based on the COI gene (543 pb). Values < 50% are not shown.  
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Supplementary Fig. 2. Automatic partition of the dataset reporting the number of groups inside 

the initial and recursive partitions. 
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Supplementary Fig. 3. Bayesian Poisson Tree Processes (bPTP) delimitation tests of species 

using the maximum likelihood tree. 
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Characinae) 

 

 

 

 

 

 



 

  169 
 

Molecular identification of species of the tribe Characini (Teleostei: Characidae: Characinae)  
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Departamento de Biologia Estrutural e Funcional, Instituto de Biociências, Universidade Estadual 

Paulista, R. Prof. Dr. Antônio C. W. Zanin 250, 18618-689 Botucatu SP, Brazil 

 

Abstract 

 

DNA barcoding has successfully been used in fish species identification and improved our 

knowledge of the Neotropical ichthyofauna. Characini comprised species of Charax and Roeboides 

distributed by neotropical region. Here we assessed 65% of valid species of these genera using a 

DNA barcode approach to generate a reference library and evaluate the species diversity in Charax 

and Roeboides. The results of ABGD and bPTP, in general, were congruent with the morphological 

identification but delimited two genetic lineages for each of the following species: C. leticiae, C. 

tectifer, and R. affinis, revealing a previously unknown genetic diversity. The molecular findings 

can be used along with morphological traits to better understand each species. Additionally, 

considering the biological importance of these species, precise species identification is quite 

desirable and fundamental for the conservation of the whole biodiversity. 

 

Keywords: Fish, Diversity, Systematics, DNA barcode, COI 
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1. Introduction 

 

Within the characid subfamily Characinae, the tribe Characini contains species of Charax Scopoli, 

1777 and Roeboides Günther, 1864. This tribe is monophyletic and supported by five 

synapomorphies with one exclusive: anterior tip of pelvic bone located anterior to vertical through 

posterior margin of cleithrum (Mattox & Toledo-Piza, 2012). Currently, Charax is represented by 

17 valid species widely distributed in the East-Andean rivers of South America, whereas Roeboides 

is represented by 21 valid species distributed in rivers of the South and Central America in both 

sides of the Andes (sensu Mattox et al., 2018; Fricke et al., 2022). These two genera contain small 

to medium-sized species (maximum size about 130 mm SL in Charax and 190 mm SL in Roeboides) 

with deep bodies. Charax is generally carnivorous while species of Roeboides are lepidophagous 

with morphological specializations such as presence of external mammiliform teeth (Sazima & 

Machado, 1983; Sazima, 1983; Lucena, 2007; Menezes & Lucena, 2014).  

Charax is diagnosed by dorsal extension of section A1 of adductor mandibulae along preopercle 

restricted to horizontal arm of preopercle, absence of rhinosphenoid, absence of anterodorsal branch 

of laterosensory canal on infraorbital 6, presence of large notch and projection on posteroventral 

margin of cleithrum (Mattox & Toledo-Piza, 2012). All the systematic studies of Charax are based 

on morphological data (e.g., Eigenmann, 1912, 1922; Géry & Knöppel 1976; Lucena 1987, 1989; 

Menezes & Lucena, 2014; Guimarães et al., 2018). The last studies provided more extensive 

geographic distribution for various species, including the description of C. delimai from Rio Negro, 

the synonymization of C. unimaculatus in C. michaeli (Menezes & Lucena, 2014) and the 

description of C. awa, the first species from coastal river basins of northeastern Brazil (Guimarães 

et al., 2018).  

Roeboides is diagnosed by six synapomorphies, three of which are related to the arrangement 

of mamilliform teeth on premaxilla and dentary (Lucena, 1998). Based on osteological 
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synapomorphies especially those related to jaws as well as meristic traits, the species of Roeboides 

are organized in four groups: the R. dispar group (R. dispar  Lucena, 2001), the R. guatemalensis 

group (R. guatemalensis (Günther, 1864); R. dayi (Steindachner, 1878); R. occidentalis Meek & 

Hildebrand, 1916; R. bouchellei Fowler, 1923; R. dientonito Schultz, 1944; R. ilsea Bussing, 1986; 

R. carti Lucena, 2000), the R. microlepis group (R. microlepis (Reinhardt, 1851);  R. myersii Gill, 

1870; R. araguaito Lucena, 2003; R. margaretae Lucena, 2003), and the R. affinis group (R. 

xenodon (Reinhardt, 1851); R. affinis (Günther, 1868); R. biserialis (Garman, 1890); R. 

descalvadensis Fowler, 1932; R. numerous Lucena, 2000; R. oligistos Lucena, 2000; R. sazimai 

Lucena, 2007) (Lucena, 1998, 2000, 2003, 2007, 2011). Based on a preliminary molecular analysis 

and morphological features, Bussing (1998) provided evidence of an undescribed species of 

Roeboides from Costa Rica and Panama. Later on, Matamoros et al. (2013) described R. bussingi, 

the last and more recent description of a species of Roeboides.  

The diversity of Charax and Roeboides had little effort in the last decade and molecular studies 

are not available. Biological identification through molecular tools has been successfully used to 

recognize the Neotropical freshwater fish fauna and flagging new species (e.g., Mattox et al., 2020; 

Ochoa et al., 2020; García-Melo et al., 2019; Machado et al., 2018; Mateussi et al., 2017, 2019; 

Melo et al., 2016; Pereira et al., 2013). Moreover, the geographical distribution of Charax and 

Roeboides is highly complex, with some species occurring in restricted basins (e.g. Roeboides 

xenodon,  Roeboides numerosus, Charax condei (Géry & Knöppel, 1976), Charax metae 

Eigenmann, 1922)), and others having broad distributions occurring even in multiple hydrographic 

basins (e.g. Roeboides affinis, Roeboides descalvadensis, and C. leticiae Lucena, 1987). 

Currently, 38 valid species are reported for Characini and probably this diversity is 

underestimated. In addition, only 34.2% of barcode sequences have been generated from described 

species. In this context, we used DNA barcoding and species delimitation methods for 172 
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specimens of Characini (65% of valid species) aiming to evaluate the species diversity in Charax 

and Roeboides. 

