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RESUMO 

 

O gênero Astyanax atualmente é visto como um grupo com incertezas filogenéticas, 

configurando-se até o presente momento como polifilético dentro da família Characidae. 

Atualmente, são descritas aproximadamente 150 espécies no gênero, e este se distribui 

sobre a região Neotropical com ocorrências desde o sul dos Estados Unidos até a região 

da Patagônica na Argentina. Dentro da região de ocorrência o gênero apresenta 

espécies com 2n = 36 cromossomos apenas para Astyanax schubarti e Astyanax 

correntinus, 2n = 46 para, por exemplo, Astyanax fasciatus, 2n = 48 para Astyanax 

marionae, 2n = 50 para Astyanax altiparanae, e 2n = 52 para Astyanax sp. Visto que o 

grupo apresenta variações significantes no número diploide, este trabalho teve como 

principal objetivo estudar o mapeamento cromossômico de DNAs repetitivos numa 

abordagem evolutiva. Nove espécies de Astyanax foram analisadas: A. altiparanae e A. 

schubarti provenientes da bacia do rio Piracicaba (SP), A. abramis, A. asuncionensis e 

A. marionae provenientes da bacia do rio Paraguai (MT), A. bockmanni proveniente da 

bacia do rio Iguatemi (MS), A. eigenmanniorum e A. mexicanus provenientes de loja de 

aquário, e diferentes populações de A. fasciatus provenientes da bacia do rio 

Corumbataí (SP). Para tanto, foram mapeados os genes de RNAr (18S e 5S), histona 

H3, RNAsn U2, microssatélites e DNA telomérico. Ainda, foram realizados estudos 

envolvendo técnicas clássicas de citogenética (Ag-NOR, banda-C e coloração com 

CMA3/DAPI) e estudos do relógio molecular utilizando o gene mitocondrial citocromo c 

oxidase subunidade I (COI). São discutidos, ainda, parâmetros da evolução 

cromossômica e hipóteses sobre eventos particulares (cromossômicos e evolutivos) no 

grupo Astyanax. 

 

Palavras-chave: DNA repetitivo, evolução cariotípica, FISH, relógio molecular, 

citocromo c oxidase I. 

 

 

 

 

 

 



 

 

ABSTRACT 

 

The genus Astyanax is currently seen as a group with phylogenetic confusion, setting up 

to date as polyphyletic within the family Characidae. Currently, there are about 150 

described species in the genus, and this is distributed on the Neotropical region from the 

southern United States to the region of Patagonia in Argentina. Within the region of 

occurrence of the genus shows species with 2n = 36 chromosomes only Astyanax 

schubarti and Astyanax correntinus, 2n = 46, for example, to Astyanax fasciatus, 2n = 

48 to Astyanax marionae, 2n = 50 to Astyanax altiparanae, and 2n = 52 to Astyanax sp. 

Since the group presents significant variations in the diploid number, this work focused 

primarily on the study of chromosomal mapping of repetitive DNAs with an evolutionary 

approach. Nine species of Astyanax were examined: A. altiparanae and A. schubarti 

from the Piracicaba River basin (SP), A. abramis, A. asuncionensis and A. marionae 

from the Paraguay River basin (MT), A. bockmanni from the Iguatemi River basin (MS), 

A. eigenmanniorum and A. mexicanus from the aquarium store, and A. fasciatus from 

the Corumbataí River basin (SP). Therefore, the genes mapped were rRNA (18S and 

5S), histone H3, U2 snRNA, microsatellites and telomeric DNA. Further, studies were 

conducted involving classical cytogenetic techniques (Ag-NOR, C-band and staining with 

CMA3/DAPI) and the molecular clock using the mitochondrial gene cytochrome c oxidase 

subunit I (COI). Are also discussed, parameters of chromosomal evolution and 

hypothesis about particular events (chromosomal and evolutionary) in the group 

Astyanax. 

 

 

Keywords: repetitive DNA, karyotype evolution, FISH, molecular clock, cytochrome c 

oxidase I. 
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1. INTRODUÇÃO 

 

1.1. Considerações filogenéticas e taxonômicas do grupo incertae sedis em 

Characidae 

 

Dentro da ordem Characiformes a família Characidae é o grupo com maior número de 

espécies. De acordo com Eschmeyer e Fong (2016) são 12 subfamílias e mais três clados 

(Astyanax, Jupiaba e Nematobrycon) e 1350 espécies, sendo destas 1103 consideradas 

válidas. Seus representantes estão presentes em diversos ambientes de água doce e 

distribuem-se no continente Americano desde o Texas e o Novo México nos Estados Unidos 

até o norte da Patagônia na Argentina (PAGE, BURR, 1991; ALMIRÓN et al., 1997). 

A família Characidae apresenta peixes de pequeno e médio portes, como por exemplo 

exemplares do gênero Astyanax. Ao longo dos anos, muitos integrantes dessa família 

sofreram modificações na sua classificação. Sabe-se que as relações filogenéticas entre 

vários membros do grupo são incertas, no aspecto de representarem um grupo polifilético, o 

que é muito discutido até o presente momento.  

A subfamília Tetragonopterinae, antes considerada como a subfamília com o maior 

número de espécies em Characidae (GÉRY, 1977), foi considerada como um grupo polifilético 

por Lima et al. (2003). A partir de então, somente o gênero Tetragonopterus foi mantido na 

subfamília e todos os demais gêneros de Tetragonopterinae foram alocados em incertae sedis 

dentro de Characidae (LIMA et al., 2003).  

Entre os gêneros alocados em incertae sedis estão alguns dos grupos com maior 

número de espécies e taxonomicamente confusos de Characidae, como Hyphessobrycon 

(aproximadamente 170 espécies), Astyanax (aproximadamente 150 espécies), Moenkhausia 

(aproximadamente 90 espécies), Bryconamericus (aproximadamente 75 espécies), 

Hemigrammus (aproximadamente 70 espécies), entre outros (ESCHMEYER et al., 2016). Por 

outro lado, estudos recentes propõem hipóteses que levam à incerteza da manutenção de 

alguns gêneros em incertae sedis, como é o caso do gênero Bryconamericus, que foi alocado 
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em incertae sedis por Lima et al. (2003), mas que em estudos envolvendo dados moleculares, 

foi considerado polifilético, porém pertencente à subfamília Stevardiinae em Characidae 

(OLIVEIRA et al., 2011; THOMAZ et al., 2015). 

Por outro lado, estudos com análises de sequências de DNA reforçam a ideia de que 

Astyanax não é um grupo natural dentro de Characidae (OLIVEIRA et al., 2011). Outros 

estudos, com base em análise de caracteres morfológicos, também têm apontado para o fato 

de que Astyanax seja um grupo polifilético em Characidae (MIRANDE, 2009; 2010; 

JAVONILLO et al., 2010). 

 

1.2. História evolutiva e biogeográfica do gênero Astyanax  

 

O gênero Astyanax é um bom modelo para investigar a importância relativa de padrões 

biogeográficos de vicariância e dispersão (ORNELAS-GARCÍA et al., 2008). Isto pode ser 

facilmente entendido, pois o gênero é amplamente distribuído na região Neotropical 

(MARINHO, LIMA, 2009), apresentando alta plasticidade fenotípica e capacidade de 

adaptação a diversos habitats (LOZANO-VILANO, CONTRERAS-BALDERAS, 1990; 

JEFFERY, 2001; DOWLING et al., 2002; STRECKER et al., 2003 apud ORNELAS-GARCÍA 

et al., 2008). 

A região Neotropical, que compreende desde o México até o sul da América do Sul, é 

uma região com grande potencial e constantes avanços em estudos envolvendo a 

biogeografia histórica, visto que esta se configura como um território com grande 

biodiversidade (GOLDANI, 2012).  

Dentro da região Neotropical, a Mesoamérica é uma das mais complexas áreas 

biogeográficas no mundo (CONTRERAS-BALDERAS, LOZANO-VILANO, 1996; MORRONE, 

2002; ZALDIVAR-RIVERON et al., 2004; DOMÍNGUEZ-DOMÍNGUEZ et al., 2006; 

HUIDOBRO et al., 2006 apud ORNELAS-GARCÍA et al., 2008). Colonizações mais recentes 

da Mesoamérica por peixes primários de água doce (peixes que não toleram a salinidade da 
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água marinha) através do Estreito do Panamá foram evidenciadas por estudos filogeográficos 

de caracídeos (por exemplo, Brycon, Bryconamericus, Eretmobrycon e Cyphocharax). Esses 

estudos indicam várias ondas de expansão rápida da América do Sul durante o Plioceno 

(aproximadamente 3,3 milhões de anos atrás – Ma) (REEVES, BERMINGHAM, 2006 apud 

ORNELAS-GARCÍA et al., 2008). 

 O encerramento do Estreito do Panamá, no Plioceno (~3,3 Ma), têm sido postulado 

como uma das causas mais importantes do intercâmbio da fauna entre as regiões Neártica e 

Neotropical (BUSSING, 1985 apud ORNELAS-GARCÍA et al., 2008). As mudanças climáticas 

também são colocadas em pauta para a explicação da distribuição da fauna de peixes da 

Mesoamérica (REEVES, BERMINGHAM, 2006 apud ORNELAS-GARCÍA et al., 2008). 

Segundo Reeves e Bermingham (2006) e Strecker et al. (2004) apud Ornelas-García et al. 

(2008), o fechamento do Estreito do Panamá, aproximadamente 3,3 Ma, forneceu a primeira 

oportunidade para colonização da América Central por peixes da América do Sul. 

De acordo com Strecker et al. (2004) a ictiofauna primária de água doce da América 

Central é pobre, provavelmente, por causa da origem geológica tardia da maioria das partes 

desta região geográfica e sua longa separação da América do Sul. Segundo os autores, os 

únicos grupos de peixes neotropicais a chegarem à América do Norte são representados por 

espécies do gênero Rhamdia e espécies do “complexo Astyanax fasciatus”. 

Um padrão filogeográfico de estruturação norte-sul da região da Mesoamérica foi 

proposto por Ornelas-García et al. (2008). Segundo os autores, os grupos filogenéticos de 

Astyanax (Mesoamérica), geralmente, não são sobrepostos, com exceção dos grupos I 

(México e América Central superior) e II (centro da América Central), que se sobrepõem na 

parte superior da bacia do Polochic da Guatemala, e grupos II e III (baixa América Central – 

inclui populações de A. fasciatus das bacias Ciruelas e Chires sobre a inclinação do Pacífico 

da Costa Rica), que se sobrepõem na bacia do Ciruelas da Costa Rica (ver mapa da Figura 

1). Entretanto, Ornelas-García et al. (2008) concordam com a hipótese amplamente aceita de 

uma origem sul-americana para as espécies de Astyanax e outros caracídeos da América 

Central (GAYET et al., 2001; CALCAGNOTTO et al., 2005; REEVES, BERMINGHAM, 2006). 
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Poucos estudos neste sentido são explorados para o gênero Astyanax, porém sabe-

se que eventos geológicos e climáticos contribuíram muito para a colonização de espécies 

deste gênero da América do Sul para a América Central. Em suma, é aceitável que, como dito 

anteriormente por alguns autores, o gênero Astyanax, assim como outros membros de 

Characidae, tiveram sua origem na América do Sul, porém não é muito discutido na literatura 

a biogeografia e a história evolutiva de Astyanax na América do Sul. 

 

 

 

Figura 1. Mapa das localizações hidrográficas Mesoamericanas das sobreposições dos 

grupos filogenéticos de Astyanax (Grupos I, II e III) propostos por Ornelas-Gracía et al. (2008). 
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1.3. O primeiro par metacêntrico como marcador cromossômico  

 

Uma característica marcante compartilhada por muitas espécies de Characidae é o 

primeiro par cromossômico metacêntrico maior do que os demais cromossomos do 

complemento A (SCHEEL, 1973). A partir desse trabalho, a constatação foi corroborada por 

diferentes autores, tais como Salvador e Moreira-Filho (1992), Maistro et al. (1992), Margarido 

e Galetti (1996), Vicente et al. (1996), sendo este conhecimento, hoje, amplamente difundido 

e observado em Characidae. 

Dentro de incertae sedis o primeiro par grande é compartilhado também entre a maioria 

das espécies, com algumas exceções. Por exemplo, em Hyphessobrycon as espécies com 

2n = 50 cromossomos possuem o primeiro par metacêntrico grande, como observado para as 

espécies Hyphessobrycon anisitsi, Hyphessobrycon leutkenii e Hyphessobrycon reticulatus 

(MENDES et al., 2011; CARVALHO et al., 2002). Porém, a espécie Hyphessobrycon eques 

com 2n = 52 cromossomos, por mais que apresente o par metacêntrico maior que os demais 

cromossomos, este par não é tão notável como o par marcador de H. anisitsi, H. leutkenii e 

H. reticulatus, pelo menos considerando o tamanho do primeiro par em relação aos demais 

cromossomos. 

Nos gêneros Moenkausia e Hemigrammus (também incertae sedis) a característica 

marcante do primeiro par metacêntrico relativamente maior que os demais cromossomos 

também é aplicada aos cromossomos das poucas espécies analisadas citogeneticamente 

descritas na literatura, tais como Moenkhausia sanctaefilomenae (PORTELA-CASTRO et al., 

2001), Moenkhausia oligolepis (SANTOS, 2010), e Hemigrammus marginatus (GUIDINI, 

2007). 

Outro gênero de incertae sedis que apresenta algumas peculiaridades no que diz 

respeito ao par marcador metacêntrico de Characidae, é Astyanax. Neste gênero o número 

diploide varia de 2n = 36 a 2n = 52 cromossomos, sendo o mais frequente o número diploide 

2n = 50 cromossomos. Nas espécies deste gênero o par marcador de Characidae é 

compartilhado por todas as espécies analisadas do ponto de vista citogenético, independente 
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da variação numérica cromossômica, ressalvando que em Astyanax schubarti e Astyanax 

correntinus (únicas espécies de Astyanax com número diploide 2n = 36), o par marcador de 

Characidae é o segundo par metacêntrico grande do cariótipo, considerando que A. schubarti 

possui um primeiro par metacêntrico ainda maior do que o primeiro par marcador de 

Characidae (DANIEL-SILVA; ALMEIDA-TOLEDO, 2001) e A. correntinus possui um par 

submetacêntrico maior do que todos os demais cromossomos (PAIZ et al., 2015). 

Os cromossomos de A. schubarti e A. altiparanae foram analisados por Daniel-Silva e 

Almeida-Toledo (2005) após a incorporação do análogo de base 5-Bromodeoxiuridina (5-

BrdU) que constataram que alguns cromossomos apresentavam homeologias. Um exemplo 

é o cromossomo 1 de A. schubarti que corresponde aos cromossomos 3 e 14 de A. altiparanae 

(o cromossomo 14 de A. altiparanae corresponde ao braço curto do cromossomo 1 de A. 

schubarti, e o cromossomo 3 de A. altiparanae corresponde ao braço longo do cromossomo 

1 de A. schubarti). Outro exemplo é o cromossomo 2 de A. schubarti que corresponde, 

inteiramente, ao cromossomo 1 de A. atiparanae. 

Esta característica cromossômica (primeiro par cromossômico metacêntico grande) 

tão pouco explorada em Astyanax desde os primeiros estudos citogenéticos entre as décadas 

de 1970 e 1980, reforça a necessidade de estudos mais aprofundados sobre a evolução dos 

cromossomos no grupo. 

 

1.4. Considerações sobre as variações do número diploide e alguns exemplos de 

estudos cromossômicos revelados por técnicas clássicas no gênero Astyanax 

 

Estudos citogenéticos sobre o gênero Astyanax têm mostrado considerável variação 

do número diploide, desde 2n = 36 cromossomos, por exemplo, para A. schubarti (Morelli et 

al., 1983), 2n = 46 para Astyanax fasciatus (FERREIRA-NETO et al., 2012), 2n = 48 para 

Astyanax scabripinnis (FERNANDES, MARTINS-SANTOS, 2003), 2n = 50 para a maioria das 

espécies, como para A. altiparanae e Astyanax bockmanni (FERNANDES, MARTINS-
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SANTOS, 2004; KAVALCO et al., 2009), e recentemente foi descrito um cariótipo com 2n = 

52 no gênero para Astyanax sp. (TENÓRIO et al., 2013).  

Além da variação do número diploide, várias fórmulas cariotípicas são descritas para 

as diferentes espécies e populações de uma mesma espécie do gênero. Como exemplo tem-

se o estudo de Medrado et al. (2008), no qual três populações de A. fasciatus pertencentes a 

diferentes bacias hidrográficas no estado da Bahia apresentaram número diploide de 2n = 48 

cromossomos e três fórmulas cariotípicas diferentes, sugerindo a ocorrência de um complexo 

de espécies. 

Complexos de espécies são comuns em Astyanax, por exemplo o “complexo Astyanax 

scabripinnis” sugerido por Moreira-Filho e Bertollo (1991) no qual o número diploide varia em 

2n=46, 2n=48 e 2n=50 cromossomos, e o “complexo Astyanax fasciatus” onde número pode 

variar desde 2n=45 a 2n=50 cromossomos (CENTOFANTE et al., 2003), podendo estes 

apresentarem ou não cromossomos supranumerários (NÉO et al., 2000a,b ; FERREIRA-

NETO et al., 2012).  

A distribuição da macroestrutura da heterocromatina é bem estudada no gênero 

Astyanax. Por exemplo, Fernandes e Martins-Santos (2003) analisaram duas populações de 

A. scabripinnis da bacia do rio Ivaí (estado do Paraná, Brasil) e observaram um padrão similar 

de distribuição da heterocromatina constitutiva entre as duas populações, porém foi notada 

uma variação inter e intraindividual de blocos heterocromáticos. Segundo os autores, blocos 

grandes e fortemente corados foram observados nas regiões teloméricas em cromossomos 

subtelocêntricos e acrocêntricos. Mantovani et al. (2000) também relataram um similar 

polimorfismo interindividual em populações de A. scabripinnis provenientes dos córregos 

Centenário e Marrecas (bacia do rio Paranapanema). Outras populações também 

apresentaram variação inter e intraindividual de blocos de heterocromatina assim como 

diferentes números de cromossomos Ag-positivos (por exemplo, MANTOVANI et al., 2004; 

FERNANDES, MARTINS-SANTOS, 2006; MEDRADO et al., 2008) 

As regiões organizadoras de nucléolo (RONs) são estudadas amplamente no gênero, 

apresentando variações de números e posições. Medrado et al. (2008), por exemplo, 
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relataram para três populações de A. fasciatus, pertencentes a rios de bacias da região 

nordeste do Brasil, três padrões de marcações Ag-RONs. Os autores descrevem que a 

população do rio Contas apresentou marcação na posição terminal do braço longo de um par 

subtelocêntrico e outro submetacêntrico, além de uma marcação na posição terminal do braço 

curto de um par metacêntrico. No entanto, as outras duas populações do rio Preto da Costa 

e córrego Mineiro apresentaram um par subtelocêntrico impregnado pelo íon prata, sendo que 

o mesmo parece ser o par Ag-RON principal (MEDRADO et al., 2008). Outros autores, 

relataram variações em número inter e intraindividual de cromossomos Ag-RONs marcados 

nas posições teloméricas para A. paranae e A. scabripinnis (VICARI et al., 2008a).  

Regiões ricas em bases GC, as quais geralmente estão localizadas em segmentos 

heterocromáticos e/ou marcam regiões Ag-RONs, também são estudadas para espécies de 

Astyanax através da coloração por cromomicina A3 (CMA3). De acordo com Fernandes e 

Martins-Santos (2004), duas populações de A. altiparanae (uma dos rio Paraná e outra do rio 

dos Índios) apresentaram dois padrões de localização de regiões GC-ricas: a população do 

rio dos Índios mostraram que a maioria dos cromossomos das Ag-RONs eram ricos em bases 

GC (dos 10 cromossomos com marcações Ag-RONs, sete cromossomos mostraram 

marcações GC-ricas), enquanto que a população do rio Paraná mostrou que além dos 

cromossomos Ag-RONs, outros cromossomos apresentaram regiões ricas em bases GC (o 

braço curto do par 20, o qual é Ag-RON e heterocromático, e mais três cromossomos que não 

são Ag-RONs e nem heterocromáticos). Esses são alguns exemplos de variações de 

localização e posição da macroestrutura da heterocromatina, das RONs e de sítios CMA3, 

porém, vários outros trabalhos demonstram que condições cromossômicas polimórficas são 

comuns para as espécies de Astyanax.  

 

1.5. Cromossomos supranumerários e suas características em Astyanax 

 

Cromossomos atípicos que não fazem parte do complemento A são denominados 

cromossomos Bs, supernumerários, supranumerários ou cromossomos extras. A ocorrência 
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desse tipo de cromossomo entre os indivíduos de uma população pode ser esporádica ou ser 

comumente encontrada para muitos representantes, podendo mostrar uma alta frequência 

entre os integrantes da população. É possível encontrar também variações em relação à 

morfologia, tamanho e número desse tipo de cromossomos (PAULS e BERTOLLO, 1983, 

1990; VENERE et al., 1999; CAVALLARO et al., 2000; FERNANDES e MARTINS-SANTOS 

2005; ARTONI et al., 2006). 

 Com relação à morfologia, os cromossomos supranumerários podem diferir entre os 

indivíduos de uma mesma espécie. Fernandes e Martins-Santos (2005) ao analisarem 

citogeneticamente exemplares de A. scabripinnis do córrego Tatupeba, bacia do rio Ivaí, 

encontraram três citótipos distintos referentes à presença de cromossomos supranumerários. 

No primeiro citótipo os indivíduos exibiram um macrocromossomo B do tipo metacêntrico 

totalmente heterocromático, no segundo citótipo os indivíduos portavam macrocromossomos 

B dos tipos metacêntrico, subtelocêntrico e acrocêntrico, parcialmente heterocromáticos, e no 

terceiro citótipo os exemplares apresentaram macrocromossomos B dos tipos metacêntrico e 

acrocêntrico, também parcialmente heterocromáticos. 

Relacionado ao tamanho, os cromossomos supranumerários exibem notável variação 

no gênero Astyanax, apresentando macromossomos B (MAISTRO et al., 1992; VICENTE et 

al., 1996; MOREIRA-FILHO et al., 2001; FERRO et al., 2003) bem como microcromossomos 

B (STANGE; ALMEIDA-TOLEDO, 1993; KAVALCO; ALMEIDA-TOLEDO, 2007; HASHIMOTO 

et al., 2008). 

Os cromossomos B também podem variar em número nas espécies do gênero 

Astyanax. Inicialmente, os cromossomos B foram estudados em A. scabripinnis a qual 

apresentou populações com zero, um ou dois cromossomos extras (ROCON-STANGE; 

ALMEIDA-TOLEDO, 1993; MIZOGUCHI; MARTINS-SANTOS, 1997; NÉO et al., 2000a, b; 

FERNANDES; MARTINS-SANTOS, 2005).  

 Apesar do aumento das informações disponíveis sobre a morfologia, herança, 

estrutura e outros aspectos relacionados aos cromossomos B em peixes, a exata origem e 

significado funcional desses elementos genômicos ainda permanece desconhecida 
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(SALVADOR; MOREIRA-FILHO, 1992; PORTO-FORESTI et al., 1997; JESUS et al., 2003; 

ARTONI et al., 2006), portanto hipóteses têm sido propostas para explicação de tal elemento 

no genoma. Uma delas foi proposta por Salvador e Moreira-Filho (1992), os quais realizaram 

o estudo da origem dos cromossomos supranumerários em uma população de A. scabripinnis, 

proveniente do município de Campos do Jordão e, segundo os autores, o elemento B nessa 

população poderia estar associado a não-disjunção mitótica do primeiro par metacêntrico 

durante a divisão celular, seguida por um processo de heterocromatização total ou parcial 

desse cromossomo extra.  

