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Resumo 
 

Devido ao seu rápido crescimento, boa adaptabilidade a diferentes condições 

ambientais e importância econômica, o jundiá (Rhamdia quelen) representa um excelente 

modelo experimental para se investigar a estrutura e a função dos testículos e mesmo 

biotecnologias reprodutivas em teleósteos. O transplante de espermatogônias é uma 

destas abordagens biotecnológicas e consiste na remoção de células-tronco do testículo 

de um animal doador e a transferência das mesmas para o testículo de um animal receptor, 

onde estas células irão se desenvolver e formar espermatozoides maduros com 

características genéticas do doador. Em peixes teleósteos, esta técnica foi desenvolvida 

com sucesso em nosso laboratório, utilizando-se a tilápia-nilótica (Oreochromis niloticus) 

como modelo experimental para o transplante alogênico. No presente estudo, 

investigamos a viabilidade do transplante xenogênico utilizando-se a tilápia-nilótica 

como modelo receptor para o desenvolvimento das espermatogônias-tronco de jundiá. 

Após o transplante, observamos que o microambiente somático da gônada da tilápia-

nilótica é capaz de permitir a colonização, proliferação e diferenciação de células-tronco 

espermatogoniais de jundiá transplantadas. Assim, este estudo foi pioneiro em demonstrar 

a produção de espermatozoides após o transplante xenogênico entre espécies pertencentes 

à diferentes ordens taxonômicas, indicando que, diferentemente de mamíferos, os 

testículos de peixes apresentam grande plasticidade filogenética em relação aos fatores 

necessários ao desenvolvimento de espermatogênese exógena. Ainda, buscando a melhor 

compreensão das características reprodutivas do jundiá, realizamos experimentos para 

descrever a morfologia de suas células germinativas, bem como estimar a duração da 

espermatogênese nesta espécie. Desta maneira, à semelhança de outras espécies de 

peixes, demonstramos que drástica redução do volume nuclear das células germinativas 

ocorre durante a espermatogênese. Esta diminuição volumétrica é observada 

particularmente na fase espermatogonial (de espermatogônias indiferenciadas a 

espermatogônias do tipo B), bem como do final das fases meióticas até final da fase 

espermiogênica (entre diplótenos e espermátides finais). Numa outra vertente desta 

investigação, através de análises imunohistoquímicas do testículo de jundiá, feitas após a 

injeção de BrdU em diferentes intervalos de tempos, observamos que a duração conjunta 

das fases meiótica e espermiogênica nesta espécie foi muito curta, requerendo cerca de 7 

dias para a diferenciação de espermatócitos primários iniciais em espermatozoides. No 

entanto, apesar desta duração ser similar àquela encontrada para tilápia-nilótica mantidas 



na mesma temperatura (30oC), observamos que, em comparação ao transplante entre 

tilápias, maior intervalo de tempo é requerido para a produção de espermatozoides 

exógenos após o transplante xenogênico de jundiá para tilápias. Neste sentido, mais 

estudos se fazem necessários para compreender os aspectos fisiológicos envolvidos na 

adaptação e colonização de espermatogônias-tronco de jundiás no ambiente testicular 

(nicho espermatogonial) de tilápias-nilóticas após o transplante. Finalmente, além de 

melhor compreender os aspectos referentes a fisiologia testicular e a biologia reprodutiva 

de jundiás, os estudos por nós aqui desenvolvidos propiciam um cenário bastante 

alvissareiro em relação a utilização da tilápia-nilótica para se produzir espermatozoides 

de outras espécies de teleósteos que estejam ameaçadas de extinção e/ou que apresentem 

interesse comercial em aquacultura.    

  

Palavras chaves: Jundiá (Rhamdia quelen), transplante xenogênico de espermatogônias-
tronco, células germinativas, duração da espermatogênese. 
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1.1 Peixes teleósteos 

 

Os peixes teleósteos correspondem à cerca de 50% das aproximadamente 50 mil 

espécies de vertebrados conhecidas até hoje, exibindo grande variedade em sua biologia, 

morfologia e em habitats ocupados (Pough et al., 2008). Dotados de características 

aperfeiçoadas tais como respiração, locomoção, nutrição e, principalmente, a reprodução, 

que se caracteriza pela ampla variação de estratégias reprodutivas (LeGac e Loir, 1999; 

Nakatani et al., 2001; Moyle e Cech, 2003). Dessa forma, a liberação dos gametas para a 

fertilização externa, os níveis de cuidado parental, e a migração reprodutiva, seja por 

piracema, ou acompanhadas por grandes modificações osmóticas, exemplificam a 

complexidade reprodutiva dos teleósteos. 

Filogeneticamente, os teleósteos (infraclasse Teleostei) abrangem 96% de todos 

os peixes existentes, incluindo-se mais de vinte mil espécies em 4.064 gêneros, 426 

famílias e 38 ordens, sendo conhecidos como “peixes ósseos modernos” (Nelson, 2006). 

Todos os grupos incluídos nesta infraclasse possuem esqueleto ósseo, importante na 

evolução dos padrões de locomoção do grupo, e modificações na musculatura da 

mandíbula que os distinguem dos outros Actinopterígios. Neste contexto, os teleósteos 

constituem o maior e provavelmente mais diversificado grupo de vertebrados do nosso 

planeta.  

Algumas espécies de teleósteos são modelos biológicos experimentais largamente 

utilizados na reprodução, genética e melhoramento, como por exemplo o zebrafish 

(Danio rerio), o medaka (Oryzias latipes), a truta arco-íris (Oncorhynchus mykiss) e a 

tilápia nilótica (Oreochromis niloticus) (Feitsma et al., 2007; Lacerda et al., 2013). Essas 

espécies propiciam importantes investigações envolvendo a biologia comparada dos 
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vários sistemas constituintes dos vertebrados. Dessa forma, devido ao grande potencial 

econômico da piscicultura no mercado mundial de alimentos, se faz necessário uma 

melhor compreensão das peculiaridades relacionadas a biologia reprodutiva dos peixes.  

 

1.2 A tilápia-nilótica 

 

A tilápia-nilótica (O. niloticus) é um teleósteo pertencente à ordem Perciformes, 

família Cichlidae e à sub-família Tilapiinae. Cerca de 70 espécies de ciclídeos recebem a 

denominação de tilápia, mas a espécie Oreochromis niloticus destaca-se dentre as demais 

por exibir características de alto interesse zootécnico (Stickney, 1997). O cultivo desta 

espécie ocorre a mais de três mil anos no Egito e, atualmente, espalha-se por quase todos 

os países do mundo, constituindo a segunda espécie de peixe de água doce mais produzida 

no mundo (depois da carpa), particularmente por apresentar carne de excelente qualidade 

e de boa aceitação pelo mercado consumidor (Torrans, 1998; FAO, 2013). Assim, a 

produção mundial de tilápia-nilótica tem crescido nas últimas décadas, subindo de 0,83 

em 1999 para 3,5 milhões de toneladas em 2013, tornando-se a espécie mais promissora 

para a aquicultura do século XXI (Fitzsimmons, 2000; FAO, 2013).   

Particularmente no Brasil, a tilápia-nilótica é a espécie de água doce mais 

cultivada, onde, de acordo com o mais recente Boletim Estatístico do MPA, para o 

melhorameno genético de tilápia, sua produção cresce 17% a cada ano (MPA, 2014), 

ultrapassando a produção de 253 mil toneladas em 2013 (Sussel, 2013). Hoje a tilápia é 

produzida em praticamente todas as regiões do Brasil, exceto na região Norte, onde possui 

produtividade pouco expressiva. A região Nordeste é a principal produtora, com destaque 

aos estados do Ceará, Pernambuco e Bahia. Na região Sul e Sudeste ganham destaque o 
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Paraná e São Paulo, nos quais grande expansão no cultivo deste teleósteo tem sido 

observada nos últimos dez anos (Kubitza, 2015).  

Do ponto de vista biológico, a tilápia-nilótica é onívora alimentando-se de algas, 

fitoplâncton, zooplâncton, ovos e larvas de peixes e detritos, e esta característica faz com 

que esta espécie cresça rapidamente, mesmo quando alimentada com ração contendo 

níveis muito baixos de proteínas, além de tolerar altos níveis de carboidratos na dieta 

(Stickney, 2000). Apresentam também tamanho conveniente para a aquicultura em larga 

escala e tolerância a baixos teores de oxigênio dissolvido e a grandes variações nas 

condições ambientais (Beamish, 1970; Silva, 1987). Além disso, esta espécie atinge a 

maturidade sexual precocemente (entre 4 e 5 meses de idade), sua desova ocorre de 2 em 

2 meses se a temperatura da água permanecer acima de 24oC, e suas larvas apresentam 

alta viabilidade. Ainda, esta espécie se caracteriza por apresentar cuidado parental bucal 

desenvolvido pela fêmea (Trewavas, 1983). Portanto, a conjunção de todas estes atributos 

positivos faz com que a tilápia-nilótica se apresente como modelo experimental bastante 

atraente para se investigar a biologia reprodutiva de peixes teleósteos com alto potencial 

produtivo (Stickney, 2000).  

 

1.3 Rhamdia quelen – jundiá  

 

O cultivo de Rhamdia quelen (Quoy e Gaimard, 1824) tem distribuição 

neotropical, do norte do México ao sul da Argentina (Silvergrip, 1996). Esta espécie está 

presente na bacia do Rio São Francisco (Bockmann e Guazzelli, 2003), e seu cultivo vem 

crescendo no sul do Brasil, particularmente na bacia do rio Paraná. A sistemática do 

gênero Rhamdia é confusa desde que foi descrita. Silvergrip (1996) realizou uma ampla 

revisão taxonômica do gênero, baseada em caracteres da morfologia interna, e concluiu 
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que o gênero Rhamdia é formado de apenas 11 espécies dentre 100 anteriormente 

descritas. Segundo o mesmo autor, Rhamdia quelen pertence à seguinte divisão 

taxonômica:  

Classe: Osteichthyes;   

Infraclasse: Teleostei;  

Ordem: Siluriformes;  

Família: Pimelodidae;  

Gênero: Rhamdia;  

Espécie: Rhamdia quelen. 

O jundiá é um peixe que apresenta grande aceitação pelo mercado consumidor 

devido à sua carne saborosa e ausência de espinhos intramusculares. Os adultos desta 

espécie são onívoros no ambiente natural, alimentando-se de peixes, crustáceos, insetos, 

restos vegetais e detritos orgânicos (Guedes, 1980; Meurer; Zaniboni Filho, 1997). Essa 

espécie movimenta-se à noite e sai de seus esconderijos depois das chuvas para se nutrir 

doa matéria orgânica que fica ao longo dos rios. Os organismos encontrados no conteúdo 

gastrintestinal do jundiá não são restritos ao habitat bentônico, indicando que essa espécie 

é generalista com relação à escolha do alimento (Gomes et al., 2000). Esta característica 

contribui para a adaptação deste peixe ao alimento artificial, facilitando sobremaneira a 

sua domesticação e condicionamento às condições de cultivo. São razoavelmente 

resistentes ao manejo e aceitam ração peletizada, caraterísticas estas que tornam essa 

espécie bastante promissora para a piscicultura.  

O Rhamdia quelen pode atingir 50 cm ou mais de comprimento total e 3 kg de 

peso corporal (Ihering e Azevedo, 1936). Sua coloração varia de marrom avermelhado 

claro a cinza ardósia. A pigmentação da parte inferior da cabeça é variável. Os barbilhões 

têm crescimento alométrico negativo e esta relação é provavelmente aumentada devido à 
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grande possibilidade de dano dos barbilhões em exemplares de grande tamanho 

(Silvergrip, 1996). Segundo o mesmo autor, R. quelen pode ser diferenciado das outras 

espécies de Rhamdia através das seguintes características: espinho da nadadeira peitoral 

serrilhado em ambos os lados; nadadeira caudal com lóbulos desiguais; membrana inter-

radial menor do que 2/3 do comprimento do raio do lobo superior da nadadeira caudal; 

com ou sem poros sensoriais múltiplos na cabeça; véu da narina posterior aberta póstero-

lateralmente; barbilhões maxilares com no mínimo 29% do comprimento padrão; 5 a 16 

arcos branquiais; 36 a 44 vértebras pós Weberianas (Aparelho de Weber-ossículos 

Werberianos); olhos de tamanho médio, com ou sem padrão de manchas; com ou sem 

uma marca tipo selim escuro na nuca.  

Em experimentos com larvas e alevinos dessa espécie em cativeiro, observou-se 

uma acentuada aversão à luz e busca de locais escuros (Piaia et al., 1999). Alevinos de R. 

quelen suportam a transferência para água contendo 0% a 10% de sal (água do mar), o 

que indica que essa espécie é estenoalina, e suporta até 9,0g/L de sal comum (NaCl) por 

96h, de modo que o tratamento de doenças com sal comum pode ser utilizado nesta 

espécie sem problemas (Marchioro, 1997). Essa espécie pode ser considerada 

euritérmica, pois os alevinos aclimatados a 31ºC suportam temperaturas de 15 a 34ºC. A 

aclimatação a temperaturas mais baixas proporciona maior tolerância à redução de 

temperatura, mas o limite superior de tolerância praticamente não se altera (Chippari-

Gomes, 1998). Seu crescimento aumenta com o incremento da temperatura, sendo 

bastante pronunciado nos primeiros anos de vida. Porém, a taxa de crescimento dos 

machos é maior do que a das fêmeas até o terceiro ou quarto ano de vida, onde a situação 

se inverte, pois estas passam a crescer mais rapidamente. O comprimento de ambos os 

sexos ocorre de forma concomitante, mas as fêmeas atingem aproximadamente 67cm e 

os machos 52cm. Consequentemente, as fêmeas apresentam maior comprimento e idade 
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que os machos, e a expectativa de vida das fêmeas é de 21 anos e dos machos apenas 11 

anos (Weis, 1980).  

A maturidade sexual desta espécie é atingida por volta de um ano de idade nos 

dois sexos. Os machos iniciam o processo de maturação gonadal com 13,4cm e as fêmeas 

com 16,5cm. A partir de 16,5cm e 17,5cm, todos os exemplares machos e fêmeas, 

respectivamente, estão potencialmente aptos para reprodução (Narahara et al., 1985). 