 

2. Materials and Methods 

 

Taxon sampling 

 

Fishes representing nominal species of Charax and Roeboides were collected or obtained from 

ichthyological collections, and morphologically identified with the help of identification keys 

(Menezes & Lucena, 2014, Lucena, 2003, 2007). All fishes were collected following the Brazilian 

laws through SISBIO/MMA permit n. 3,245 and procedures for collection, maintenance and 

analyses followed the international guidelines for animal experiments through CEEAA IBB/UNESP 

protocol n. 304. Voucher specimens were fixed in 95% ethanol or 10% formalin and transferred to 

70% ethanol for permanent storage, and posteriorly deposited in the collection of the Laboratório 

de Biologia e Genética de Peixes, Instituto de Biociências, Universidade Estadual Paulista, 

Botucatu, São Paulo, Brazil (LBP). We used a total of 172 specimens representing 8 species of 

Charax and 17 species of Roeboides. One species of Tetragonopterus and two species of 

Phenacogaster were used as outgroup based on previous phylogenies (Oliveira et al., 2011; Melo 

et al., 2021). Thirteen out of 172 sequences were obtained from GenBank (Supplementary Table 1).  

 

DNA Extraction, amplification and sequencing 

 

DNA was extracted from samples of muscle, liver or gills, using the extraction method of the 

Ivanova et al. (2006). Partial sequences of the cytochrome c oxidase subunit I (COI) gene were 

amplified by polymerase chain reaction (PCR) with primers FishF1, FishR1 and FishF2, FishR2 
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(Ward et al., 2005) or L6252-Asn and H7271-COXI (Melo et al., 2011). PCR amplifications were 

performed in a total volume of 12.5 µl that included 1.25 µl of 10X buffer, 0.25 μl of MgCl2 (50 

mM), 0.2 μl dNTPs (2 mM), 0.5 μl of each primer (5 mM), 0.1 μl of PHT Taq DNA polymerase 

(Phoneutria), 1.0 μl of genomic DNA (200 ng) and 8.7 μl ddH2O. PCR conditions consisted of an 

initial denaturation (5 min at 94°C), followed by 30 cycles of chain denaturation (50s at 94°C), 

primer hybridization (45s at 50-54°C) and nucleotide extension (1 min at 68°C), and a final 

extension (10 min at 68°C). All PCR products were checked on 1% agarose gels and then purified 

with ExoSap-IT (USB Corporation) following the manufacturer’s instructions. The purified PCR 

products were submitted to sequencing reactions using BigDye Terminator v 3.1 Cycle Sequencing 

Ready Reaction Kit (Applied Biosystems) and purified again by ethanol precipitation. Products 

were loaded onto an ABI 3130 DNA Analyzer automatic sequencer (Applied Biosystems). 

 

Data analysis 

 

Sequences were assembled using Geneious v7.1.9 (Kearse et al., 2012) and subsequently aligned 

with Muscle (Edgar, 2004) under default parameters. To evaluate the occurrence of substitution 

saturation, was used the method of Xia et al. (2003) in DAMBE v5.3.38 (Xia, 2013). Nucleotide 

variation, substitution patterns and the best-fit model of nucleotide evolution were estimated in 

MEGA v10 (Kumar et al., 2018). Charax and Roeboides data were independently analyzed. 

The maximum-likelihood (ML) tree was obtained using a random starting tree with GTRCAT model 

(Stamatakis et al., 2008) through RAxML HPC2 on XSEDE v8.2.12 (Stamatakis, 2014) as 

implemented on the CIPRES webserver (Miller et al., 2010). All other parameters were left at 

default. 

Two distinct species delimitation methods were performed: 1) Automatic Barcode Gap 

Discovery analysis (ABGD; Puillandre et al., 2012) available in the ABGD webserver 



 

  174 
 

(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) using Kimura (K80; 2.0)  evolutionary 

model with X = 1.0, Pmin = 0.001 and Pmax = 0.1; 2) Poisson Tree Process (PTP; Zhang et al., 

2013) using the best maximum-likelihood (ML) tree, 100,000 generations, and other parameters at 

default in the bPTP webserver (http://species.h-its.org/ptp/). We used DnaSP v5 (Librado & Rozas, 

2009) with two reduced matrices excluding sites with missing data to estimate the haplotype 

diversity, haplotype number, and haplotype distribution. Thereafter, we generated haplotype 

networks using the median-joining analysis (Bandelt, Forster, & Röhl, 1999) available in PopART 

1.7 (Leigh & Bryant, 2015). The values of genetic distance were calculated in MEGA v10 using the 

Tamura 3-parameter model (Tamura, 1992) in MEGA. Groups were ordered based on ABGD and 

bPTP results, except for R. biserialis that was based on the ML tree and the morphological 

identification. 

 

3. Results 

 

Barcode sequences were obtained for 172 specimens representing 8 out of 17 species of Charax, 17 

out of 21 species of Roeboides and three species of outgroup (1- Phenacogaster franciscoensis. 1- 

P. calverti. 1- Tetragonopterus carvalhoi). The matrix of Charax had 42 sequences with 513 pb 

(253 variable sites) and nucleotide composition of 24.3%(A), 26.9%(C), 17.6%(G), and 31.2%(T). 

The matrix of Roeboides had 133 sequences with 513 pb (212 variable sites) and nucleotide 

composition of 24.1%(A), 26.4%(C), 18.4%(G), and 31.1%(T). DAMBE indicated no saturation in 

either transitions or transversions in both asymmetrical (Iss.cAsym) and symmetrical (Iss.cSym) 

topologies. ABGD and bPTP did not discriminate some species, such as except ABGD (C. 

pauciradiatus and C. niger), (R. biserialis and R. descalvadensis), (R. myersii, R. microlepis and R. 

margaretae) and (R. ilseae and R. bouchellei) (Fig. 1-2).  

https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html
http://species.h-its.org/ptp/
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Figure 1. a) Haplotype network analyses showing the distribution of the distinct haplotypes of 

species and lineages of Charax. b) ML tree of species of Charax based on the COI gene (513 pb). 

Vertical bars at right represent the number of species obtained by the ABGD and bPTP analyses. 