 Outros autores têm proposto a origem de cromossomos B a partir da formação de 

isocromossomos. Ao estudarem a espécie A. scabripinnis, Mestriner et al. (2000) detectaram 

a presença de sequências repetitivas (As51), também detectadas sobre cromossomos do 

complemento A, em ambos os braços do cromossomo B, reforçando, dessa forma, 

argumentos favoráveis sobre a hipótese de origem desses macrocromossomos extras pela 

formação de isocromossomos.   

 Apesar da tendência de citar a espécie A. scabripinnis como um modelo de estudo 

para cromossomos B em peixes, provavelmente devido ao número de estudos descritos 

disponíveis sobre a mesma, outras espécies do gênero Astyanax também apresentam 

cromossomos B em seus complementos. Por exemplo, Torres-Mariano e Morelli (2008) 

relataram a ocorrência de cromossomos supernumerários em Astyanax eigenmanniorum, 

Hashimoto et al. (2008) relataram a presença de cromossomos extras nos complementos de 

A. altiparanae, Daniel et al. (2012) em A. bockmanni e Silva et al. (2014) em Astyanax 

paranae. 

 Em um estudo recente, realizado em A. paranae por Silva et al. (2014), foi discutido 

que a hipótese para origem dos cromossomos Bs (um cromossomo grande metacêntrico e 

um cromossomo grande submetacêntrico) seria através de isocromossomos, uma vez que os 

autores verificaram que os dois braços cromossômicos tiveram marcações com sondas 

obtidas por microdissecção cromossômica de um único braço do cromossomo B metacêntrico 

grande. Segundo os autores foram identificados ainda, através do mapeamento de DNA 
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repetitivo (DNAr 18S e genes de Histonas), os prováveis pares do complemento A que 

originaram estes cromossomos Bs (pares 2 e 23).   

 Por fim, grandes esforços têm sido realizados na tentativa de entender a origem dos 

cromossomos B e explicar possíveis funções no genoma, porém, é notável que estes 

elementos não possuem uma origem ou função comum para os diferentes organismos. 

 

1.6. Localização cromossômica de sequências repetitivas no táxon 

 

O gênero Astyanax é o grupo mais estudado citogeneticamente entre os incertae 

sedis. Dentre as espécies do grupo extensivamente estudadas estão A. altiparanae, A. 

scabripinnis e A. fasciatus e uma das sequências repetitivas mais estudadas nesse grupo é a 

do DNA ribossomal (DNAr) 18S, parte da família multigênica do DNAr 45S.  

A sequência do rDNA 18S apresenta variedade de localizações cromossômicas em 

Astyanax, principalmente entre as populações de uma mesma espécie. Por exemplo, 

Fernandes e Martins-Santos (2006) relataram para quatro populações de A. altiparanae 

provenientes da bacia do rio Paraná, quatro sítios de DNAr 18S para as populações do rio 

Paraná, córrego Tatupeba e córrego Maringá, e sete sítios de DNAr 18S para a população do 

córrego Keçaba. Por outro lado, a população de A. altiparanae do córrego Monjolinho (bacia 

do Alto Paraná, São Carlos, SP) apresentou apenas dois sítios de DNAr 18S (PERES et al., 

2008). Além desses trabalhos, há outros relatando diferentes números e posições de sítios de 

DNAr 18S para as espécies de Astyanax (por exemplo, FERNANDES; MARTINS-SANTOS, 

2004, 2005, 2006; KAVALCO; ALMEIDA-TOLEDO, 2007; HASHIMOTO et al., 2008; PERES 

et al., 2008; FERREIRA-NETO et al. 2012; PISCOR et al., 2015). 

Outra sequência repetitiva extensivamente estudada no gênero Astyanax é a do DNAr 

5S, que mostra padrões conservados para algumas espécies do gênero. Um desses padrões 

é compartilhado entre A. fasciatus, A. scabripinnis, Astyanax parahybae, Astyanax sp. B, A. 

paranae, A. bockmanni, A. eigenmanniorum e Astyanax abramis, as quais apresentaram um 

par metacêntrico marcado na porção pericentromérica e um par acrocêntrico ou 
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subtelocêntrico marcado na porção subterminal (ALMEIDA-TOLEDO et al. 2002; KAVALCO 

et al., 2004; MANTOVANI et al., 2005; VICARI et al., 2008b; KANTEK et al., 2008; KAVALCO 

et al, 2009; PISCOR et al., 2015). Outro padrão notável, de localização cromossômica de 

DNAr 5S, que pode ser observado em A. altiparanae, em Astyanax bimaculatus e em 

Astyanax lacustris é a presença de um par submetacêntrico com marcações 

pericentroméricas (ALMEIDA-TOLEDO et al., 2002; FERNANDES; MARTINS-SANTOS, 

2006; DOMINGUES et al., 2007; FERREIRA-NETO et al., 2009; KAVALCO et al., 2011). Um 

terceiro padrão compartilhado entre Astyanax janeiroensis, Astyanax sp. C e Astyanax sp. D 

consiste na presença de um par acrocêntrico na posição pericentromérica marcado pelo DNAr 

5S (KANTEK et al., 2008; VICARI et al., 2008b). 

Além das sequências repetitivas mais comumente estudadas, como o DNAr 18S e 5S, 

outras sequências repetitivas têm sido analisadas, como por exemplo o DNA satélite As51, 

que foi caracterizado nos cromossomos de algumas espécies de Astyanax. De acordo com 

Mantovani et al. (2004) duas populações de A. scabripinnis com os números diploides 2n = 

48 e 2n = 50 cromossomos mostraram que, através da técnica de hibridação in situ 

fluorescente (FISH), regiões de DNA satélite As51 estão sobre regiões similares de 

heterocromatina revelada pela técnica de banda-C. Os autores verificaram que os grandes 

blocos heterocromáticos estavam localizados nas posições terminais dos braços longos, 

principalmente em cromossomos subtelocêntricos e acrocêntricos. Também foi notada 

variação de número e quantidade de heterocromatina distal e de marcações As51 em ambas 

as populações (MANTOVANI et al., 2004). 

 O padrão de distinção da heterocromatina é um dos melhores marcadores 

cromossômicos para a separação das populações de A. scabripinnis (MOREIRA-FILHO; 

BERTOLLO, 1991; MAISTRO et al., 1998) e A. fasciatus (ARTONI et al., 2006). Do mesmo 

modo, estudos com DNA satélite As51 demonstraram que grandes blocos de heterocromatina 

em A. fasciatus e A. scabripinnis apresentaram similaridade com esse tipo de satélite, 

indicando que o processo de diferenciação da heterocromatina-As51 pode estar envolvido na 

evolução cromossômica dessas duas espécies (KANTEK et al., 2009). A sequência As51 
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também foi observada em outras espécies, tais com A. paranae, Astyanax janeiroensis, A. 

scabripinnis, Astyanax sp. D, A. fasciatus e Astyanax hastatus (KANTEK et al., 2009; 

KAVALCO et al., 2009). Kavalco et al. (2009) estudaram quatro populações de A. hastatus da 

bacia do rio Guapimirim (RJ) e verificaram três citótipos distintos, os quais não apresentaram 

nenhum sinal positivo através da técnica de FISH com sonda de DNA satélite As51.  

Além dessas sequências repetitivas, outra sequência estudada em Astyanax é a do 

gene de histona H1. Hashimoto et al. (2011) estudaram a localização cromossômica da 

histona H1 em três espécies de Astyanax, mostrando que as espécies apresentaram dois 

pares cromossômicos marcados e, que um destes apresentava sintenia dos genes de DNAr 

5S e da histona H1 em um par metacêntrico em A. bockmanni (par 2) e A. fasciatus (par 3), e 

um par submetacêntrico em A. altiparanae (par 12). Os autores verificaram ainda que o padrão 

de localização cromossômica dos genes de histona H1-DNAr 5S (sintenia), juntamente com 

a análise baseada nas sequências de histona H1, demonstraram que A. fasciatus e A. 

bockmanni estão intimamente relacionadas.  

Outros genes, recentemente mapeados nos cromossomos de espécies do gênero 

Astyanax, como A. paranae, A. fasciatus, A. bockmanni, A. altiparanae e A. jordani, são 

aqueles envolvidos no processo de splicing, os genes da família DNAsn U (SILVA et al., 2015). 

Nesse estudo foi mostrado que os genes de RNAsn U2 são organizados em dois pares 

cromossômicos, exceto em A. jordani que apresentou sinais fluorescentes em apenas um par. 

Os autores também mostraram que os genes RNAsn U1 e U2 exibiram forte conservação em 

número de sítios cromossômicos por genoma, mas estes genes estão organizados em 

diferentes pares (SILVA et al., 2015). 

Elementos transponíveis também têm sido mapeados nos cromossomos de algumas 

espécies do gênero. Pessenda (2012) estudou a localização cromossômica do 

retrotransposon Rex1 em A. altiparanae, A. asuncionensis, A. eigenmannirorum e A. fasciatus, 

e verificou que estas espécies apresentaram um padrão disperso para esta sequência. 

Segundo Silva et al. 2013, nas duas populações de A. bockmanni por eles analisadas, os 
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elementos Rex3 estão compartimentalizados nas regiões de heterocromatina telomérica, 

assim como regiões eucromáticas e em sintenia com o DNAr 18S.  

Por fim, estudos envolvendo diversas sequências repetitivas apresentados por 

diferentes autores para o gênero Astyanax, vêm confirmando ser este um grupo bastante 

interessante para estudos desse tipo, e que a localização cromossômica de sequências 

repetitivas em peixes pode ser de grande importância em comparações genômicas e 

evolutivas neste grupo. 
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2. HIPÓTESES 

 

 

1) O mapeamento cromossômico de sequências repetitivas aliado a dados 

moleculares poderia auxiliar no entendimento das relações evolutivas entre 

as espécies do gênero Astyanax?  

 

2) Seria, o gênero Astyanax, um grupo monofilético dentro de Characidae? 
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3. JUSTIFICATIVA E OBJETIVOS 

Astyanax é um grupo interessante do ponto de vista citogenético e evolutivo 

porque apresenta espécies com, principalmente, 2n = 36, 46, 48, 50 e 52 cromossomos, 

sendo 2n = 50 o mais frequente no gênero. Com o intuito de obter informações que 

possam contribuir com o entendimento da origem e evolução dos cromossomos em 

espécies com diferentes números diploides ocorrentes no gênero, o principal foco deste 

trabalho foi estudar diversos marcadores cromossômicos. Para tanto, os principais 

objetivos foram: 

 

1) Verificar a organização genômica de elementos primariamente repetitivos em 

espécies com diferentes números diploides, com o uso das técnicas de Ag-NOR, 

banda-C e dupla coloração por CMA3/DAPI. 

 

2) Caracterizar sequências repetitivas nos cromossomos de diferentes espécies de 

Astyanax com distintos números diploides para identificar panoramas gerais de 

organização entre as mesmas. 

 

3) Associar dados citogenéticos com marcadores moleculares para identificar 

relações evolutivas associadas a datação da idade cronológica das unidades 

taxonômicas ou de grupos específicos dentro de Astyanax. 
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4. MATERIAIS 

As coletas foram realizadas com autorização do Instituto Chico Mendes de 

Conservação da Biodiversidade (ICMBio) através da aquisição do documento para atividades 

com finalidade científica: SISBIO - Sistema de Autorização e Informação em Biodiversidade 

(Anexo I).  

Os animais capturados foram levados ao laboratório de Citogenética Animal e 

colocados em aquários aerados até serem utilizados nos experimentos propostos no presente 

trabalho. Foram seguidos todos os cuidados recomendados pela Comissão de Ética no Uso 

de Animal (CEUA) do Instituto de Biociências da Universidade Estadual Paulista – UNESP, 

Campus de Rio Claro (Anexo II). 

Os exemplares de Astyanax altiparanae (Garutti e Britski, 2000) e Astyanax schubarti 

(Britski, 1964) foram coletados no rio Piracicaba no estado de São Paulo (SP), Brasil; 

exemplares de Astyanax fasciatus (Cuvier, 1819) (2n = 46, 48 e 50 cromossomos – ver Figura 

1), e também A. altiparanae foram coletados em afluentes da bacia do rio Corumbataí – SP, 

Brasil. Os exemplares de Astyanax bockmanni (Vari e Castro, 2007) foram coletados no 

córrego Guaçu no estado de Mato Grosso do Sul (MS), Brasil. Foram também analisados 

exemplares de Astyanax abramis (Jenyns, 1842) e Astyanax asuncionensis (Géry, 1972) 

pertencentes ao córrego Bento Gomes do estado de Mato Grosso (MT), Brasil e exemplares 

de Astyanax marionae (Eigenmann, 1911) pertencentes ao córrego Rio Claro – MT, Brasil. 

Foram também obtidos exemplares de Astyanax mexicanus (peixe de caverna albino sem 

olhos desenvolvidos) (De Filippi, 1853), e Astyanax eigenmanniorum (Cope, 1894) em loja de 

aquário. As espécies analisadas estão organizadas na Tabela 1 (ver também Figura 1). 

Para as coletas foram utilizados aparelhos de pesca variados como redes de arrasto, 

covos, peneiras e equipamento de pesca elétrica. Os exemplares coletados foram colocados 

em aquários no Laboratório de Citogenética Animal da Universidade Estadual Paulista “Júlio 

de Mesquita Filho” (UNESP), Câmpus de Rio Claro – SP. Para cada exemplar foi fornecido 

um número de identificação e foi obtido o sexo, o qual foi identificado com o auxílio de 

microscópio de luz. Os exemplares foram narcotizados e utilizados para preparações 
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citogenéticas, fixados em etanol a 70%, e enviados para o Departamento de Zoologia da 

UNESP de São José do Rio Preto – SP para identificação pelo Prof. Dr. Francisco Langeani 

Neto, para o Departamento de Morfologia da UNESP de Botucatu – SP para identificação pelo 

Dr. Ricardo Britske, e para Unidade Universitária de Mundo Novo – MS (UEMS) para 

identificação pelo Prof. Dr. Carlos Alexandre Fernandes. Após identificação, os exemplares 

foram depositados na coleção Ictiológica do Departamento de Biologia da UNESP de Rio 

Claro − SP. 
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Tabela 1. Relação das espécies coletadas, número de indivíduos e procedências.  

Espécies N° de 

indivíduos 

Estado Bacias hidrográficas 

Astyanax abramis 03 MT Bacia do rio Paraguai (1) 

Astyanax altiparanae1 05 SP Bacia do rio Paraná (2) 

Astyanax altiparanae2 05 SP Bacia do rio Paraná (2) 

Astyanax asuncionensis 04 MT Bacia do rio Paraguai (1) 

Astyanax bockmanni 03 MS Bacia do rio Paraná (2) 

Astyanax eigenmanniorum 03 Aquarismo - 

Astyanax fasciatus3 03 SP Bacia do rio Paraná (2) 

Astyanax fasciatus4 02 SP Bacia do rio Paraná (2) 

Astyanax fasciatus5 03 SP Bacia do rio Paraná (2) 

Astyanax fasciatus1 05 SP Bacia do rio Paraná (2) 

Astyanax marionae 06 MT Bacia do rio Paraguai (1) 

Astyanax mexicanus 09 Aquarismo - 

Astyanax schubarti 01 SP Bacia do rio Paraná (2) 

1 Ribeirão Claro – SP (ponto 1); 2 Rio Piracicaba em Santa Maria da Serra – SP; 3 Afluente do rio Corumbataí – SP; 4 Afluente do 

rio Cabeça – SP; 5 Ribeirão Claro – SP (ponto 2); 1 e 2: Ver figura 1 (próxima página) para visualização das bacias hidrográficas. 
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Figura 1. Mapa das localizações das espécies analisadas no presente trabalho. Observe que 

os números entre os parênteses são referentes aos números diploides das respectivas 

espécies; *Espécies provenientes de lojas de aquário no Brasil e suas respectivas localidades 

de origem; **Espécie com diferentes números diploides (2n = 46, 48 e 50). 
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5. MÉTODOS 

5.1. Estimulação de células mitóticas 

Para aumentar a quantidade de células mitóticas nas preparações, foi utilizada a 

técnica de injeção prévia de uma solução de fermento biológico nos animais, descrita 

inicialmente por Cole e Levans (1971) para répteis e anfíbios e adaptada por Oliveira et al. 

(1988) para peixes. O protocolo foi o seguinte: 

1) Preparar uma solução de fermento biológico na seguinte proporção: 0,5g de 

fermento, 0,5g de açúcar e 7 mL de água destilada. Incubar em estufa por 

aproximadamente 20 minutos; 

2) Injetar esta solução na região dorso-lateral do animal, na proporção de 1 mL para 

100g de peso vivo. Manter o animal em um aquário bem aerado e com a temperatura 

em torno de 26°C por um período de aproximadamente 48 horas. 

 

5.2. Obtenção de cromossomos mitóticos 

 Os cromossomos mitóticos foram obtidos de células extraídas das porções anterior e 

posterior do rim, segundo a metodologia de Foresti et al. (1981), com algumas modificações. 

O procedimento consiste em:  

1) Injetar, na região intra-abdominal, solução aquosa de colchicina (0,025%) na 

proporção de 1 mL para cada 100g de peso do animal; 

2) Deixar o peixe em aquário bem aerado, por 50 minutos; 

3) Efetuar uma excisão abdominal, utilizando uma tesoura, partindo do ânus do animal 

até a região anterior. Logo após, realizar um corte lateral e paralelo às brânquias, e por 

último retirar a porção anterior e posterior do rim, e quando necessário as brânquias; 

4) Colocar os tecidos retirados em placa de Petri contendo 7 mL de solução hipotônica 

de cloreto de potássio (KCl) a 0,075 M; 

5) Fragmentar bem o material com o auxílio de pinças de dissecação e completar esse 

processo com uma seringa hipodérmica desprovida de agulha para se obter uma 

suspensão celular homogênea; 
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6) Colocar a suspensão obtida a 37°C, em estufa, durante 21 minutos; 

7) Retirar da estufa, ressuspender cuidadosamente o material com o auxílio de pipeta 

Pasteur, e transferir a solução para um tubo de centrífuga. Adicionar 7 gotas de fixador 

gelado (Metanol e Ácido Acético na proporção de 3:1, respectivamente); agitar 

levemente a mistura com uma pipeta Pasteur e deixar repousar por 5 minutos a 

temperatura ambiente; 

8) Adicionar cerca de 6 mL de fixador gelado e novamente agitar a mistura; levar à 

centrífuga durante 9 minutos a 1.000 rpm; descartar o sobrenadante com pipeta 

Pasteur; 

9) Ressuspender o precipitado em 7 mL de fixador gelado e centrifugar por 9 minutos 

a 1000 rpm; 

10) Repetir o item 9 por duas ou três vezes; 

11) Após a última centrifugação, retirar o sobrenadante e adicionar 1,5 mL de fixador, 

transferindo a solução para um tubo do tipo Eppendorf de 1,5 mL. 

12) Pingar o material em lâmina e deixar secar ao ar; 

13) Corar com corante Giemsa a 10% diluída em solução tampão com pH ajustado em 

6,8 por 10 minutos. 

14) Lavar em água corrente e deixar secar ao ar, analisar a lâmina em microscópio 

óptico.   

 

5.3. Análise morfométrica dos cromossomos 

Os cromossomos foram mensurados com auxílio de um paquímetro e classificados de 

acordo com procedimento frequentemente utilizado para análise dos cromossomos de peixes 

no Brasil. Para tanto, a morfologia dos cromossomos foi determinada com base na razão de 

braços (RB), onde o valor da medida do braço longo (q) é dividido matematicamente pelo valor 

da medida do braço curto (p). Os cromossomos com dois braços foram classificados como 

metacêntricos (m), submetacêntricos (sm) e subtelocêntricos (st), com as razões 

compreendidas entre 1,0 a 1,70 para m, 1,71 a 3,0 para sm e 3,01 a 7,0 para st. Os 
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cromossomos com um braço foram considerados como acrocêntricos (a) com a razão acima 

de 7,0. Para o cálculo do número fundamental (NF) os cromossomos homólogos m, sm e st 

foram considerados como cromossomos de dois braços e os a com um braço.  

 

5.4. Montagem dos cariótipos 

 Após as análises morfométricas dos cromossomos, os cariótipos foram montados 

com o auxílio do programa Adobe Photoshop CS4. Os cromossomos foram organizados em 

sequência do maior para o menor, seguindo a classificação (m, sm, st e a) de cima para baixo. 

As pranchas foram organizadas utilizando o programa CorelDRAW versão X4 (Corel® 

PHOTO-PAINT™ X4). 

 

5.5. Montagem de idiogramas e cromossomos específicos 

A criação de idiogramas e cromossomos específicos foi realizada através do auxílio 

de ferramentas especializadas do programa CorelDRAW versão X4 (Corel® PHOTO-

PAINT™ X4). 

 

5.6. Localização da heterocromatina 

 Para o estudo da heterocromatina foi utilizada a técnica de Summer (1972), seguindo 

os procedimentos abaixo: 

 1) Tratar a lâmina, já contendo as gotas do material para análise, com HCl a 0,2 N em 

temperatura ambiente, por 15 minutos;   

 2) Lavar a lâmina em água corrente e secar ao ar. 

 3) Incubar em solução salina de 2xSSC, a 60°C em banho-maria por 15 minutos. 

 4) Lavar em água corrente e secar ao ar; 

 5) Incubar a lâmina por 30 segundos em solução de hidróxido de bário [Ba(OH)2] a 5%, 

sendo recém preparada e filtrada, em banho-maria a 42°C;  
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6) Lavar a lâmina rapidamente em solução de HCl 0,2 N, e depois em água destilada, 

deixar secar ao ar; 

 7) Incubar a lâmina em solução salina de 2xSSC a 60°C, por 1 hora; 

 8) Lavar em água destilada e secar ao ar; 

 9) Corar com Giemsa em solução tampão (pH 6,8) a 5% durante 5-10 minutos; 

 10) Lavar com água destilada e secar ao ar, analisar a lâmina em microscópio óptico. 

 

 

5.7. Localização das regiões organizadoras de nucléolo pelo nitrato de prata 

 A metodologia para detecção das regiões organizadoras de nucléolo com uso de nitrato 

de prata (AgNO3), foi realizada de acordo com a técnica de Howell e Black (1980) abaixo 

descrita: 

1) Hidrolisar o material contido na lâmina por 3 minutos em HCl 1N a 60°C, em estufa; 

2) Lavar em água corrente e secar ao ar; 

3) Pingar uma gota de solução aquosa de gelatina e uma dota de água deionizada 

sobre a lâmina; 

4) Adicionar sobre as gotas anteriores, duas gotas de solução de nitrato de prata 

(AgNO3), e cobrir a lâmina com lamínula; 

5) Incubar em câmara úmida a 60°C por um período de 3-5 minutos, ou até que a 

solução adquira uma coloração caramelada; 

6) Lavar em água corrente e secar ao ar; 

7) Corar com Giemsa em solução tampão (pH 6,8) a 2% durante 20-30 segundos e 

analisar em microscópio óptico. 

 

 

5.8. Dupla coloração CMA3/DAPI com cromossomos desnaturados 

  As regiões cromossômicas ricas em bases GC e AT foram detectadas utilizando a 

metodologia frequentemente utilizada no Laboratório de Citogenética da UNESP-Rio Claro, 

descrita abaixo: 
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1) Colocar as lâminas em solução de formamida 70% em 2xSSC a 70°C por 2 

minutos; 

2) Passar as lâminas por duas cubas com 2xSSC gelado por 2 minutos cada; 

3) Passar as lâminas em série de etanol gelado a 70, 90 e 100%, 2 minutos cada. 