Machos prontos para a espermiação liberam com facilidade o fluido espermático quando 

o abdome é pressionado. Além disso, o óstio genital é protraído. Fêmeas maduras 

apresentam o óstio genital hiperêmico, com dilatação ventral (Mardini et al., 1981). O 

período reprodutivo e os picos de desenvolvimento gonadal de R. quelen podem variar a 

cada ano e de um lugar para outro. Com relação ao comportamento reprodutivo de R. 

quelen, há um bom sincronismo entre machos e fêmeas na hora da desova, que ocorre 

logo ao amanhecer (Godinho et al., 1978). Além disso, essa espécie é ovulípara no habitat 

natural, e seus ovos se caracterizam por serem demersais e não aderentes. Quando prontos 

para a desova, grandes cardumes procuram lugares de água rasa, limpa, pouco corrente e 

com fundo pedregoso. Sua desova é assincrônica, uma vez que os ovos são recrutados de 

populações heterogêneas de oócitos em desenvolvimento e são liberados em várias 

ocasiões do período reprodutivo, não havendo cuidado parental. A fecundidade é baixa e 

apresenta relação com o comprimento total, peso total e peso da gônada (Narahara et al., 

1989).  

 

1.4 Estrutura dos testículos em teleósteos 

 

Os testículos dos peixes estão localizados na cavidade celomática, dorsalmente ao 

sistema digestório, ventralmente ao mesonefro e ventro-lateralmente ao longo da bexiga 
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gasosa, encontrando-se presos à parede abdominal dorsal pelo mesórquio. 

Macroscopicamente, os testículos da maioria dos teleósteos estudados são órgãos pares, 

podendo estar parcial ou totalmente fundidos entre si, apresentam usualmente tamanho 

similar entre o direito e o esquerdo e são frequentemente alongados, embora existam 

outras formas como lobulados e foliáceos, como em algumas espécies de Siluriformes 

(Loir et al., 1989; Le Gac e Loir, 1999). 

A organização estrutural básica do testículo é comum a todos os peixes e aos 

demais vertebrados (Schulz et al., 2010). Assim, este órgão exerce as funções de produção 

de gametas (espermatogênica) e endócrina (esteroidogênica), possuindo para isto dois 

compartimentos principais: o compartimento tubular ou seminífero, e o compartimento 

intertubular ou intersticial (Koulish et al., 2002). O compartimento tubular é constituído 

pela túnica própria, epitélio seminífero e lúmen tubular. A túnica própria reveste o túbulo 

externamente, sendo composta de células peritubulares mióides e membrana basal. No 

epitélio seminífero são encontradas dois grupos distintos de células, as células de Sertoli 

(células somáticas) e as células germinativas, em diferentes estágios presentes em cistos, 

que se diferenciarão em espermatozoides após passarem por processo bastante complexo 

e altamente organizado – a espermatogênese (Billard, 1990; Koulish et al., 2002). As 

células somáticas são os elementos chave para a função normal do testículo (Le Gac e 

Loir, 1999), sendo a célula de Sertoli considerada como a mais importante para o 

desenvolvimento das células germinativas (Russell e Griswold, 1993; Schulz et al., 2010. 

No compartimento intersticial estão situados vasos sanguíneos/linfáticos, células e fibras 

do tecido conjuntivo, além das células de Leydig que possuem função esteroidogênica. 

As células de Leydig encontram-se geralmente em grupos próximos ou ao redor de vasos 

sanguíneos (Leal et al., 2009). Em teleósteos, sob estímulo tanto do Lh quanto do Fsh, 

estas células secretam andrógenos que regulam as diferentes fases da espermatogênese 
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(Gárcia-Lopez et al., 2010; Schulz et al., 2010). Uma das principais funções das células 

de Leydig é a produção de testosterona (T) e 11-cetotestosterona em (11-KT), que 

regulam a espermatogênese, incluindo-se a diferenciação das espermatogônias tronco 

(SSC), principalmente via células de Sertoli (de Waal et al., 2009; Schulz et al., 2010). 

De acordo com o arranjo do compartimento germinativo, os testículos de peixes 

ósseos, de maneira geral, podem ser classificados em duas categorias: testículo tubular 

anastomosado e testículo lobular (Parenti e Grier, 2004). O testículo tubular 

anastomosado possui compartimento germinativo formado por alças e túbulos 

ramificados que se interconectam da periferia até o ducto testicular principal. Esse tipo 

de testículo é encontrado em grupo de teleósteos filogeneticamente menos derivados 

(“grupos basais”, filogeneticamente menos desenvolvidos, segundo Grier, 1993) como, 

por exemplo, os Cypriniformes, Characiformes, Siluriformes e Salmoniformes. No 

testículo lobular, o compartimento germinativo apresenta formato digitiforme terminando 

em fundo cego na periferia dorsolateral do testículo. Esse tipo de testículo é encontrado 

em teleósteos derivados e essa característica é, possivelmente, uma sinapomorfia dos 

Neoteleósteos (subdivisão de Euteleostei). Quanto à distribuição de espermatogônias, os 

testículos lobulares podem ainda ser classificados em restritos e irrestritos. Nos testículos 

lobulares restritos (distribuição espermatogonial restrita), as regiões distais do 

compartimento germinativo, próximas a túnica albugínea, são ocupadas por 

espermatogônias indiferenciadas circundadas por células de Sertoli mais imaturas. Esse 

tipo de testículo é característico de teleósteos mais derivados como das ordens 

Atheriniformes, Cyprinodonteformes e Beloniformes (Parenti e Grier, 2004). Os 

testículos lobulares irrestritos (distribuição espermatogonial irrestrita) apresentam 

espermatogônias distribuídas ao longo do compartimento germinativo por toda extensão 

do órgão. Esse último padrão de distribuição espermatogonial é considerado mais 
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primitivo, sendo encontrado em grupos taxonômicos menos relacionados (mais distantes) 

como em Percopsiformes, Ophidiiformes e Perciformes (Parenti e Grier, 2004; Nóbrega, 

2006; Schulz et al., 2010). 

Nos testículos de teleósteos a espermatogênese ocorre em estruturas denominadas 

“cistos”, os quais são formados por células de Sertoli envolvendo células germinativas 

que progridem/diferenciam de maneira sincrônica. Neste sentido, atribuem-se às células 

de Sertoli as funções de sustentação, nutrição, secreção de fluido, de proteínas e de vários 

fatores de crescimento, liberação de espermátides maduras (espermiação) e intermediação 

hormonal da espermatogênese através de receptores para esteroides (andrógenos e 

estrógenos) e para Fsh (Schulz et al., 2010). Uma outra propriedade importante das 

células de Sertoli é sua eficiente capacidade fagocitária, retirando do epitélio seminífero 

produtos/corpos residuais, bem como células germinativas em apoptose e eventuais 

espermatozoides que permanecem no lume tubular após a espermiação (Almeida et al., 

2008).  

 

1.5 Espermatogênese 

 

O processo espermatogênico é muito semelhante em vertebrados, sendo um 

evento cíclico, altamente organizado e coordenado, no qual as espermatogônias diploides 

se dividem e se diferenciam para formar espermatozoides maduros. Células-tronco 

espermatogônias (SSCs) são a base da espermatogênese e cruciais para a transmissão do 

informação genética para a próxima geração (Yoshida, 2012; Nagano e Yeh, 2013; Valli 

et al, 2014). Baseado em características morfofuncionais a espermatogênese pode ser 

dividida em três fases: (a) fase proliferativa ou espermatogonial, caracterizada pela auto 

renovação e diferenciação das espermatogônias, gerando células de reserva e células 
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comprometidas com a diferenciação. Estas células mais diferenciadas dão continuidade 

ao processo espermatogênico num intrincado processo de diferenciação e proliferação 

que ocorre até a última divisão mitótica originando os espermatócitos primários (pré-

leptótenos); (b) fase meiótica ou espermatocitária (de Rooij e Russell, 2000), na qual 

ocorrem a duplicação do DNA, a recombinação gênica e a segregação dos cromossomos 

homólogos. Ao final desta longa fase, prófase I, subdividida em pré-leptóteno/leptóteno, 

zigóteno, paquíteno e diplóteno, os espermatócitos secundários serão formados. Após a 

segunda divisão meiótica, estes espermatócitos secundários originam células haploides 

denominadas espermátides (Russel et al., 1990; Hess e França, 2007). Estas espermátides 

constituem a fase espermiogênica (c) ou de diferenciação, na qual, através de complexo 

processo de diferenciação, que inclui a formação do acromossomo, a formação do flagelo 

e a compactação do DNA (substituição das histonas por protaminas) também ocorrem 

(Russell et al., 1990; Sharpe, 1994; Eddy, 1999). Após essas etapas, ocorre ainda a 

espermiação e a maturação espermática, na qual os espermatozoides são liberados para o 

lúmen do túbulo seminífero e preparados para fertilizar o oócito (Schulz e Miura, 2002; 

Miura e Miura, 2003; Schulz, 2003; Weltzien et al., 2004). 

Biologicamente, na fase espermatogonial (mitótica), o número de 

divisões/gerações espermatogoniais pode variar bastante entre as diversas espécies de 

peixes (Schulz et al., 2010). Sendo assim, baseado em critérios morfológicos, as células 

espermatogoniais em peixes podem ser classificadas em dois tipos: tipo A e tipo B. 

Funcionalmente, as espermatogônias do tipo A podem ser subdivididas em 

espermatogônias indiferenciadas (Aund), incluindo-se aí as SSC; e espermatogônias 

diferenciadas (Adiff). As espermatogônias do tipo Aund originam as espermatogônias do 

tipo Adiff, que compartilham algumas características morfológicas com sua célula 

precursora. O comprometimento irreversível com a diferenciação/maturação e alterações 
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morfofuncionais, tais como menor tamanho celular e maior quantidade de 

heterocromatina, resulta na formação de espermatogônias do tipo B que, 

caracteristicamente em peixes, passam por várias e sucessivas divisões. Neste sentido, o 

melhor critério para discriminar espermatogônias do tipo B inicial, ou do tipo tardia, 

baseia-se no tamanho celular/nuclear e no número de células por cisto (Schulz et al., 2005; 

Leal et al., 2009; Schulz et al., 2010). 

Ainda, considerando estudos em mamíferos e peixes, as SSCs são células 

germinativas únicas que podem ser reprogramadas em células pluripotentes, que possuem 

a capacidade de se diferenciar em tecido somático (Conrad et ai, 2008; Thoma et al., 

2011; Oatley e Brinster, 2012). Além disso, há fortes evidências de que a regulação da 

atividade SSC ocorre dentro de microambiente específico nos testículos, o nicho das SSC, 

que pode ser influenciado por diversos elementos, tais como a célula de Sertoli, de 

Leydig, células peritubulares mióides, membrana basal, além de outros componentes 

celulares e fatores do compartimento intertubular (Chiarini-Garcia et al., 2003; Hofmann, 

2008; Caires et al., 2010; Nóbrega et al., 2010; Phillips et al., 2010; Campos-Júnior et a., 

2013). 

 

1.6 Espermatogênese em teleósteos 

 

Conforme já foi mencionado, em peixes a espermatogênese ocorre no interior de 

estruturas denominadas cistos espermatogênicos, que se formam quando uma 

espermatogônia indiferenciada ou do tipo A é completamente envolvida pelos 

prolongamentos das células de Sertoli (McClusky, 2012; Pudney, 1993). Em todas as 

espécies de vertebrados já investigados, as células resultantes da diferenciação das 

espermatogônias-tronco permanecem interligadas por pontes citoplasmáticas (complexos 
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juncionais), sincronizando o processo de desenvolvimento entre as células do mesmo 

clone de células germinativas (Loir et al., 1995; Pudney, 1995; Batlouni et al., 2009; 

Bosseboeuf et al, 2013) e delimitando física e funcionalmente um clone de células 

germinativas no mesmo estágio de desenvolvimento. Exceto pelo arranjo cístico, no qual 

as células germinativas se desenvolvem de forma clonal e apenas uma geração celular é 

observada neste clone (Koulish et al., 2002), o processo espermatogênico de teleósteos 

assemelha-se muito ao de mamíferos (Russell et al., 1990.  

Num outro aspecto em particular, as células de Sertoli que delimitam os cistos 

espermatogênicos se apoiam na túnica própria, que é constituída pela membrana basal 

(camada acelular) e pelas células peritubulares mióides que possuem capacidade contrátil 

(Billard, 1982; Pudney, 1995; Le Gac e Loir, 1999). Portanto, diferentemente dos 

mamíferos, em peixes as células germinativas não estão em contato direto com a 

membrana basal (Billard, 1984; Schulz et al., 2010). De acordo com a literatura, o número 

de gerações espermatogoniais é considerado espécie-específica e filogeneticamente 

determinado (Schulz et al., 2010). Existe pouca informação sobre as características 

morfofuncionais ou moleculares das espermatogônias de teleósteos, sendo assim, as 

mesmas são principalmente identificadas pelo seu tamanho e características morfológicas 

(Nobrega et al, 2010; Schulz et al., 2010).  

Particularmente, conforme já foi aventado, a disposição da cromatina nuclear e o 

tamanho do núcleo, aliado ao número de células germinativas por cisto, são parâmetros 

utilizados como referências para se distinguirem os diferentes tipos espermatogoniais 

(tipo A e tipo B) (Matta et al., 2002; Vilela et al., 2003; Leal et al., 2009; Lacerda et al., 

2014). As espermatogônias mais indiferenciadas são as maiores células da linhagem 

germinativa nas espécies de teleósteos já investigadas (Schulz e Miura, 2002), 

apresentando um núcleo grande e claro, com pouca heterocromatina, contendo nucléolo 
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bastante evidente (Lacerda et al., 2013). Na tilápia-nilótica, essas células apresentam um 

diâmetro nuclear médio de 10µm (Vilela et al., 2003). Após sucessivas divisões, a partir 

da espermatogônia indiferenciada, o número de espermatogônias por cisto aumenta 

geometricamente, enquanto o diâmetro nuclear das mesmas sofre gradual redução (Vilela 

et al., 2003; Lacerda et al., 2013). A partir do número de células por cisto e do diâmetro 

nuclear/volume celular, foi verificada a existência de pelo menos oito gerações 

espermatogoniais na tilápia-nilótica (Vilela, et al., 2003; Schulz et al., 2005). 