Numbers near nodes represent bootstrap support. Numbers of the specimen are after tip names. 
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Figure 2. a) Haplotype network analyses 

showing the distribution of the distinct 

haplotypes of species and lineages of 

Roeboides. b) ML tree of species of Roeboides 

based on the COI gene (513 pb). Vertical bars at 

right represent the number of species obtained 

by the ABGD and bPTP analyses. Numbers near 

nodes represent bootstrap support. Numbers of 

the specimen are after tip names.  
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However, ABGD and bPTP delimited two genetic lineages for each of the following species: C. leticiae, C. tectifer, and R. affinis (Figures 1–2; 

Supplementary Figs. 1-4). The value of interspecific genetic distance between the two lineages of C. leticiae was 0.083 ± 0.021 (Araguaia and 

Paraguay basins), between the lineages of C. tectifer was 0.047 ± 0.010 (Aguarico and Ucayali rivers) and between the lineages of R. affinis was 

0.040 ± 0.009 (Tocantins/Araguaia and Amazon basins) (Tables 1-2).  

 

Table 1. Pairwise K2P genetic distances among species of Charax. Intraspecific genetic distances are highlighted in bold in the last column. 

Numbers below diagonal are values of interspecific distances and numbers above diagonal are respective values of standard deviation. 

 

 1 2 3 4 5 6 7 8 9 10 

Intraspecific genetic 

variations 

1- C. condei  0.026 0.027 0.024 0.024 0.025 0.023 0.027 0.022 0.024 0.005±0.002 

2- C. stenopterus 0.195  0.023 0.022 0.023 0.022 0.022 0.022 0.025 0.023 0.005±0.002 

3- C. metae 0.177 0.139  0.024 0.025 0.024 0.021 0.022 0.010 0.010 - 

4- C. gibbosus 0.179 0.164 0.141  0.018 0.018 0.019 0.020 0.022 0.023 0.004±0.002 

5- C. niger 0.166 0.157 0.143 0.112  0.006 0.013 0.014 0.023 0.022 0 

6- C. pauciradiatus 0.172 0.154 0.143 0.114 0.019  0.012 0.013 0.023 0.022 0.002±0.001 

7- C. leticiae Paraguay 0.158 0.153 0.129 0.123 0.066 0.059  0.015 0.022 0.021 0 

8- C. leticiae Araguaia 0.183 0.144 0.130 0.120 0.073 0.068 0.083  0.022 0.021 0 

9- C. tectifer Aguarico 0.152 0.174 0.041 0.152 0.154 0.155 0.144 0.138  0.010 0.004±0.003 

10- C. tectifer Ucayali 0.168 0.153 0.042 0.162 0.143 0.144 0.141 0.134 0.047  0 
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Table 3. Pairwise K2P genetic distances among species of Roeboides. Intraspecific genetic distances are highlighted in bold in the last column.    Numbers 

below diagonal are values of interspecific distances and numbers above diagonal are respective values of standard deviation. 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Intraspecific 

genetic 

distances 

1- R. dientonito  0.015 0.017 0.015 0.015 0.014 0.016 0.016 0.029 0.028 0.029 0.028 0.027 0.025 0.026 0.026 0.025 0.023 0.026 0.006±0.002 

2- R. dayi 0.087  0.012 0.012 0.014 0.014 0.013 0.012 0.029 0.026 0.026 0.025 0.025 0.026 0.030 0.030 0.026 0.024 0.028 0 

3- R. ilseae 0.099 0.058  0.006 0.013 0.012 0.012 0.013 0.033 0.028 0.026 0.027 0.029 0.026 0.032 0.032 0.030 0.026 0.031 0 

4- R. bouchellei 0.085 0.057 0.018  0.010 0.010 0.011 0.013 0.030 0.027 0.025 0.026 0.030 0.026 0.032 0.032 0.030 0.026 0.030 0.002±0.002 

5- R. loftini 0.087 0.070 0.066 0.048  0.008 0.010 0.011 0.029 0.029 0.027 0.028 0.027 0.024 0.030 0.030 0.026 0.025 0.027 0 

6- R. guatemalensis 0.077 0.067 0.061 0.049 0.029  0.011 0.012 0.029 0.030 0.029 0.030 0.028 0.023 0.030 0.030 0.028 0.025 0.026 0 

7- R. occidentalis 0.088 0.060 0.052 0.049 0.047 0.047  0.011 0.032 0.027 0.025 0.026 0.027 0.026 0.032 0.032 0.029 0.026 0.031 0 

8- R. carti 0.094 0.057 0.067 0.063 0.057 0.058 0.048  0.033 0.032 0.031 0.030 0.028 0.029 0.029 0.029 0.026 0.027 0.030 0.002±0.002 

9- R. dispar 0.215 0.213 0.232 0.216 0.216 0.215 0.227 0.239  0.025 0.026 0.025 0.027 0.023 0.024 0.024 0.023 0.020 0.022 0.002±0.002 

10- R. microlepis 0.204 0.182 0.202 0.196 0.211 0.220 0.198 0.234 0.175  0.006 0.005 0.019 0.019 0.023 0.023 0.023 0.019 0.021 0 

11- R. margareteae 0.206 0.172 0.183 0.176 0.191 0.207 0.179 0.214 0.183 0.019  0.004 0.020 0.019 0.024 0.024 0.023 0.019 0.021 0.002±0.002 

12- R. myersii 0.210 0.174 0.194 0.188 0.202 0.218 0.189 0.224 0.177 0.013 0.012  0.019 0.018 0.023 0.022 0.022 0.018 0.019 0.003±0.002 

13- R. numerosus 0.193 0.175 0.197 0.205 0.197 0.198 0.195 0.207 0.196 0.122 0.127 0.122  0.015 0.018 0.018 0.016 0.017 0.016 - 

14- R. xenodon 0.183 0.180 0.187 0.188 0.178 0.172 0.187 0.218 0.166 0.120 0.120 0.116 0.092  0.017 0.017 0.015 0.015 0.013 0.001±0.001 

15- R. biserialis 0.187 0.213 0.225 0.224 0.215 0.219 0.225 0.213 0.169 0.153 0.158 0.154 0.104 0.103  0.002 0.013 0.013 0.012 0 