Deixar as lâminas secarem bem; 

4) Montar as lâminas com 30 μL de cromomicina A3 (CMA3), deixar atuar por 1 hora 

em câmara escura na geladeira; 

5) Passar as lâminas por três banhos de PBS 1x por 2 minutos cada; 

6) Não deixar secar, montar as lâminas com 30 μL de Vectashield com DAPI 

(VECTOR), deixar atuar por 30 minutos; 

7) Retirar o excesso de DAPI, e analisar em microscópio de fluorescência. 

 

 

5.9. Extração de DNA genômico  

  A metodologia de extração de DNA genômico de tecidos sólidos foi empregada de 

acordo com a técnica de Fenol-Clorofórmio de Sambrook e Russel (2001): 

 

1) Macerar o tecido (nadadeira, músculo ou fígado) dentro de um tubo do tipo Eppendorf 

de 1,5 mL com auxílio de um macerador ou tesoura; 

2) Adicionar 430 µL de tampão de digestão, como descrito abaixo: 

Reagentes Concentração Volume (µL) 

NaCl 5 M 10 

Tris-HCl (pH 8,0) 1 M 5 

EDTA (pH 8,0) 0,5 M 25 

SDS 10% 25 

Proteinase K 10 mg/mL 5 

H2Od q.s.p.* - 430 
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3) Incubar em banho Maria a 40-50°C por cerca de 1 hora e 30 minutos (homogeneizar 

periodicamente), esse tempo pode ser maior ou menor dependendo do tecido 

utilizado; 

4) Adicionar 500 L de Fenol:Clorofórmio (1:1) e homogeneizar com movimentos 

rotatórios durante 15 minutos; 

5) Centrifugar a 15.000 rpm durante 15 minutos a 4°C; 

6) Transferir a camada superior (mais clara) para outro tubo do tipo Eppendorf de 1,5 mL; 

7) Adicionar 0,2x o volume de NaCl 1 M e 2x o volume de etanol 100% gelado, 

homogeneizar suavemente para precipitar o DNA; 

8) Centrifugar a 15.000 rpm durante 15 minutos a 4°C; 

9) Descartar o sobrenadante e acrescentar cuidadosamente 375 L de etanol 70%, sem 

agitar; 

10) Centrifugar a 15.000 rpm durante 15 minutos a 4°C; 

11) Descartar o sobrenadante e secar o pellet em estufa a 37°C; 

12) Ressuspender com água mili-Q durante algumas horas 

13) Verificar a quantidade do DNA em gel de Agarose (0,8%). 

 

 

5.10. Obtenção de sondas de DNA repetitivos por PCR 

1) A sonda de DNAr 18S foi amplificada através da técnica de PCR (Reação em Cadeia 

da Polimerase) usando DNA genômico de espécies de Astyanax e primers específicos (NS1 

= 5’-GTA GTC ATA TGC TTG TCT C; NS8 = 5’-TCC GCA GGT TCA CCT ACG GA) descritos 

por White et al. (1990), de acordo com a seguinte tabela de especificação dos volumes e 

concentrações dos reagentes utilizados na reação: 
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Reagentes 
 

Volume (μL) Concentração 

DNA 
 

1  50 a 100 ng/μL 

PCR buffer (Tampão) 
 

5 10x 

MgCl2 
 

4 50 Mm 

Primer 1 
 

1 0,6 ng/μL 
 

Primer 2 
 

1 0,6 ng/μL 

dNTPs 
 

1 (cada) 2 mM  

Taq Polimerase 
 

0,5 5 U/μL 

Água 
 

33,5 - 

Volume final 
 

50 L  

 

O programa do termociclador para a amplificação do DNAr 18S foi: 

 

1- 94°C − 5 min 

 

2- 95°C − 1 min 

3- 60°C − 1 min                        35 ciclos 

4- 72°C − 1 min e 30 seg 

 

5- 72°C − 7 min 

6- 4°C   − ∞ 

 

 

 

 

2) A sonda de DNAr 5S foi amplificada através da técnica de PCR usando DNA 

genômico de Astyanax com os primers (A= 5’-TAC GCC CGA TCT CGT CCG ATC;  B= 5’-

CAG GCT GGT ATG GCC GTA AGC) descritos por Pendás et al. (1994) e Martins e Galetti 

(1999), de acordo com a reação descrita acima na tabela de especificação dos volumes e 

concentrações dos reagentes. O programa do termociclador para a amplificação do DNAr 5S 

foi: 
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1- 94°C − 5 min 

 

2- 95°C – 30 seg 

3- 45°C − 30 seg              30 ciclos 

4- 72°C − 30 seg 

 

5- 72°C − 7 min 

6-  4°C   − ∞ 

 

 

 

3) A sonda de histona H3 foi amplificada através da técnica de PCR usando DNA 

genômico de espécies de Astyanax com os primers (ScaH3F = 5’ GGC NMG NAC NAA RCA 

RAC; ScaH3R = 5’ TGD ATR TCY TTN GGC ATD AT) descritos por Cabral-de-Mello (2010), 

de acordo com a reação descrita acima na tabela de especificação dos volumes e 

concentrações dos reagentes. O programa do termociclador para a amplificação do gene de 

histona H3 foi: 

 

 

1- 95°C − 5 min 

 

2- 95°C – 40 seg 

3- 55°C – 40 seg              34 ciclos 

4- 72°C – 2 min 

 

5- 72°C − 5 min 

6- 12°C − ∞ 

 

 

 

 

4) A sonda de DNAsn U2 foi amplificada através da técnica de PCR usando DNA 

genômico de Astyanax com os primers (U2F = 5’ ATC GCT TCT CGG CCT TAT G; U2R = 5’ 

TCC CGG CGG TAC TGC AAT A) descritos por Bueno et al. (2013), de acordo com a 

reação descrita acima na tabela de especificação dos volumes e concentrações dos 

reagentes. O programa do termociclador para a amplificação do DNAsn U2 foi: 
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1- 94°C − 5 min 

 

2- 95°C – 30 seg 

3- 65°C – 30 seg              35 ciclos 

4- 72°C − 30 seg 

 

5- 72°C − 5 min 

6- 4°C   − ∞ 

 
 
 
5.11. Marcação das sondas via PCR 

As sondas foram marcadas com Biotina-11-dUTP (Roche) ou Digoxigenina-11-dUTP 

(Roche) por PCR, de acordo com a seguinte reação: 

Reagentes 
 

Volume (μL) Concentração 

Produto de PCR 
 

1 ~100 ng/μL 

PCR buffer (Tampão) 
 

5 10x 

MgCl2 
 

4 50 mM 

Primer 1 
 

1 0,6 ng/μL 
 

Primer 2 
 

1 0,6 ng/μL 

dATP 
 

1 2 mM 

dCTP 
 

1 2 mM 

dGTP 
 

1 2 mM 

dTTP 
 

0,5 2 mM 

D* ou B**  
 

0,75 50 nmol 

Taq Polimerase 
 

0,5 5 U/μL 

Água 
 

33,25 - 

Volume final 
 

50 L  

*D = Digoxigenina-11-dUTP; **B = Biotina-11-dUTP 

 

Observação: Os programas utilizados para a marcação das sondas foram os mesmos 

utilizados para a amplificação. 
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5.12. Marcação das sondas via nick translation 

Algumas sondas foram marcadas com Biotina-11-dUTP (Roche) ou Digoxigenina-11-

dUTP (Roche) por nick translation, de acordo com a seguinte reação: 

 

Reagentes 
 

Volume (μL) Concentração 

Produto de PCR 
 

5 ~100 ng/μL 

NT buffer (Tampão) 
 

2 10x 

dATP 
 

2 0,4 mM 

dCTP 
 

2 0,4 mM 

dGTP 
 

2 0,4 mM 

dTTP 
 

0,7 0,4 mM 

D* ou B**  
 

0,52 50 nmol 

DNA Polimerase I/DNase I 
 

3 5 U/μL 

Água 
 

2,78 - 

Volume final 
 

20 L  

*D = Digoxigenina-11-dUTP; **B = Biotina-11-dUTP 

 

 O programa do termociclador para a marcação via nick translation foi:  

1- 16°C − 90 min 

2- 65°C − 10 min 

3- 10°C   − ∞ 

 

 

5.13. Obtenção das sondas de Microssatélites 

 As sondas de microssatélites específicos foram cedidas pelo Prof. Dr. Diogo 

Cavalcanti Cabral-de-Melo (UNESP – Rio Claro). A marcação com biotina dos microssatélites 

específicos foi realizada durante a síntese dos mesmos na extremidade 5’ (Sigma, St. Louis, 

MO, USA) como descrito por Milani e Cabral-de-Melo (2014). Os microssatélites utilizados 

foram os seguintes di- e tetra-nucleotídeos:  
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Microssatélites Repetições 

(CA) 15 

(GA) 15 

(CG) 15 

(GACA) 4 

(GATA) 8 

  

 

5.14. Obtenção da sonda de DNA telomérico e FISH específico 

 A sonda de DNA telomérico foi adquirida pelo kit Telomere PNA FISH Kit/FITC (Dako 

Cytomation Denmark A/S Kit) e usada para hibridação de acordo com as recomendações 

específicas do protocolo do fabricante.  

 

5.15. Hibridação in situ fluorescente (FISH) – técnica 1 

A técnica de FISH foi realizada de acordo com Pinkel et al. (1986) com modificações 

feitas no Laboratório de Citogenética Animal da UNESP – Rio Claro descritas por Cabral-de-

Mello et al. (2010):  

 

PRIMEIRO DIA – tratamento das lâminas e desnaturação dos cromossomos 

1) Deixar as lâminas com a suspensão de células em estufa a 37°C por pelo menos 

4 horas antes de iniciar a técnica; 

 

Limpeza com Pepsina 

2) Incubar as lâminas em solução de Pepsina 0,005% a 37°C por aproximadamente 

10 minutos (este tempo é variável de acordo com o material citogenético); 

3) Lavar duas vezes por 2 minutos em 2xSSC; 

4) Desidratar cada lâmina em série de etanol a 70, 90 e 100% por 5 minutos e secar; 
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Limpeza com RNase 

5) Incubar as lâminas em 100 µL de RNase a 20 mM (concentração final de 0,4% em 

2xSSC) a 37°C por 1 hora em câmara úmida; 

6) Lavar três vezes por 5 minutos em 2xSSC; 

7) Lavar uma vez durante 5 minutos em Triton 1x (1% de Triton-100x para 99% de 

2xSSC); 

8) Desidratar cada lâmina em série de etanol a 70, 90 e 100% por 5 minutos e secar; 

 

Desnaturação dos cromossomos 

9) Desnaturar o cromossomos com formamida 70% em 2xSSC a 70°C por 

aproximadamente 2 minutos (este tempo é variável de acordo com o material 

citogenético); 

10) Desidratar cada lâmina em série de etanol gelado (-20°C) a 70, 90 e 100% por 5 

minutos e secar; 

11) Enquanto as lâminas são passadas pela série de etanol deve-se colocar a solução 

de hibridação contendo a sonda (especificação abaixo) para desnaturar a 95°C por 

10 minutos; 

12) Solução de hibridação: Preparar o tampão de hibridação com 15 L de formamida 

(*CF=50%), 6 L de sulfato de dextrano 50% (*CF=10%) e 3 L de 20xSSC 

(*CF=2xSSC). Em um tubo do tipo Eppendorf, adicionar 6 L da sonda marcada e 

24 L do tampão de hibridação. Após, armazenar a solução no gelo até o uso.  

*CF=Concentração Final; 

13) Montar cada lâmina com 30 µL de solução de hibridação, cobrir com lamínula e 

colocar em câmara úmida a 37°C overnight. 
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SEGUNDO DIA – lavagem e detecção 

Lavagem 

14) Retirar as lamínulas cuidadosamente; 

15) Lavar em 2xSSC a 72°C, sem agitação, por 5 minutos. 

16) Transferir para a solução de 1xPBD (40 mL de 20xSSC + 2 mL de Triton-100x + 2 

gramas de leite em pó, e completar para 200 mL com água mili-Q) a temperatura 

ambiente para proceder com a detecção (mínimo 10 e máximo 15 minutos); 

Detecção 

17) Aplicar 4 µL de anti-digoxigenina-rodamina (ROCHE) em 26 µL de 1xPBD se usar 

digoxigenina para marcar a sonda, ou 1 µL de estreptavidina conjugada a Alexa 

Fluor® 488 (INVITROGEN) em 100 µL de 1xPBD se usar biotina para a marcação 

da sonda; 

18) Cobrir com lamínula e incubar por 1 hora em câmara úmida a 37°C; 

19) Remover a lamínula e lavar três vezes em 1xPBD a 45°C por 5 minutos cada; 

20) Montar a lâmina com 15 µL de Vectashield com DAPI (VECTOR) e armazenar em 

câmara escura na geladeira. 

 

 

5.16. Hibridação in situ fluorescente (FISH) – técnica 2 

A técnica de FISH foi realizada de acordo com Pinkel et al. (1986) com modificações 

feitas no Laboratório de Citogenética Animal da UNESP-Rio Claro descritas por Piscor et al. 

(2013):  

 

PRIMEIRO DIA – tratamento das lâminas e desnaturação dos cromossomos 

Obs.: Mesmos procedimentos do primeiro dia da técnica 1. 
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SEGUNDO DIA – lavagem e detecção 

Lavagem 

21) Retirar as lamínulas cuidadosamente; 

22) Lavar 2x por 5 minutos com solução de estringência (50 % de formamida e 50 % 

de 1xSSC) a 45°C; 

23) Lavar 2x por 5 minutos com 1xSSC a 45°C; 

24) Lavar 1x por 5 minutos com 4xTriton (para cada 500 mL: 100 mL de 20xSSC + 250 

µL de Triton 100x + 400 mL de água destilada) a temperatura ambiente. 

25) Colocar 30 µL de tampão de bloqueio (misturar 1000 µL de 2xSSC + 10 µL de 

Triton 100x + 0,05 g de leite em pó desnatado, e centrifugar por 5 minutos a 10000 

rpm) sobre cada lâmina, cobrir com lamínula por 5 minutos a temperatura 

ambiente. 

Detecção 

26) Aplicar 4 µL de anti-digoxigenina-rodamina (ROCHE) em 26 µL de tampão de 

bloqueio se usar digoxigenina para marcar a sonda, ou 1 µL de estreptavidina 

conjugada a Alexa Fluor® 488 (INVITROGEN) em 100 µL de tampão de bloqueio 

se usar biotina para a marcação da sonda; 

27) Cobrir com lamínula e incubar por 1 hora em câmara úmida a 37°C; 

28) Remover a lamínula e lavar rapidamente com 2xSSC em temperatura ambiente; 

29) Lavar 2x por 5 minutos com 4xTriton (mesma preparação citada acima 

anteriormente) a 45°C; 

30) Lavar rapidamente com 2xSSC em temperatura ambiente; 

31) Montar a lâmina com 15 µL de Vectashield com DAPI (VECTOR) e armazenar em 

câmara escura na geladeira. 

 

5.17. Amplificação do gene mitocondrial citocromo c oxidase I (COI) 

O gene mitocondrial COI foi amplificado utilizando os primers descritos por Ward et al. 

(2005) através de reações preparadas utilizando o MIX PCR (QIAGEN) contendo: 5U de Taq 
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polimerase, tampão de enzima 10x, MgCl2 a 1,5 mM e dNTPs a 200 μM, água Mili Q 

autoclavada, primer foward (F) 10 μM, primer reverse (R) 10 μM e DNA genômico. O programa 

de PCR utilizado foi: 

1- 94°C − 2 min 

 

2- 94°C – 30 seg 

3- 50°C – 30 seg              30 ciclos 

4- 60°C − 4 min 

 

5- 72°C − 5 min 

6- 12°C   − ∞ 

 

 

5.18. Sequenciamento de DNA 

As sequências amplificadas foram purificadas através do tratamento com a enzima 

EXOSAP (GE Healthcare), de acordo com o protocolo abaixo: 

 

1)  Limpar 10 μL do produto de PCR, adicionando 2 μL de EXOSAP e 2 μL de água 

MillicQ autoclavada; 

2)  Levar os tubos recém preparados ao termociclador em um ciclo de 1 hora a 37ºC e 

15 minutos a 80ºC; 

3)  Retirar os tubos do termociclador e fazer 2 novos tubos, aliquotando em um tubo 5 μL 

do produto já limpo com 2,5 μL de primer F e em outro tubo primer R, seguindo os 

mesmos volumes do tubo um. 

 

O DNA purificado foi enviado para o sequenciamento na Macrogen na Korea, onde 

foram realizadas a técnica de PCR de sequenciamento, a limpeza deste PCR e o 

sequenciamento num sequenciador automático de DNA modelo MEGABACE 1.000 (GE 

HealthCareT) com o kit DYEnamic ET terminator reagent premix para MEGABACE 

(Amersham Biociences). 
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5.19. Relógio molecular utilizando o gene mitocondrial COI 

Foram utilizados os programas BEAUti v1.7.2 e BEAST v1.7.2 (Drummond et. al., 

2012) para estimar os tempos de divergência entre as sequências e gerar uma árvore datando 

os momentos de separação das mesmas. O modelo “Lognormal relaxed clock (uncorrelated)” 

foi escolhido para o relógio molecular e o processo de especiação “Yule” para o parâmetro 

“Tree Prior”. Eventos geológicos e fósseis calibraram as análises, o momento de colonização 

da América Central (que possibilitou a origem de A. mexicanus) foi datado no intervalo entre 

o soerguimento do Istmo do Panamá (há aproximadamente 3 milhões de anos – Ma) e o 

próprio evento de colonização da região pelo gênero Astyanax datado por Ornelas-García et. 

al. (2008) (há aproximadamente 8 Ma), também foi utilizado um fóssil de Colossoma 

macropomum, datado com pelo menos 15 Ma. 

As análises de MCMC (Markov Chain Monte Carlo) foram rodadas com 10.000.000 

gerações e parâmetros amostrados a cada 1.000 passos, as 10.000 amostras inicias foram 

descartadas (burn-in de 10%), e as demais foram sumarizadas e as topologias das árvores 

foram acessadas utilizando o programa TREEANOTATOR v1.7.2 (Drummond et. al., 2012) e 

visualizadas no programa FigTree v1.3.1 (Rambaut, 2008). 
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Chromosomal Microstructure Diversity in Three
Astyanax (Characiformes, Characidae) Species:

Comparative Analysis of the Chromosomal
Locations of the 18S and 5S rDNAs

Diovani Piscor,1 Anderson Luı́s Alves,2 and Patricia Pasquali Parise-Maltempi1

Abstract

The species of genus Astyanax is widely distributed in freshwater neotropical zones. Astyanax is considered to
be taxonomically confused, similar to other genera placed incertae sedis in Characidae. The cytogenetics of this
genus is well characterized; species vary widely in diploid number, from 2n = 36 chromosomes in Astyanax
schubarti to 2n = 50 for most species studied. The size, number, and position of different cytological markers
vary among species and populations of Astyanax. We analyzed the karyotypes of individuals from three
Astyanax species (Astyanax abramis, Astyanax altiparanae, and Astyanax eigenmanniorum) from populations
not previously analyzed. We describe variations in several cytogenetic markers and the karyotypic relationships
between them, specifically focusing on the characteristics of the conserved and divergent locations of the
ribosomal genes. Our data are useful for establishing relationships between species and for investigating the
karyotype evolution within the genus.

Introduction

The genus Astyanax (Baird and Girard, 1854) contains
*140 species1 and is one of the most speciose within the

Characidae family. Lima et al.2 suggested that Astyanax,
which belongs to the subfamily Tetragonopterinae,3 should
be placed (along with other genera) incertae sedis within
Characidae, due to the lack of diagnostic characteristics that
support the group as a monophyletic unit. A phylogenetic
hypothesis based on DNA sequences reinforces the idea that
Astyanax is not a natural group within Characidae.4

In Astyanax, cytogenetic studies have revealed wide var-
iations in diploid number, from 2n = 36 in Astyanax schu-
barti5 to 2n = 50 chromosomes for most species (including
Astyanax altiparanae, Astyanax bockmanni, and others6,7),
making this genus an interesting model for evolutionary
studies. Different karyotype formulae and chromosomal
marker features are observed among Astyanax species and
among populations of the same species. Domingues et al.8

showed that two populations of A. altiparanae, one from the
upper Tibagi river and the other from the upper Iguaçu river,
have different karyotype formulae and fundamental numbers
(FNs), in addition to differences in chromosomal markers

such as C-bands, argyrophylic nucleolar organizer regions
(Ag-NORs), and chromomycin A3 (CMA3) staining.

Ribosomal DNA (rDNA) probes have been used widely as
markers in cytogenetic studies; these markers have provided
valuable information regarding the dynamics and location of
ribosomal clusters on chromosomes. In eukaryotes, rDNAs
are organized into two families, the 45S and the 5S rDNAs,
both of which are repeated in tandem. Among Astyanax
species, and among populations of the same species, these
markers have both conserved and divergent features.9–12

In this study, we used various cytogenetic markers to
obtain new chromosomal data for A. altiparanae and As-
tyanax eigenmanniorum, and to describe, for the first time,
the karyotype of Astyanax abramis. Our findings contrib-
ute to the understanding of chromosomal evolution in the
genus Astyanax.

Materials and Methods

Specimens and classical cytogenetics

In this study, we examined three A. abramis (not sexed)
specimens from the Bento Gomes river in Mato Grosso state
(MT), Brazil; five A. altiparanae (three females and two

1Laboratório de Citogenética, Departamento de Biologia, Instituto de Biociências, Universidade Estadual Paulista ‘‘Júlio de Mesquita
Filho’’ (UNESP), Rio Claro, Sao Paulo, Brazil.

2Embrapa Pesca e Aquicultura (CNPASA), Palmas, Tocantins, Brazil.
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males) specimens from the Ribeirão Claro river in São Paulo
state (SP), Brazil; and three A. eigenmanniorum (one female
and two males) specimens from aquariophiles in Brazil.
Chromosomes were obtained according to the methodology
proposed by Foresti et al.13 Based on the most common
classification system used for fish chromosomes, the
morphologies were determined according to the arms ratio:
the length of the long arm (q) was divided by the length of the
short arm (p). Chromosomes with two arms were classified as
metacentric (m) (an arm ratio between 1 and 1.7), submeta-
centric (sm) (between 1.71 and 3), and subtelocentric (st)
(between 3.01 and 7). Chromosomes with a single arm (arm
ratio above 7) were considered acrocentric (a).

NORs were detected using silver ion impregnation as de-
scribed by Howell and Black.14 Heterochromatin was ob-
served using the C-band technique proposed by Sumner.15

CG- and AT-rich regions were identified by double-color
CMA3/4¢,6-diamidino-2-phenylindole (DAPI) on denatured

chromosomes, according to a technique commonly used in
our laboratory. Briefly, our technique for CMA3/DAPI
staining is as follows: chromosomes were denatured by in-
cubating slides in 70% formamide in 2 · saline sodium
citrate (SSC) at 70�C for 2 min, after the slides were imme-
diately washed twice in cold 2 · SSC for 2 min each, and then
passed through a cold ethanol series (70%, 90%, and 100%
for 2 min each). After drying, 30 lL of CMA3 was added to
each slide, and the slides were incubated at 4�C for 1 h in the
dark. Next, slides were washed three times in 1 · phosphate
buffered saline for 2 min each, mounted in 30 lL of DAPI +
antifade reagent, and incubated at 4�C for 1 h in the dark.
Chromosomes were visualized with an Olympus BX51 mi-
croscope coupled to a digital camera (Olympus model D71),
and images were captured using the DP Controller software.