Em comparação com mamíferos, a duração total do processo espermatogênico nos 

peixes é normalmente mais rápida (Silva, 1987; Koulish et al., 2002; Vilela et al., 2003; 

Cardoso, 2007), sendo influenciada pela temperatura corporal que usualmente muito 

próxima da temperatura da água (Alvarenga et al, 2008). Por exemplo, na tilápia-nilótica 

a duração conjunta das fases meiótica e espermiogênica é de aproximadamente 5-6 dias 

à 35°C e de 10-11 dias à 25°C (Alvarenga et al., 2008). Em zebrafish, este processo é 

mais rápido, durando menos de uma semana à 25°C (Leal et al., 2009). Além disso, 

estudos morfométricos em testículos de tilápia-nilótica têm demonstrado que a 

espermatogênese dos peixes é mais eficiente que a dos mamíferos já investigados (França 

et al., 2015). Provavelmente, a maior eficiência da espermatogênese no arranjo cístico 

ocorre devido ao fato das células de Sertoli produzirem fatores para células germinativas 

numa mesma fase de desenvolvimento e ao menor número de apoptoses das células 

germinativas. Estes aspectos acima comentados, aliado ao pequeno número de células de 

Sertoli por cistos, resultam em enorme capacidade de suporte (eficiência) destas as células 

somáticas, principalmente quando se compara aos mamíferos (França et al., 2015). 

Outro aspecto peculiar da função testicular em peixes é a proliferação das células 

de Sertoli. Nos mamíferos, é considerado que a proliferação destas células ocorre somente 

no período fetal e pré-púbere, sendo, portanto, o fator determinante na produção 
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espermática nos animais sexualmente maduros, uma vez que cada célula de Sertoli 

suporta um número relativamente constante e espécie-específico de células germinativas 

(França e Russell, 1998; França e Chiarini-Garcia, 2005). Por apresentar crescimento 

contínuo na fase adulta, em peixes teleósteos sexualmente maduros, a proliferação das 

células de Sertoli foi reportada em tilápias (O. niloticus) (Schulz et al., 2005), bagres 

africanos (Clarias gariepinus) (Schulz et al., 2005), zebrafish (D. rerio) (Leal et al., 2009) 

e no bacalhau (G. morhua) (Almeida et al., 2008). Nesses espécies citadas como exemplo, 

a divisão das células de Sertoli ocorre principalmente quando as mesmas estão associadas 

com espermatogônias, de forma a garantir número adequado destas células somáticas para 

suportar o desenvolvimento das células germinativas durante a espermatogênese (Assis 

et al., 2015; Nóbrega et al., 2009; França e Russel, 1998). Portanto, a cada período 

reprodutivo dos teleósteos, a proliferação das células de Sertoli é, provavelmente, o fator 

primário responsável pelo aumento do testículo e da produção espermática (Schulz et al., 

2005), sendo a proliferação destas células também controlada por fatores ambientais 

como por exemplo a temperatura (Alvarenga, 2008).  

 

1.7 Transplante de espermatogônias 

 

O transplante de espermatogônias é uma fascinante abordagem experimental que 

consiste na remoção de células tronco do testículo de um animal doador e a transferência 

das mesmas para o testículo de um receptor infértil, onde estas células irão se desenvolver 

e formar espermatozoides maduros com características genéticas do doador. Esta 

metodologia foi desenvolvida em camundongos por Brinster e colaboradores (Brinster e 

Avarbock, 1994; Brinster e Zimmermann, 1994), e tem se tornado uma valiosa 

abordagem para se investigar a biologia da espermatogônia tronco no testículo, bem como 

15



caracterizar os nichos espermatogoniais e verificar os efeitos da manipulação in vitro na 

função das espermatogônias-tronco (Orwig e Schlatt, 2005; McLean, 2005). O 

transplante de espermatogônias também tem proporcionado enormes avanços no estudo 

da espermatogênese em si, das interações entre células de Sertoli e células germinativas, 

além de pesquisas em potencial na área de produção animal, preservação de espécies 

ameaçadas de extinção, medicina reprodutiva e produção de animais transgênicos 

(Lacerda et al., 2014). 

 Um avanço muito importante propiciado por esta técnica foi o sucesso na 

produção de gametas a partir do transplantes interespecífico (xenogênico) de 

espermatogônias-tronco de rato para camundongo e de hamster para camundongo 

(Clouthier et al., 1996; Ogawa et al., 1999). Nesta situação de transplante interespecíficos, 

os camundongos receptores eram mutantes imunodeficientes como o nude mice (sem 

linfócitos T) ou camundongos SCID (severe combined immune deficiency - sem 

linfócitos B e T). A produção de espermatozoides de camundongos nos testículos de ratos 

também foi demonstrada após o transplante de espermatogônias (Ogawa et al. 1999; 

Zhang et al. 2003). Além de roedores, células germinativas de coelhos, cães, gatos, 

animais domésticos de grande porte (suínos, bovinos, equinos) e primatas (babuíno, 

macaco rhesus, e humanos) foram também transplantadas para testículos de 

camundongos imunodeficientes (Dobrinski, 2005). No entanto, embora diferentes graus 

de colonização tenham ocorrido, espermatogênese além da fase espermatogonial não foi 

observada (Dobrinski et al., 1999; Dobrinski et al., 2000; Reis et al., 2000; Nagano et al., 

2001; Nagano et al., 2002; Kim et al. 2006). Pelo menos em mamíferos, acredita-se que 

o êxito do transplante esteja diretamente relacionado com o grau de proximidade 

filogenética das espécies durante a evolução e não com uma possível incompatibilidade 

imunológica, uma vez que o compartimento adluminal dos túbulos seminíferos, e mesmo 
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o testículo como um todo, é considerado um ambiente imunoprivilegiado (Bart et al., 

2002; Nasr et al., 2005). A menor eficiência do transplante entre hamsteres e 

camundongos (divergem em ~16 milhões de anos), comparado com o transplante entre 

ratos e camundongos que são espécies consideradas mais próximas evolutivamente (10-

11 milhões de anos) (Catzeflis et al., 1993; Clouthier et al., 1996; Ogawa et al., 1999), 

ilustra bem a influência da filogenia no sucesso do transplante. Provavelmente, esta 

limitação ocorra devido à falhas ou incompatibilidade na associação estrutural e 

interações funcionais entre as células de Sertoli do animal receptor e as células 

germinativas transplantadas (Khaira et al., 2005).  

Num outro aspecto, o sucesso do transplante de células germinativas 

criopreservadas (Avarbock et al., 1996; Kanatsu-Shinohara et al., 2003; Wang et al., 

2008) e cultivadas (Brinster e Nagano, 1998; Nagano et al., 1998) foram também avanços 

bastante importantes conseguidos através desta técnica. Pois, diferentemente do 

congelamento de sêmen onde uma quantidade finita de células é preservada, o 

congelamento e o armazenamento de células germinativas permitem preservar 

indefinidamente as linhagens de células espermatogênicas de espécies em extinção, 

animais experimentais valiosos e animais de alto valor zootécnico. Outro aspecto muito 

importante a ser considerado é que a criopreservação das espermatogônias preserva todo 

o potencial genético do macho, ao possibilitar que, após o transplante, essas células 

continuem replicando e sofrendo recombinação gênica (crossing-over) durante a meiose, 

garantindo assim variabilidade genética (Dobrinski, 2005). 

 

1.8 Transplante de espermatogônias em peixes 
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Na mesma linha dos estudos desenvolvidos em mamíferos por Brinster e 

colaboradores, o transplante de espermatogônias foi também feito com sucesso em peixes 

teleósteos no Laboratório de Biologia Celular do ICB/UFMG, a partir de estudos 

desenvolvidos por Lacerda e colaboradores (2006, 2010). Resumidamente, todos os 

procedimentos necessários para o transplante neste grupo de vertebrados foram 

padronizados utilizando-se a tilápia-nilótica como modelo experimental. Desta forma, foi 

demonstrado que as espermatogônias transplantadas diretamente nos testículos de tilápias 

adultas tratadas com a droga quimioterápica busulfan são capazes de sobreviver, 

colonizar e proliferar nos túbulos seminíferos dos receptores, gerando espermatozoides 

funcionais e uma prole normal apresentando o genótipo dos animais doadores (Lacerda, 

2006; Lacerda et al., 2010 e 2012).  

Em outros estudos, utilizando diferentes procedimentos, Takeuchi e 

colaboradores (2003) descreveram as técnicas necessárias para o transplante de células 

germinativas primordiais (PGCs), que são células precursoras dos gonócitos que originam 

oogônias e espermatogônias, em trutas arco-íris (O. mykiss). Assim, nesta investigação, 

PGCs de trutas GFP (Green Fluorescent Protein) transgênicas foram isoladas e 

transplantadas na cavidade celomática de larvas recém eclodidas da mesma espécie. A 

verificação posterior de células GFP positivas nas gônadas dos receptores indicou que as 

PGCs dos doadores migraram para as gônadas dos peixes receptores, proliferaram e se 

diferenciaram em espermatozoides e ovócitos, dependendo do sexo genético do indivíduo 

receptor. Além disso, os ovos de trutas foram inseminados com o ejaculado de machos 

transplantados, formando embriões com genótipo do doador (carreando o gene gfp). Mais 

recentemente, a produção de ovócitos a partir do transplante alogênico de 

espermatogônias de trutas arco-íris adultas foi observada. Demonstrando, assim, a grande 

18



plasticidade e bipotencialidade das espermatogônias de peixes, mesmo após os machos 

terem atingido a maturidade sexual (Okutsu et al., 2006; Lacerda et al, 2013).  

Dando continuidade a esta linha de pesquisa, trutas foram geradas a partir do 

transplante xenogênico de espermatogônias na cavidade do celoma de larvas de salmões 

triploides, que usualmente são inférteis por não apresentarem células germinativas 

endógenas em suas gônadas, permitindo assim a produção de espermatozoides somente 

dos doadores (Okutsu et al., 2007). Ainda neste contexto, utilizando procedimento 

cirúrgico para transplantar espermatogônias de peixe-rei (pejerey, Odontesthes 

bonariensis) diretamente nos testículos de peixe-rei patagônicos (Patagonian pejerey; O. 

hatcheri), Majhi e colaboradores (2009) verificaram a produção de gametas xenogênicos, 

vários meses após o transplante. Mais recentemente (2014), os mesmos autores 

realizaram o transplante xenogênico de espermatogônias e oogônias, através da papila 

urogenital, entre as mesmas espécies citadas, tendo obtido gametas viáveis que geraram 

prole saudável. Em outra vertente, Saito e colaboradores (2008) mostraram que PGCs de 

zebrafish (D. rerio) micro injetadas em blástulas de Danio pérola (D. albolineatus) foram 

capazes de se incorporar ao embrião, dando origem a quimeras que produzem 

espermatozoides funcionais com características genéticas do doador. Estendendo este 

estudo, os mesmos pesquisadores demonstraram que PGCs isoladas de goldfish 

(Carassius auratus) e dojô (Misgurnus anguillicaudatus) são também capazes de se 

diferenciar em espermatozoides, quando transplantadas em zebrafish no estágio de 

blástula (Lacerda et al., 2013). 
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2. JUSTIFICATIVA 

 

 Até o presente momento, o transplante de espermatogônias é a única abordagem 

experimental funcional disponível para se investigar a biologia das espermatogônias-

tronco. Em peixes teleósteos, esta técnica foi desenvolvida recentemente, utilizando-se a 

tilápia nilótica como modelo experimental (Lacerda, 2006). Assim, todas as abordagens 

necessárias para o transplante de espermatogônias em machos sexualmente maduros 

foram padronizadas. A utilização dessas abordagens demonstrou que o transplante 

alogênico (tilápia-tilápia) de células germinativas a fresco ou criopreservadas resulta na 

formação de espermatozoides viáveis (cerca de dois meses após o transplante), com prole 

possuindo as características genéticas do animal doador (células a fresco) (Lacerda et al, 

2006 e 2010). Estes resultados, inéditos e promissores, demonstraram que células 

germinativas podem ser transplantadas com sucesso diretamente nos testículos de peixes 

adultos. Num contexto ainda mais amplo, a investigação envolvendo o transplante 

xenogênico em peixes poderia trazer inúmeros benefícios para pesquisas no campo da 

agropecuária, preservação de espécies ameaçadas de extinção e de animais valiosos do 

ponto de vista zootécnico, medicina reprodutiva e produção de animais transgênicos 

(Lacerda et al., 2014). Neste sentido, utilizamos a tilápias-nilóticas (Oreochromis 

niloticus) sexualmente maduras como receptor para o transplante xenogênico de 

espermatogônias-tronco, com a finalidade de se avaliar o sucesso da técnica utilizando-

se células germinativas de jundiá (Rhamdia quelen), espécie pertencente à ordem 

Siluriforme, com a finalidade de se produzir gametas desta espécie. Espécie esta apresenta 

algumas características interessantes, como por exemplo a facilidade de se manter em 

cativeiro e, principalmente, por ser filogeneticamente próxima do jaú (Zungaro jahu) que 

se encontra atualmente ameaçada de extinção. Ainda, buscando a melhor compreensão 

das características reprodutivas do jundiá, realizamos experimentos para descrever a 

morfologia e morfometria de suas células germinativas, e estimar a duração da 

espermatogênese do jundiá. 

 

 

 

 

 

 

32



 
 
 
 
 
 
 
 

3. OBJETIVOS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

33



 

3.OBJETIVOS 

 

3.1 Objetivo Geral  

Investigar parâmetros morfofuncionais da espermatogêse do jundiá (ordem 

Siluriforme; Rhamdia quelen) e a viabilidade do transplante xenogêncio de células 

germinativas desta espécie para o receptor tilápia-nilótica (ordem Perciforme; 

Oreochromis niloticus). 

 

3.2 ObjetivosEspecíficos 

 

• Investigar a presença de eventuais células germinativas marcadas com PKH26 e 

oriundas do doador nos testículos de tilápias receptoras, através de microscopia de 

fluorescência, em diferentes tempos após o transplante; 

 

• Confirmar geneticamente a presença de células germinativas derivadas de jundiá no 

testículo das tilápias receptoras através de análises de microssatélites do DNA 

mitocondrial. 

 

• Caracterizar a espermatogênese do jundiá, através de avaliações morfológica e 

morfométrica de suas células germinativas, bem como estimar sua duração após injeção 

de BrdU. 
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ABSTRACT 

Fish germ cell transplantation presents several important potential applications for 

aquaculture, including the preservation of germplasm from endangered fish species with 

high genetic and commercial values. Using this technique in studies developed in our 

laboratory with adult male Nile tilapias (Oreochromis niloticus), all the necessary 

procedures were successfully established, allowing the production of functional sperm 

and healthy progeny approximately 2 months after allogeneic transplantation. In the 

present study, we evaluated the viability of the adult Nile tilapia testis to generate sperm 

after xenogeneic transplant of germ cells from sexually mature Jundia catfish (Rhamdia 

quelen) that belong to a different taxonomic order. Therefore, in order to investigate at 

different time-periods post-transplantation, the presence and development of donor 

PKH26 labeled catfish germ cells were followed in the tilapia seminiferous tubules. 