16- R. descalvadensis 0.184 0.211 0.225 0.224 0.215 0.216 0.222 0.210 0.169 0.151 0.156 0.152 0.103 0.101 0.002  0.013 0.012 0.012 0 

17- R. sazimai 0.185 0.187 0.206 0.205 0.189 0.208 0.204 0.195 0.165 0.153 0.148 0.142 0.093 0.082 0.065 0.063  0.011 0.010 0 

18- R. affinis. Araguaia 0.170 0.175 0.183 0.183 0.187 0.188 0.190 0.200 0.143 0.127 0.122 0.117 0.097 0.078 0.064 0.062 0.045  0.009 0.001±0.001 

19- R. affinis. Amazon 0.191 0.198 0.210 0.204 0.196 0.194 0.216 0.217 0.164 0.146 0.141 0.136 0.091 0.075 0.062 0.060 0.049 0.040  0.008±0.003 
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The reduced matrix of Charax resulted in a total of 18 haplotypes with haplotype diversity (Hd) of 

0.9269 and the matrix of Roeboides resulted in 33 haplotypes and 0.9230 Hd. The haplotype 

distribution of Charax was: one haplotype for C. metae, C. gibbosus, C. niger, C tectifer (Ucayali 

clade), C. leticiae (Araguaia clade), two haplotypes for C. condei, C. tectifer (Aguarico clade), C. 

leticiae (Paraguay clade) and C. pauciradiatus, and four haplotypes for C. stenopterus (Fig. 1a). For 

the matrix of Roeboides, the results were:  one haplotype for each of R. biserialis, R. dayi, R. ilseae, 

R. loftini, R. occidentalis, R. microlepis, R. margareteae, R. numerous, R. sazimai, R. affinis 

(Madeira clade) and C. stenopterus (outgroup), two haplotypes for R. bouchellei, R. carti, R. 

descalvadensis, R. dispar, R. myersii, and R. affinis (Tocantins/Araguaia clade), R. affinis (Amazon 

clade), three haplotypes for R. dientonito and R. guatemalensis, and four haplotypes for R. xenodon 

(Fig. 2b).  

 

4. Discussion 

 

Species delimitation analyses were effective to identify the most species of Charax and Roeboides 

used in this study and to identify the composition of the four groups of Roeboides (Lucena, 1998). 

Additionally, our results revealed a different number of genetic lineages of C. leticiae, C. tectifer, 

and R. affinis. Specifically, C. leticiae, C. tectifer, and R. affinis were represented here by two 

genetic lineages showing a high degree of genetic distance.  

Charax leticiae had two distinct genetic lineages without shared haplotype (Paraguay and 

Araguaia rivers; 0.081±0.013) and C. tectifer also had two lineages recognized by all methods and 

without shared haplotypes (Ucayali and Aguarico rivers - Peru; 0.047±0.010) (Fig. 1, Table 1). 

Charax leticiae is broadly distributed in the Tocantins, Araguaia, Paraguay, and Aripuanã river 

basins whereas C. tectifer is known from Ucayali and Tambo river basin, Peru, tributaries of the 

Amazon basin in Colombia, and the Napo basin in Ecuador (Menezes & Lucena, 2014). 
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 Additional genetic units likely exist in the other drainages, but we were unable to obtain samples 

for molecular analyses. Previous morphological studies did not find significant statistical 

differences in meristic and morphometric data among C. leticiae from Tocantins/Araguaia and 

Paraguay basins and among C. tectifer samples from Colombia, Ecuador, and Peru (Menezes & 

Lucena, 2014). Our results suggest that these lineages may represent cryptic species: biological units 

classified as a single nominal species and morphologically indistinguishable (Mayr, 1942). 

However, since we did not perform any morphological analysis and the samples used in our study 

is from different localities compared to those by Menezes & Lucena (2014), this cannot be tested at 

this moment. Further morphological investigation in C. leticiae and C. tectifer are needed to confirm 

if the Paraguay and Aguarico lineages represent undescribed species.  

Roeboides affinis is recognized as a species with a wide distribution that can be found in 

Paraguay, Paraná, Uruguay, Amazon, Orinoco, Tocantins, Araguaia river basins, and Guyana and 

Suriname. Species delimitation analyses recognized two lineages to specimens of R. affinis (R. 

affinis – Tocantins/Araguaia clade and R. affinis Amazon clade; 0.040±0.009) (Fig. 2; Table 2). 

Furthermore, the haplotype network shows a lack of any shared haplotype between the basins and 

corroborates the singularity of each lineage. A review study of R. affinis showed differences in 

morphometric, meristic, and morphological data, but some data overlap and no pattern with 

geographical correlation exists (Lucena, 2007).  

Molecular studies in several Neotropical fish groups have shown that widely distributed 

nominal species isolated in different hydrographic systems can sometimes represent species 

complexes (Pereira et al., 2011; Bagley et al., 2015; Costa-Silva et al., 2015; Melo et al., 2016; 

Souza et al., 2018; Mateussi et al., 2019). A species complex is generally understood as a group of 

sibling or cryptic species that need a critical revision to clarify the taxa involved and the diagnostic 

traits (Sigovini et al., 2016). The combination of morphological and our molecular data provides 

evidence that R. affinis represents a species complex, however since did not perform any 
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morphological analysis and our molecular data has a limited sampling, we did not disregard that R. 

affinis may contain different taxonomic entities and our molecular data might be important to 

conduct future taxonomic studies for this species.  

Although our molecular analyses identified lineages for C. leticiae, C. tectifer and R. affinis, 

they did not discriminate some species that showed low genetic divergence between them (<2%) 

(R. biserialis and R. descalvadensis), (R. myersii, R. microlepis and R. margaretae) and (R. ilseae 

and R. bouchellei) (Fig. 2; Table 2). Despite this, no evidence of shared haplotypes among the 

species were observed, and interestingly, these species showed a close relationship confirmed by 

morphological (Lucena, 1998) and phylogenomic data (Souza et al. in review; Cap.1), suggesting a 

recent and rapid speciation for these species. A similar example was found in other Neotropical fish 

groups, such as Parodontidae (Bellafronte et al., 2013), Rineloricaria (Costa-Silva et al., 2015) and 

Astyanax (Rossini et al., 2016). From a different point of view, other biological processes may also 

explain these results, such as introgression, incomplete lineage sorting and hybridization leading to 

taxonomic incongruences between morphological and molecular data (Wendt et al., 2019).  