DNA extraction and probe synthesis

Genomic DNA was extracted from fin samples as de-
scribed by Sambrook and Russell.16 The 18S rDNA probe

FIG. 1. Giemsa-stained chromosomes of Astyanax.
(A) Astyanax abramis. (B) Astyanax altiparanae. (C)
Astyanax eigenmanniorum. Insets show argyrophylic nu-
cleolar organizer region (Ag-NOR)-bearing chromosome
pairs. Scale bar = 10 lm.

FIG. 2. Chromosomes showing the distribution of con-
stitutive heterochromatin revealed by C-banding. (A) A.
abramis. (B) A. altiparanae. (C) A. eigenmanniorum. Scale
bar = 10 lm.
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was obtained by polymerase chain reaction (PCR) using the
primers NS1, 5¢-GTAGTCATATGCTTGTCTC-3¢, and
NS8, 5¢-TCCGCAGGTTCACCTACGGA-3¢, as described
by White et al.17 The 5S rDNA probe was obtained by PCR
using the primers A, 5¢-TACGCCCGATCTCGTCCGATC-
3¢, and B, 5¢-CAGGCTGGTATGGCCGTAAGC-3¢, as de-
scribed by Pendás et al.18 as well as Martins and Galetti.19

Fluorescent in situ hybridization

The fluorescent in situ hybridization (FISH) technique
used 18S and 5S rDNA probes tagged with digoxigenin-11-
dUTP (Roche) and biotin-16-dUTP (Roche), according to the
method of Pinkel et al.,20 with modifications described by
Marreta et al.21 Slides prepared with metaphase chromo-
somes were incubated with RNase (20 ng/lL) for 1 h at 37�C
and dehydrated using an ethanol series (70%, 90%, and
100%). Chromosomal DNA was then denatured for 2–3 min
in 70% formamide in 2 · SSC at 70�C, and then dehydrated

immediately using an ethanol series (70%, 90%, and 100%).
Hybridization solution (15 lL of formamide, 3 lL of 20 ·
SSC, 6 lL of dextran sulfate, and 6 lL of rDNA probe) was
incubated for 10 min at 95�C, and then applied to each slide.
After overnight hybridization at 37�C, the slides were washed
twice for 5 min each with 50% formamide in 2 · SSC (pH
7.0) at 45�C, twice for 5 min each with 1 · SSC at 45�C, and
once for 5 min with 4 · Triton (100 mL of 20 · SSC, 400 mL
of H2O, and 250 lL of Triton X-100). Signals were detected
using anti-digoxigenin-rhodamine (Roche) for digoxigenin
and avidin-FITC (Sigma) for biotin. Chromosomes were
counter-stained with DAPI, and slides were mounted using
the Vectashield Mounting Medium.

Results

The A. abramis specimens had 2n = 50 chromosomes, and
the karyotype contained 12 metacentric, 28 submetacentric, 6
subtelocentric, and 4 acrocentric chromosomes (12m + 28sm +

FIG. 3. Sequential chromomycin A3/4¢,6-
diamidino-2-phenylindole (CMA3/DAPI)
staining. (A, B) A. abramis. (C, D) A. alti-
paranae. (E, F) A. eigenmanniorum. The
arrows in A, C and E indicate DAPI and in
B, D and F CMA3. Scale bar = 10 lm.
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6st + 4a), yielding a FN of 96. A region of secondary constric-
tion was evident in pair 21 (Fig. 1A). Heterochromatic regions
were observed mainly in pericentromeric regions (pairs 1, 8, 10,
11, 13–16, 22, 24, and 25), and it was possible to see terminal
blocks (pairs 1, 7, 20, and 23) (Fig. 2A). We also observed a
large block of heterochromatin in the region, corresponding to
the secondary constriction of pair 21 (Fig. 2A). The Ag-NORs,
GC-rich regions, and 18S rDNA sites were also observed in the
secondary constriction of pair 21 (Figs. 1A, 3B and 4A, re-
spectively). The 5S rDNA sequences were located in the peri-
centromeric region on the long arms of pairs 2 and 23 (Fig. 4B).

The A. altiparanae specimens had 2n = 50 chromosomes,
and the karyotype contained 8m + 28sm + 8st + 6a (FN = 94).
A region of secondary constriction was evident in pair 19
(Fig. 1B). Three chromosomes contained Ag-NORs: pair 19
and one homolog of pair 7 (Fig. 1B). Blocks of hetero-
chromatin were present in the pericentromeric regions of
seven pairs (6, 10–12, 14, 20, and 24) and on the short arms
of the same three Ag-NOR-bearing chromosomes (pair 19

and one homolog of pair 7) (Fig. 2B). GC-rich regions were
also present in the same places as the Ag-NORs (Fig. 3D;
note that the both 19 homologous chromosomes are con-
nected by the terminal regions). The 18S rDNA probe la-
beled only the terminal regions of pair 19, not pair 7 (Fig.
4C). The 5S rDNA probe labeled the pericentromeric region
of pair 5 (Fig. 4D).

A. eigenmanniorum had 2n = 50 chromosomes, and the
karyotype contained 8m + 22sm + 12st + 8a (FN = 92) (Fig.
1C). Ag-NORs were observed in the terminal regions of the
short arms of pair 24 and on the long arm of one homolog of
pair 6 (Fig. 1C). Heterochromatin was evident in centromeric
(pairs 2 and 19), pericentromeric (pairs 3, 6, 10, and 17), and
terminal (pairs 5 and 16) regions (Fig. 2C), and GC-rich re-
gions were detected in six chromosomes (pairs 6, 14, and 24)
(Fig. 3F). The 18S rDNA sites occurred on the short arms of
pairs 1, 14, and 24, and on the long arms of pairs 5 and 6,
always in the terminal region (Fig. 4E). The 5S rDNA sites
were located near the centromeres of pairs 2 and 22 (Fig. 4F).

FIG. 4. Chromosomes of Astyanax species
after fluorescent in situ hybridization to de-
tect 18S ribosomal DNA (rDNA) and 5S
rDNA. (A, B) A. abramis. (C, D) A. alti-
paranae. (E, F) A. eigenmanniorum. (A, C,
and E) 18S rDNA probe. (B, D, and F) 5S
rDNA probe. The arrows indicate the marked
chromosomes. Scale bar = 10 lm.
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In Figure 5, data on the chromosomal location of 5S rDNA
in the three Astyanax species are summarized and compared
with data from the literature on the chromosomal locations of
this gene in other species of this genus.

Discussion

We observed variation in the Ag-NOR number, indicating
that these regions are constantly in change of activity. Other
authors described different numbers of chromosomes bearing
NORs in the genus Astyanax.6,10,22–25 According to Tenório
et al.,11 six Astyanax species had different Ag-NOR numbers.
One pair was observed in Astyanax argyrimarginatus, Asty-
anax aff. bimaculatus, Astyanax Elachylepis, and Astyanax
sp., whereas four pairs were observed in Astyanax xavante
and two pairs in A. altiparanae. This variation in Ag-NOR
number was also observed in Astyanax scabripinnis and As-
tyanax fasciatus.24,26 According to Ferro et al.,24 multiple
Ag-NORs occur in A. scabripinnis, and this condition may be
typical of Astyanax species (see e.g., Refs.27–29).

Several authors have pointed out that silver impregnation
may or may not stain regions of heterochromatin, and that
heterochromatin can also be stained with GC-specific fluo-
rochromes.30–34 According to Vitturi et al.,35 regions marked
by silver impregnation react positively to C-banding and
fluoresce brightly after CMA3 treatment, indicating that (in
the scarab beetle Thorectes intermedius [Coleoptera]) the
silver impregnates all heterochromatin and that heterochro-
matin consists of a highly repetitive DNA, GC-rich. In our
study, one homolog of pair 7 in A. altiparanae was silver,

CMA3, and C-band positive (like pair 19), but was not
marked by the 18S rDNA probe in FISH experiments, unlike
pair 19. This suggests that this region in the homologous of
pair 7 contains repetitive DNA that is very GC-rich, possibly
representing a specific class of repetitive DNA.

In Astyanax, previous studies have found that the chro-
mosomal locations of 18S rDNA are highly diverse among
populations of the same species, as we also observed in this
study (Table 1). Mantovani et al.9 observed variations in the
numbers of 18S rDNA sites in four A. scabripinnis popula-
tions. Two populations from the Paranapanema river basin
(SP) had 4–16 sites, and two populations from the São Fran-
cisco river (Minas Gerais state) had 2–11 sites. The authors
reported that the location of the 18S rDNA was variable in the
scabripinnis complex, whereas the location of 5S rDNA was
conserved; thus, multiple evolutionary trends for ribosomal
gene placement may exist in the same genome.9

The 5S rDNA location on the chromosomes of some Astya-
nax species is conserved and this location has three configura-
tions (Fig. 5). One configuration has 5S rDNA sites on both long
arms near the centromeres of a metacentric chromosome pair
and an acrocentric or subtelocentric pair—a configuration
found in A. fasciatus, A. scabripinnis, Astyanax parahybae,
Astyanax sp. B, Astyanax paranae, and A. bockmanni, as
well as A. eigenmanniorum and A. abramis (described in this
study).7,36–39 Another configuration of 5S rDNA location is
a pericentromeric site on a submetacentric pair, as seen in dif-
ferent A. altiparanae populations, including the population
described in this article, as well as for A. bimaculatus and
Astyanax lacustris.8,10,36,40 A third configuration, consisting of

FIG. 5. Scheme showing the 5S
rDNA location in Astyanax chromo-
somes. (A) First form. (B) Second
form. (C) Third form. (D) Variant
forms.
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Table 1. Literature Review of the Number of Chromosomes

Bearing Ribosomal DNA in Astyanax Species

Species Locality/city State 5Sa 18Sb References

Astyanax altiparanae Mogi-Guaçu river SP 2 4 Almeida-Toledo et al.36

Tibagi river PR 2 7 Domingues et al.8

Iguaçu river PR 2 2 Domingues et al.8

Keçaba stream PR 2 7 Fernandes and Martins-Santos10

Paraná river PR 2 4 Fernandes and Martins-Santos10

Tatupeba stream PR 2 4 Fernandes and Martins-Santos10

Maringá stream PR 2 4 Fernandes and Martins-Santos10

Monjolinho stream SP 2 2 Peres et al.46

Pântano stream SP 2 2 Ferreira-Neto et al.47

Feijão stream SP 2 4 Ferreira-Neto et al.47

Jordão river PR 2 6 Ferreira-Neto et al.47

Paraitinga river SP 2 3 Kavalco et al.40

Paranapanema river SP 2 4 Kavalco et al.40

Batalha river SP 2 — Hashimoto et al.48

Água dos Patos stream SP 2 4 Pacheco et al.28

Igapó lake PR 2 2 Pacheco et al.28

Monjolinho stream — 4 2 Tenório et al.11

Astyanax argyrimarginatus Jaraguá stream — 4 2 Tenório et al.11

Astyanax aff. bimaculatus Ribeira de Iguape river SP 2 3 Kavalco et al.40

Guapimirim river RJ 2 2 Kavalco et al.40

c São Francisco river — 2 2 Peres et al.49

c Grande river — 2 2 Peres et al.49

c Piumhi river — 2 2 Peres et al.49

Dois de Agosto stream — 4 2 Tenório et al.11

Astyanax bockmanni Paranapanema river basin SP 4 8 Kavalco et al.7

Alambari river SP 4 — Hashimoto et al.48

Alambari river SP — 7 Daniel et al.50

Astyanax eigenmanniorum Eldorado do Sul RS — 3-4d Mendes et al.51

Astyanax elachylepis Taquaralzinho stream — 2 2 Tenório et al.11

Astyanax fasciatus Mogi-Guaçu river SP 4 6 Almeida-Toledo et al.36

Mogi-Guaçu river MG 4 2 Pazza et al.52

Mogi-Guaçu river SP 4 2 Pazza et al.52

Mogi-Guaçu river SP 4 2 Pazza et al.52

Mogi-Guaçu river basin SP 4 6 Pazza et al.53

Paranapanema river basin SP 4 4 Pazza et al.53

Grande river — 4 3 Peres et al.54

Piumhi river — 4 6 Peres et al.54

São Francisco river — 6 2 Peres et al.54

Rosas stream PR 4 8 Fernandes et al.55

Campo Novo river SP 4 — Hashimoto et al.48

Água da Madalena stream SP 4 10-10 + Be Ferreira-Neto et al.56

Astyanax giton Paraitinga river SP — 7 Kavalco and Moreira-Filho25

Paraitinga river SP 10 — Kavalco et al.37

Astyanax goyacensis Taboquinha stream TO 2 4 Santos et al.57

Astyanax hastatus Guapimim river basin RJ — 6 Kavalco et al.58

Astyanax intermedius Paraitinga river SP — 10 Kavalco and Moreira-Filho25

Paraitinga river SP 10 — Kavalco et al.37

Astyanax janeiroensis Sacovão and Açungui rivers PR 2 20 Vicari et al.41

Astyanax jacuhiensis Guaı́ba lake and tributaries RS — 2 Pacheco et al.59

Astyanax lacustris São Francisco river basin MG 2 4 Almeida-Toledo et al.36

São Francisco river MG 2 2 Peres et al.46

Astyanax laticeps Forquetinha river RS — 3 Rosa et al.60

Astyanax mexicanus Aquarium — 6 8 Kavalco and Almeida-Toledo61

Astyanax paranae Verde river PR 4 13 Vicari et al.39

Açungui river PR 4 13 Vicari et al.39

(continued)
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an acrocentric pair containing 5S rDNA in the pericentromeric
position, is shared among Astyanax janeiroensis, Astyanax sp.
C, and Astyanax sp. D.38,41 According to Vicari et al.,39 Asty-
anax species that have one pair of chromosomes bearing 5S
rDNA sites exhibit a probable synapomorphic feature; similarly,
species that have two pairs of chromosomes bearing 5S rDNA
sites may also share a feature.

Telomeric regions favor the exchange of genetic material
due to their proximity in the interphase nucleus, promoted by
the ordering of chromosomes based on Rabl’s model.42

Consequently, because most 45S rDNA sequences are lo-
cated in the terminal regions of many Astyanax chromo-
somes, this proximity could facilitate the transfer of these
sequences to other regions. This could explain the large intra-
and interspecific divergence of 18S rDNA locations in this
group of fish and may explain why 5S rDNA configurations
are conserved in some species: these species do not have
telomeric 5S DNA sites, but instead have one or two sites
near the centromere.

The action of transposable elements might also explain the
divergence in the locations of 18S rDNA sequences among
Astyanax species. The presence of different pairs containing
45S rDNA sites in Astyanax species may have arisen as a
result of transposable elements inserting at these loci and
transferring these sequences to other chromosomes, resulting
in the reorganization of these on different chromosome pairs.
Transposable elements have been proposed as one of the
mechanisms responsible for the mobility of rDNA sequences
to new sites.43,44 According to Nakajima et al.,45 the terminal
regions of chromosomes can promote transposition events,
leading to the dispersal of DNA segments.

Therefore, the conservation of 5S rDNA and the vari-
ability of 18S rDNA sites in different species, as demon-
strated in this study, indicate that independent changes
occur in the genome for these sequences, which can be
caused by their location in different compartments of the
interphase nucleus. Thus, these sequences may be subject to
dynamics that can either maintain the conservation of their

Table 1. (Continued)

Species Locality/city State 5Sa 18Sb References

Astyanax parahybae Paraitinga river SP — 7 Kavalco and Moreira-Filho25

Paraitinga river SP 4 — Kavalco et al.37

Astyanax ribeirae Ribeira de Iguape river basin SP 6 4 Kavalco et al.62

Astyanax scabripinnis Lavrinha farm stream SP 8 6 Ferro et al.24

Fojo stream SP 8 9 Ferro et al.24

Capivari lagoon SP 8 4 Ferro et al.24

Carpas lake SP 8 7 Ferro et al.24

Canta Galo brook SP — 6-8e Souza et al.63

Tietê river SP 4 4 Almeida-Toledo et al.36

Macacos river SP — 6 Kavalco and Moreira-Filho25

Macacos river SP 6 — Kavalco et al.37

Centenário stream PR 4 6-15-16e Mantovani et al.9

Marrecas stream PR 6 4-12-16e Mantovani et al.9

Viveiro de Mudas stream MG 4 4-7-8-11e Mantovani et al.9

Curral das Éguas stream MG 4 2-3-4e Mantovani et al.9

Tatupeba stream PR 4 14-16e Fernandes and Martins-Santos29

São Francisco river MG 4 5 Peres et al.46

f Santo Antônio river PR 4 4-8e Vicari et al.39

f Jaguariaı́va river PR 4 8 Vicari et al.39

Pedras stream SP 6 5 Vicari et al.64

Cascatinha stream — 2 4 Santos et al.12

Funari stream — 2 6 Santos et al.12

Barbosa waterfall — 2 6 Santos et al.12

Campão bonito stream — 2 6 Santos et al.12

Astyanax schubarti Mogi-Guaçu river SP 4 4 Almeida-Toledo et al.36

Astyanax sp. Grande stream — 4 2 Tenório et al.11

Astyanax sp. B Curitiba PR 4 2 Kantek et al.38

Astyanax sp. C Curitiba PR 2 2 Kantek et al.38

Astyanax sp. D Bicudo river PR 2 15-17e Kantek et al.38

Astyanax xavante Avoadeira stream — 2 6 Tenório et al.11

a5S rDNA.
b18S rDNA.
cAstyanax of the bimaculatus group.
dInterindividual variation.
eIntrapopulation variation.
fUnidentified species of the Astyanax scabripinnis species complex.
MT, Mato Grosso state; SP, São Paulo state; PR, Paraná state; RJ, Rio de Janeiro state; RS, Rio Grande do Sul state; MG, Minas Gerais

state; TO, Tocantins state; rDNA, ribosomal DNA.
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location or contribute to their divergence by dispersing them
to other regions of the genome.
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basin: confirmation of the occurrence of distinct evolu-
tionary units. J Fish Biol 2008;73:2012–2020.

39. Vicari MR, Noleto RB, Artoni RF, Moreira-Filho O, Ber-
tollo LAC. Comparative cytogenetics among species of the
Astyanax scabripinnis complex. Evolutionary and biogeo-
graphical inferences. Genet Mol Biol 2008;31:173–179.

40. Kavalco KF, Pazza R, Brandão KO, Garcia C, Almeida-
Toledo LF. Comparative cytogenetics and molecular phy-
logeography in the group Astyanax altiparanae-Astyanax
aff. bimaculatus (Teleostei, Characidae). Cytogenet Gen-
ome Res 2011;134:108–119.

41. Vicari MR, Artoni RF, Moreira-Filho O, Bertollo LAC.
Colocalization of repetitive DNAs and silencing of major
rRNA genes. A case report of the fish Astyanax janeir-
oensis. Cytogenet Genome Res 2008;122:67–72.

42. Schweizer D, Loidl J. A model for heterochromatin dis-
persion and the evolution of C-band patterns. Chromosome
Today 1987;9:61–74.

43. Raskina O, Belyayev A, Nevo E. Activity of the En/Spm-like
transposons in meiosis as a base for chromosome repattern-
ing in a small, isolated, peripheral population of Aegilops
speltoides Tausch. Chromosome Res 2004;12:153–161.

44. Raskina O, Barber JC, Nevo E, Belyayev A. Repetitive
DNA and chromosomal rearrangements: speciation-related
events in plant genomes. Cytogenet Genome Res 2008;
120:351–357.

45. Nakajima RT, Cabral-de-Mello DC, Valente GT, Venere
PC, Martins C. Evolutionary dynamics of rRNA gene
clusters in cichlid fish. BMC Evol Biol 2012;12:198.

46. Peres WAM, Bertollo LAC, Moreira-Filho O. Physical
mapping of the 18S and 5S ribosomal genes in nine

Characidae species (Teleostei, Characiformes). Genet Mol
Biol 2008;31:222–226.

47. Ferreira-Neto M, Vicari MR, Camargo EF, Artoni RF,
Moreira-Filho O. Comparative cytogenetics among popu-
lations of Astyanax altiparanae (Characiformes, Char-
acidae, Incertae sedis). Genet Mol Biol 2009;32792–796.

48. Hashimoto DT, Ferguson-Smith MA, Rens W, Foresti F,
Porto-Foresti F. Chromosome mapping of H1 histone and
5S rRNA gene clusters in three species of Astyanax (Tel-
eostei, Characiformes). Cytogenet Genome Res 2011;
134:64–71.

49. Peres WAM, Bertollo LAC, Buckup PA, Blanco DR, Kantek
DLZ, Moreira-Filho O. Invasion, dispersion and hybridiza-
tion of fish associated to river transposition: karyotypic evi-
dence in Astyanax ‘‘bimaculatus group’’ (Characiformes:
Characidae). Rev Fish Biol Fish 2012;22:519–526.

50. Daniel SN, Hashimoto DT, Pansonato-Alves JC, Foresti F,
Porto-Foresti F. Cytogenetic characterization of distinct B
chromosomes in a population of the fish Astyanax bockmanni
(Teleostei, Characiformes). Caryologia 2012;65:229–233.

51. Mendes MM, Rosa R, Giuliano-Caetano L, Dias AL.
Karyotype diversity of four species of the incertae sedis
group (Characidae) from different hydrographic basins:
analysis of AgNORs, CMA3 and 18S rDNA. Genet Mol
Res 2011;10:3596–3608.

52. Pazza R, Kavalco KF, Bertollo LAC. Chromosome poly-
morphism in Astyanax fasciatus (Teleostei, Characidae). 1.
Karyotype analysis, Ag-NORs and mapping of the 18S and
5S ribosomal genes in sympatric karyotypes and their
possible hybrid forms. Cytogenet Genome Res 2006;112:
313–319.

53. Pazza R, Kavalco SAF, Penteado PR, Kavalco KF, Almeida-
Toledo LF. The species complex Astyanax fasciatus Cuvier
(Teleostei, Characiformes)—a multidisciplinary approach. J
Fish Biol 2008;72:2002–2010.

54. Peres WAM, Buckup PA, Kantek DLZ, Bertollo LAC,
Moreira-Filho O. Chromosomal evidence of downstream
dispersal of Astyanax fasciatus (Characiformes, Char-
acidae) associated with river shed interconnection. Genet-
ica 2009;137:305–311.

55. Fernandes CA, Martins-Santos IC, Bailly D. Karyotype
analysis and mapping of the 18S and 5S ribosomal genes in
Astyanax fasciatus (Teleostei, Characiformes) from Para-
napanema river basin. Cytologia 2009;74:295–300.

56. Ferreira-Neto M, Artoni RF, Vicari MR, Moreira-Filho O,
Camacho JPM, Bakkali M, et al. Three sympatric kar-
yomorphs in the fish Astyanax fasciatus (Teleostei, Char-
acidae) do not seem to hybridize in natural populations.
Comp Cytogenet 2012;6:29–40.

57. Santos LP, Castro JP, Francisco CM, Vicari MR, Almeida
MC, Goll LG, et al. Cytogenetic analysis in the neotropical
fish Astyanax goyacensis Eigenmann, 1908 (Characidae,
Incertae sedis): karyotype description and occurrence of B
microchromosomes. Mol Cytogenet 2013;6:48.

58. Kavalco KF, Brandão KO, Pazza R, Almeida-Toledo LF.
Astyanax hastatus Myers, 1928 (Teleostei, Characidae): a
new species complex within the genus Astyanax? Genet
Mol Biol 2009;32:477–483.