From 7 to 20 days post-transplantation, only PKH26 labeled spermatogonia were 

observed, whereas spermatocytes at different stages of development were found at 70 

days. Germ cell transplantation success and progression of spermatogenesis were 

indicated by the presence of labeled PKH26 spermatids and sperm on days 90 and 120 

post-transplantation, respectively. Confirming the presence of the catfish genetic 

material in the tilapia testis, all recipient tilapias evaluated (n=8) showed the genetic 

markers evaluated. Therefore, we demonstrated for the first time that the adult Nile 

tilapia testis offers the functional conditions for development of spermatogenesis with 

sperm transplanted from a fish species belonging to a different order, which provides an 

important new venue for aquaculture advancement. 

 

KEYWORDS: Jundia catfish (Rhamdia quelen), Nile-tilapia (Oreochromis niloticus), 

xenogeneic germ cells transplantation, spermatogonial stem cells, spermatogenesis. 
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INTRODUCTION 

For fish, it has been assumed that preservation of the genetic resources is limited 

to the rearing of live individuals (Zhang et al., 2007). However, although the 

cryopreservation of fish milt is feasible, several other alternative reproductive 

technologies have been developed to efficiently produce functional gametes and 

offspring from endangered and commercially important species, which are normally 

difficult to breed in captivity (Majhi et al., 2014). Among these approaches, the 

induction of ovulation, in vitro gametogenesis and germ cell transplantation are the 

most popular (Kawasaki et al., 2015; Lacerda et al., 2013a; Mylonas et al., 2010). The 

latter is an important technique that involves the isolation of spermatogonial stem cells 

(SSCs) from a donor animal and the transplantation of these cells into a recipient testis 

(Brinster et al., 1994), where they will be able to develop and form mature fertile sperm 

carrying the donor’s genetic characteristics (Brinster, 2002; Shinohara et al., 2006). 

In several fish species, intraspecific allogeneic germ cell transplantation has 

been performed by microinjecting primordial germ cells and/or spermatogonial cells 

into blastula-stage fish embryos, as well as in the coelomic cavity of newly hatched fish 

larvae (Ciruna et al., 2002; Kise et al, 2012; Kobayashi et al., 2007; Okutsu, 2006; 

Takeuchi et. al, 2009; Takeuchi, 2003; Wong et al., 2011). Although these 

methodologies allow the production of fertile donor sperm in the recipient gonads, a 

long time-interval is required to generate functional gametes, mainly because recipient 

animals need firstly to reach puberty (reviewed by Lacerda et al., 2013a; Yoshizaki et 

al., 2012). Studies developed in our laboratory by Lacerda and colleagues (2013b, 2010, 

2006) standardized all the necessary methodologies to perform successful SSCs 

transplantation using, as recipient, the adult Nile tilapia (Oreochromis niloticus). Donor 

SSCs were injected through the common spermatic duct located in the urogenital papilla 
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and this procedure provided a faster (approximately two months) generation of donor-

derived spermatozoa and the production of normal offspring carrying the donor genetics 

characteristics. Additionally, in association with the Utrecht University (The 

Netherlands), we performed intraspecific germ cells transplantation in zebrafish 

(Nobrega et al., 2010). Although the transplantation efficiency was very low, the 

recipient male zebrafish were able to develop donor-derived gametogenesis (Nobrega et 

al., 2010). 

The feasibility of interspecific (xenogeneic) spermatogonial transplantation was 

also determined in several fish species using embryos, newly hatched larvae, and adult 

fish as recipient (reviewed by Lacerda et. al, 2013a). In this regard, the key studies 

related to xenogeneic germ cell transplantation, using embryos and newly hatched 

larvae, were performed respectively in zebrafish (Ciruna et al., 2002; Wong et al., 2011) 

and rainbow trout (Kise et al., 2012; Kobayashi et al., 2007; Okutsu et al., 2006; 

Takeuchi et al., 2003). From the obtained results, the authors concluded that the 

spermatogonial transplantation technique is valid for interspecies applications, resulting 

in donor-derived sperm and offspring (reviewed by Lacerda et al., 2012), even for some 

fish species (donor and recipients) that are phylogenetically distant. In the first study 

where xenogeneic germ cell transplantation was successfully developed in adult fish, 

using Odontesthes hatcheri as recipients and Odontesthes bonariensis as donors, a 

surgical procedure was used (Majhi et al., 2009). More recently, using the same species, 

Majhi and colleagues (2014) described a successful production of eggs and sperm by 

intrapapillary transplantation of germ cells in cytoablated adult fish.   

Based on the results obtained for xenogeneic germ cell transplantation in adult 

fish, a very promising scenario has emerged, as this approach can be used to assist the 

preservation of the genetic resources of endangered species or valuable genetic strains. 
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Therefore, in the present study, we evaluated the feasibility of xenogeneic germ cell 

transplantation using two species belonging to different taxonomic orders, using the 

adult Nile tilapia (Oreochromis niloticus from the Perciformes order) as a recipient and 

sexually mature Jundia catfish (Rhamdia quelen from the Siluriformes order) as a germ 

cell donor.  

 

MATERIALS AND METHODS 

 

Animals 

Eighteen sexually mature male Nile tilapia (Oreochromis niloticus; mean body 

weight = 208g) and ten Jundia catfish (Rhamdia quelen; mean body weight = 289g) 

were used, respectively, as recipient and donor for germ cells transplantation. These fish 

were obtained from the Aquaculture Laboratory (School of Veterinary Sciences or 

Veterinary School, Federal University of Minas Gerais, Belo Horizonte, Brazil) and 

from commercial farmers located nearby Belo Horizonte city (state of Minas Gerais, 

Southeastern Brazil). The experimental design used in the present study is shown in 

Figure 1. All experimental procedures were performed in accordance with the 

guidelines approved by the local ethics committee on animal experimentation – CEUA, 

UFMG (protocol # 89/2012).                                                                                                         

 

Recipient preparation 

The adequate preparation of the recipient fish, in which endogenous 

spermatogenesis is naturally absent or experimentally deprived, is crucial for the 

success and efficiency of germ cells transplantation. In this condition, niches for germ 

cells colonization and development are available. In the present study, the endogenous 
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spermatogenesis was depleted according to the procedures already described by Lacerda 

and colleagues (2006). Eighteen tilapias were kept at temperatures of 35°C (Figure 1A) 

for at least two weeks before receiving intraperitoneally two injections of busulfan 

(Sigma, St. Louis, MO, USA) (18 mg/kg body weight and 15 mg/kg body weight), with 

a two-week interval between the injections (Figure 1B-C). The germ cell transplantation 

was performed one week after the second injection (Figure 1D). 

 

Donor germ cell isolation 

Donor spermatogonial cells were harvest from the testes of eight adult Jundia 

catfish (mean testis weight = 8g; Figure 2B) through enzymatic digestion according to 

standardized protocols (Lacerda et al., 2010). Briefly, testes were dissociated with 2% 

collagenase (Sigma, St. Louis, MO) in Dulbecco Modified Eagle medium/Ham F-12 

medium (DMEM/F12- Gibco, Grand Island, NY) for four hours at 28°C. The dispersed 

testicular tissue was then incubated with 0.25% trypsin/1mM EDTA (Sigma, St. Louis, 

MO) and 0.03% DNase I (Sigma, St. Louis, MO) under constant shaking at 28°C for 30 

minutes. After this step, an equal volume of DMEM containing 10% of fetal bovine 

serum (FBS, Gibco) was added to the cell suspension in order to inactivate the trypsin. 

The testicular cell suspension was sequentially filtered using 70 and 40µm mesh and 

then centrifuged at 400g for 10 minutes and re-suspended in DMEM/F12 (Figure 2C). 

An enriched type A spermatogonia cell suspension, characterized according to the germ 

cell morphology in Jundia (Figure 2A) was obtained after centrifugation, at 800g for 30 

minutes, using a 40% percoll gradient, followed by another centrifugation using 35% 

percoll. The pellet was discarded and the supernatant (Figure 2D) was subjected to 

differential plating (Figure 2F-H), in order to deplete testicular somatic cells that adhere 

to the culture bottle (Figure 2G) (Lacerda et al., 2010). A total of 22x10
7
 cells was 
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obtained, and 7.3x10
7
 cells per culture bottle (75cm², TPP, Switzerland) were cultured 

in FSM (fish spermatogonial medium – DMEM/F12 supplemented) for 18 hours, at 

28°C in an atmosphere of 5% CO2. These methodologies allowed an efficient 

enrichment of germ cell for transplantation (Figure 2H). Additionally, in order to 

morphologically characterize Jundia germ cells along spermatogenesis, testes samples 

from donors were fixed in 4% glutaraldehyde and embedded in plastic for routine 

histological analysis (Alvarenga and França, 2009; Leal et al., 2009). 

 

Donor germ cell labeling and transplantation 

Before germ cell transplantation into recipient Nile tilapia testes, donor germ 

cells were incubated with the fluorescent membrane dye PKH26-GL (Sigma, St. Louis, 

MO), an adequate molecular tracer for the investigation of transplanted donor germ cell 

fate and location into the recipient seminiferous tubules (Lacerda et al., 2013b, 2010, 

2006; Majid et al. 2014) (Figure 3A-B). The cell labeling was performed following the 

manufacture’s guidelines with the final optimal concentration of 9mM PKH26. The 

collected cells were then suspended in DMEM/F12 at a concentration of 10
7
 cells/mL 

and approximately 1 mL of cell suspension was injected in each recipient. The cells 

were transplanted using a non-surgical access, via the common spermatic duct that 

opens in the urogenital papilla through the urogenital pore (Figure 3C). For this 

purpose, the recipient Nile tilapias were anesthetized with Quinaldin solution (1:5000, 

added in the aquarium water; Merck & Co.) and the donor germ cells were transplanted 

using a glass micropipette (outside diameter 70µm) under a stereomicroscope (Olympus 

SZX-ILLB2-100). As Nile tilapia usually reproduce at a temperature of 26-28°C, the 

water temperature was gradually decreased 1–2°C per day after the transplantation, until 

28°C was reached. 
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Microscopic evaluation of donor-derived spermatogenesis in the recipient Nile tilapia 

testis 

Testes were collected from ten recipient tilapia for analysis of PKH26 positive 

donor spermatogonia behavior in the Nile tilapia testis (Figure 1E-I). In order to 

evaluate the progression of spermatogenesis and the eventual spermatozoa formation 

after germ cell transplantation, the recipient fish testes were collected at 7, 20, 70, 90 

and 120 days post germ cell transplantation. The testes were immediately embedded in 

Jung Tissue Freezing Medium (Leica Instruments, Nussloch, Germany), frozen in liquid 

nitrogen and stored at -80°C freezer. These testis samples were serially cryosectioned 

(7µm of thickness), stained with DAPI (targeting DNA in the cell nucleus) and then 

analyzed under the fluorescence microscope (Olympus IX-70).  

 

Genetic analysis 

A PCR approach was used to detect donor germ cell DNA in eight recipient Nile 

tilapia testes (Table 1 and Figure 1J). The primers consisted of three (outer, middle and 

inner) pairs amplifying the Rhq7 microsatellite sequence for R. quelen (GenBank access 

number KC117544.1); primer specificity and sensitivity was tested both in silico and in 

vitro. In silico tests consisted of a primer-BLAST specificity tool (Ye et al., 2012) 

against GenBank O. niloticus database and no evidence of a cross amplification was 

observed. In vitro tests comprised serial dilutions of small quantities of total R. quelen 

genomic DNA (from 0.000089 to 2.23 ng.µL
-1

) into large amounts of total O. niloticus 

genomic DNA (from 2.53 to 7.04 ng.µL
-1

), and no evidence of an unspecific 

amplification was detected. Total DNA was extracted from the controls (Nile tilapia and 

Jundia), and from the recipient Nile tilapia testes following a standard proteinase k, 
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phenol/chloroform extraction (Sambrook and Russell, 2001), and PCR reactions were 

run in a Veriti 96-Well thermal cycler (Applied Biosystems). The best reaction cycle 

was an initial outer primer pair reaction consisting of a 95°C denaturation step (5 

minutes), followed by 5 cycles of 92°C denaturation (20 seconds), 64°C annealing (30 

seconds) and 72°C of extension (30 seconds). One µL of first amplification product was 

then used as template DNA for a second reaction with middle primers, which differed 

from the first one by adding 20 additional cycles (total 25 cycles) of denaturation, 

annealing and extension steps. Immediately after that, a 1:10-3 dilution of the second 

PCR product was applied as a template for an inner primer reaction, using again 25 

cycles. 

 

RESULTS 

Jundia germ cell morphology and Jundia PKH26 labeled germ cells in the 

recipient testis 

As depicted in Figure 2A, type A spermatogonial cells show a large ovoid 

nucleus with a prominent nucleolus and these cells are noticeably larger than early and 

late type B spermatogonia. 

At one week post-transplantation (Figure 4A-C), labeled donor germ cells were 

observed in the recipient tilapia seminiferous tubules epithelium. Based on established 

morphological criteria (Figure 2A), these cells were considered spermatogonia. Twenty 

days post-transplantation, a higher number of labeled germ cells, similar to 

spermatogonial cells, were also identified in the seminiferous tubules epithelium (Figure 

4D-N). 

Demonstrating the progression and differentiation of donor-derived germ cells 

through spermatogenesis, seventy days after transplantation, PKH26 labeled germ cells 
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cysts at different stages of development were observed in the recipient seminiferous 

tubules (Figure 5A-G). The number and size of the germ cells present in these cysts 

indicated that they were spermatocytes (meiotic cells). At 90 (Figure 5H-J) and 120 

days (Figure 6) post-transplantation, labeled germ cells presented morphological 

characteristics of spermatids and sperm, respectively. These cells were arranged in 

cystic structures (90 days) inside the seminiferous tubules (Figure 5J) and at 120 days in 

the tubular lumen (Figure 6). All recipient tilapia testes presented PKH26 positive donor 

germ cells. Particularly in the later time-periods, cysts containing germ cells in different 

developmental stages (spermatogonia, spermatocytes and spermatids) were noted. Some 

germ cells at later stages may have been present among the transplanted cells, but it 

seems unlikely that these more differentiated germ cells contributed to the long-term 

spermatogenesis in the recipient testis, for which usually stem cell properties would be 

required. 