This is the first genetic study investigating the biodiversity within Charax and Roeboides, and 

in general, the results were congruent with the morphological identification. However, further 

morphological and molecular studies are needed to better define the taxonomic status of C. leticiae, 

C. tectifer and R. affinis. Furthermore, additional studies using a greater number of samples from 

additional localities are necessary to understand the species limits that presented low interspecific 

genetic divergence. 
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Supplementary information 

 

Supplementary Table 1. List of the all specimens used in species delimitation analyses. 

Genus Species Drainage Country Coordinates Voucher 
Catalog 

number 
GenBank n. 

Charax C. condei Negro Brazil S 00°30'5.3" W 64°49'12.2" LBP74418 LBP 18319  

Charax C. condei Negro Brazil S 00°30'5.3" W 64°49'12.2" LBP74419 LBP 18319  

Charax C. condei Negro Brazil S 00°30'5.3" W 64°49'12.2" LBP74420 LBP 18319  

Charax C. gibbosus Mana French Guiana N 5°38'57.8" W 53°48'57.2" HYD15133 MHNG uncat  

Charax C. gibbosus Mana French Guiana N 5°38'54.1" W 53°45'55.4" PAG9030 MHNG uncat  

Charax C. gibbosus Corantijn Suriname - T19138 ROM uncat  

Charax C. gibbosus Tampok French Guiana 3°23'31.8"N 53°49'52.0"W GF15480 MHNG uncat  

Charax C. leticiae Paraguay Brazil S 18°25'42.5'' W 54°50'02.8'' LBP12700 LBP 1480  

Charax C. leticiae Araguaia Brazil S 13°19'22.8' W 50°37'20.7'' LBP44041 LBP 8771  

Charax C. leticiae Araguaia Brazil S 13°19'22.8' W 50°37'20.7'' LBP44043 LBP 8771  

Charax C. leticiae Araguaia Brazil S 13°19'22.8' W 50°37'20.7'' LBP44044 LBP 8771  

Charax C. leticiae Araguaia Brazil S 19°34'54.6' W 56°15'16.5'' LBP21982 LBP 3730  

Charax C. leticiae Araguaia Brazil S 19°34'54.6' W 56°15'16.5'' LBP21985 LBP 3730  

Charax C. leticiae Araguaia Brazil S 17°49'26.7'' W 57°31'03.0'' LBP56302 LBP 13542  

Charax C. leticiae Araguaia Brazil S 17°49'26.7'' W 57°31'03.0'' LBP56303 LBP 13542  

Charax C. leticiae Araguaia Brazil S 17°49'29.8'' W 57°30'42.3'' LBP56717 LBP 13658  

Charax C. leticiae Araguaia Brazil S 17°47'33.7'' W 57°33'26.7'' LBP56898 LBP 13706  

Charax C. leticiae Araguaia Brazil S 17°47'33.7'' W 57°33'26.7'' LBP56899 LBP 13706  

Charax C. metae Cubillera Colombia N 3°29'26.6" W 73°44'34.1" LBP61598 LBP 18653  

Charax C. niger Amazon Brazil N 2°03'42.8'' W 50°54'15.1'' LBP83211 LBP 21217  
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Genus Species Drainage Country Coordinates Voucher 
Catalog 

number 
GenBank n. 

Charax C. niger Amazon Brazil N 2°03'42.8'' W 50°54'15.1'' LBP83211 LBP 21217  

Charax C. pauciradiatus Jari Brazil S 00°56'00'' W 52°32'30'' LBP27152 LBP 5426  

Charax C. pauciradiatus Tapajós Brazil S 04°52'14.1'' W 56°51'19.0'' LBP59086 LBP 14117  

Charax C. pauciradiatus Tapajós Brazil S 04°52'14.1'' W 56°51'19.0'' LBP59087 LBP 14117  

Charax C. pauciradiatus Tapajós Brazil S 04°52'14.1'' W 56°51'19.0'' LBP59089 LBP 14117  

Charax C. pauciradiatus Tapajós Brazil S 04°52'14.1'' W 56°51'19.0'' LBP59090 LBP 14117  

Charax C. pauciradiatus Tapajós Brazil S 04°28'11.2" W 56°17'01.1" LBP66965 LBP 16206  

Charax C. pauciradiatus Tapajós Brazil S 04°28'11.2" W 56°17'01.1" LBP66967 LBP 16206  

Charax C. pauciradiatus Tapajós Brazil S 04°28'11.2" W 56°17'01.1" LBP66968 LBP 16206  

Charax C. stenopterus Costal Brazil S 33°41'22.6'' W 53°26'22.3'' LBP60810 LBP 14529  

Charax C. stenopterus Grande Brazil S 32°05'24.1'' W 52°15'09.7'' LBP68399 LBP 17020  

Charax C. stenopterus Parana Brazil S 31°38'26.4" W 60°38'10.9" LBP79318 LBP 19942  

Charax C. stenopterus Parana Brazil S 31°38'26.4" W 60°38'10.9" LBP79320 LBP 19942  

Charax C. stenopterus Uruguay Brazil S 29°30'42.8'' W 56°43'09.9'' LBP55077 LBP 13169  

Charax C. tectifer Aguarico Ecuador N 0°00'30.4" W 77°23'40.9" T19568 ROM uncat  

Charax C. tectifer Aguarico Ecuador N 0°01'43.8" W 77°23'36.2" T19592 ROM uncat  

Charax C. tectifer Ucayali Peru S 08°39'57.2" W 74°48'08.7'' LBP70280 LBP 17783  

Charax C. tectifer Ucayali Peru S 08°39'57.2" W 74°48'08.7'' LBP70281 LBP 17783  

Charax C. tectifer Ucayali Peru S 08°39'57.2" W 74°48'08.7'' LBP70282 LBP 17783  

Phenacogaster P. calverti Parnaiba Brazil S 07°30'55’ W 46°04'53' LBP27355 LBP 5612  

Phenacogaster P. franciscoensis São Francisco Brazil S 17°14'32.3' W 46°28'03.8'' LBP49190 LBP 10487  

Roeboides R. affinis Amazon Brazil - LBP57585 LBP 14776  

Roeboides R. affinis Amazon Brazil S 04°19'28.0'’ W 69°57'36.7'' LBP87171 LBP 22564  

Roeboides R. affinis Amazon Brazil S 04°14'04.6'’ W 69°57'42.2'' LBP87882 LBP 22607  

Roeboides R. affinis Amazon Brazil S 04°14'04.6'’ W 69°57'42.2'' LBP87883 LBP 22607  

Roeboides R. affinis Amazon Brazil S 04°11'39.3'’ W 69°58'06.9'' LBP87947 LBP 22638  
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Genus Species Drainage Country Coordinates Voucher 
Catalog 

number 
GenBank n. 