59. Pacheco RB, Giuliano-Caetano L, Júlio HF Jr., Dias AL.
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Color Figure 3. Sequential CMA3/DAPI staining. A–B. A. abramis. C–D. A. altiparanae. E–F. A. 

eigenmanniorum. DAPI is shown in blue and CMA3 in green. Bar = 10 µm. 
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Color Figure 4. Chromosomes of Astyanax species after fluorescence in situ hybridization to detect 18S 

rDNA and 5S rDNA. A–B. A. abramis. C–D. A. altiparanae. E–F. A. eigenmanniorum. A, C, and E. 18S 

rDNA probe. B, D, and F. 5S rDNA probe. Bar= 10 µm. 
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ARTICLE

Chromosomal mapping of H3 histone and 5S rRNA genes in
eight species of Astyanax (Pisces, Characiformes) with different
diploid numbers: syntenic conservation of repetitive genes
Diovani Piscor and Patricia Pasquali Parise-Maltempi

Abstract: The genus Astyanax is widely distributed from the southern United States to northern Patagonia, Argentina.
While cytogenetic studies have been performed for this genus, little is known about the histone gene families. The aim
of this study was to examine the chromosomal relationships among the different species of Astyanax. The chromosomal
locations of the 5S rRNA and H3 histone genes were determined in A. abramis, A. asuncionensis, A. altiparanae, A. bockmanni,
A. eigenmanniorum, A. mexicanus (all 2n = 50), A. fasciatus (2n = 46), and A. schubarti (2n = 36). All eight species exhibited H3
histone clusters on two chromosome pairs. In six species (A. abramis, A. asuncionensis, A. altiparanae, A. bockmanni,
A. eigenmanniorum, and A. fasciatus), syntenic clusters of H3 histone and 5S rDNA were observed on metacentric (m) or
submetacentric (sm) chromosomes. In seven species, clusters of 5S rDNA sequences were located on one or two
chromosome pairs. In A. mexicanus, 5S rDNA clusters were located on four chromosome pairs. This study demonstrates
that H3 histone clusters are conserved on two chromosome pairs in the genus Astyanax, and specific chromosomal
features may contribute to the genomic organization of the H3 histone and 5S rRNA genes.

Key words: repetitive DNAs, karyotype evolution, FISH, Mexican blind cavefish, Astyanax schubarti.

Résumé : Le genre Astyanax présente une large aire de distribution allant du sud des Etats-Unis au nord de la Patagonie
en Argentine. Bien que des études cytogénétiques aient été réalisées chez ce genre, peu de choses sont connues au sujet
des familles de gènes codant pour les histones. Le but de cette étude était d’examiner les relations chromosomiques au
sein des différentes espèces d’Astyanax. Les positions chromosomiques des gènes codant pour les ARNr 5S et les histones
H3 ont été déterminées chez A. abramis, A. asuncionensis, A. altiparanae, A. bockmanni, A. eigenmanniorum, A. mexicanus
(toutes à 2n = 50), A. fasciatus (2n = 46) et A. schubarti (2n = 36). Chez les huit espèces, les gènes d’histones H3 étaient
groupés sur deux paires de chromosomes. Chez six espèces (A. abramis, A. asuncionensis, A. altiparanae, A. bockmanni,
A. eigenmanniorum, et A. fasciatus), les amas de gènes codant pour les histones H3 et l’ADNr 5S ont été observés sur des
chromosomes métacentriques (m) ou submétacentriques (sm). Chez sept espèces, les amas de séquences d’ADNr 5S
étaient situés sur une ou deux paires de chromosomes. Chez l’A. mexicanus, les ADNr 5S étaient répartis sur quatre paires
de chromosomes. Cette étude montre que les amas de gènes codant pour les histones H3 sont conservés sur deux paires
de chromosomes au sein du genre Astyanax et que des caractéristiques chromosomiques spécifiques pourraient con-
tribuer à l’organisation génomique des gènes codant pour les histones H3 et les ARNr 5S. [Traduit par la Rédaction]

Mots-clés : ADN répétés, évolution caryotypique, FISH, tétra aveugle, Astyanax schubarti.

Introduction
Ribosomal genes, which constitute one of the major

multigene families, are studied extensively in fish. These
genes can characterize groups being located in one chro-
mosome pair as in the genus Apareiodon (Parodontidae)
(Vicari et al. 2006; Rosa et al. 2006; Bellafronte et al. 2009,
2011), or distributed in one or more pairs, ranging nu-
merically depending on the population studied, as shown
in Astyanax scabripinnis (Characidae) (Ferro et al. 2001;
Almeida-Toledo et al. 2002; Santos et al. 2012). The chro-

mosomal locations of 5S ribosomal DNA (rDNA) se-
quences are well conserved in species of the genus
Astyanax; this contrasts with 45S rDNA locations, which
are remarkably variable (Piscor et al. 2015).

Unlike the rDNA sequences, histone genes are generally
found on one or two chromosome pairs in vertebrates, in-
cluding mammals (Graves et al. 1985; Tripputi et al.
1986), amphibian (Turner et al. 1988), and fish (Pendás
et al. 1994a; Hashimoto et al. 2011, 2013; Silva et al.
2014; Costa et al. 2014). Few investigations of histone
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gene locations in fish have been described in the litera-
ture. The research presented in this paper comprises the
most comprehensive study to date of the relationships
between H3 histone and 5S rRNA genes in the genus
Astyanax.

Chromosomal mapping of histone genes in fish was
first described by Pendás et al. (1994a) in a study of gene
distribution in three species (brown trout, Atlantic salmon,
and rainbow trout). In the genus Astyanax, Hashimoto et al.
(2011) mapped the locations of the H1 histone and 5S rRNA
genes in the chromosomes of three species (A. altiparanae,
A. fasciatus, and A. bockmanni). Analysis of the gene se-
quences and their chromosomal locations in these spe-
cies (two chromosome pairs with H1 histone cluster and
one chromosome pair with 5S rDNA synteny in all three
species) suggested that A. fasciatus and A. bockmanni were
closely related. In the fish Rachycentron canadum (Perci-
formes), H3 histone genes mapped to terminal regions
on the short and long arms of all chromosomes, and
genes co-located with rDNAs on chromosome pair 2
(18S rDNA) and pairs 3 and 13 (5S rDNA) (Costa et al. 2014).

This paper aims to compare the degree of conservation
of the locations of repetitive sequences (mainly H3 his-
tone genes) among species of Astyanax, enhance our un-
derstanding of the chromosomal organization of the H3
histone and 5S rRNA genes, and determine the parame-
ters underlying chromosome evolution in the Astyanax
group.

Materials and methods

Ethical standards
The international guidelines for the care and use of

laboratory animals follows the Guide to the Care and
Use of Experimental Animals (Vol. 1, 2nd ed., 1993, and
Vol. 2, 1984). The animals were captured with permis-
sion from Instituto Chico Mendes de Conservação da
Biodiversidade – ICMBio (number 43497-1), and the use
for laboratory experiments was approved by the Ani-
mal Experimental Ethics Committee from Universidade
Estadual Paulista – UNESP (protocol number: 2335).

Sampling and cytogenetic preparations
Twenty-seven specimens of Astyanax were obtained

from locations in Brazil as follows: three A. abramis and
four A. asuncionensis specimens from the Bento Gomes
River in Mato Grosso state (MT); five A. altiparanae speci-
mens and one A. schubarti specimen from the Piracicaba
River in São Paulo state (SP); three A. bockmanni speci-
mens from the Iguatemi River in Mato Grosso do Sul
(MS); five A. fasciatus specimens from the Ribeirão Claro
River in São Paulo state (SP); and three A. mexicanus and
three A. eigenmanniorum specimens from aquariophiles
in Brazil. Chromosomes were obtained as described by
Foresti et al. (1981). Chromosome morphologies were deter-
mined according to the ratio of the arms (the most fre-
quently used classification system for fish chromosomes).
Briefly, the length of the long arm (q) was divided by the

length of the short arm (p). Chromosomes with two arms
and an arm ratio of 1–1.7 were classified as metacentric
(m), those with two arms and an arm ratio of 1.71–3
were classified as submetacentric (sm), and those with
two arms and an arm ratio of 3.01–7 were classified as
subtelocentric (st). Chromosomes with a single arm
(arm ratio > 7) were considered to be acrocentric (a).

DNA extraction, production of probes, and fluorescent in
situ hybridization

Genomic DNA was extracted from fin samples as de-
scribed in Sambrook and Russell (2001). The 5S rDNA probe
was prepared using polymerase chain reaction (PCR) with
primers described by Pendás et al. (1994b) and Martins and
Galetti (1999) (A, 5=-TACGCCCGATCTCGTCCGATC-3=, and
B, 5=-CAGGCTGGTATGGCCGTAAGC-3=). The H3 histone gene
probe was prepared using PCR with primers described by
Cabral-de-Mello et al. (2010) (A, 5=-GGCNMGNACNAARCA-
RAC-3=, and B, 5=-TGDATRTCYTTNGGCATDAT-3=). The 5S
rDNA probe was labeled by PCR with biotin-14-dATP (In-
vitrogen, San Diego, Calif., USA) and digoxigenin-11-dUTP
(Roche, Mannheim, Germany), and the H3 histone gene
probe was labeled by PCR with digoxigenin-11-dUTP (Roche,
Mannheim, Germany). Single, double, and sequential (on
the same metaphase plate) fluorescent in situ hybridiza-
tion (FISH) experiments were performed according to
Pinkel et al. (1986) with modifications as described by
Piscor et al. (2013). Chromosomes were counterstained
with DAPI (4=,6-diamidino-2-phenylindole) and mounted
using Vectashield Mounting Medium (Vector, Burlin-
game, Calif., USA). Chromosomes and fluorescent signals
were visualized with an Olympus BX51 microscope cou-
pled to a digital camera (Olympus model D71). Images
were captured using the DP Controller software.

Results
The diploid number for six of the eight species of Astyanax

was 2n = 50 chromosomes (A. abramis, A. asuncionensis,
A. altiparanae, A. bockmanni, A. eigenmanniorum, and
A. mexicanus) (Fig. 1). All cells analyzed of A. mexicanus
contained one acrocentric B microchromosome. Astyanax
fasciatus had 2n = 46 and A. schubarti had 2n = 36 chromo-
somes (Fig. 1).

In six species of Astyanax (A. abramis, A. asuncionensis,
A. bockmanni, A. eigenmanniorum, A. fasciatus, and A. mexicanus),
the 5S rDNA was located on a metacentric pair (Figs. 1,
2A, 2B, 2D–2G). In A. altiparanae, the 5S rDNA was located
on a submetacentric pair in the pericentromeric region
(Figs. 1, 2C). Species with 5S rDNA on a metacentric pair
also exhibited fluorescent signals in the pericentromeric
regions on other chromosomes. Fluorescent 5S rDNA sig-
nal was noted on a subtelocentric pair in A. abramis
(Figs. 1, 2A), an acrocentric pair in A. asuncionensis (Figs. 1,
2B), in A. bockmanni (Figs. 1, 2D), in A. eigenmanniorum
(Figs. 1, 2E), in A. fasciatus (Figs. 1, 2F), and three pairs (one
submetacentric and two acrocentrics) in A. mexicanus
(Figs. 1, 2G). The species with lower diploid numbers,
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A. schubarti (2n = 36), harbored 5S rDNA clusters at pericen-
tromeric regions on two metacentric pairs (Figs. 1, 2H).

H3 histone clusters were observed on two chromo-
some pairs in all eight examined species of Astyanax
(Figs. 1, 2). One cluster was located in the interstitial re-
gion of the short arm on a metacentric pair in A. abramis,
A. asuncionensis, A. bockmanni, A. eigenmanniorum, and
A. fasciatus (Figs. 1, 2A, 2B, 2D, 2E, 2F, respectively) and
submetacentric pair in A. altiparanae (Figs. 1, 2C). These
same chromosome pairs exhibited synteny with the 5S
rDNA sequences (Fig. 1: note the slim arrowheads). Addi-
tional H3 histone clusters were observed in the pericen-
tromeric regions on a submetacentric pair in A. abramis
(Figs. 1, 2A), A. asuncionensis (Figs. 1, 2B), A. altiparanae (Figs. 1,
2C), A. bockmanni (Figs. 1, 2D), A. eigenmanniorum (Figs. 1,
2E), and subtelocentric pair in A. fasciatus (Fig. 1, 2F).

Astyanax mexicanus and A. schubarti did not display syn-
teny between H3 histone and 5S rDNA clusters. In
these species, H3 histone clusters were found in the
pericentromeric regions of the short arm on a meta-
centric and submetacentric pairs (A. mexicanus; Figs. 1,
2G), and in pericentromeric regions of the long arm on
a submetacentric and acrocentric pairs (A. schubarti; Figs. 1,
2H).

Discussion
The genus Astyanax displays variability among species

with respect to chromosome structure, number, and
morphology (see, for example, Morelli et al. 1983; Daniel-Silva
and Almeida-Toledo 2001, 2005; Tenório et al. 2013). How-
ever, the current study showed that the H3 histone gene
locations were conserved among species, particularly with

Fig. 1. Location of 5S rDNA and H3 histone clusters on chromosomes of species of the genus Astyanax. The arrows indicate the
H3 histone clusters, the arrowheads indicate the 5S rDNA clusters, and the slim arrowheads indicate chromosomes with 5S-H3
synteny. Note that in A. mexicanus, single FISH experiments (using 5S rDNA and H3 histone probes) were performed on the
same metaphase plate. Scale bar = 10 �m.
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respect to the pair numbers and morphologies of the
chromosomes carrying the genes. The H3 histone genes
were located on only two chromosome pairs in the eight
species of Astyanax examined in this study. This corre-
sponds with data from other populations of Astyanax as
described by Hashimoto et al. (2011).

The similarities in the chromosomal locations make
the H3 histone one of the most highly conserved gene
location found in Astyanax. When compared with rDNA
repetitive clusters, the histone genes exhibit the highest
level of conservation, followed by the 5S rDNA, and the
least conserved gene is the 18S rRNA (for additional re-
view see, for example, Mantovani et al. 2005; Fernandes
and Martins-Santos 2006; Piscor et al. 2015).

The chromosomal locations housing the different re-
petitive sequences may explain why some sequences of

Astyanax are found at divergent sites, as for 45S rDNA,
and other sequences show conserved locations, as for 5S
rDNA. According to Nakajima et al. (2012), interstitial or
proximal chromosomal regions tend to be more stable
than the terminal sections. Thus, the chromosome location
of 18S rDNA in terminal regions, like in A. scabripinnis
(Mantovani et al. 2005), could be subject to transposition
events or chromosome rearrangements leading the dis-
persion of these sequences throughout the genome. The
stability of proximal regions, as seen on the pair 5 in
A. altiparanae in the present paper, may be responsible
for the conserved locations of 5S rRNA genes exhibited
by several populations of this species (see also Fernandes
and Martins-Santos 2006; Domingues et al. 2007; Piscor
et al. 2015). This would also apply to the conserved loca-
tions of the histone genes in only two chromosome pairs,

Fig. 2. Diagram showing chromosome pairs carrying 5S rDNA and H3 histone clusters in the eight species of Astyanax studied.
(A) A. abramis, (B) A. asuncionensis, (C) A. altiparanae, (D) A. bockmanni, (E) A. eigenmanniorum, (F) A. fasciatus, (G) A. mexicanus, and
(H) A. schubarti. Chromosome morphologies: m, metacentric; sm, submetacentric; st, subtelocentric; a, acrocentric.
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since these sequences occupy most regions “protected”
in the chromosomes of Astyanax, as pericentromeric and
interstitial regions.

Synteny of H3 histone and 5S rDNA clusters was prev-
alent in the studied species of Astyanax. Although the
clusters were distributed non-syntenically in A. mexicanus
and A. schubarti, synteny was found in one chromosome
pair (submetacentric or metacentric) for the other exam-
ined species. Hashimoto et al. (2011) examined three spe-
cies and also observed synteny of histone (H1 histone)
and 5S rRNA genes. Syntenic features such as adjacent
location or co-location of sequences from other multigene
families have been observed in fish but at lower frequen-
cies than for the H3-5S genes. For example, synteny be-
tween two classes of ribosomal DNA (5S rDNA and
45S rDNA) was reported in a population of A. scabripinnis,
and one of the chromosomes carrying 5S rDNA also har-
bored nucleolar organizer regions (NORs) (Mantovani et al.
2005). Synteny was also observed in other groups, includ-
ing Bryconamericus aff. iheringii (Characidae), in which 18S
and 5S ribosomal genes were adjacent to one another
(Piscor et al. 2013), and Triportheus nematurus (Characidae),
in which 5S rDNA clusters were adjacent to NORs (Diniz
et al. 2009).

Another feature that supported our conservation hy-
pothesis for the H3 histone genes, in the genus Astyanax,
was the presence of clusters on one m chromosome pair
and one sm or st chromosome pair in all species, except
A. schubarti and A. mexicanus. In A. schubarti, H3 histone
genes were located on two chromosome pairs (sm and a);
however, the sm chromosome was larger than the sm/st
chromosomes of the other species in this study (Fig. 2). In
A. mexicanus, H3 histone genes were located on one small
m chromosome pair and one sm chromosome pair; here,
the m chromosome was smaller than the m chromo-
somes of the other species. On the other hand, the size
and morphologies of the sm/st pairs (st in A. fasciatus and
sm in the other species) were similar, and it is therefore
possible that these chromosomes may be homeologous.
However, we cannot exclude the possibility that micro-
rearrangements might have stimulated subtle morpholog-
ical differences in the submetacentric and subtelocentric
pairs in these species of Astyanax.

Our data suggest that, due to variation of the number of
chromosomes presented to the genus Astyanax studied here
(modal number of 2n = 36, 2n = 46, and 2n = 50 chromo-
somes), only two chromosomes carrying the genes of H3
histone seem to be preserved for the genus as a whole.
However, two notable features of H3 histone chromosomal
distribution attracted our attention. First, the chromo-
somes carrying the H3 histone genes in A. schubarti, which
has the lowest diploid number (2n = 36), were particu-
larly large. Second, no H3-5S synteny was observed in
A. schubarti and A. mexicanus (Mexican blind cavefish). Ob-
servations by Morelli et al. (1983) suggested that the
lower diploid number (2n = 36) in A. schubarti might be of

recent origin. The lack of synteny in this species may be
related to the chromosomal rearrangements involved
in the reduction of the diploid number. Lack of syn-
teny in A. mexicanus may be due to the ancient separation
of this particular species, millions of years ago, from the
species from South American river basins.
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Figure 1. (Supplementary material). Location of 5S rDNA and H3 histone clusters on chromosomes of 
Astyanax species with 2n = 50 chromosomes. (a) A. abramis, (b) A. asuncionensis, (c) A. altiparanae, (d) 
A. bockmanni, (e) A. eigenmanniorum, and (f) A. mexicanus. Karyotypes show pairs with labeled 5S rDNA 
clusters and boxes illustrate pairs with H3 histone clusters.  
 

 
Figure 2. (Supplementary material).  Location of 5S rDNA and H3 histone clusters on chromosomes of 
A. fasciatus (2n = 46) and A. schubarti (2n = 36). (a) A. fasciatus, and (b) A. schubarti. Karyotypes show 
pairs with labeled 5S rDNA clusters and boxes illustrate pairs with H3 histone clusters.  
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Abstract 1 

The Astyanax genus is well distributed in Neotropical freshwater and is considered 2 

taxonomically uncertain, even as other genera also allocated to the group incertae 3 

sedis in Characidae. This study aimed to analyze the karyotype of different 4 

populations of A. fasciatus (Corumbataí river basin – São Paulo state, Brazil) by 5 

Giemsa staining, band-C technique, and fluorescence in situ hybridization (FISH) 6 

using H3 histone and 5S rRNA genes and describing for the first time the 7 

chromosomal organization of these genes in A. marionae (Chapada dos Guimarães 8 

– Mato Grosso state, Brazil). The chromosomes of the three A. fasciatus populations 9 

were analyzed (two with 2n = 50 and one with 2n = 48), and the heterochromatin 10 

showed two organization forms (discrete and conspicuous blocks). The H3 histone 11 

and 5S rRNA genes were observed in the three populations of A. fasciatus on two 12 

chromosome pairs (one metacentric chromosome showed H3 histone and 5S rRNA 13 

gene clusters). In A. marionae (2n = 48), the H3 histone and 5S rRNA genes were 14 

observed in one acrocentric chromosome pair (distinct pairs). Here, the differences 15 

between karyotypes and heterochromatin were discussed and the chromosomal 16 

organization of H3 histone and 5S rRNA genes in Astyanax species focusing on the 17 

chromosome evolution in the group. 18 

 19 

Keywords: H3 histone gene, rDNA, C-band, chromosomes. 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 
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INTRODUCTION 31 

 The Astyanax is one of the genera with the largest number of species in 32 

Characidae, containing approximately 140 valid species (Eschmeyer and Fong 33 

2015). Their wide distribution from the South of the United States to Central 34 

Argentina (Lima et al. 2003), occupying a variety of habitats in rivers and streams, 35 

making this group one of the more complex genera among freshwater fishes. Lima et 36 

al. (2003) have allocated many genera into incertae sedis in Characidae, as e.g., 37 

Hemigrammus, Hyphessobrycon, Moenkausia, and Astyanax. More recently, others 38 

authors have also showed that Astyanax does not represent a monolyphyletic group 39 

(see Mirande 2010, Javonillo et al. 2010, Oliveira et al. 2011). 40 

 Cytogenetic studies of the Astyanax genus have revealed wide variation in the 41 

diploid number, ranging from 2n = 36 in A. schubarti (Morelli et al. 1983) and A. 42 

correntinus (Paiz et al. 2015) to 2n = 50 chromosomes for most species, e.g., 43 

Astyanax altiparanae and Astyanax bockmanni (Fernandes and Martins-Santos, 44 

2004; Kavalco et al., 2009, respectively). Furthermore, some species of Astyanax 45 

may have more than one diploid number, as e.g., "fasciatus complex" which may 46 

present species with 2n = 45 to 2n = 50 chromosomes (Centofante et al. 2003). 47 

 Therefore, given the karyotype complexity found in the Astyanax genus, and 48 

considering that A. marionae and A. fasciatus are two species with similar 49 

morphology traits, these, would have similar cytogenetic characteristics? Thus, this 50 

study aimed to compare the chromosomes of A. marionae with different populations 51 

of A. fasciatus, and understand the chromosomal organization of the H3 histone and 52 

5S rRNA genes and of the heterochromatin revealed by C-band. 53 

 54 

 55 
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MATERIAL AND METHODS 56 

 57 

Sampling and classical cytogenetics 58 

Three populations of A. fasciatus were studied: a population from the Cabeça 59 

river tributary, a population from the Ribeirão Claro river tributary, and a population 60 

from the Corumbataí river tributary (Corumbataí river basin, São Paulo state, Brazil). 61 

The individuals of A. marionae were captured in the Rio Claro stream (Paraguay river 62 

basin, Mato Grosso state – MT, Brazil). The metaphasic chromosomes were 63 

obtained by the methodology of Foresti et al. (1981) and stained with Giemsa (10% in 64 

phosphate buffer). The morphologies of chromosomes were determined according to 65 

the arms ratio, based on the more common classification system used for fish 66 

chromosomes in Brazil: the chromosomes with two arms and arm ratio (AR) of 1–1.7 67 

of were classified as metacentric (m), those with AR of 1.71–3 as submetacentric 68 