 

Genetic analysis of the Nile tilapia recipient testes 

All recipient fish (n=8; Figure 1J) showed the presence of Jundia catfish genetic 

material in their testis (Figure 7E-L). The evaluated testis samples displayed different 

intensities of the amplicon bands, and although no qPCR was performed in the present 

study, these results suggest different transplantation/colonization efficiencies. In all 

cases, however, the data strongly suggest a successful donor germ cell colonization and 

spermatogonial progression in the Nile tilapia testis. Importantly, the primers, which 

were designed for Jundia specific sequences (Figure 7B), did not recognize any tilapia 

sequences (Figure 7C). 

 

DISCUSSION 
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Previous studies developed in our laboratory using Nile tilapias demonstrated 

that this species represents an excellent recipient for fish SSCs transplantation (Lacerda 

et al., 2013b, 2010, 2006). This finding motivated us to investigate if the Nile tilapia 

testis environment could support the development of germ cells from phylogenetically 

distant fish species. In the present investigation we evaluated the success of xenogeneic 

germ cell transplantation using Rhamdia quelen (a species belonging to the Siluriformes 

order) as a donor and the Nile tilapia (species belonging to the Perciformes order) as a 

recipient. The formation of Rhamdia quelen sperm in the tilapia seminiferous tubules 

strongly suggests that the Nile tilapia has high plasticity as a recipient, providing an 

excellent possibility for use in aquaculture to preserve the germplasm of endangered 

fish species and the production of gametes in species with high commercial and genetic 

values. 

Although Majhi and colleagues (2014 and 2009) have already carried out a 

xenogeneic transplantation in adult fish, the species used (donor and recipient) belonged 

to the same genus. In their study, spermatogonia and oogonia from Odontesthes 

bonariensis were transplanted, respectively, in male and female Odontesthes hatcheri. 

After germ cell transplantation, the establishment of spermatogenesis and oogenesis was 

observed in the recipient species with the donor sperm and oocytes production. The 

gametes were functionally tested, leading to healthy offspring generation. In our study, 

although we have demonstrated the presence of Rhamdia quelen sperm in the Nile 

tilapia testis, their viability was not evaluated due to the lack of information about the 

induction of ovulation and/or artificial insemination in the Rhamdia quelen. Therefore, 

in order to demonstrate the fertilization capacity and generation of healthy embryos 

derived from these gametes produced after germ cell transplantation, further studies are 

being conducted. 
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As reviewed by Lacerda and colleagues (2012), the successful production of 

xenogeneic sperm was also described from germ cell transplantation using zebrafish 

embryos (Saito et al., 2010, 2008) and salmon larvae (Takeuchi et al., 2004) as 

recipients. Based on the literature for higher vertebrates (Honaramooz and Yang, 2011), 

it is possible that xenotransplantation in mammals is less efficient than that performed 

in fishes, which could be based on represent a higher plasticity provided by the 

testicular somatic cells. In fact, oogonia can differentiate into spermatogonia in the fish 

testis, resulting in viable gamete production (Wong et al., 2011; Yoshizaki et al., 2011, 

2010) and the opposite is also true (Okutsu et al., 2007; Nobrega et al., 2010). From 

these results, it can be concluded that the somatic cells in the fish testis are crucial for 

gametogenesis development when different cell lineages (male or female) or germ cells 

from distinct fish species are transplanted.  

The duration of spermatogenesis is considered species-specific and controlled by 

the germ cell genotype (França et al., 1998). Although the time required for sperm 

formation, from preleptotene primary spermatocytes, takes about 11 days in the Nile 

tilapia (Vilela et al., 2003), in this species sperm production after allogeneic germ cell 

transplantation is observed approximately 9 weeks post-transplantation (Lacerda et al., 

2010). Studies developed in mammals have shown that the commitment of SSCs to 

differentiation occurs at approximately two weeks after germ cell transplantation due to 

the time-period required for colonization of the seminiferous epithelium by these cells 

(Ishii et al., 2013; Nagano et al., 1999; Ohta et al., 2000; Parreira et al., 1998). In the 

present investigation, the required time to form Rhamdia quelen sperm in the Nile 

tilapia testis was approximately 17 weeks, which is a much longer time than that 

described for intraspecific germ cell transplantation in tilapias. A long time-period (24-

34 weeks) for sperm production was also observed when germ cells from O. 
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bonariensis were transplanted to the O. hatcheri seminiferous tubules (Majhi et al., 

2014). Although this time could be considered as rather long, the production of 

spermatozoa using adult fish as recipients is much faster in comparison to germ cell 

transplantation using embryos or larvae as recipients (Kise et al., 2012; Okutsu et al., 

2007; Saito et al., 2011, 2010, 2008; Takeuchi et al., 2004; Yazawa et al., 2010; 

Yoshizaki et al., 2010). In order to evaluate whether the duration of spermatogenesis in 

Jundia Rhamdia quelen is longer than in Nile tilapias, or if their spermatogonial SSCs 

need a longer time-period to colonize and differentiate in the tilapia testis, further 

studies related to these aspects are being developed in our laboratory. 

The species Rhamdia quelen is an important source of protein for human 

consumption (Sampaio and Sato, 2006), and therefore has been used as germ cell donor 

in the present study. The phylogenetic distance between this species and the Nile tilapia 

is approximately 110 million years (Wittbrodt et al., 2002) and a similar distance 

separates man from mouse (Nagano et al., 2002). However, while in the present 

investigation we could observe Rhamdia quelen sperm formation in the Nile tilapia 

testis, human spermatogonia were only able to colonize the mouse testis without any 

further progression of spermatogenesis (Nagano et al., 2002). These xenogeneic germ 

cell transplantation studies suggest that, different from mammals (Dobrinski and Hill, 

2007; González and Dobrinski, 2015), fish apparently have no tight phylogenetic barrier 

that would limit the success of this very important biotechnology.  

In the present study, we applied the technique of spermatogonial transplantation 

using Jundia as the donor and Nile tilapia as the recipient species. We demonstrated that 

the somatic microenvironment of the Nile tilapia gonad can support colonization, 

survival, proliferation and the differentiation of transplanted progenitor spermatogonial 

cells. The novelty of our report lies in the phylogenetic distance between donor and 
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recipient, which are species from different taxonomic orders. These findings indicate a 

remarkable plasticity in the capacity of the somatic cells in the teleost testis to support 

xenogenic germ cells. A functional test of catfish sperm matured in tilapia testis must 

await the availability of catfish eggs and the development of an in vitro fertilization 

protocol. 
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Figure 1 - Experimental design timeline. To deplete the endogenous spermatogenesis of 

recipient tilapia, the fish (n = 18) were kept at temperatures of 35°C for at least two 

weeks (A) before receiving intraperitoneally two busulfan injections (B; 18 mg/kg body 

weight and C; 15 mg/kg body weight), with a two-week interval between injections. 

Three weeks after the first busulfan injection, recipient tilapia received PKH26-labeled 

donor germ cells through the common spermatic duct (D). To evaluate the development 

(proliferation and differentiation) of donor germ cells in the recipient gonads, the testes 

were collected at specific time periods (E-I; from 7 to 120 days). In order to 

demonstrate the presence of Jundia catfish DNA in the recipient testis 140 days post 

germ cell transplantation, genetic analysis was also performed (J). 

 

Figure 2 - Germ cell morphology and preparation of enriched spermatogonia cell 

suspension from Jundia catfish for transplantation. (A) Morphological illustration of 

germ cell cysts along spermatogenesis in adult Jundia: type A undifferentiated 

spermatogonia (Aund), type A differentiated spermatogonia (Adiff), type B early 

spermatogonia (Bearly), type B late spermatogonia (Blate), primary spermatocyte 

(SpcI), meiotic divisions (M); secondary spermatocyte (SpcII), spermatid (Sptd) and 

spermatozoa (Sptz) located in the tubular lumen. The nuclei of type A spermatogonia 

are much larger than the nuclei of all other germ cell types. For transplantation, donor 

germ cells were harvest from the testes of adult males (B) through enzymatic digestion. 

The cell suspension (C) was filtered and submitted to percoll gradient centrifugation. 

After 40% percoll, the pellet contained only erythrocytes and sperm (not shown), 

whereas the supernatant (D) contained type A spermatogonia (SpgA), spermatocytes 

(Spc), spermatids (Sptd) and sperm (Sptz). This cell suspension (D) was then subjected 

to the 35% percoll and the supernatant (E) showed a high concentration of type A 
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spermatogonia (SpgA); however, sperm (Sptz) and somatic cells (SC) were also 

observed. A further enrichment of type A spermatogonia was obtained through 

differential plating (F) for 12 hours: testicular somatic cells adhered firmly to the culture 

dish and hence were drastically reduced (G), whereas spermatogonia remained in 

suspension (H). Inset photos in G and H show the morphology of adherent (G`; somatic 

cells) and non-adherent (H`; type A spermatogonia) cells, after differential plating. 

Scale bars: A, C, D, and E = 10µm; F, G, and H = 15µm; B = 2cm; G` and H` (inserts) 

= 10µm. 

 

Figure 3 - Jundia catfish spermatogonial cell labeling and transplantation. (A and B) 

Isolated donor spermatogonia were labeled with 9 µM red fluorescent dye (PKH26) and 

all cells in the brightfield (A) are strongly stained as shown in the fluorescent image 

(B). The inset photos in A and B at higher magnification show the typical PKH26 

membrane-associated labeling. (C) Transplantation of PKH26-labeled Jundia 

spermatogonial cells into the adult Nile tilapia testis. Before transplantation, the cells 

were mixed with trypan blue and then injected using a glass micropipette (GM) into the 

common spermatic duct, located in the urogenital papilla (UGP). The dotted circle 

delimits the urogenital pore opening. Scale bars: A and B = 15µm; inserts = 7µM; and C 

= 3mm. 

 

Figure 4 - Microscopic evaluation of recipient tilapia testes following one week and 

twenty days after Jundia catfish spermatogonial cells transplantation. At one-week (A-

C) post-transplantation, labeled spermatogonial cells (white arrowheads) were observed 

in the tilapia seminiferous tubules epithelium. Twenty days (D-N) after transplantation, 

labeled spermatogonial cells were also identified in the seminiferous tubules epithelium 
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(white arrowheads). PKH26 labeled spermatogonial cells are observed in red (B, C, E, 

F, H, I, L, and M). Cell nuclei labeled in blue with DAPI are also visualized (A, C, D, F, 

G, I, K, and M). The brightfield images (J and N) correspond to the fluorescent images 

shown in I and M (merge images). The dashed lines delimit the tubular lumen (*). Scale 

bar = 50 µm in all images. 

 

Figure 5 - Microscopic evaluation of recipient tilapia testis following seventy and ninety 

days after Jundia catfish spermatogonial cells transplantation. At seventy days (A-G) 

post-transplantation, labeled spermatocytes (white arrowheads) were observed in the 

tilapia seminiferous tubules epithelium. Ninety days (H-J) after transplantation, evident 

labeled spermatids were also present in the seminiferous epithelium (white arrowheads). 

PKH26 labeled spermatocytes (B-C and F-G) and spermatids (I-J) are observed in red. 

Cell nuclei labeled in blue with DAPI are also visualized (A, C, E, G, H, and J). The 

brightfield image (D) corresponds to the fluorescent image shown in C (merge image). 

The dashed lines delimit the tubular lumen (*). The insert (J´) shows PKH26 negative 

Sertoli cells (SC - white arrowhead) enveloping PKH26 positive spermatids. Scale bar = 

50 µm in all images, except for the insert (5 µm). 

 

Figure 6 - Microscopic evaluation of recipient tilapia testis following 120 days after 

Jundia catfish spermatogonial cells transplantation. In all images, labeled spermatozoa 

(white arrowheads) are observed in the tilapia seminiferous tubules lumen. PKH26 

labeled spermatozoa (B, C, E, F, I, and J) are observed in red. Cell nuclei labeled in blue 

with DAPI are also visualized (A, C, D, F, H, and J). The brightfield images (G and K) 

correspond to the fluorescent images shown in F and J (merge images). The dashed 

lines delimit the tubular lumen (*). The inset photos (C´, F´, G´, J´, and K´) show at 

60



  

higher magnification labeled Jundia spermatozoa. Scale bar = 50 µm in all images, 

except for the inserts (5 µm). 

 

Figure 7 - Electrophoresis in 2% agarose gel for amplicons of the region corresponding 

to Rhq7 microsatellite sequence for Rhamdia quelen (Jundia) by nested PCR. Ladder 

molecular weight of 100 pb (lanes A and M); positive control with Jundia DNA (lane 

B); negative control with tilapia DNA (lane C); negative control with H2O (lane D); and 

DNA from recipient Nile tilapia testis (lanes E-L). All recipient testes (lanes E-L) show 

the presence of Jundia genetic material (bands), but the amplicon bands display 

different intensities, suggesting different degrees of germ cell transplantation 

colonization/efficiency. 
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Table 1 - Primer pairs used in the genetic analysis to detect donor jundia catfish germ cells 

DNA in the Nile tilapia recipient testis.  