Roeboides R. affinis Amazon Brazil S 04°11'39.3'’ W 69°58'06.9'' LBP87948 LBP 22638  

Roeboides R. affinis Amazon Brazil - LBP57588 LBP 14776  

Roeboides R. affinis Amazon Brazil S 04°11'39.3'’ W 69°58'06.9'' LBP87949 LBP 22638  

Roeboides R. affinis Araguaia Brazil S 15°53'35.6'' W 52°15'01.0'' LBP12908 LBP 1837  

Roeboides R. affinis Araguaia Brazil S 15°53'31.5'' W 52°15'02.0'' LBP28119 LBP 5753  

Roeboides R. affinis Araguaia Brazil - LBP36826 LBP 7828  

Roeboides R. affinis Araguaia Brazil S 13°18'37.3'' W 50°36'47.6'' LBP41030 LBP 12795  

Roeboides R. affinis Araguaia Brazil S 13°18'37.3'' W 50°36'47.6'' LBP41031 LBP 12795  

Roeboides R. affinis Araguaia Brazil S 13°19'00.0" W 50°37'00.0" LBP43610 LBP 12724  

Roeboides R. affinis Araguaia Brazil S 13°22'36.1' W 50°40'08.4'' LBP44276 LBP 8850  

Roeboides R. affinis Araguaia Brazil S 15°10'23.2'' W 51°09'27.1'' LBP68750 LBP 17195  

Roeboides R. affinis Araguaia Brazil S 15°10'23.2'' W 51°09'27.1'' LBP68752 LBP 17195  

Roeboides R. affinis Araguaia Brazil S 15°10'23.2'' W 51°09'27.1'' LBP68753 LBP 17195  

Roeboides R. affinis Juruá Brazil S 7°37'20.0'' W 72°47'42.2'' LBP22929 LBP 4050  

Roeboides R. affinis Juruá Brazil S 7°34'28.8' W 72°55'24.9'' LBP23521 LBP 4088  

Roeboides R. affinis Juruá Brazil - LBP23657 LBP 4135  

Roeboides R. affinis Juruá Brazil - LBP23658 LBP 4135  

Roeboides R. affinis Madeira Brazil S 11°54'45.2'' W 61°13'36.7'' LBP95051 LBP 24629  

Roeboides R. affinis Madeira Brazil S 11°54'13.0'' W 61°14'08.1'' LBP95100 LBP 25381  

Roeboides R. affinis Madeira Brazil S 11°54'13.0'' W 61°14'08.1'' LBP95102 LBP 25381  

Roeboides R. affinis Madeira Brazil S 11°55'25.5'' W 61°14'17.6'' LBP95187 LBP 25783  

Roeboides R. affinis Madeira Brazil S 11°55'25.5'' W 61°14'17.6'' LBP95188 LBP 25783  

Roeboides R. affinis Madeira Brazil S 11°54'11.1'' W 61°14'12.5'' LBP95207 LBP 25405  

Roeboides R. affinis Madeira Brazil S 11°54'11.1'' W 61°14'12.5'' LBP95208 LBP 25405  

Roeboides R. affinis Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' LBP87170 LBP 22564  

Roeboides R. affinis Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' LBP87172 LBP 22564  
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Roeboides R. affinis Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' LBP87173 LBP 22564  

Roeboides R. affinis Tocantins Brazil S 12°37'27.9" W 48°02'43.5" LBP93882 LBP 25603  

Roeboides R. affinis Solimões Brazil S 04°19'28.0'’ W 69°57'36.7'' LBP87153 LBP 22563  

Roeboides R. bouchellei Canas Costa Rica N 10°20'53.9" W 85°10'07.7" STRI2173 STRI-00426 MG496227.1 

Roeboides R. bouchellei Grande de Matagalpa Nicaragua N 13°12'29.9" W 84°56'59.6" STRI14271 STRI-05975 MG496231.1 

Roeboides R. bouchellei Higueron Costa Rica N 10°20'33.7" W 85°04'33.2" STRI2116 STRI-00424 MG496228.1 

Roeboides R. bouchellei Pizote Costa Rica N 10°54'30.2" W 85°12'40.7" STRI2150 STRI-00428 MG496230.1 

Roeboides R. carti Mandinga Panama N 9°28'11.8" W 79°07'27.1" STRI321 STRI-00416 MG937234.1 

Roeboides R. carti Playon Chico Panama N 9°15'49.8" W 78°13'19.2" STRI4950 STRI-00402 MG937233.1 

Roeboides R. dayi Magdalena Colombia N 4°42'04.0" W 76°51'10.1" LBP90742 LBP 24360  

Roeboides R. dayi Magdalena Colombia N 5°11'47.2" W 74°45'52.6" LBP91161 LBP 24273  

Roeboides R. biserialis Amazon Brazil S 03°07'07.0" W 58°2714.7" LBP72495 LBP 18001  

Roeboides R. biserialis Amazon Brazil S 03°07'07.0" W 58°2714.7" LBP72496 LBP 18001  

Roeboides R. biserialis Amazon Brazil S 03°07'07.0" W 58°2714.7" LBP72497 LBP 18001  

Roeboides R. biserialis Amazon Brazil S 03°05'57.7" W 58°2718.0" LBP72597 LBP 18034  

Roeboides R. biserialis Amazon Brazil S 03°05'57.7" W 58°2718.0" LBP72599 LBP 18034  