(sm), and those with AR of 3.01–7 as subtelocentric (st). Chromosomes with a single 69 

arm (AR>7) were considered as acrocentric (a). Heterochromatin was observed 70 

using the C-band technique as proposed by Sumner (1972).  71 

 72 

DNA extraction, production of probes, and fluorescence in situ hybridization  73 

Genomic DNA was extracted, from fin samples of Astyanax, as described in 74 

Sambrook and Russell (2001). The 5S rDNA probe was prepared using polymerase 75 

chain reaction (PCR) with primers described by Pendás et al. (1994) and Martins and 76 

Galetti (1999) (A, 5-TAC GCC CGA TCT CGT CCG ATC-3, and B, 5-CAG GCT 77 

GGT ATG GCC GTA AGC-3). The H3 histone probe was prepared using PCR with 78 

primers described by Cabral-de-Mello et al. (2010) (A, 5′-GGC NMG NAC NAA RCA 79 

RAC, and B, 5′-TGD ATR TCY TTN GGC ATD AT). The 5S rDNA probe was labeled 80 



   78 

 

by PCR with biotin-14-dATP (Invitrogen, San Diego, CA, USA), and the H3 histone 81 

probe was labeled by PCR with digoxigenin-11-dUTP (Roche, Mannheim, Germany). 82 

The Fluorescence in situ hybridization (FISH) experiments were performed according 83 

to Pinkel et al. (1986) with modifications as described by Piscor et al. (2013). 84 

Chromosomes were counterstained with Vectashield Mounting Medium (Vector, 85 

Burlingame, CA, USA) containing DAPI (4’, 6-diamidino-2’-phenylindole). 86 

Chromosomes and fluorescent signals were visualized with an Olympus BX51 87 

microscope coupled to a digital camera (Olympus model D71), and the images were 88 

captured using the DP Controller software.  89 

 90 

 91 

RESULTS 92 

 The karyotype of A. marionae showed 8m, 24sm, 10st, 6a and Fundamental 93 

Number (FN) of 90 (Figure 1A).  The heterochromatin C-banded was observed 94 

mainly on the centromeric and proximal regions (Figure 1B). Clusters of 5S rRNA and 95 

H3 histone genes were observed on pairs 22 (a) and 24 (a), respectively (Figure 1C). 96 

The populations from the tributaries of Cabeça and Corumbataí rivers showed 97 

a diploid number of 2n = 50 chromosomes, and the Ribeirão Claro river population 98 

showed 2n = 48 chromosomes. The karyotypic formulae for the populations were: 99 

16m, 12sm, 6st, 16a and FN = 84 for the Cabeça river tributary (Figure 2A), 10m, 100 

20sm, 8st, 10a and FN = 86 for the Ribeirão Claro river tributary (Figure 2B), and 8m, 101 

26sm, 6st, 10a and FN = 90 for the Corumbataí river tributary (Figura 2C). 102 

Heterochromatic regions were observed in two organization forms. The first form was 103 

noted for the Cabeça and Corumbataí populations in which showed more discrete 104 
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blocks (Figure 3A, C), and the second form was evidenced for the Ribeirão Claro 105 

population in which showed more conspicuous blocks (Figure 3B).  106 

 The H3 histone gene clusters were observed on two chromosome pairs in 107 

three populations examined of A. fasciatus (Figure 3D–F). The A. fasciatus 108 

population from Cabeça river tributary showed interstitial fluorescent signals on the 109 

pair 3 (m), and pericentromeric signals on the pair 15 (st) (Figure 3D). The A. 110 

fasciatus population from Corumbataí river tributary showed interstitial fluorescent 111 

signals on the pair 3 (m), and pericentromeric signals on the pair 18 (st) (Figure 3F). 112 

The A. fasciatus population from Ribeirão Claro river tributary showed interstitial 113 

fluorescent signals on the pair 2 (m), and pericentromeric signals on the pair 16 (st) 114 

(Figure 3E).  115 

The 5S rDNA clusters were located on two chromosome pairs (Figure 3D–F). 116 

The A. fasciatus from Cabeça showed pericentromeric fluorescent signals on the pair 117 

3 (m – same chromosome pair that bearing H3 histone genes), and on the pair 18 (a) 118 

(Figure 3D). The A. fasciatus from Corumbataí showed pericentromeric fluorescent 119 

signals on the pair 3 (m – same chromosome pair that bears H3 histone genes), and 120 

on the pair 21 (a) (Figure 3F). The A. fasciatus from Ribeirão Claro showed 121 

pericentromeric fluorescent signals on the pair 2 (m – same chromosome pair that 122 

bears H3 histone genes), and on the pair 20 (a) (Figure 3E). 123 

A map with the hydrographic basins and the distributions of A. marionae and 124 

A. fasciatus, and representative chromosome pairs bearing H3 histone and 5S rDNA 125 

clusters are shown in Figure 4. 126 

 127 

 128 

 129 
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DISCUSSION 130 

Astyanax fasciatus populations usually differ in the diploid number. According 131 

to Ferreira-Neto et al. (2012) this species can present diploid numbers 2n = 46, 48 132 

and 50 chromosomes (the most common number is 2n = 48). However, previous 133 

results have shown karyomorphs with 2n = 45, 47, and 49 chromosomes, possibly 134 

result of hybridizations (see Pazza et al. 2006; Artoni et al. 2006). Furthermore, 135 

chromosome variations are evident among different populations of a species, 136 

primarily relating to the number and size of heterochromatin blocks (see, for example, 137 

Fernandes and Martins-Santos 2003; Fernandes and Martins-Santos 2004).  138 

Conspicuous blocks of heterochromatin have been found for others A. 139 

fasciatus populations. Pazza et al. (2008) analyzed populations of A. fasciatus from 140 

three distinct sites along the Mogi-Guaçu River (Ouro Fino, Minas Gerais State – 141 

MG; Cachoeira de Emas, Pirassununga, São Paulo State – SP; Barrinha – SP, 142 

Brazil) and observed a similar pattern of constitutive heterochromatin organization on 143 

the 2n = 46 and 48 forms (telomeric region on long arms of submetacentric, 144 

subtelocentric and acrocentric chromosomes, and in the telomeric region on short 145 

arms of a submetacentric pair). Similar results were observed for the population from 146 

Ribeirão Claro River (2n = 48) studied here.  147 

Moreover, the two heterochromatic organizations found for the three A. 148 

fasciatus populations, analyzed in this paper, we make us think that distinct 149 

evolutionary events may have influenced the organization of the heterochromatic 150 

segments.  According to Peres et al. (2009) three A. fasciatus populations from the 151 

São Francisco River basin (MG) showed 2n = 48 chromosomes, two of which have 152 

shown remarkable heterochromatic blocks. The authors suggest that this 153 

characteristic may be due to the endemism of the population that has more discrete 154 
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heterochromatin blocks, different from that for the present work, where the three 155 

populations analyzed are part of the Corumbataí River basin and can maintain 156 

contact between them. 157 

Astyanax marionae of the present paper presented heterochromatic blocks 158 

especially on the centromeric and pericentromeric regions in almost all of 159 

chromosomes.  Krinski and Miyazawa (2014) also evidenced similar heterochromatin 160 

location in A. marionae. Moreover, Krinski and Miyazawa (2014) also discussed 161 

similar morphological characteristics between A. marionae and A. fasciatus, which 162 

have shown karyotypes with many similarities. 163 

On the other hand, molecular cytogenetic data studied here exhibited two 164 

distinct chromosomal organization of repetitive sequences: (1) in A. fasciatus one 165 

pair metacentric bearing H3 histone cluster in interstitial region on the short arm, and 166 

5S rDNA cluster in proximal region on the long arm, as one subtelocentric pair with 167 

proximal signal for the H3 histone and one acrocentric pair with proximal signal for 168 

the 5S rDNA are evident for the three populations; (2) in A. marionae the two genes 169 

(H3 histone and 5S rRNA) are organized on the proximal regions of two different 170 

acrocentric pairs. 171 

Therefore, sequences of H3 histone may be located in homeologous pairs in 172 

the two A. fasciatus karyomorphs (2n = 48 and 2n = 50) observed in this work, and in 173 

karyomorph with 2n = 46 evidenced by other authors (Hashimoto et al. 2011, 174 

Pansonato-Alves et al. 2013, Silva et al. 2015, Piscor and Parise-Maltempi 2016). In 175 

A. marionae the location of H3-5S clusters is first described here, showing a 176 

particular form of organization. Peculiar forms have also been observed for A. jordani 177 

by Silva et al. (2015), Astyanax schubarti and A. mexicanus by Piscor and Parise-178 

Maltempi (2016). 179 
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According to Piscor and Parise-Maltempi (2016) A. fasciatus and others 180 

species (Astyanax altiparanae, Astyanax abramis, Astyanax asuncionensis, 181 

Astyanax bockmanni, and Astyanax eigenmanniorum) present H3 histone clusters on 182 

the two chromosome pairs (one m/sm and other sm/st) with similar morphologies, 183 

except to A. schubarti, and A. mexicanus that showed different forms. In contrast, A. 184 

marionae is the species with the least derived system of H3 histone organization to 185 

genus Astyanax studied so far.  186 

In this context, A. marionae and A. fasciatus although present similar 187 

morphological traits and chromosomal macrostructure features as discussed by 188 

Krinski and Miyazawa (2014), but differences on the organization of repetitive 189 

sequences are remarkable. About this, we suggest that the distinct organization 190 

forms of 5S rDNA and H3 histone clusters among these species do not exclude the 191 

possibility of closeness between them.      192 

 193 
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Table 1. Cytogenetic data of the different populations of Astyanax fasciatus from tributaries of 334 

Corumbataí river basin (São Paulo state, Brazil), and A. marionae from Chapada dos Guimarães 335 

(Mato Grosso state, Brazil) studied in the present paper. 336 

Populations Diploid number FN Karyotype formulae Localities/Basins 

A. aff. fasciatus 2n = 50 84 16m, 12sm, 6st, 16a Cabeça river tributary 

(SP)/ Corumbataí river 

basin 

A. aff. fasciatus 2n = 50 90 8m, 26sm, 6st, 10a Corumbataí river tributary 

(SP)/ Corumbataí river 

basin 

A. fasciatus 2n = 48 86 10m, 20sm, 8st, 10a Ribeirão Claro tributary 

(SP) Corumbataí river 

basin 

A. marionae 2n = 48  90 8m, 24sm, 10st, 6a Rio Claro stream (MT)/ 

Paraguay river basin 

FN = fundamental number; SP = São Paulo state; MT = Mato Grosso state; m = metacentric; sm = 337 

submetacentric; st = subtelocentric; a = acrocentric.  338 

 339 
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Figure 1. Cytogenetic data of A. marionae. A. Karyotype. B. Metaphase C-banded. C.  Chromosomal 
location of H3 histone and 5S rDNA clusters. Arrowhead indicates the H3 histone cluster and asterisk 
indicates the 5S rDNA cluster. Bar = 10 μm. 
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Figure 2. Chromosomes stained with Giemsa. A. Karyotype of A. fasciatus from the Cabeça river tributary 
(2n = 50). B. Karyotype of A. fasciatus from the Ribeirão Claro river tributary (2n = 48). C. Karyotype of A. 
fasciatus from the Corumbataí river tributary (2n = 50). Bar = 10 μm. 
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Figure 3.  C-banding, H3 histone and 5S rRNA gene clusters location in karyomorphs of A. fasciatus. A. 
Metaphase C-banded of A. fasciatus from the Cabeça river tributary (2n = 50). B. Metaphase C-banded 
of A. fasciatus from the Ribeirão Claro river tributary (2n = 48). C. Metaphase C-banded of A. fasciatus 
from the Corumbataí river tributary (2n = 50). D. H3 histone and 5S rDNA clusters of A. fasciatus from the 
Corumbataí river tributary. E. H3 histone and 5S rDNA clusters of A. fasciatus from the Ribeirão Claro 
river tributary. F. H3 histone and 5S rDNA clusters of A. fasciatus from the Cabeça river tributary. The 
arrow indicates the metacentric chromosome with syntenic clusters (H3-5S), the arrowhead indicates the 
H3 histone cluster, and asterisk indicates the 5S rDNA cluster. Bar = 10 μm. 
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Figure 4. Map of the hydrographic basins and repetitive location on the chromosomes of A. marionae and 
A. fasciatus. 

 



RESULTADOS E DISCUSSÕES – CAPÍTULO IV 

6.4. CAPÍTULO IV 

 

HIGHLY SIMILAR MORPHOLOGIES BETWEEN 

CHROMOSOMES BEARING U2 snRNA GENE CLUSTERS IN 

THE GROUP Astyanax (CHARACIFORMES, CHARACIDAE): AN 

EVOLUTIONARY APPROACH IN SPECIES WITH 2N = 36, 46, 48, 

AND 50 

 

PISCOR D.; CENTOFANTE L.; PARISE-MALTEMPI P. P. Accepted for publication in 

ZEBRAFISH (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 
 

Abstract 1 

Repetitive sequences and their chromosomal locations have been widely studied in species of 2 

the Astyanax genus. However, the chromosomal organization of U2 snDNA remains largely 3 

unknown. The aims of this study were to examine the chromosomal contexts of U2 snRNA and 4 

5S rRNA genes in Astyanax species and determine the degree of chromosome morphological 5 

similarity between species with different diploid numbers. Clusters of U2 snDNA and 5S rDNA 6 

were determined in nine species of Astyanax, including two karyomorphs of Astyanax fasciatus 7 

Cuvier, 1819. All species exhibited U2 snDNA clusters on two chromosome pairs, except 8 

Astyanax mexicanus De Filippi, 1853 (one pair). The 5S rDNA clusters were located on one 9 

chromosome pair in Astyanax altiparanae Garutti and Britski, 2000 and Astyanax marionae 10 

Eigenmann, 1911, on two pairs in Astyanax abramis Jenyns, 1842, Astyanax asuncionensis 11 

Géry, 1972, Astyanax bockmanni Vari and Castro, 2007, Astyanax eigenmanniorum Cope, 12 

1894, A. fasciatus (karyomorphs I and II) and Astyanax schubarti Britski, 1964, and on four 13 

pairs in A. mexicanus. The relationships between the repetitive sequences in different species 14 

suggest that A. schubarti and A. mexicanus exhibit an unusual U2 snDNA chromosomal format 15 

as a result of events occurring in the evolutionary history of the Astyanax group. 16 

 17 

Keywords: Karyotype evolution, Repetitive DNA, Mexican blind cavefish, FISH, 5S rDNA. 18 
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Introduction 33 

The Astyanax genus contains numerous species (about 140 species),1 many of which 34 

have not been examined cytogenetically. Diploid number ranges from 2n = 36 chromosomes 35 

(e.g. A. schubarti)2 to 2n = 50 chromosomes (most species), as in A. altiparanae3 and A. 36 

bockmanni.4 Intermediate diploid numbers are also observed, in species such as A. fasciatus 37 

(2n = 46)5 and Astyanax scabripinnis Jenyns, 1842 (2n = 48).6 However, the latter two species 38 

are considered to be species complexes that present variable diploid numbers (karyomorphs). 39 

For example, different karyomorphs of A. fasciatus were found under sympatric conditions.7 40 

Astyanax is therefore a promising model for studies of karyotype evolution. 41 

The chromosomal locations of many repetitive sequences are well characterized in 42 

Astyanax and shown variations, as the locations of 45 ribosomal DNA (45 rDNA) sequences. 43 

Similarly, Fernandes and Martins-Santos8 described four and seven sites of 18S rDNA in 44 

different A. altiparanae populations from the Paraná river basin (Paraná state – PR, Brazil), 45 

whereas Peres et al.9 described only a single 18S rDNA site in a population of A. altiparanae 46 

from the upper Paraná river basin (São Paulo state – SP, Brazil). Conversely, fluorescent 47 

labeling showed that 5S rDNA location was conserved to the same chromosome pair in these 48 

A. altiparanae populations.  49 

A general introduction to repetitive sequences was made above. For example, the 50 

chromosomal locations of histone and U small nuclear RNA (U snRNA) sequences are 51 

conserved.10,11,12,13 More recently, Piscor and Parise-Maltempi14 studied eight species of 52 

Astyanax and demonstrated that the chromosomal locations of H3 histone gene clusters were 53 

highly conserved in A. abramis, A. asuncionensis, A. altiparanae, A. bockmanni, A. 54 

eigenmanniorum, and A. fasciatus. Silva et al.13 observed that the U1 and U2 snDNA clusters 55 

were located at different chromosomal sites in different Astyanax species, but exhibited strong 56 

conservation in the number of sites per genome. 57 

Considering Astyanax a group with wide distribution and distinct cytogenetic features, 58 

the aims of this paper were to compare the chromosomal organization of U2 snDNA and 5S 59 
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rDNA in nine species, including those with different diploid numbers, and determine 60 

parameters underlying the chromosome evolution of U2 snRNA genes in the Astyanax genus. 61 

 62 

Materials and methods 63 

Sampling and classical cytogenetics 64 

Astyanax specimens were obtained from locations in Brazil as follows: three A. abramis 65 

and four A. asuncionensis specimens from the Bento Gomes river in Mato Grosso state (MT); 66 

six A. marionae specimens from the Rio Claro stream in Mato Grosso state (MT); five A. 67 

altiparanae specimens and one A. schubarti specimen from the Piracicaba river in São Paulo 68 

state (SP); three A. bockmanni specimens from the Iguatemi river in Mato Grosso do Sul state 69 

(MS); two A. aff. fasciatus specimens (karyomorph I) from the Corumbataí river tributary (SP); 70 

five A. fasciatus specimens (karyomorph II) from the Ribeirão Claro river (SP); and three A. 71 

mexicanus and three A. eigenmanniorum specimens from aquariophiles in Brazil. 72 

Chromosomes were obtained as described by Foresti et al.15 and chromosome morphologies 73 

were determined according to the arm ratios (the most frequently used classification system 74 

for fish chromosomes in Brazil), as cited by Piscor et al.16 75 

 76 

Isolation of repetitive DNA probes and Fluorescence in situ Hybridization 77 

Genomic DNA was extracted from fin samples as described in Sambrook and Russell.17 78 

The 5S rDNA probe was prepared using polymerase chain reaction (PCR) with primers 79 

described by Pendás et al.18 and Martins and Galetti19 (A, 5-TAC GCC CGA TCT CGT CCG 80 

ATC-3; and B, 5-CAG GCT GGT ATG GCC GTA AGC-3). The U2 snDNA probe was 81 

prepared using PCR with primers described by Bueno et al.20 (U2F, 5′-ATC GCT TCT CGG 82 

CCT TAT G–3′; and U2R, 5′-TCC CGG CGG TAC TGC AAT A-3′). The 5S rDNA probe was 83 

labeled by PCR with biotin-14-dATP (Invitrogen, San Diego, CA, USA), and the U2 snDNA 84 

probe was labeled by PCR with digoxigenin-11-dUTP (Roche, Mannheim, Germany). Probes 85 

labeled with digoxigenin-11-dUTP were detected using anti-digoxigenin-rhodamine (Roche, 86 
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Mannheim, Germany), and probes labeled with biotin-14-dATP were detected using Alexa 87 

Fluor 488 conjugated streptavidin (Invitrogen, San Diego, CA, USA). Single and two-color 88 

fluorescence in situ hybridization (FISH) was performed using mitotic metaphasic 89 

chromosomes, according to Pinkel et al.21 and with modifications as described by Cabral-de-90 

Mello et al.22 Chromosomes were counterstained with Vectashield Mounting Medium (Vector, 91 

Burlingame, CA, USA) containing DAPI (4’,6-diamidino-2-phenylindole). Chromosomes and 92 

fluorescent signals were visualized with an Olympus BX51 microscope coupled to a digital 93 

camera (Olympus model D71). Images were captured using DP Controller software.  94 

  95 

 96 

Results 97 

Species with 2n = 50 chromosomes were A. abramis, A. asuncionensis, A. altiparanae, 98 

A. bockmanni, A. eigenmanniorum, A. mexicanus (Figs. 1A–F; Table 1), and A. aff. fasciatus 99 

(karyomorph I; the first described karyomorph for this population)  (Fig. 2A; Table 1). All the 100 

examined A. mexicanus cells contained one acrocentric B chromosome (Fig. 1F, box). Species 101 

with smaller diploid numbers were A. marionae (2n = 48 chromosomes), A. fasciatus 102 

(karyomorph II; 2n = 46), and A. schubarti (2n = 36) (Figs. 2B–D, respectively; Table 1).  103 

The U2 snDNA clusters were observed on two chromosome pairs in eight of the nine 104 

Astyanax species (including the two A. fasciatus karyomorphs) (Figs. 1, 2; Table 1). In A. 105 

mexicanus, U2 snDNA was observed on only one chromosome pair (Fig. 1F; Table 1). The U2 106 

snDNA clusters were located on chromosome pairs 17 and 20 (sm) in A. abramis (Fig. 1A), 107 

pairs 11 and 13 (sm) in A. asuncionensis (Fig. 1B), pairs 10 and 13 (sm) in A. altiparanae (Fig. 108 

1C), pairs 5 and 11 (sm) in A. bockmanni (Fig. 1D), pairs 15 (sm) and 16 (st) in A. 109 

eigenmanniorum (Fig. 1E), pair 8 (sm) in A. mexicanus (Fig. 1F), pairs 13 (sm) and 15 (st) in 110 

A. aff. fasciatus (karyomorph I) (Fig. 2A), pairs 5 and 9 (sm) in A. marionae (Fig. 2B), pairs 7 111 

and 10 (sm) in A. fasciatus (karyomorph II) (Fig. 2C), and pairs 7 and 14 (sm) in A. schubarti 112 

(Fig. 2D). All fluorescent signals were located in the pericentromeric regions, with the exception 113 

of an interstitial signal observed on pair 7 in A. schubarti (Fig. 2D). 114 
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In five of the seven species with 2n = 50 chromosomes (A. abramis, A. asuncionensis, 115 

A. bockmanni, A. eigenmanniorum, and A. mexicanus) the 5S rDNA was located on pair 2 (m) 116 

(Figs. 1A–B, D–F, respectively). In A. altiparanae, the 5S rDNA was located on pair 5 (sm) 117 

(Fig. 1C), and in A. aff. fasciatus (karyomorph I) the 5S rDNA was observed on pairs 3 (m) and 118 

21 (a) (Fig. 2A). Species with 5S rDNA on pair 2 (m) also exhibited signals in pericentromeric 119 

regions on other chromosomes. Pericentromeric fluorescent signals were noted on pair 23 (st) 120 

in A. abramis (Fig. 1A), pair 25 (a) in A. asuncionensis (Fig. 1B), pair 19 (a) in A. bockmanni 121 

(Fig. 1D), pair 22 (a) in A. eigenmanniorum (Fig. 1E), and on pairs 15 (sm), 22 (a), and 25 (a) 122 

in A. mexicanus (Fig. 1F). The three species with smaller diploid numbers, A. marionae (2n = 123 

48), A. fasciatus karyomorph II (2n = 46) and A. schubarti (2n = 36), harbored 5S rDNA clusters 124 

at pericentromeric regions on pair 22 (a) (A. marionae; Fig. 2B), pairs 3 (m) and 22 (a) (A. 125 

fasciatus karyomorph II; Fig. 2C), and on the 3 and 4 (m) (A. schubarti; Fig. 2D). 126 

A summary diagram indicating the chromosomal locations of the U2 snDNA clusters in 127 

the nine Astyanax species is shown in Figure 3. Note that three groups were formed: first group 128 

with two chromosome pairs bearing U2 snDNA clusters shared by several species (Figure 3A), 129 

second group with only one pair (Figure 3B), and third group with two pairs but the first pair 130 

with interstitial clusters (Figure 3C). 131 

 132 

 133 

Discussion 134 

As demonstrated by previous cytogenetic observations, the most common diploid 135 

number in the Astyanax genus is 2n = 50 chromosomes. This is consistent with the majority of 136 

species in the family Characidae.2 However, other diploid chromosome numbers are observed 137 

in the Astyanax genus, such as the species with 2n = 36, 46, and 48 examined in this study. 138 