 

  

Primer  Sequence 

Outer 

Forward 5'- GAC GCC TTT CTG GGG TCT AC -3'  

Reverse  5'- CTC TGC AGC CTC AGT CCT TC -3'  

Middle 

Forward 5'- GCC TTT CTG GGG TCT ACC TG -3' 

Reverse 5'- AGC CTC AGT CCT TCC AGA GA -3'  

Inner 

Forward 5'- GGA AGG TCT CTG TCC AAC AGG -3'  

Reverse 5'- TAA ACA CCC CTC GTA GCC CA -3'  
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Highlights: 
 
• Tilapia testis offers proper environment for catfish germ cell transplantation. 
• Jundia catfish spermatogonia are able to fully develop in the tilapia testis. 
• Successful spermatogonial transplantation is observed using two different fish orders. 
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ABSTRACT 35 

In mammals the spermatogenic process lasts from 30 to 75 days, is under the 36 

control of the germ cell genotype, and has been generally considered to be constant for a 37 

given species. In teleosts, the duration of this process is usually much faster and is 38 

influenced by the temperature. Due to its fast growth, good adaptability to different 39 

environmental conditions, and economical importance, the jundiá catfish (Rhamdia 40 

quelen) emerges as an appropriate model to investigate testis structure and function in 41 

teleost. The optimal sperm production in this fish species occurs when they are kept at 42 

temperatures around 30°C. Here, we morphologically characterized germ cells along 43 

spermatogenesis and estimated the duration of this process through the injection of 44 

bromodeoxyuridine (BrdU), in jundiá kept at 30°C. Similar to other fish species, we 45 

observed a dramatic decrease of germ cell nuclear volume during spermatogenesis, 46 

particularly from type A undifferentiated to late type B spermatogonia and from diplotene 47 

to late spermatids. The most advanced germ cells observed at 1h, 3 and 5d after BrdU 48 

injection were respectively preleptotene, pachytene and secondary spermatocytes. Initial 49 

spermatids were found after 6d of BrdU exposure, whilst spermatozoa were observed in 50 

the seminiferous tubules lumen after 7d. Based on these observations, the combined 51 

duration of meiotic and spermiogenic phases in this species was very short and lasted 52 

approximately 7 days. Besides contributing to a better understanding of reproductive 53 

biology, we expect that the results herein obtained will help to improve the production 54 

and management of jundiá catfish. 55 

 56 

KEYWORDS: Jundiá catfish (Rhamdia quelen), germ cell morphology, duration of 57 

spermatogenesis, testis. 58 
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INTRODUCTION 69 

Spermatogonial stem cells are the foundation of spermatogenesis and male 70 

fertility in eukaryotes and their development is functionally supported by somatic cells 71 

(Oatley and Brinster 2012; Lacerda et al. 2014). In vertebrates, fish differ from amniotes 72 

(mammals, birds, and reptiles) by having a cystic type arrangement of spermatogenesis 73 

where germ cells are nurtured by mitotically active Sertoli cells (Schulz et al. 2010; 74 

França et al. 2014, 2016). Therefore, cyst formation is initiated when the cytoplasmic 75 

extensions of Sertoli cells surround a spermatogonium (Uribe et al. 2015; França et al. 76 

2016) and a group of germ cells comprise a single syncytium that synchronously divides 77 

(incompletely) and differentiate into the male gamete (Yoshida, 2016). Also in this 78 

vertebrate group, the number of spermatogonial mitotic divisions is quite high, considered 79 

species-specific, and phylogenetically determined (Nóbrega et al. 2009; Schulz et al. 80 

2010). Thus, in association with the loss of a fairly low number of germ cells during 81 

progression of spermatogenesis and low of Sertoli cells enveloping germ cells, hundreds 82 

of meiotic and post meiotic germ cells are usually present in a cyst (Vilela et al. 2003; 83 

Leal et al. 2009; Schulz et al. 2010; França et al. 2015). These morphofunctional aspects 84 

result in a rather high Sertoli cell efficiency or support capacity for germ cells. Thus, a 85 

very high number of sperm are produced from a single spermatogonium (Schulz et al. 86 

2005; Schulz et al. 2010; França et al. 2014, 2016). 87 

It is well established in the literature that the duration of spermatogenesis is very 88 

important in determining the speed of sperm formation and hence spermatogenic 89 

efficiency and reproductive strategies (Hess and França, 2007). According to studies 90 

developed in mammals using xenogenic (rats to mice) germ cells transplantation, it was 91 

found that the duration of spermatogenesis is determined by the germ cell genotype 92 

(França et al. 1998). In most mammalian species already investigated, the total duration 93 

of spermatogenesis, that is species-specific, takes from 40 to 60 days (Hess and França 94 

2007). In fish, however, data from the literature show that the duration of this process is 95 

usually much faster (Vilela et al. 2003; Lacerda et al. 2006; Leal et al. 2009; Nóbrega et 96 

al. 2009). Moreover, although it is classically considered that the duration of 97 

spermatogenesis is not influenced by any factor or agent, in fish and amphibian there is 98 

strong evidence that the pace of spermatogenesis is altered by temperature (Morgan 1979; 99 

Lacerda et al. 2006). 100 

The Rhamdia quelen, also known as jundiá, is a catfish species that is an important 101 

source of protein for human consumption in some regions of Brazil (Sampaio and Sato 102 
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2006). This catfish species reaches 600 to 800 g of body mass in 8 months, growing faster 103 

in the warm summer months (Barcelos et al. 2002). The literature is deficient in data 104 

regarding reproduction of Rhamdia quelen, particularly those related to testis function 105 

and spermatogenesis. Therefore, in order to better understand the reproductive biology 106 

and to help with future studies of production and management in this species, we 107 

performed histological and stereological investigations of the germ cells, focused mainly 108 

on an estimate of the duration of spermatogenesis.  109 

 110 

MATERIALS AND METHODS 111 

 112 

Animals 113 

Ten sexually mature jundiá catfish (Rhamdia quelen; mean body weight = 200g) 114 

were used to estimate the duration of spermatogenesis and to perform germ cell 115 

histomorphometric analysis during the spawning season (September to March). These 116 

fish were obtained from commercial farmers located nearby Belo Horizonte city (state of 117 

Minas Gerais, Southeastern Brazil). All procedures used followed approved guidelines 118 

for the ethical treatment of animals and national laws (CEUA; #89/2012).  119 

 120 

Experimental design and tissue preparation 121 

After 1 week of acclimation, the fishes were kept at a water temperature of 30°C, 122 

which is considered the optimal temperature for this fish species to reproduce in captivity 123 

conditions (Gomes et al. 2000). After that, they received a single intracelomic BrdU 124 

(Sigma) injection as a marker of cells that were synthesizing DNA at the time of injection. 125 

The fish were weighed and killed at 1 hour and 3, 5, 6 and 7 days after the injection 126 

(Figure 1). After euthanasia, the testis samples were fragmented (2–3 mm in thickness), 127 

fixed and embedded according to the analysis to be performed. Therefore, for germ cell 128 

histological and morphometric evaluation, testis fragments were fixed by immersion in 129 

5% buffered glutaraldehyde and embedded in glycol methacrylate (Leica, Wetzlar, 130 

Germany). To estimate the duration of spermatogenesis, testis fragments were fixed in 131 

Bouin’s solution (Merk, Kenilworth, New Jersey, United States) and embedded in 132 

Paraplast® Tissue Embedding Media (Sigma-Aldrich, St. Louis, Missouri, United 133 

States).  134 

 135 

Histological and morphometric analysis 136 
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In order to evaluate the germ cell nuclear volume, fifty nuclei were measured for 137 

each germ cell type investigated per fish. Because the nucleus of all germ cells 138 

investigated in Jundiá catfish is spherical or nearly round, their nucleus volume was 139 

estimated using the mean nuclear diameter. Individual nuclear volume was expressed (in 140 

cubic micrometers) and obtained using the formula 4/3 π R3, where R = nuclear 141 

diameter/2. The morphometric data obtained allowed us to estimate the changes in 142 

nucleus volume that occur during the spermatogenic process, from undifferentiated 143 

spermatogonia to mature spermatids. Images were captured through Cell F software 144 

(Olympus) using 40X and 100X oil immersion objectives in an Olympus BX60 145 

Microscope.  146 

 147 

BrdU incorporation detection  148 

Five-micrometer-thick sections were subjected to antigen retrieval (1% [v/v] 149 

periodic acid in water at 60°C for 30 min and peroxidase blocking (1% [v/v] H2O2 in PBS 150 

for 10 min). Subsequently, slides were incubated at room temperature for 1 h with mouse 151 

anti-BrdU (1:100 [BD Biosciences, San Jose, CA] diluted in PBS containing 1% [w/v] 152 

bovine serum albumin [BSA; Sigma-Aldrich, St. Louis, MO]), and then for an additional 153 

hour with biotinylated horse anti-mouse (1:100 [Vector Laboratories, Burlingame, CA] 154 

diluted in PBS containing 1% [w/v] BSA). Detection of immunostaining was done using 155 

avidin-biotin complex incubation for 1 h (Vector Laboratories) followed by 156 

diaminobenzidine (Dako, Glostrup, Denmark) substrate development for 20 sec. Nuclei 157 

were counterstained with hematoxylin Gill no. 3 (Sigma-Aldrich) for 30 sec. For negative 158 

control, the primary antibody (mouse anti-BrdU) was omitted. After these procedures, the 159 

most advanced BrdU labeled germ cells at each time period considered was evaluated.  160 

 161 

RESULTS 162 

 163 

Germ Cell Characterization  164 

As shown in Figure 2 and 3, type A undifferentiated spermatogonia (Aund) are 165 

single cells involved by Sertoli cells and are the largest germ cell types observed in jundiá 166 

catfish testis. These cells also present a large nucleus containing low condensed chromatin 167 

and one compact nucleolus. Aund spermatogonia mitotically divide and give rise to type 168 

A differentiated spermatogonia (Adiff) that still share some morphological characteristics 169 

with Aund. However, they exist in groups inside the cyst and are smaller than the type 170 
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Aund spermatogonia. Type B spermatogonia are drastically smaller that type A and 171 

present an elliptical/round nucleus with one or two small nucleoli and an evident larger 172 

amount of heterochromatin compared to both type Aund and Adiff spermatogonia. Type 173 

B spermatogonia are present in several generations, therefore their number per cyst 174 

increases markedly, while their size decreases continually. For illustrative purpose only 175 

early (Bearly), intermediate (Bint) and late (Blate) type B spermatogonia are here in 176 

shown.  177 

All spermatogonial cells together, from Aund/Adiff to typeB, compose what is 178 

morphofunctionally defined as spermatogonial phase of spermatogenesis. After the large 179 

expansion of the number of spermatogonial cells, the last type B spermatogonial 180 

generation mitotically divides to form preleptotene spermatocytes (Pl), whose size and 181 

morphology resemble their predecessor cells and constitute the beginning of the meiotic 182 

phase of spermatogenesis. After that, these cells progress through meiosis and grow 183 

continually forming leptotene/zygotene (L/Z), pachytene, (P), diplotene (D) 184 

spermatocytes. Because the morphological characteristics of these cells are very similar 185 

in vertebrates, we will not describe them here. Also, due to their usually long duration in 186 

vertebrates, pachytene spermatocytes are the most frequent meiotic germ cells observed 187 

in the seminiferous tubules. At the end of meiosis I, diplotene spermatocytes divide to 188 

form secondary spermatocytes (S), which quickly go through meiosis II and divide 189 

forming the haploid spermatids. Due to their usually very short duration, the presence of 190 

secondary spermatocytes cysts are quite rare.  191 

As it occurs in fish in general, in the last phase of spermatogenesis (spermiogenic) 192 

a remarkable reduction in the cellular volume is observed. Based on the increasing nuclear 193 

compaction, round spermatids in jundiá catfish could be didactically classified in three 194 

different types called initial (E1), intermediate (E2) and final (E3) spermatids. 195 

 196 

BrdU labeling 197 

The most advanced labeled germ cells type following BrdU injection, after 198 

different periods, are shown in Figure 4. As it can be noted in this figure, these labeled 199 

cells were preleptotene spermatocytes (at one hour; Fig. 4A), pachytene spermatocytes 200 

(at 3 days; Fig. 4B), diplotene spermatocytes (at 5 days; Fig. 4C), spermatids (at 6 days; 201 

Fig. 4D), and spermatozoa in the tubular lumen (at 7 days; Fig. 4E). Figure 4F summarizes 202 

these findings. Based on these observations and in the temperature used (30°C), the 203 
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combined duration of meiotic and spermiogenic phases (from preleptotene to 204 

spermatozoa) in jundiá catfish could be estimated as lasting approximately 7 days. 205 

 206 

DISCUSSION 207 

Knowledge of the germ cell differentiation steps and the duration of 208 

spermatogenesis are very useful for understanding reproductive biology, in particular the 209 

functional and regulatory mechanisms of spermatogenesis and reproductive strategies 210 

(Nóbrega et al. 2009). Jundiá catfish cultivation have been steadily increasing in South 211 

America, particularly in southern Brazil (Baldisserotto and Radünz Neto 2004; Carneiro 212 

and Mikos 2005; Canton et al. 2007). However because several biological parameters for 213 

this species are not available, including those related to reproductive physiology, jundiá 214 

production is still far below its potential (Carneiro and Mikos 2005). Here, for the first 215 

time, we describe germ cell morphology and the duration of spermatogenesis for this 216 

species during the spawning season. As for most fish species, our results show that the 217 

combined duration of meiosis and spermiogenesis in jundiá catfish is very fast and lasts 218 

approximately one week.  219 

Although some specific molecular markers for fish germ cells have been described 220 

(reviewed by Lacerda et al. 2014; Ozaki et al. 2011; Bellaiche et al. 2014), these cells are 221 

mainly characterized by morphological criteria (Nóbrega et al. 2010; Uribe et al. 2015). 222 

Overall, the morphological characteristics of the different jundiá germ cell types are very 223 

similar to those observed for other teleost species already investigated (Grier 1981; 224 

Selman and Wallace 1986; Billard 1990; Le Gac and Loir 1999; Miura 1999; Grier and 225 

Neidig 2000; Leal et al. 2009; Schulz et al. 2010). Also, in jundiá catfish undifferentiated 226 

spermatogonia are the largest germ cells observed and a remarkable decrease in germ cell 227 

nuclear diameter was observed from type Aund spermatogonia to late type B 228 

spermatogonia, as well as from pachytene/diplotene to final spermatids. This trend is 229 

quite similar to other fish species investigated in this aspect (Almeida et al. 2008; Melo 230 

et al. 2014), including data obtained in our laboratory for tilapia (Schulz et al. 2005) and 231 

zebrafish (Leal et al. 2009).  232 

The literature shows that the jundiá is capable of adjusting to a wide range of 233 

environmental temperatures (Lermen et al. 2004). However, it has been found that in 234 

captivity conditions, this species presents a better development and higher growth rate in 235 

a temperature around 30°C (Andrews et al. 1972; Andrews and Stickney 1972; Gomes et 236 

al. 2000). In this condition, in the present study we found that the combined duration of 237 
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meiotic and spermiogenic phases of spermatogenesis was rather fast and lasted 238 

approximately one week. This value was similar to those found for other fish species 239 

investigated in our laboratory, such as the Nile tilapia kept in temperatures between 27°C 240 

and 30°C (Silva and Godinho 1983; Vilela et al. 2003) and zebrafish kept at 20°C 241 