Roeboides R. biserialis Amazon Brazil S 03°05'57.7" W 58°2718.0" LBP72600 LBP 18034  

Roeboides R. descalvadensis Parana Argentina S 31°29'39.6" W 60°26'47.0" LBP79252 LBP 19912  

Roeboides R. descalvadensis Aricá Mirim Brazil S 15°44'3.60'' W 55°52'48.7'' LBP28244 LBP 5801  

Roeboides R. descalvadensis Paraguay Brazil S 18°25'42.5'' W 54°50'02.8'' LBP12701 LBP 7207  

Roeboides R. descalvadensis Paraguay Brazil S 14°40'32.8'' W 56°13'14.0'' LBP19482 LBP 3232  

Roeboides R. descalvadensis Paraguay Brazil S 19°34'17.3' W 56°14'44.8'' LBP22253 LBP 3834  

Roeboides R. descalvadensis Paraguay Brazil S 19°34'17.3' W 56°14'44.8'' LBP22254 LBP 3834  

Roeboides R. descalvadensis Paraguay Brazil S 15°54'03' W 56°01'17'' LBP22784 LBP 3958  

Roeboides R. descalvadensis Paraguay Brazil S 16°06'66'' W 57°44'33'' LBP26152 LBP 5110  

Roeboides R. descalvadensis Paraguay Brazil S 16°06'66'' W 57°44'33'' LBP26153 LBP 5110  
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Roeboides R. descalvadensis Paraguay Brazil S 16°06'66'' W 57°44'33'' LBP26154 LBP 5110  

Roeboides R. descalvadensis Paraguay Brazil S 19°47'03.9' W 56°49'19.8'' LBP45363 LBP 9846  

Roeboides R. descalvadensis Paraguay Brazil S 19°26'02.1' W 57°03'08.9'' LBP45492 LBP 9886  

Roeboides R. descalvadensis Paraguay Brazil S 19°26'02.1' W 57°03'08.9'' LBP45493 LBP 9886  

Roeboides R. descalvadensis Paraguay Brazil S 17°49'51.7'' W 57°23'42.8'' LBP58428 LBP 14066  

Roeboides R. descalvadensis Paraguay Brazil S 17°49'51.7'' W 57°23'42.8'' LBP58429 LBP 14066  

Roeboides R. descalvadensis Paraguay Brazil S 17°49'51.7'' W 57°23'42.8'' LBP58430 LBP 14066  

Roeboides R. descalvadensis Paraguay Brazil S 17°49'51.7'' W 57°23'42.8'' LBP58431 LBP 14066  

Roeboides R. descalvadensis Paraguay Brazil S 17°49'51.7'' W 57°23'42.8'' LBP58432 LBP 14066  

Roeboides R. descalvadensis Parana Argentina S 31°40'23.9" W 60°34'44.9" LBP79211 LBP 19899  

Roeboides R. descalvadensis Parana Argentina S 31°30'36.4" W 60°28'12.6" LBP79300 LBP 19934  

Roeboides R. descalvadensis Parana Brazil S 22°43'03.2'' W 53°17'27.6'' LBP17314 LBP 2619  

Roeboides R. descalvadensis Parana Brazil S 22°43'03.2'' W 53°17'27.6'' LBP17316 LBP 2619  

Roeboides R. descalvadensis Parana Brazil S 22°47’29’’ W 53°20’58’’ LBP26387 LBP 5215  

Roeboides R. descalvadensis Parana Brazil S 22°47’29’’ W 53°20’58’’ LBP26388 LBP 5215  

Roeboides R. descalvadensis Parana Brazil S 22°47’29’’ W 53°20’58’’ LBP26389 LBP 5215  

Roeboides R. descalvadensis Parana Brazil S 22°47’29’’ W 53°20’58’’ LBP26390 LBP 5215  

Roeboides R. descalvadensis Parana Brazil S 22°47’29’’ W 53°20’58’’ LBP26391 LBP 5215  

Roeboides R. descalvadensis Parana Brazil S 22°51'45.3'' W 48°06'21.0'' LBP43168 LBP 9211  

Roeboides R. descalvadensis Parana Brazil S 22°51'45.3'' W 48°06'21.0'' LBP43169 LBP 9211  

Roeboides R. descalvadensis Parana Brazil S 22°02'52.3' W 53°41'38.1'' LBP45656 LBP 9642  

Roeboides R. dientonito Maracaibo Venezuela N 09°38'53.8' W 72°34'56.4'' LBP29546 LBP 6106  

Roeboides R. dientonito Maracaibo Venezuela N 09°38'53.8' W 72°34'56.4'' LBP29547 LBP 6106  

Roeboides R. dientonito Maracaibo Venezuela N 09°38'53.8' W 72°34'56.4'' LBP29548 LBP 6106  

Roeboides R. dientonito Maracaibo Venezuela N 09°38'53.8' W 72°34'56.4'' LBP29549 LBP 6106  

Roeboides R. dientonito Maracaibo Venezuela N 09°38'53.8' W 72°34'56.4'' LBP29550 LBP 6106  
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Roeboides R. dientonito Maracaibo Venezuela N 09°38'53.8' W 72°34'56.4'' LBP29551 LBP 6106  

Roeboides R. dientonito Maracaibo Venezuela N 10°01'42.0'' W 72°25'58.0'' LBP29577 LBP 6114  

Roeboides R. dientonito Maracaibo Venezuela N 10°01'42.0'' W 72°25'58.0'' LBP29578 LBP 6114  

Roeboides R. dientonito Orinoco Venezuela N 7º30'50.9'' W 66º09'19.8'' LBP15632 LBP 2220  

Roeboides R. dientonito Orinoco Venezuela N 7º30'50.9'' W 66º09'19.8'' LBP15633 LBP 2220  

Roeboides R. dientonito Orinoco Venezuela N 7º30'50.9'' W 66º09'19.8'' LBP15635 LBP 2220  

Roeboides R. dientonito Orinoco Venezuela N 7º30'50.9'' W 66º09'19.8'' LBP15636 LBP 2220  