Furthermore, species complexes with variable diploid number are found in Astyanax, such as 139 

the “scabripinnis complex” and the “fasciatus complex” (see, for example,23,24). Here, A. 140 

fasciatus karyomorphs from the same river system were examined that had two different 141 
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diploid numbers (2n = 46 and 2n = 50). Astyanax fasciatus is known to have several 142 

karyomorphs, mostly with 2n = 46, 48, and 50 chromosomes.7 143 

The Astyanax genus is distinguished cytogenetically by diploid number variability, from 144 

2n = 36 chromosomes for A. schubarti2 and Astyanax correntinus Holmberg, 189125 to 2n = 50 145 

chromosomes for most species, e.g., A. altiparanae and A. bockmanni.3,4 Variations in 146 

karyotype formula and fundamental number (FN) are also widely observed even in populations 147 

of the same species. For example, Fernandes and Martins-Santos3 reported two different 148 

karyotype formulae and FN in two A. altiparanae populations from the Índios and Paraná rivers 149 

(PR, Brazil), and these values differ from those of the Piracicaba river (SP, Brazil) studied here. 150 

On the other hand, FISH examination have identified that repetitive sequences showed similar 151 

chromosomal locations in Astyanax species.  152 

Chromosomal locations of 5S rDNA are conserved in some Astyanax and generally 153 

exhibit three forms.26 The form found in most species, including the A. fasciatus karyomorphs 154 

analyzed here, exhibits one metacentric pair and one acrocentric or subtelocentric pair with 5S 155 

rDNA sites located on the long arm, both near the centromere.26 According to Vicari et al.,27 156 

Astyanax species with two chromosome pairs bearing 5S rDNA sites exhibit probable 157 

synapomorphic features. 158 

In fish, 5S rDNA and other repetitive DNA clusters may be located on the same 159 

chromosome pair. For example, while 5S rRNA and histone genes can occur on the same 160 

chromosome in Astyanax species,10,14 the 5S rDNA is close to 18S rDNA clusters in 161 

Bryconamericus aff. iheringii Boulenger, 1887,16 another characid fish . The chromosomal 162 

locations of the 5S rDNA and U2 snDNA clusters were not consistently linked in the Astyanax 163 

species examined here, because that these represent two distinct classes of repetitive DNA 164 

with completely different functions. Supiwong et al.28 found that U2 snDNA and 5S rDNA 165 

sequences were also carried on different chromosome pairs in the naked catfish Mystus 166 

bocourti Bleeker, 1864 (Siluriformes). This spatial separation of 5S rDNA and U2 snDNA 167 

appears to be a common feature in fish (see, for example,29,30). 168 
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All the species examined here had clusters of U2 snDNA on two chromosome pairs, 169 

with the exception of A. mexicanus (one pair) (see the figure 3). Therefore, our results suggest 170 

that the two pairs with U2 snDNA clusters may represent a similar chromosome pairs shared 171 

by species of the first group (Figure 3A), and the only one chromosome pair of A. mexicanus 172 

(Figure 3B) and two pairs of A. schubarti (Figure 3C) represent different forms of genomic 173 

organization of U2 snRNA genes. These two different forms may be explained due to probable 174 

reduction of the diploid number (2n = 36) of A. schubarti and ancient separation of A. 175 

mexicanus from the South America as previously proposed by Piscor and Parise-Maltempi.14 176 

Recently, Silva et al.13 found U2 snDNA clusters on two chromosome pairs in different 177 

Astyanax species, except in Astyanax jordani Hubbs and Innes, 1936 (one pair). Silva et al.13 178 

also showed that, while U1 and U2 snRNA genes were located on different chromosome pairs 179 

in different species, the numbers of U1 and U2 sites per genome were strongly conserved. 180 

Martins and Galetti19 proposed that 5S rDNA on a single pair of chromosomes probably 181 

represented a more ancient genomic condition in Leporinus Spix, 1829 (Anostomidae).  182 

The eyed epigean form (surface fish) of A. mexicanus is widely distributed in 183 

northeastern Mexico and southern Texas, and the eyeless hypogean forms (cavefish) live in 184 

some caves inside this extension.31 Therefore, an ancestral link is possible between the single 185 

pair of chromosomes carrying U2 snDNA in A. mexicanus from Mexico and single U2 snDNA 186 

pair in other species of Astyanax from North and Central America, as for example, A. jordani 187 

studied by Silva et al.13 that also showed one chromosome pair bearing U2 snDNA clusters.  188 

In summary, the variability in diploid chromosome number in the Astyanax genus is not 189 

reflected in the chromosomal organization of the U2 snRNA genes. However, U2 snDNA sites 190 

appear to be located on two chromosome pairs with medium size and similar morphologies in 191 

almost all Astyanax species. The U2 snDNA cluster stability could be the result of an 192 

evolutionary advantage or association with specific DNA segments or particular regions of the 193 

genome, which may have facilitated the maintenance of U2 snDNA on two chromosome pairs 194 

in South American Astyanax species. 195 

 196 
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Table 1. Chromosomal data in species of Astyanax with U2 snDNA clusters. 382 

Species               2n             karyotype formulae          FNa      5Sb     U2c      References 

A. abramis 50 12m + 28sm + 6st + 4a 96 4 4 Present study 

A. asuncionensis 50 8m + 22sm + 14st + 6a 94 4 4 Present study 

A. altiparanae 50 6m + 22sm + 12st + 10a 90 2 4 Present study 

A. altiparanae 50 10m + 16sm + 16st + 8a  - 2 4 Silva et al.13 

A. bockmanni 50 6m + 20sm + 8st + 16a 84 4 4 Present study 

A. bockmanni 50 8m + 14sm + 12st + 16a  - 4 4 Silva et al.13 

A. eigenmanniorum 50 8m + 22sm + 12st + 8a 92 4 4 Present study 

A. aff. fasciatus (kary I)  50 8m + 20sm + 12st + 10a 90 4 4 Present study 

A. fasciatus (kary II) 46 8m + 18sm + 16st + 4a 88 4 4 Present study 

A. fasciatus 46 10m + 14sm + 14st +8a  - 4 4 Silva et al.13 

A. jordani 50+Bd 8m + 18sm + 12st + 12a  - 10 2 Silva et al.13 

A. marionae 48 8m + 24sm + 10st + 6a 90 2 4 Present study 

A. mexicanus 50+Bd 8m + 26sm + 6st + 10a 90 8 2 Pressent study 

A. paranae Eigenmann, 

1914 

50+Bd 8m + 22sm + 10st + 10a  - 4 4 Silva et al.13 

A. schubarti 36 12m + 16sm + 4st + 4a 68 4 4 Present study 

aFundamental numbers; bNumbers of clusters (5S rDNA); cNumbers of clusters (U2 snDNA); dB chromosomes. 383 
 384 

 385 

 386 

http://en.wikipedia.org/wiki/Carl_H._Eigenmann
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FIG. 1. Locations of U2 snDNA and 5S rDNA clusters on chromosomes of Astyanax species with 2n = 50 
chromosomes. (A) A. abramis, (B) A. asuncionensis, (C) A. altiparanae, (D) A. bockmanni, (E) A. 
eigenmanniorum, and (F) A. mexicanus. Karyotypes indicate the chromosome pairs with U2 snDNA 
clusters, and boxes indicate pairs with 5S rDNA clusters. Bar = 10 µm. 
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FIG. 2. Locations of U2 snDNA and 5S rDNA clusters on chromosomes of A. marionae (2n = 48), A. 
schubarti (2n = 36), and two A. fasciatus populations (karyomorph I, 2n = 50 and karyomorph II, 2n = 46). 
(A) A. aff. fasciatus (karyomorph I), (B) A. marionae, (C) A. fasciatus (karyomorph II), and (D) A. schubarti. 
Karyotypes indicate the chromosome pairs with U2 snDNA clusters, and boxes indicate pairs with 5S rDNA 
clusters. Bar = 10 µm. 

 

 

 

 

FIG. 3. Diagram indicating the chromosome pairs bearing U2 snDNA clusters in the nine Astyanax species. 
(A) Species with very similar chromosome pairs (pericentromeric regions), (B) A. mexicanus, with only 
one chromosome pair carrying U2 snDNA (pericentromeric region), and (C) A. schubarti, with two 
chromosome pairs carrying U2 snDNA (pair 7, interstitial location, and pair 14, pericentromeric location). 
U2 snDNA clusters are shown in red. 
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strong, absent, weak, and absent, respectively. The distribu-
tion of microsatellites and the locational relationship be-
tween microsatellites and 5S rDNA are discussed, and a pos-
sible evolutionary pathway is proposed for microsatellites in 
 Astyanax .  © 2016 S. Karger AG, Basel 

 Microsatellites are excellent markers for the use in 
studies of sex and B chromosomes [Pokorná et al., 2011; 
Milani and Cabral-de-Mello, 2014; Palacios-Gimenez 
and Cabral-de-Mello, 2015]. For example, abundant ac-
cumulation of microsatellites was detected in the W chro-
mosome of the lacertid  Eremias velox  [Pokorná et al., 
2011], and the authors suggested that accumulation of 
microsatellites in  E. velox  and other eukaryotic organisms 
might play an important role in sex chromosome dynam-
ics [Pokorná et al., 2011].

  Milani and Cabral-de-Mello [2014] found that, while 
the majority of examined microsatellites were scattered 
along the entire length of the B chromosome in  Abracris 
flavolineata  (grasshopper), conspicuous blocks were ap-
parent and enriched for (GA) 15  and (GAC) 10  mi cro-
satellites. This suggested that microsatellites could play 
an important role in B chromosome evolution. In this 
context, the  Astyanax  genus can be regarded as a good 
model because of the variation in diploid numbers (e.g. 

 Key Words 

  Astyanax schubarti  · Chromosome evolution · 
Heterochromatin · Mexican blind cavefish · Repetitive DNA 

 Abstract 

 The organization of microsatellites in B and sex chromo-
somes has been linked to chromosomal evolution in a num-
ber of animal groups. Here, the chromosomal organizations 
of (CA) 15 , (GA) 15 , (CG) 15 , (GACA) 4 , and (GATA) 8  microsatellites 
were examined in several  Astyanax  species with different 
diploid numbers:  Astyanax mexicanus  (2n = 50 + 1 B chromo-
some),  A. altiparanae  (2n = 50),  A. marionae  (2n = 48),  A. fas-
ciatus  (2n = 46), and  A. schubarti  (2n = 36). The (CA) 15  and 
(GA) 15  microsatellites were dispersed across the chromo-
somes of  A. altiparanae  and  A. fasciatus  but were also ob-
served as clusters (CA and GA for  A. altiparanae , and CA for 
 A. fasciatus ). In  A. marionae  and  A. schubarti , the (CA) 15  and 
(GA) 15  microsatellites were dispersed but were also observed 
as clustered signals and coincident with heterochromatic re-
gions. In all 4 of these species, the (CG) 15  and (GACA) 4  micro-
satellites were dispersed across chromosomes, and the 
(GATA) 8  microsatellite was co-localized with 5S rDNA. In  A. 
mexicanus , the (CA) 15 , (GA) 15 , (CG) 15 , (GATA) 8 , and (GACA) 4  
microsatellites were weakly detected and dispersed across 
the chromosomes of the A complement. On the B chromo-
some, signals for the different microsatellites were weak, 
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 A. schubarti  with 2n = 36 and  A. altiparanae  with
2n = 50) and the presence of species possessing B chro-
mosomes [Moreira-Filho et al., 2004].

  Recent surveys on chromosomal microsatellite loca-
tions showed that organization in sex chromosomes dif-
fered between  Leporinus  and  Characidium  species [Pol-
tronieri et al., 2014; Scacchetti et al., 2015]. For example, 
in W chromosomes of the  Leporinus  species, microsatel-
lites accumulated primarily in heterochromatic regions 
of the long arms. However, microsatellite distributions 
differed between the 4  Leporinus  species, despite the 4 
species exhibiting similar patterns of heterochromatin 
distribution. This suggested that the heterochromatiniza-
tion process is dynamic, free of selection, and subject to 
distinctive mechanisms after speciation [Poltronieri et al., 
2014].

  In this study the chromosomal organization of differ-
ent microsatellite repeats in  Astyanax  species with differ-
ent diploid numbers (2n = 36, 2n = 46, 2n = 48, and 2n = 
50) was analyzed, and the microsatellite distribution in 
the B chromosome and A complement of  A. mexicanus  
was examined. Possible scenarios for the evolution of mi-
crosatellite distribution and chromosomal clustering of 
GATA repeats and 5S rDNA are discussed.

  Materials and Methods 

 Specimens and Classical Cytogenetics 
 The following animals were collected:  A. schubarti  and  A. al-

tiparanae  from the Piracicaba river in São Paulo state, Brazil;  A. 
marionae  from the Rio Claro stream in Mato Grosso state, Brazil; 
 A. fasciatus  from the Ribeirão Claro river in São Paulo state, Brazil; 
and  A. mexicanus  (Mexican blind cavefish) from aquarists in Bra-

zil ( table 1 ). Mitotic metaphase chromosomes were prepared using 
the methods described by Foresti et al. [1981]. Heterochromatin 
was examined using the C-banding technique described by Sum-
ner [1972].

  DNA Extraction and Probe Synthesis 
 Genomic DNA was extracted from fin samples as described by 

Sambrook and Russell [2001]. PCR with the following primers was 
used to amplify the 5S rDNA probe: A (5 ′ -TAC GCC CGA TCT 
CGT CCG ATC-3 ′ ) and B (5 ′ -CAG GCT GGT ATG GCC GTA 
AGC-3 ′ ) as described by Pendás et al. [1994] and Martins and 
Galetti [1999]. The (CA) 15 , (GA) 15 , (CG) 15 , (GACA) 4 , and (GATA) 8  
microsatellites were amplified and labeled with biotin during syn-
thesis as described by Milani and Cabral-de-Mello [2014]. Micro-
satellites were donated by Prof. Dr. Diogo C. Cabral-de-Mello for 
use in laboratory experiments.

  Fluorescence in situ Hybridization and Fiber-FISH 
 FISH experiments were performed according to Pinkel et al. 

[1986], with modifications as per Cabral-de-Mello et al. [2010]. 
Fiber-FISH was performed as described by Barros et al. [2011], and 
slides were used in double-FISH experiments with 5S rDNA and 
(GATA) 8  probes. Signals were detected using anti-digoxigenin-
rhodamine (Roche, Mannheim, Germany) for digoxigenin and 
avidin Alexa Fluor 488 conjugate (Invitrogen, San Diego, Calif., 
USA) for biotin. Slides were mounted with Vectashield Mounting 
Medium (Vector, Burlingame, Calif., USA) containing DAPI 
(4′,6-diamidino-2-phenylindole) for chromosome counterstain-
ing. Chromosome and fluorescence signals were visualized with an 
Olympus BX51 microscope coupled to a digital camera (Olympus 
model D71). Images were captured using DP Controller software.

  Results 

 Diploid numbers of  A. altiparanae ,  A. marionae ,  A. 
fasciatus , and  A. mexicanus  are given in  table 1 . In  A. mex-
icanus , one small acrocentric B chromosome was ob-

Table 1.  Microsatellite organization in the chromosomes of the A complement in Astyanax species

Species
(diploid numbers)

N  Microsatellites Localities

 (CA)15 (GA)15 (CG)15 (GACA)4 GATA/5S

A. altiparanae (50) 5 C C S S P SP, Brazil
A. fasciatus (46) 3 C S S S P SP, Brazil
A. marionae (48) 6 Ccb Ccb S S P MT, Brazil
A. schubarti (36) 1 Ccb Ccb S S P SP, Brazil
A. mexicanus (50) 6 S S S S Ab Mexicoa

 Ab = Absent but the GATA repeats showed spreading on the chromosomes of A. mexicanus; C = spread and 
with fluorescence signals clustered; Ccb = spread and with fluorescence signals clustered and coincident with C-
band heterochromatin; P = present; S = fluorescence signals spread; SP = São Paulo state; MT = Mato Grosso 
state. a Mexican blind cavefish obtained from an aquarium store in Brazil.
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served in all metaphases. Modest blocks of heterochro-
matin were observed, mainly in the pericentromeric and 
centromeric chromosomal regions in  A. altiparanae 
 ( fig. 1 A), pericentromeric and centromeric regions in  A. 
marionae  ( fig.  1 B), terminal regions in  A. fasciatus 
 ( fig. 1 C), and pericentromeric and centromeric regions in 
 A. schubarti  ( fig. 1 D).  A. mexicanus  chromosomes con-
tained blocks of heterochromatin in the terminal and 
pericentromeric regions, and the B chromosome was C-
band negative.

  Microsatellites were distributed in 4 organizational 
formats:
  1 Dispersed and with blocks of (CA) 15  and (GA) 15  mic-

rosatellites, corresponding to C-band heterochroma-
tin in  A. marionae  and  A. schubarti  ( fig. 2 ; note that the 
CA and GA repeats show more evident blocks in  A. 
schubarti ).

  2 (CA) 15  and (GA) 15  microsatellites were spread across 
the chromosomes in  A. altiparanae  and  A. fasciatus 
 and were also found in clusters. However, the clusters 
did not correspond to C-band heterochromatic re-
gions. CA and GA repeats formed clusters in  A. altipa-
ranae ,   but only CA repeats were clustered in  A. fascia-
tus  ( fig. 2 ).

  3 (CG) 15  and (GACA) 4  microsatellites were dispersed 
across the chromosomes in  A. altiparanae ,  A. mario-
nae ,  A. fasciatus , and  A. schubarti  ( fig. 2 ) . 

  4 The (GATA) 8  microsatellite was co-localized with 5S 
rDNA on pair 5 in  A. altiparanae , pair 22 in  A. mari-
onae , pairs 3 and 22 in  A. fasciatus , and pairs 3 and 4 
in  A. schubarti  ( figs. 3 ,  4 ;  table 1 ).
  In  A. mexicanus , the (CA) 15 , (GA) 15 , (CG) 15 , (GACA) 4 , 

and (GATA) 8  microsatellites exhibited weak fluorescence 
signals on the chromosomes of the A complement ( fig. 5 ; 
 table 1 ). On the B chromosome, no signal was evident for 
(CG) 15  and (GACA) 4  microsatellites, (CA) 15  and (GATA) 8  
microsatellites produced minimal signals, and (GA) 15  
microsatellite exhibited stronger signals ( fig. 5 ).

  Discussion 

 Four microsatellite organizations were found in chro-
mosomes of different  Astyanax  species with a range of 
diploid numbers: (1) clustered and coincident with C-
band heterochromatin, (2) clustered and non-coincident 
with C-band heterochromatin, (3) dispersed across the 
chromosomes, and (4) co-localized with 5S rDNA. These 

A

C

B

D

  Fig. 1.  C-banded metaphases of  A. altipa-
ranae  (A),  A. marionae  (B),  A. fasciatus  (C), 
and  A. schubarti  (D). Bar = 10 μm. 

D
ow

nl
oa

de
d 

by
: 

U
N

E
S

P
 U

ni
ve

rs
id

ad
e 

E
st

du
al

 P
au

lis
ta

   
   

   
   

   
   

  
19

8.
14

3.
56

.2
 -

 4
/1

1/
20

16
 4

:1
5:

51
 P

M



 Piscor/Parise-Maltempi

 

Cytogenet Genome Res
DOI: 10.1159/000444728

4

results suggest that there may be 3 evolutionary pathways 
related to drive and/or genomic organization of microsat-
ellites in  Astyanax  genomes: (1) the microsatellites can 
follow a free way to spreading and/or clustering, (2) the 
heterochromatin can play an important role in the ge-
nome organization of the microsatellites, and (3) the co-
localization of 5S rDNA-GATA can stabilize DNA struc-
tures, acting as ‘hot spots’ for recombination, as discussed 
by Merlo et al. [2010].

  B chromosomes carrying microsatellite DNA were de-
scribed previously, for example, in the grasshopper  A. fla-
volineata  [Milani and Cabral-de-Mello, 2014]. For the 
authors, microsatellites located on the B chromosome 
may play an important role in the evolution of these ele-
ments. In the present study,  A. mexicanus  individuals 
contained 0 or 1 B chromosome. Thus, the low rate of 
recombination in the B chromosome of  A. mexicanus  
may facilitate accumulation of microsatellites, as pro-
posed by Charlesworth et al. [2005].
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  Fig. 2.  Microsatellite distribution in chromosomes of  Astyanax  species. Bar = 10 μm. 
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  Here, we observed chromosomal co-localization of 5S 
rDNA and the (GATA) 8  microsatellite. GATA repeats 
were found on chromosomes of other animal groups, for 
example, in the grasshopper  A. flavolineata  [Milani and 
Cabral-de-Mello, 2014], the fish  Halobatrachus didacty-
lus  [Merlo et al., 2007], snakes  Liasis fuscus ,  Stegonotus 
cucullatus , and  Notechis   scutatus  [O’Meally et al., 2010], 
and lacertids  Coleonyx elegans ,  E. velox  [Pokorná et al., 
2011], and  Aprasia parapulchella  [Matsubara et al., 2013]. 
However, in none of these species were GATA repeats co-
localized with ribosomal DNA.

  Using 2-color FISH, Úbeda-Manzanaro et al. [2010] 
examined (GATA) n  and 5S rDNA in chromosomes from 
4 species of fish of the Batrachoididae family ( Amphich-

thys cryptocentrus ,  Batrachoides manglae ,  Porichthys plec-
trodon , and  Thalassophryne maculosa ). GATA repeats 
were not co-localized with or adjacent to 5S rDNA in 
these species but were dispersed and abundant through-
out all chromosomes. According to Úbeda-Manzanaro et 
al. [2010], GATA sequences cannot be used as chromo-
somal markers in these fish species. This is in contrast 
with the results from the present study, which indicate 
that GATA repeats can act as good chromosomal markers 
in South American  Astyanax  species.

  Scrutiny of DNA sequences showed that microsatel-
lites could be found within the non-transcribed spacers 
(NTSs) of 5S rDNA in fish [for examples, see Rocco et al., 
2005; Pasolini et al., 2006; Pinhal et al., 2009; Merlo et al., 
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  Fig. 3.  Chromosomal location of 5S rDNA 
and GATA repeats in  Astyanax  species. Ar-
rows indicate fluorescence signals .  Bar = 10 
μm. 
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2010]. The microsatellite GTT was found within the NTS 
from 2 species  (Dicentrarchus labrax  and  D. punctatus)  of 
the Moronidae family [Merlo et al., 2010]. This suggested 
that the presence of microsatellite repeats favored the 
maintenance of tandem arrays of multigene families, as 
proposed by other authors [Liao and Weiner, 1995; Cross 
and Rebordinos, 2005].

  Sequence analysis of 5S rDNA in 2 species of Batoidea, 
 Taeniura lymma  (Dasyatidae) and  Raja montagui  (Raji-
dae), revealed microsatellite repeats in the NTS regions of 
the 5S rDNA, and it was suggested that these repeats 
might exert an influence on gene regulation [Rocco et al., 
2005].
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  Fig. 4.  Fiber-FISH of  Astyanax  chromo-
somes. The 5S rDNA and (GATA) 8  probes 
are co-localized.   