(Nóbrega et al. 2010).  242 

Several environmental factors are known to influence fish sperm production and 243 

spermatogenesis (Alvarenga and França 2009; Schulz et al. 2010). However, temperature 244 

is one of the most prevalent environmental factors capable of affecting reproductive 245 

physiology of aquatic wildlife (Pankhurst and Munday 2011). For comparative purpose, 246 

a data compilation related to the duration of spermatogenesis (meiotic and spermiogenic 247 

phases) of several fish species kept at different temperatures is shown in Table 1. It is 248 

noteworthy that in cold-water fish exposed to lower temperatures (<10°C) (group A), the 249 

duration of spermatogenesis is much longer, lasting more than 4 weeks. On the other 250 

hand, in fish kept in temperatures ranging from 20 to 25°C (group B), the time period 251 

from the appearance of early spermatocytes to the formation of sperm is about 2 to 3 252 

weeks. At higher temperatures (27 to 30°C; group C), the time required to form 253 

spermatozoa, including the jundiá catfish investigated in the present study, is in the range 254 

of 1 to 2 weeks. Whereas, in temperatures around 35°C (ex: Nile tilapia; group D), the 255 

time required to form sperm is less than 1 week. Therefore, independent of the fish species 256 

considered, water temperature exerts a high influence on the spermatogenesis, either an 257 

acceleration or a delay in the process. A very clear illustration of this aspect are the data 258 

shown for zebrafish and Nile tilapia for which the duration of spermatogenesis changed 259 

according to the experimental temperature used. Taking advantage of this knowledge and 260 

showing a practical application of these findings, in order to deplete endogenous 261 

spermatogenesis before germ cells transplantation, in association with busulfan treatment, 262 

we experimentally manipulated (increased) the water temperature where tilapias and 263 

zebrafish were kept (Lacerda et al. 2006; Nóbrega et al. 2010). In these conditions, 264 

spermatogenesis was accelerated and the germ cells became more vulnerable to the 265 

antineoplastic drug used (Lacerda et al. 2006; Alvarenga et al. 2009).   These approaches 266 

were also used in other studies (Majhi et al. 2009; Majhi et al. 2014).  267 

Using Nile tilapia as an experimental fish model we also demonstrated that higher 268 

temperatures (30°C and 35°C) resulted in germ cell differentiation, as well as faster and 269 

larger sperm production (Alvarenga and França 2009). In contrast, lower temperature 270 

(20°C) triggered self-renewal of type A spermatogonia, Leydig cell and Sertoli cell 271 
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proliferation, apoptosis of more advanced germ cells, and arrest of spermatogenesis  272 

(Vilela et al. 2003; Alvarenga and França 2009). These findings again illustrate the effects 273 

of higher temperatures on the acceleration of spermatogenesis and provide some clues for 274 

reproductive strategies. However, it is interesting that there is a physiological limit for 275 

this acceleration. Because, in comparison to a water temperature of 30°C, in which only 276 

two days is enough to form sperm in zebrafish, the temperature of 35°C promotes 277 

spermatogenic arrest (Table 1) (Nóbrega et al. 2010), whereas such arrest in Nile tilapia 278 

occurs at a low temperature (20°C; Vilela et al. 2003). In mammals, that are 279 

homoeothermic, the duration of each phase of spermatogenesis (spermatogonial, meiotic 280 

and spermiogenic) is similar (reviewed by Bittman 2016), whereas in fish and amphibian 281 

the spermiogenic phase is much faster (Segatelli et al. 2009). Surely, in order to better 282 

understand the molecular mechanism involved in the determination of the germ cell pace 283 

of development during spermatogenesis, as well the role of temperature in this very 284 

important reproductive parameter in fish, more studies are necessary. 285 
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FIGURE LEGENDS 406 

 407 

Figure 1. Diagram showing the experimental timeline for BrdU injection in jundia 408 

Rhamdia quelen. The animals were sacrificed at 1 hour and at 3, 5, 6, and 7 days after 409 

BrdU injection. 410 

 411 

Figure 2. Different germ cell cysts observed during the progression of spermatogenesis 412 

in jundia Rhamdia quelen from a type A undifferentiated spermatogonium to late 413 

spermatids. Undifferentiated type A spermatogonium (Aund; pressumably stem cell) (A); 414 

type A differentiated spermatogonia (Adiff) (B); early type B spermatogonia (Bearly) 415 

(C); inetrmediate type B spermatogonia (Bint) (D); late type B spermatogonia (Blate) (E); 416 

primary spermatocytes (F-I) in preleptotene (Pl), in the transition from leptotene to 417 

zygotene (L/Z), pachytene (P), diplotene (D), and meiotic figures from the first (MI) and 418 

second (MII) meiotic division; secondary spermatocytes (SS) (J); spermatids (K–M) at 419 

the initial (E1), intermediate (E2), and final (E3) steps of development. Bars = 10 μm. 420 

 421 

Figure 3. Germ cell nuclear volume in jundia Rhamdia quelen. As it can be noted, type 422 

A undifferentiated spermatogonial cells (Aund) are the largest cell. During the 423 

progression of spermatogenesis, the germ cell nuclear volume shows a dramatic 424 

reduction. Aund, type A undifferentiated spermatogonia; Adif, type A differentiated 425 

spermatogonia; Bearly, early type B spermatogonia; Blate, late type B spermatogonia; Pl, 426 

preleptotene spermatocyte; L/Z, transition from leptotene to zygotene spermatocyte; P, 427 

pachytene spermatocyte; D, diplotene spermatocyte; S, secondary spermatocyte; E1, 428 

initial spermatids; E2, intermediate spermatids; E3, final spermatids. 429 

 430 

Figure 4. Most advanced labelled germ cell type observed at different time periods after 431 

BrdU injection Rhamdia quelen jundia kept at 30°C. The following labeled cells 432 

(arrowheads) were observed: (A) at 1 h, preleptotene spermatocytes; (B) at 3 days, 433 

pachytene spermatocyte; (C) at 5 days, secondary spermatocyte; (D) at 6 days, initial 434 

spermatids; (E) at 7 days, spermatozoa in the lumen of the seminiferous tubules.  The 435 

inset in (F) shows the kinetics of labelled germ cell progression during spermatogenesis. 436 

Black bars = 30 μm and White bars = 5 μm. 437 
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TABLE 440 

 441 

Table 1. Comparative duration of spermatogenesis in various fish species kept at different 442 

temperatures. 443 
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Figure 4 Click here to download Figure Figure 4.tif 
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Perspectivas  
 

O presente estudo teve como focos principais de investigação o transplante 

xenogênico de espermatogônias-tronco de jundiá adultos para tilápias sexualmente 

maduras e a estimativa da duração da espermatogênese em jundiás. Os resultados obtidos 

nos estudos envolvendo o transplante xenogênico demonstrou que que, diferentemente de 

mamíferos, os testículos de peixes apresentam grande plasticidade filogenética em 

relação aos fatores necessários para o suportar o desenvolvimento de espermatogênese 

exógena. Desta forma, estes achados nos permitem esperar que os espermatozoides de 

jundiá formados nos testículos de tilápia-nilótica sejam viáveis. Neste sentido, são 

necessários estudos sobre a biologia reprodutiva de fêmeas de jundiá, com o objetivo de 

se estabelecerem protocolos de indução da ovulação e, assim, otimizar os testes de 

viabilidade e fertilidade dos gametas obtidos após o transplante xenogênico.  

Ainda, o fato do jundiá ser uma espécie filogeneticamente muito próxima do jaú 

(Zungaro jahu) que está ameaçada de extinção e que não se reproduz em cativeiro (Alves, 

2006), também nos permitirá desenvolver futuros estudos usando o transplante 

xenogênico de espermatogônias-tronco como ferramenta. Neste sentido, como ambas 

espécies pertencem a família Pimelodidae, esperamos que o transplante de 

espermatogônias-tronco de jaú para o testículo de tilápia-nilótica também possa resultar 

na formação de espermatozoides eventualmente férteis, o que propiciaria a preservação 

desta importante espécie nativa.  

Quanto a duração da espermatogênese, a partir de estudos desenvolvidos em 

mamíferos usando a técnica do transplante de espermatogônias ficou demonstrado que a 

duração da espermatogênese, que é um evento espécie-específica, é controlada pelo 

genótipo das células germinativas. No entanto, em peixes, como a temperatura corporal 

é próxima da temperatura da água, a duração da espermatogênese é modulada por este 

93



importante parâmetro abiótico. O segundo artigo de nosso estudo mostrou que a duração 

conjunta das fases meiótica e espermiogênica da espermatogênese no jundiá é muito 

similar àquele observada na tilápia-nilótica mantida à 30°C. De modo interessante, apesar 

de estudos previamente desenvolvidos em nosso laboratório terem demonstrado que cerca 

de dois meses (9 semanas) são necessários para que ocorra a produção de espermatozoides 

após o transplante singênico em tilápias-nilótica, o tempo requerido para este evento após 

o transplante de células germinativas de jundiá para os testículos de tilápia-nilótica foi 

praticamente o dobro (17 semanas). Neste sentido, seria muito importante investigar os 

aspectos fisiológicos (fatores) envolvidos na adaptação e colonização de 

espermatogônias-tronco de jundiás no ambiente testicular (nicho espermatogonial) após 

o transplante. Com foco em particular nos fatores referentes a auto-

renovação/diferenciação das espermatogônias-tronco que estejam conservados ou não 

entre diferentes espécies. No nosso entendimento, se melhor compreendidos estes 

importantes aspectos poderão contribuir para maior eficiência do transplante xenogênico 

de espermatogônias-tronco em peixes.  
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7. CONCLUSÕES 
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Conclusões 

 

- A partir da padronização da técnica de transplante de espermatogônias-tronco utilizando 

o jundiá como doador e a tilápia-nilótica como receptora, demonstramos que o 

microambiente somático da gônada da tilápia-nilótica é capaz de permitir a colonização, 

proliferação e diferenciação de células-tronco espermatogoniais transplantadas.  

 

- Também mostramos o sucesso desta abordagem com a produção de espermatozoides 

após o transplante xenogênico entre espécies pertencentes à diferentes ordens 

taxonômicas. Este resultado sugere que em peixes as que células germinativas apresentam 

grande plasticidade para se adaptarem a um diferente ambiente somático.  

 

- Após a caracterização morfológica das células germinativas de jundiá, foi demonstrado 

que, à semelhança de outras espécies de peixes, drástica diminuição do volume nuclear 

das células germinativas durante a espermatogênese ocorre. Esta redução é observada 

principalmente entre as espermatogônias indiferenciadas e espermatogônias do tipo B, 

bem como entre diplótenos e espermátides finais. 

 

- As análises imunohistoquímicas do testículo de jundiá, feitas após a injeção de BrdU 

em diferentes intervalos de tempos, mostrou que a duração conjunta das fases meiótica e 

espermiogênica nesta espécie foi muito curta, requerendo cerca de 7 dias para a 

diferenciação de espermatócitos primários em espermatozoides. 
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In association with in vitro culture and transplantation, isolation of spermatogonial stem cells (SSCs) is an
excellent approach for investigating spermatogonial physiology in vertebrates. However, in fish, the lack
of SSC molecular markers represents a great limitation to identify/purify these cells, rendering it difficult
to apply several valuable biotechnologies in fish-farming. Herein, we describe potential molecular mark-
ers, which served to phenotypically characterize, cultivate and transplant Nile tilapia SSCs. Immunolocal-
ization revealed that Gfra1 is expressed exclusively in single type A undifferentiated spermatogonia
(Aund, presumptive SSCs). Likewise, the expression of Nanos2 protein was observed in Aund cells. How-
ever, Nanos2-positive spermatogonia have also been identified in cysts with two to eight germ cells that
encompass type A differentiated spermatogonia (Adiff). Moreover, we also established effective primary
culture conditions that allowed the Nile tilapia spermatogonia to expand their population for at least
one month while conserving their original undifferentiated (stemness) characteristics. The maintenance
of Aund spermatogonial phenotype was demonstrated by the expression of early germ cell specific mark-
ers and, more convincingly, by their ability to colonize and develop in the busulfan-treated adult Nile tila-
pia recipient testes after germ cell transplantation. In addition to advancing our knowledge on the
identity and physiology of fish SSCs, these findings provide the first step in establishing a system that will
allow fish SSCs expansion in vitro, representing an important progress towards the development of new
biotechnologies in aquaculture, including the possibility of producing transgenic fish.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Spermatogonial stem cells (SSCs) are the foundation of sper-
matogenesis and crucial for transmitting the genetic information
to the next generation. In addition, SSCs are unique stem cells that
can also be reprogrammed into pluripotent cells with the ability to
differentiate into somatic tissues (Conrad et al., 2008; Oatley and
Brinster, 2012; Thoma et al., 2011), rendering SSCs into a potential
substitute for embryonic stem cells (ES). Moreover, in combination
with transplantation techniques, SSCs could be powerful vectors
for modified genes (Honaramooz and Yang, 2010).

In mammals, several molecular markers (cell surface markers,
RNA-binding proteins, zinc finger proteins, cytokines, cell cycle
proteins and others) have been described in order to identify SSCs
and their early progeny (Reviewed by Kolasa et al., 2012 and Phil-
lips et al., 2010). Although most molecular mechanisms controlling
the onset of spermatogenesis have remained elusive, the roles of
some components of these pathways are now being elucidated.
For instance, in mice the growth factor GDNF (glial cell-line derived
neurotrophic factor) signal emanated from Sertoli cells and the
germ cell-intrinsic factor Nanos2 represent key regulators for the
maintenance and modulation of SSCs self-renewal (Hofmann
2008; Sada et al., 2009; Suzuki et al., 2009). GDNF acts in the testis
through a membrane receptor complex formed by the GDNF family
receptor alpha 1 (GFRA1) and the receptor tyrosine kinase RET,
both expressed in SSCs of different mammalian species (Gassei
et al., 2009, 2010; He et al., 2010; Hofmann et al., 2005), including
peccaries (Campos-Junior et al., 2012) and equids (Costa et al.,
2012) in studies developed in our laboratory. GFRA1 and RET mu-
tant mice have shown a similar spermatogenic phenotype to that
98
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of the GDNF-null mice, in which SSCs cannot maintain an undiffer-
entiated state that results in germ cell depletion (Buageaw et al.,
2005; Jijiwa et al., 2008; Naughton et al., 2006; Tokuda et al.,
2007). Nanos genes encode evolutionarily conserved zinc-finger
RNA-binding proteins that play important roles for germline stem
cell function (Draper et al., 2007; Jaruzelska et al., 2003; Mochizuki
et al., 2000; Wang and Lin 2004). In adult mouse testes, a hetero-
geneity is clearly observed in the undifferentiated spermatogonia
population and it has been proposed that GFRA1+Nanos2+ sperma-
togonia represents the stem cell population (Sada et al., 2012; Su-
zuki et al., 2009). Recently, it was demonstrated that GDNF
signaling is essential to maintain Nanos2 expression in murine
undifferentiated spermatogonia and that overexpression of Nanos2
can alleviate the stem cell loss phenotype caused by the depletion
of the Gfra1 gene. Therefore, Nanos2 is a possible target of GDNF
signaling to suppress differentiation of mice SSCs (Sada et al.,
2012).