Roeboides R. dispar Acre Brazil S 10°03'28.6'' W 67°51'25.6'' LBP49266 LBP 10150  

Roeboides R. dispar Acre Brazil S 10°03'28.6'' W 67°51'25.6'' LBP49270 LBP 10150  

Roeboides R. guatemalensis Chagres Panama N 9°21'36.3" W 79°19'20.3" STRI15205 STRI-07236 MG937237.1 

Roeboides R. guatemalensis Cocoli Panama N 8°58'49.9" W 79°37'21.7" STRI9141 STRI-00407 MG937238.1 

Roeboides R. guatemalensis Llano Sucio Panama N 09°19’26.2'' W 79°46'08.2'' LBP18531 LBP 2755  

Roeboides R. guatemalensis Llano Sucio Panama N 09°19’26.2'' W 79°46'08.2'' LBP18532 LBP 2755  

Roeboides R. ilseae Salama Nuevo Costa Rica N 8°54'15.3" W 83°26'21.6" STRI2018 STRI-00431 MG496234.1 

Roeboides R. ilseae Salama Nuevo Costa Rica N 8°54'15.3" W 83°26'21.6" STRI2020 STRI-00431  

Roeboides R. loftini Cascajal Panama N 8°48'16.7" W 80°31'59.9" STRI15327 STRI-05331 MG937241.1 

Roeboides R. loftini Tambo Panama N 8°39'56.4" W 80°17'15.0" AM18 STRI-00400 MG937240.1 

Roeboides R. margareteae Mearim Brazil S 3°39'11" W 45°46'25" CICCAA020751 UFMA uncat  

Roeboides R. margareteae Mearim Brazil S 3°43'48" W 45°35'7"  CICCAA020892 UFMA uncat  

Roeboides R. microlepis Paraguay Brazil S 16°06'66'' W 57°44'33'' LBP26124 LBP 5098  

Roeboides R. microlepis Paraguay Brazil S 16°06'66'' W 57°44'33'' LBP26125 LBP 5098  

Roeboides R. microlepis Paraguay Brazil S 16°05'14.8'' W 57°42'17.8'' LBP44481 LBP 9248  

Roeboides R. microlepis Paraguay Brazil S 16°05'14.8'' W 57°42'17.8'' LBP44482 LBP 9248  

Roeboides R. myersii Amazon Brazil S 2º14'15.6'' W 54º 4' 35.7'' MCP52389 MCP 52389  

Roeboides R. myersii Amazon Colombia S 04°11'45.6'’ W 69°57'20.9'' LBP87569 LBP 22518  

Roeboides R. myersii Amazon Colombia S 04°11'45.6'’ W 69°57'20.9'' LBP87570 LBP 22518  
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Roeboides R. numerosus Orinoco Venezuela N 07°37'24.4' W 66°24'48.0'' LBP47538 LBP 10217  

Roeboides R. occidentalis Cocle del Sur Panama N 8°37'16.6" W 80°26'55.7" STRI17718 STRI-07172 MG937245.1 

Roeboides R. occidentalis Santa Maria Panama N 8°08'06.5" W 80°34'35.0" STRI3404 STRI-00460 MG937247.1 

Roeboides R. sazimai Mearim Brazil S 3°43'48.0" W 45°35'07.0" CICCAA021111 UFMA uncat  

Roeboides R. sazimai Mearim Brazil S 3°43'48.0" W 45°35'07.0" CICCAA021112 UFMA uncat  

Roeboides R. sazimai Mearim Brazil S 3°43'48.0" W 45°35'07.0" CICCAA021113 UFMA uncat  

Roeboides R. xenodon São Francisco Brazil S 15°19'24.2' W 43°39'52.5'' LBP38312 LBP 8267  

Roeboides R. xenodon São Francisco Brazil S 15°19'24.2' W 43°39'52.5'' LBP38313 LBP 8267  

Roeboides R. xenodon São Francisco Brazil S 17°13'33.7' W 44°48'27.9'' LBP47328 LBP 10324  

Roeboides R. xenodon São Francisco Brazil S 17°13'33.7' W 44°48'27.9'' LBP47330 LBP 10324  

Roeboides R. xenodon São Francisco Brazil S 17°13'33.7' W 44°48'27.9'' LBP47331 LBP 10324  

Roeboides R. xenodon São Francisco Brazil S 17°13'33.7' W 44°48'27.9'' LBP47332 LBP 10324  

Roeboides R. xenodon São Francisco Brazil S 17°17'21.9' W 44°47'08.4'' LBP48879 LBP 10387  

Roeboides R. xenodon São Francisco Brazil S 17°14'19.9' W 46°23'39.0'' LBP49054 LBP 10444  

Roeboides R. xenodon São Francisco Brazil S 17°14'19.9' W 46°23'39.0'' LBP49055 LBP 10444  

Roeboides R. xenodon São Francisco Brazil S 17°14'19.9' W 46°23'39.0'' LBP49056 LBP 10444  

Roeboides R. xenodon São Francisco Brazil S 17°14'19.9' W 46°23'39.0'' LBP49057 LBP 10444  

Roeboides R. xenodon São Francisco Brazil S 17°14'19.9' W 46°23'39.0'' LBP49058 LBP 10444  

Roeboides R. xenodon São Francisco Brazil S 09°55'28.4'' W 37°07'22.5'' LBP59738 LBP 11559  

Roeboides R. xenodon São Francisco Brazil S 09°55'28.4'' W 37°07'22.5'' LBP59739 LBP 11559  

Roeboides R. xenodon São Francisco Brazil S 09°55'28.4'' W 37°07'22.5'' LBP59740 LBP 11559  

Tetragonopterus T. carvalhoi Jari Brazil S 00°33''51'' W 52°34'45'' LBP27022 LBP 5376  
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Supplementary Fig. 1. ABGD dataset reporting the number of groups delimitated to Charax. 
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Supplementary Fig. 2. ABGD dataset reporting the number of groups delimitated to Roeboides. 
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Supplementary Fig. 3. Bayesian Poisson Tree Processes (bPTP) delimitation of species of Charax. 
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Supplementary Fig. 4. Bayesian Poisson Tree Processes (bPTP) delimitation of species of 

Roeboides. 
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So Many Fish, So Little Time... (Lundberg, John G. et al., 2000) 