(GATA)8(GACA)4

(CA)15 (GA)15 (CG)15

C-band

  Fig. 5.  Microsatellite distribution and con-
stitutive heterochromatin revealed by C-
banding in  A. mexicanus . Arrows indicate 
the B chromosome, and  insets  show fluo-
rescence signals on the B chromosome. 
Bars = 10 μm.     
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  The chromosomal co-location of GATA repeats and 
ribosomal DNA, which was maintained during evolution 
in different species with different diploid numbers, sug-
gests an evolutionary advantage for the 5S rDNA-GATA 
combination in  Astyanax  chromosomes. Furthermore, 
the absence of 5S rDNA-GATA co-location in  A. mexica-
nus  indicates that the development of this feature may 
have occurred relatively recent in the evolutionary his-
tory of  Astyanax  species from South America.
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Color Figure 2. Microsatellite distribution on chromosomes of Astyanax species. Bar = 10 µm. 
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Color Figure 3. Chromosomal location of 5S rDNA and GATA repeats in Astyanax species. Arrows 

indicate fluorescent signals. Bar = 10 µm. 
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Color Figure 4. Fiber-FISH examination of Astyanax chromosomes. The 5S rDNA and (GATA)8 probes 

are co-located. 
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Color Figure 5. Microsatellite distribution and constitutive heterochromatin revealed by the C-band 

technique in A. mexicanus. Arrows indicate the B chromosome, and boxes indicate fluorescent signals on 

the B chromosome. Bar = 10 µm. 
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Abstract 1 

Astyanax is a genus with wide distribution ranging South United States to North of 2 

Patagonia in Argentina and present species with 2n = 36, 46, 48 and 50 chromosomes. In 3 

this paper were analyzed cytogenetic and molecular data in species with different diploid 4 

numbers. In Astyanax schubarti (2n = 36) was observed two Ag-NOR bearing pairs, three 5 

pairs GC-rich and with 18S rDNA clusters, and C-band blocks were evident in 6 

pericentromeric and centromeric regions. Astyanax fasciatus (2n = 46) showed four Ag-7 

NOR sites, four GC-rich sites, eight 18S rDNA clusters, and C-band blocks were evident in 8 

terminal regions. Astyanax marionae (2n = 48) presented one Ag-NOR bearing pair, four 9 

GC-rich sites, four 18S rDNA clusters, and C-band blocks were evident in pericentromeric 10 

and centromeric regions. In Astyanax altiparanae were observed six Ag-NOR sites, one 11 

pair GC-rich, one pair with 18S rDNA clusters, and band-C blocks were evident in 12 

pericentromeric and terminal regions. The fluorescent signals using telomeric probe were 13 

observed only on the telomeres in all the species studied here. Molecular clock showed 14 

three groups well-structured and an origin more ancient for A. schubarti about 2.31 Mya, 15 

and the separation of A. mexicanus nearly 4.4 Mya of the South America species. Here, will 16 

discuss the evolution of cytogenetic data using  molecular data. 17 

Keywords: Chromosomal evolution, Repetitive DNA, Mitochondrial DNA, Molecular clock.  18 
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Introduction 33 

 The Characidae family presents small and middle species of fish such as the 34 

Astyanax. Over the years, many members of this family has undergone changes in its 35 

classification. It is known that the phylogenetic relationships among the group members are 36 

doubtful, in the aspect of representing a polyphyletic group, which is much discussed until 37 

now (see discussion below). 38 

The Astyanax genus has wide distribution, from Texas and New Mexico in the United 39 

States (Page and Burr 1991) to the North of Patagonia in Argentina (Almirón et al. 1997). 40 

This group is considered polyphyletic and was allocated in incertae sedis in Characidae 41 

amongst with other genera by Lima et al. (2003). From this, other studies have supported 42 

the hypothesis of polyphyletic Astyanax (see, Javonillo et al. 2010; Mirande 2010; Oliveira 43 

et al. 2011). 44 

Since the revision considered by Lima et al. (2003), the number of valid Astyanax 45 

species almost doubled. According to Eschmeyer et al. (2016), more than 150 species are 46 

described for the genus, but its phylogenetic condition is still confused. Since this issue 47 

remains under discussion, other studies involving chromosomal and molecular analysis 48 

could contribute significantly to the evolutionary relationships among Astyanax species.  49 

Cytogenetic has played an important role in recent decades on the study of the 50 

evolution of chromosomes in the different plant and animal groups (see, for example, 51 

Dobigny et al. 2004; Metcalfe et al. 2007; Landeen et al. 2013). From this, the use of 52 

chromosomal data combined with molecular analysis can contribute to the understanding 53 

of the evolutionary dynamics of chromosomes in the Astyanax group. Therefore, this study 54 

aimed to evaluate, cytogenetic and molecular data, Astyanax species with different diploid 55 

numbers through chromosomal techniques, analysis of mtDNA sequences and 56 

chromosomal data previously described in the literature, allowing a broad overview of 57 

chromosomal evolution in species from the Central and South America regions. 58 

 59 

 60 
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Materials and Methods 61 

 62 

Sampling and classical cytogenetics 63 

Were studied five individuals of A. altiparanae from the Piracicaba river in São Paulo 64 

state (SP), Brazil; six individuals of A. marionae from the Rio Claro stream in Mato Grosso 65 

state (MT), Brazil; three individuals of A. fasciatus from the Ribeirão Claro river (SP), Brazil; 66 

one individual of A. schubarti from the Piracicaba river (SP), Brazil; one individual of 67 

Serrapinnus notomelas from the Aquarium store in Rio Claro (SP), Brazil. Mitotic 68 

metaphase chromosomes were obtained according to the technique proposed by Foresti et 69 

al. (1981). The nucleolus organizer regions (NORs) were identified after impregnation by 70 

silver ion by technique of Howell and Black (1980) and the heterochromatin was observed 71 

using the C-band technique described by Sumner (1972). The double staining CMA3/DAPI 72 

to identify regions GC/AT-rich was performed as described by Piscor et al. (2015). 73 

 74 

DNA extraction and probe synthesis  75 

The Genomic DNA was extracted of fins from the samples of Astyanax species as 76 

described by Sambrook and Russell (2001). The probes of 18S rDNA, 5S rDNA, and U2 77 

snDNA were amplified by PCR (Polymerase chain reaction) using specific primers 78 

described by White et al. (1990), Pendás et al. (1994), and Bueno et al. (2013), respectively. 79 

The telomeric DNA probe was acquired by kit Telomere PNA FISH Kit/FITC (Dako 80 

Cytomation Denmark A/S Kit). The (GATA)8 microsatellite was amplified and labeled with 81 

biotin during synthesis as described by Milani and Cabral-de-Mello (2014). Microsatellites 82 

were donated by Prof. Dr. Diogo C. Cabral-de-Mello (UNESP - Rio Claro) for use in 83 

laboratory experiments. 84 

 85 

Fluorescence in situ hybridization 86 

Fluorescence in situ hybridization (FISH) experiments were performed according to 87 

Pinkel et al. (1986), with modifications described by Cabral-de-Mello et al. (2010) and Piscor 88 
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et al. (2013). Signals were detected using anti-digoxigenin-rhodamine (Roche, Mannheim, 89 

Germany) for digoxigenin and avidin Alexa Fluor 488 conjugate (Invitrogen, San Diego, CA, 90 

USA) for biotin. Slides were mounted with Vectashield Mounting Medium (Vector, 91 

Burlingame, CA, USA) containing DAPI (4’, 6-diamidino-2-phenylindole). Chromosomes 92 

and fluorescent signals were visualized with an Olympus BX51 microscope coupled to a 93 

digital camera (Olympus model D71). Images were captured using DP Controller software. 94 

 95 

Molecular clock using cytochrome c oxidase I (COI) 96 

The sequences of COI were amplified and sequenced in A. altiparanae, A. abramis, 97 

A. asuncionensis, A. bockmanni, A. eigenmanniorum, A. fasciatus, A. marionae, and A. 98 

schubati. The COI for A. mexicanus and the outgroup (S. notomelas) were used from the 99 

GenBanck data (access numbers: GU702225.1 and HM126642.1, respectively). 100 

Were used the programs BEAUti v1.7.2 and BEAST v1.7.2 (Drummond et. al. 2012) 101 

to estimate the times of divergence among the sequences and generate a tree dating 102 

moments of separation from them. The model “Lognormal relaxed clock (uncorrelated)” was 103 

chosen for the molecular clock and the process of speciation “Yule” for the parameter “Tree 104 

Prior”. Geological and fossil events calibrate the analysis and the time of colonization of 105 

Central America (which enabled the origin of A. mexicanus) was dated in the interval 106 

between the uplift of the Isthmus of Panama (about 3 million years ago – Mya) and the 107 

event itself colonization of the region by genus Astyanax dated by Ornelas-García et. al. 108 

(2008) (eight Mya) it was also used a fossil of Colossoma macropomum, dated to at least 109 

15 Mya. 110 

The analyses of MCMC (Markov Chain Monte Carlo) were generated with 111 

10.000.000 generations and parameters sampled to 1.000 steps. The 10.000 initial samples 112 

were discarded (burn-in of 10%), the others were summarized, and the topologies of trees 113 

were accessed using the program TREEANOTATOR v1.7.2 (Drummond et. al., 2012) and 114 

visualized by program FigTree v1.3.1 (Rambaut, 2008). 115 

 116 
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Results 117 

Cytogenetic data in the genus Astyanax 118 

The diploid number for A. altiparanae was 2n = 50 chromosomes, karyotype formula 119 

of 6m + 20sm + 8st + 16a, and fundamental number (FN) of 84. Astyanax marionae showed 120 

2n = 48 chromosomes, karyotype formula of 8m + 24sm + 10st + 6a, and FN = 90. Astyanax 121 

fasciatus presented 2n = 46 chromosomes, karyotype formula of 8m + 18sm + 16st + 4a, 122 

and FN = 88.  Astyanax schubarti showed 2n = 36 chromosomes, karyotype formula of 12m 123 

+ 16sm + 4st + 4a, and FN = 68 (Figure 1a–d). 124 

 Ag-NORs sites were identified on pairs 21 and 24 and homologous of pairs 7 and 125 

17 in A. altiparanae, on pair 17 in A. marionae, on pair 10 and homologous of pairs 7 and 126 

15 in A. fasciatus, and on pairs 8 and 18 in A. schubarti (Figure 1, in box). The 127 

heterochromatin was observed mainly in the pericentromeric and centromeric regions of the 128 

chromosomes of A. altiparanae (Figure 2a), in pericentromeric and centromeric regions of 129 

A. marionae (Figure 2b), in terminal regions of A. fasciatus (Figure 2c), and in the 130 

pericentromeric and centromeric regions of A. schubarti (Figure 2d). GC-rich regions were 131 

observed on pair 21 in A. altiparanae, on pair 17 (one homologous with bitelomeric marking) 132 

and one homologous of pair acrocentric in A. marionae, on the same Ag-NOR regions in A. 133 

fasciatus, and on pairs 8, 17 and 18 in A. schubarti (Figure 3).  134 

Fluorescent signals of 18S rDNA were observed on pair 21 in A. altiparanae, on pair 135 

17 (one homologous with bitelomeric marking) and one homologous of pair acrocentric in  136 

A. marionae, on eight sites in A. fasciatus, and 8, 17 and 18 in A. schubarti (Figure 3). 137 

Signals of telomere probe does not observed on the centromeric, interstitial or 138 

pericentromeric regions of the chromosomes of Astyanax species (Figure 3). 139 

   140 

Cytogenetic data of S. notomelas  141 

 Serrapinus notomelas was used in the molecular analysis as outgroup, it is a species 142 

that has no cytogenetic data with the U2 snDNA, and GATA repeats. Therefore, it showed 143 

2n = 52 chromosomes and the repetitive sequences were located on two chromosome pairs 144 
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for U2 snDNA and one pair for 5S rDNA. The GATA repeats were clustered on three 145 

chromosome pairs and showed co-location with 5S rDNA sites (on one chromosome). The 146 

5S rDNA also does not show clusters on the same chromosomes that presented U2 snDNA 147 

sites (Figure 4 – these data will be confirmed). 148 

 149 

Molecular clock using COI 150 

Molecular data presented accordance with the cladogram shown by Coutinho-151 

Sanches and Dergam (2015), so we adapted the data for a better view of them (see Figure 152 

5). The molecular clock showed clearly that three groups are well-structured: 1) humeral 153 

dark spot group (Hds); 2) diffuse humeral spot group (Dhs); and 3) Central and North 154 

America group (Cna) (Figure 6). This study also showed that the Hds and Cna groups 155 

diverged about 4.4 Mya (Millions of years ago), and A. schubarti is a species with ancient 156 

origin within of the Dhs group with a divergence of 2.31 Mya (Figure 7).  157 

 158 

 159 

Discussion 160 

Chromosome data and repetitive DNA locations in Astyanax 161 

 The Astyanax genus have five main diploid numbers, 2n = 36 chromosomes only in 162 

A. schubarti and A. correntinus (Morelli et al. 1983; Paiz et al. 2015), 2n = 46 e.g. to  A. 163 

fasciatus (Morelli et al. 1983), 2n = 48 e.g. A. scabripinnis and A. marionae (Fernandes and 164 

Martins-Santos 2003; Krinski and Miyazawa 2014), and 2n = 50 for almost all others species 165 

e.g. A. altiparanae, A. abramis, and A. bockmanni (Piscor et al. 2015; Kavalco et al. 2009), 166 

as well as also observed for species studied in the present paper. More recently, 2n = 52 167 

chromosomes are evaluated in the literature for the species Astyanax sp. (Tenório et al. 168 

2013).   169 

Some species of Astyanax may have wide geographical distribution and more of 170 

than one diploid number, as the case of species referred to as complex. It may be noted, 171 

e.g. the complex "scabripinnis" which presents 2n = 46, 2n = 48 and 2n = 50 chromosomes 172 
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(Moreira-Filho and Bertollo, 1991) and the complex "fasciatus" in which the diploid number 173 

ranges from 2n = 45 to 2n = 50 chromosomes (Centofante et al., 2003). On the other hand, 174 

chromosomal location analysis of repetitive sequences have significantly contributed to the 175 

understanding of chromosome evolution of these complexes of species, as well as all 176 

species studied cytogenetically within the Astyanax group. 177 

Considering the studied of repetitive DNA for the Astyanax species, the 18S rRNA 178 

genes are more variants in chromosomal sites (see review Piscor et al. 2015), as observed 179 

in this study for A. altiparanae, A. marionae, A. fasciatus and A. schubarti. Specific 180 

chromosome forms of 5S rRNA gene clusters can be shared for some species and 181 

preserved groups begin to become evident as discussed by Piscor et al. (2015). These 182 

authors showed three preserved forms: the first was the presence of two chromosome pairs, 183 

one metacentric and one acrocentric pair with clusters on pericentromeric regions; the 184 

second form was the presence of one submetacentric pair with clusters on pericentromeric 185 

region; and the third form was the presence of one acrocentric pair with clusters on 186 

pericentromeric region. 187 

 Chromosomal organizations are best analysed when other repetitive are studied. In 188 

the case of histone genes, more conserved forms one or two pairs, in particular locations 189 

of 5S rDNA and histone genes on same chromosome pair (m or sm) are evidenced (see 190 

Hashimoto et al. 2011; Pansonato-Alves et al. 2013; Silva et al. 2014; Silva et al. 2015; 191 

Piscor and Parise-Maltempi 2016). According to Piscor and Parise-Maltempi (2016), two 192 

species showed different forms relationship to 5S-H3 chromosomal locations, A. schubarti 193 

(two chromosome pairs – sm) and A. mexicanus (two chromosome pairs – one m and one 194 

sm), both not showed 5S-H3 locations on the same pair. Similar to A. mexicanus, Silva et 195 

al. (2015) have observed a chromosomal organization pattern of H3 histone for Astyanax 196 

jordani. 197 

U2 snRNA genes also showed high conservation of the number of clusters per 198 

genome (Silva et al 2015; Piscor et al. 2016). Piscor et al. (2016), for example, found forms 199 

preserved for seven species (A. altiparanae, A. abramis, A. asuncionensis, A. bockmanni, 200 
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A. eigenmanniorum, A. fasciatus, and A. marionae) and different forms to A. schubarti and 201 

A. mexicanus. These observations led the authors to believe that A. schubarti could 202 

represent a recent origin as proposed by Morelli et al. (1983), but discorded by the molecular 203 

clock data presented in this work, and A. mexicanus may represent a more recent origin for 204 

U2-chrosomosome location (because it has only one pair, as also A. jordani studied by Silva 205 

et al. 2015 – a closer species of A. mexicanus) once the outgroup S. notomelas exhibited 206 

two chromosome pairs.  207 

 208 

 209 

Molecular analyses and evolution of cytogenetic features in the Astyanax genus 210 

Our molecular results showed that of all the species studied here, A. schubarti (2n 211 

= 36), would be the type with an ancient origin with an approximate derivation of 2.31 Mya 212 

of the Hds group. Therefore, species which accumulate the derived systems of cytogenetic 213 

characteristics are A. mexicanus (Mexican blind cavefish – 2n=50), A. schubarti (2n=36) 214 

and A. marionae (2n=48). According to the molecular analyses presented by Coutinho-215 

Sanches and Dergam (2015) A. schubarti form a well-structured group and close to A. 216 

fasciatus, A. bockmanni, and A. eigenmanniorum, A. marionae (see also the results of 217 

molecular clock), as well as A. mexicanus is closer to North and Central America species 218 

(see the figure 5 adapted from the Coutinho-Sanches and Dergam, 2015). 219 

 Based on morphological and molecular data, Astyanax have been considered a 220 

polyphyletic group by several authors (Calcagnotto et al. 2005; Mirande 2010; Javonillo et 221 

al. 2010; Oliveira et al. 2011). However, our data along with data showed by Coutinho-222 

Sanches and Dergam (2015) have shown that for some species within of Astyanax 223 

represent well-structured groups, for example, Hds, Cna, and Dhs groups. On the other 224 

hand, we cannot fail to recognize that the genus when viewed in a general view is rather 225 

seen as a polyphyletic group. 226 

 However, the Cna group has diverged around 4.4 Mya of the Hds group, from 227 

analysis of the molecular clock in this paper. In this sense, several hypotheses are proposed 228 



128 
 

for colonization of Mesoamerica by freshwater fishes from South America, one of them, is 229 

the Cenozoic episode via the Antillean islands and/or a continental corridor (Rosen 1975; 230 

Rosen 1978; Bussing 1985 apud Ornelas-García et al. 2008). Molecular data suggested 231 

colonization of Mesoamerica by primary freshwater fishes about 4-7 Mya (Bermingham and 232 

Martin 1998; Perdices et al. 2002; Perdices et al. 2005; Concheiro-Perez et al. 2007 apud 233 

Ornelas-García et al. 2008), near the time of divergence between Hds and Cna groups 234 

shown in this study (~4.4 Mya). 235 

 Previous studies have indicate multiple waves of rapid expansion for fish characids 236 

from South America during the Pliocene ~3.3 Mya (Reeves and Bermingham, 2006 apud 237 

Ornelas-García et al. 2008). Our data reinforce the hypothesis already proposed on 238 

colonization Astyanax species from South America before the final uplift of the Isthmus of 239 

Panama ~3.3 Mya (see Coates and Oblando 1996; Iturralde-Vinent and MacPhee 1999; 240 

Bartoli et al., 2005 apud Ornelas-García et al. 2008). For example, Bermingham and Martin 241 

(1998) had proposed colonization of Mesoamerica between 4–7 Mya, prior to the final 242 

closure of the Panama Isthmus (~3.3 Mya).  243 

 Thus, our cytogenetic data rely on the evidence and indicate two conclusions: 244 

1) Astyanax mexicanus represent a group within Astyanax that diverged a long time 245 

ago and so has distinct chromosomal characteristics compared to South American species;  246 

2) Contrary to what was proposed by Morelli et al. 1983, A. schubarti, readily 247 

diverged earlier in evolutionary history, and may be have a particular chromosome system 248 

compared to other species of the genus. 249 

 250 
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Figure 1. Karyotypes: (A) A. altiparanae; (B) A. marionae; (C) A. fasciatus; (D) A. schubarti. The 

Chromosomes Ag-NORs are indicate in the boxes. Bar = 10 µm. 

 
Figure 2. Chromosomes C-banded: (A) A. altiparanae; (B) A. marionae; (C) A. fasciatus; (D) A. schubarti. 
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Figure 3. Chromosomes with CG-rich regions and fluorescent signals of repetitive sequences. (A) A. 

altiparanae; (B) A. marionae; (C) A. fasciatus; (D) A. schubarti. Bar = 10 µm   
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Figure 4. DAPI and fluorescent signals of repetitive sequences in S. notomelas. The arrows indicate the 

repetitive clusters. Bar = 10 µm. 

 

 

 

 

 
Figure 5. Cladogram adapted from Coutinho-Sanches and Dergam (2015). Note that three well-structured 

groups are formed. Red numbers indicate the separation in Millions of year ago (MYA) and the asterisks 

indicate the South American groups. 
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Figure 6. Schematic cladogram mounted from the molecular data of Coutinho-Sanches and Dergam (2015). 

Note that cytogenetic data were plotted in scheme.  
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Figure 7. Molecular clock using COI gene. Note that the larger numbers represent the time in Millions of 

years. 
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7. CONCLUSÕES 

Considerando os dados obtidos e as análises compreendidas nesta tese, é possível 

concluir que: 

1) Entre as espécies estudadas, as que apresentaram características 

cromossômicas mais distintas foram A. schubarti (2n = 36) restrita a rios 

paulistas, A. marionae (2n = 48) da bacia do rio Paraguai e A. mexicanus (2n = 

50 +1B) com distribuição entre sul da América do Norte e a América Central. 

 

2) A localização do DNAr 5S parece ser conservada para alguns grupos dentro de 

Astyanax, diferentemente do DNAr 18S, o qual apresenta enorme variabilidade 

em termos de localização cromossômica e número de sítios. 

 

3) Os genes de histona H3 apresentam localizações em cromossomos com 

morfologias similares para as espécies da América do Sul, com exceção de A. 

schubarti (2n = 36) e A. marionae (2n = 48). 

 

4) Os cromossomos portadores dos genes de RNAsn U2 mostraram o maior grau 

de similaridade morfológica no grupo Astyanax. Mesmo em espécies com traços 

morfológicos muito similares, como por exemplo, A. marionae e A. fasciatus, e 

localizações cromossômicas dos genes H3-5S tão distintas, os genes U2 

apresentaram localizações muito similares entre as duas espécies e as demais 

da América do Sul, com exceção de A. schubarti. 

 

5) O estudo dos microssatélites foi de fundamental importância nesse trabalho, pois 

os resultados permitiram constatar a proximidade de grupos com características 

bastante peculiares dentro de Astyanax. Por exemplo, por mais que em A. 

marionae e A. schubarti as localizações cromossômicas dos genes de histona 
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H3 foram distintas, estas duas espécies compartilham uma característica em 

comum (co-localização 5S-GATA).  

 

6) Espécies da América do Sul apresentaram-se mais próximas entre si do que com 

A. mexicanus (peixe cego de caverna do México). 

 

7) Estudos mais conclusivos foram possíveis, e capazes de responder questões 

fundamentais relacionadas a origem e evolução dos cromossomos do grupo 

Astyanax, a partir de análises mais completas, como exemplificado neste 

trabalho com uso de dados de natureza citogenética e molecular. 

 

8) Astyanax se configura, atualmente, como um gênero muito complexo 

filogeneticamente, e uma revisão taxonômica deveria ser avaliada para o grupo, 

levando em consideração não apenas caracteres morfológicos ou dados 

moleculares, mas diversos aspectos como, por exemplo, ecologia, 

comportamento, ciclo de vida e também dados citogenéticos, entre outros. 
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