Except for some investigations in which early spermatogonial
cells have been more accurately characterized by morphological
criteria (Lacerda et al., 2013; Nóbrega et al., 2010; Schulz et al.,
2010), in teleosts few studies have addressed a more comprehen-
sive phenotypic characterization of undifferentiated spermatogo-
nia. More specifically, microarray analysis of enriched rainbow
trout (Oncorhynchus mykiss) type A spermatogonia showed that
the receptor notch1 would be a useful molecular marker for this
cells (Yano et al., 2009). Also, the lymphocyte antigen 75 (Ly75/
CD205) was identified as a potential cell surface marker on sper-
matogonia in the Pacific bluefin tuna (Thunnus orientalis) and rain-
bow trout (Nagasawa et al., 2010, 2012). Within this context,
recently, the transcripts showing preferential expression in rain-
bow trout type A spermatogonia were isolated by microarray anal-
ysis (Hayashi et al., 2012).

As in mammals, to date germ cell transplantation represents the
only functional bioassay to retrospectively test the stemness of
putative SSCs in fish (Lacerda et al., 2012, 2013; Okutsu et al.,
2006; Takeuchi et al., 2004; Yoshizaki et al., 2012). Therefore, the
appropriate identification and isolation of fish SSCs is essential
not only for a high efficiency of spermatogonial transplantation
techniques, but also for the establishment of effective SSC culture
systems that would offer a better understanding of the prolifera-
tion, self-renewal and differentiation behavior of these very
important cells, as well as to develop valuable reproductive bio-
technologies in aquaculture. In this regard, aiming to develop
long-term culture conditions for propagating SSCs in vitro, as well
as to test their stemness using germ cell transplantation as a func-
tional approach, we investigated in the present study the expres-
sion of Gfra1 and Nanos2 in the testis of adult Nile tilapia.
2. Material and methods

2.1. Animals

Twenty-five sexually mature male Nile tilapia (Oreochromis nil-
oticus) were used in this study. The fish were obtained from the
commercial aquaculture station 3D Aqua Ltda (Morada Nova de
Minas, MG) located in the Southeast region of Brazil. All experi-
mental procedures used were conducted in accordance with the
guidelines approved by the local ethics committee on animal
experimentation – CETEA, UFMG (protocol # 89/2012).
2.2. SDS–PAGE and Western blotting

To qualitatively evaluate the presence of specific markers for
SSCs (Gfra1 and Nanos2) immunoblots were performed using total
protein lysates from Nile tilapia testes (n = 4). For this evaluation,
300 mg of testis parenchyma were immersed in PBS containing
protease inhibitors (SIGMAFAST™ Protease Inhibitor Tablets; Sig-
ma Aldrich’s Corp., St. Louis, MO, USA), and the tissues were sub-
mitted to ultrasonic homogenization. After sonication, the lysates
were centrifuged at 14,000g for 30 min. Supernatants were col-
lected, and then frozen at �80 �C. Protein samples were diluted
to 1:2 in a solution of 10% sodium dodecyl sulfate (SDS, Sigma Al-
drich), glycerol, 10% bromophenol blue in 0.5 M Tris buffer, pH 6.8,
and the samples were boiled for 5 min.

Denatured 12% SDS polyacrylamide mini-gels were prepared
and 20 lL samples were loaded into the wells. Protein molecular
weight markers (Thermo Fisher Scientific Inc.) were run parallel
to the samples. Electrophoresis was carried out at 100 Volts con-
stant voltage and separated proteins were then transferred onto
a 0.45 lm PVDF membrane for 60 min. The membranes were
blocked with 1% bovine serum albumin (BSA, Sigma Aldrich) in
PBS for 1 h at room temperature and then blotted with anti-GDNF
receptor alpha 1 antibody (Abcam, ab84106, 1:500), anti-Nanos2
antibody (Abcam, ab76568, 1:200) overnight at 4 �C. After incuba-
tion, the membranes were washed three times with PBS 0.05%
Tween-20 (PBS-T) solution and then incubated in biotinylated goat
anti-rabbit IgG antibody (Abcam, ab97049, 1:500) for 60 min. The
membranes were washed three times in PBS-T and incubated in
streptavidin-peroxidase solution (Thermo Scientific, TS-125-HR)
for 15 min. After washing, proteins were revealed with peroxidase
substrate 3, 30-diaminobenzidine (DAB, Sigma Aldrich), 4-cloro-
napthol and hydrogen peroxide (Sigma Aldrich) for 5 min and
washed in water. Finally, the membranes were scanned in
Epson Perfection 4990 photo scanner. Molecular weights of Nile
tilapia proteins were determined using SignalP 4.1 Server
(www.cbs.dtu.dk/services/SignalP) and ExPASy/ProtParam tool
(www.expasy.org/tools/protparam.html).

2.3. Immunostaining analyses

In order to evaluate the in situ expression of proteins analyzed
by Western blotting, we performed immunostaining using the
immunoperoxidase and immunofluorescence methods. Slides
were analyzed by light (BX-60 Olympus) and confocal (510 META
Laser Scanning Confocal, Zeiss) microscopy. The testicular samples
(n = 6) were fixed in 4% paraformaldehyde in PBS and embedded in
paraplast (Sigma Aldrich). Five micrometer thick serial sections
were obtained and used for the immunoperoxidase and immuno-
fluorescence reactions.

Tissue sections were immunostained using protocols specifi-
cally developed for each antigen and antibody dilutions previously
tested. After dewaxing and rehydration, antigen retrieval was per-
formed in 500 ml of citrate buffer (pH 6.0) for 5 min after boiling in
a microwave oven on high power (�1000 watts). Endogenous per-
oxidase was quenched for 30 min with 3% H2O2 (Vetec) in TBS.
Non-specific binding was blocked with 10% normal goat serum
(Sigma Aldrich) in TBS 1% BSA. The primary antibodies anti-GDNF
receptor alpha 1 (Abcam, ab84106, 1:200) and anti-Nanos2 (Ab-
cam, ab76568, 1:40) were applied to slides and incubated at 4 �C
overnight. Biotinylated anti-rabbit IgG antibody (Abcam,
ab97049, 1:200) was applied and incubated for 60 min. Detection
of the signal was performed by incubating the section in streptavi-
din-HRP for 15 min, followed by the reaction with DAB and count-
erstaining with hematoxylin (Merck). After dehydration, sections
were mounted and analyzed. For immunofluorescence, antigens
were detected by incubation with Alexa Fluor� 488 Donkey Anti-
Rabbit IgG (Invitrogen, 1:500) for 1 h at room temperature. After
nuclear counterstaining using propidium iodide (Sigma Aldrich),
sections were mounted with Mowiol 4–88 solution (Merck).

In order to quantify the percentage of Aund spermatogonia that
expressed Gfra1 receptor and Nanos2, 100 Aund cells were counted
99
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per animal (n = 4). Type A undifferentiated spermatogonia were
identified according to the criteria proposed by Schulz et al.,
(2010). The two-parameter analysis was tested for student’s T test.
The analyzes were performed using the GraphPad Prism (version 5)
software. All data were expressed as mean ± SD and the signifi-
cance level considered was p < 0.05.

2.4. Spermatogonia culture

Testes were removed from adult Nile tilapia (n = 5) and dissoci-
ated with collagenase, hyaluronidase and DNAse (Sigma Aldrich) in
Dulbecco Modified Eagle medium/Ham F-12 medium (DMEM/F12
medium; Gibco, Grand Island, NY, USA), and an enriched type A
spermatogonia cell suspension was obtained by percoll gradient
centrifugation and differential plating (�2 � 106 cells/testis)
according to methods previously established for this species (Lac-
erda et al., 2006, 2010). The cells were then plated on 1% gelatin-
coated dishes (Sigma Aldrich) and incubated at 28 �C in an atmo-
sphere of 5% CO2. For evaluation of the characteristics of testis cells
in culture, multi-well tissue culture plates were employed in order
to provide multiple samples of the same preparation for examina-
tion at several times after initiation of culture. Culture cells were
analyzed and documented in phase contrast and differential inter-
ference contrast (DIC) microscopy. The culture medium was
DMEM/F12 containing 4.5 g/L glucose buffered with 10 mM Na2-

HCO3 (pH 7.3) supplemented with 10,000 U/L penicillin, 10 mg/L
streptomycin, glutamine (2 mM), Na-pyruvate (1 mM), Na-selenite
(2 nM), nonessential amino acids solution (1%), 2-mercaptoethanol
(100 mM), insulin (25 lg/ml), apo-Transferrin bovine (100 lg/ml),
human recombinant basic fibroblast growth factor (10 ng/ml), hu-
man recombinant epidermal growth factor (100 ng/ml), fetal bo-
vine serum (10%, Gibco), KnockOut Serum Replacement (1%, Life
Technologies, Invitrogen), fish serum (1%) from adult Nile tilapia
(Hong and Schartl,1996), and tilapia embryo extract (extract from
one embryo/ml; Hong and Schartl,1996; Westerfield, 1995). Sup-
plements were purchased from Sigma Aldrich unless otherwise
indicated. The cells were replated using StemPro Accutase (Life
Technologies, Invitrogen).

For immunocytochemistry, cells were directly fixed with 4%
paraformaldehyde in culture dishes for 20 min. Subsequently, they
were incubated for 1 h in a blocking solution containing PBS, 5%
BSA, and 0.05% Triton-X-100 and then incubated overnight at
4 �C with primary antibodies: anti-DDX4/Vasa (Abcam, ab13840,
1:400) and anti-Oct4 (Abcam, ab18976, 1:100). Secondary Alexa
Fluor488 donkey anti-Rabbit IgG (Invitrogen, 1:500 was used for
fluorescent detection. Cell nuclei were counterstained with propi-
dium iodide.

In order to observe spermatogonia proliferation in vitro, after
10 days in culture, the cells were incubated for 30 h with 100 nM
of 5-bromo-20-deoxyuridine (BrdU, Sigma Aldrich) in culture med-
ium. Cells were detached, fixed by 70% methanol, and the pellets
obtained were embedded in plastic glycol methacrilate (Leica His-
toresin, Heidelberg, Germany). Immunocytochemical detection of
BrdU was performed with an anti-BrdU monoclonal antibody
(1:200, BD Biosciences, San Jose, CA), biotinylated anti-mouse IgG
secondary antibody and ABC Elite kit (1:200, Vector Laboratories,
Foster City, CA). Labeled spermatogonia were observed under a
light microscope.

For DNA ploidy analysis cells were collected after 30 days in
culture. Attached cells were harvested by trypsinization, and tes-
ticular cells dissociated from mature testes were used as reference.
Cells were fixed in cold 100% ethanol, incubated at 37 �C for 30 min
in PBS containing RNase A (100 lg/ml), sodium citrate (0,1%), Tri-
ton-X (0,05%) and propidium iodide (50 lg/ml) for DNA staining.
Data were acquired on flow cytometer FACScan (BD Biosciences)
and analyzed with the FlowJo software (Treestar).
2.5. Rt-pcr

Total RNA was isolated from 26 days-cultured cells using Trizol
Reagent according to the manufacturer’s protocol (Invitrogen Cor-
poration, Carlsbad, CA, USA). Following chloroform extraction, total
RNA was precipitated in 2-propanol, washed with 70% ethanol,
resuspended in nuclease-free water and used for cDNA synthesis.
RNA concentrations and purity were measured by spectrophotom-
etry (Nanodrop 1000, Peqlab). Total RNA isolated from mature Nile
tilapia testes (n = 2) were used as reference for the gene expression
pattern. cDNA was synthesized with oligo (dT) primer from total
RNA by using M-MuLV Reverse Transcriptase (Thermo Scientific).

Polymerase chain reaction amplification was performed with
the primers under the following conditions: 94 �C for 1 min,
annealing temperature for 1 min, and 72 �C for 1 min completing
a total of 30 cycles. The amount of cDNA per PCR reaction corre-
sponded to 100 ng of total RNA. Constitutively expressed 18SrRNA
was used as positive control. For negative control, reactions con-
tained PCR components and specific primers but lacked the cDNA
template. Oligonucleotide primers that have been used are listed
in Table 1.
2.6. Spermatogonial transplantation

The cultured spermatogonia were maintained for different peri-
ods of time and after 30 days in culture were transplanted to the
busulfan-treated Nile tilapia recipient testes (n = 4) (Lacerda
et al., 2006, 2010). Before transplantation into the testes of sexually
mature tilapia, spermatogonia cultivated for 30 days were isolated
using StemPro Accutase and then incubated with the fluorescent
membrane dye PKH26-GL (Sigma, St. Louis, MO), which served to
identify transplanted cells in the recipient testes. Thus, three
weeks after the first busulfan injection, recipient tilapias received
the cultivated donor spermatogonia through the common sper-
matic duct according to techniques previously established (Lacerda
et al., 2006, 2010). Following the germ cell transplantation, the re-
cipient tilapia was maintained for 3–4 weeks, and their testes were
then analyzed by confocal microscopy. Confocal images were ob-
tained using a 20x objective and 488 nm Argon laser. The ImageJ
(National Institutes of Health, http://rsb.info.nih.gov/ij/) software
was used for the image analysis. Laser power and acquisition set-
tings were adjusted to produce submaximal pixel values in the tes-
tis tissue. Background subtraction and contrast/brightness
enhancement (up to 20% enhancement using the maximum slider
in Image J) were identically performed for all the images in the
same experiment.
3. Results

3.1. Expression of Gfra1 in the adult Nile tilapia testis

To study Gfra1 expression we used a commercial antibody
developed against human GFRA1 peptide sequence that shows
similarities with predicted Nile tilapia Gdnf receptor alpha 1 pro-
tein (GenBank: XP_003438304.1). The human and Nile tilapia
Gfra1 amino acids sequence alignment is presented in Supplemen-
tary Fig. 1. In all fish investigated here, immunoreactivity of
anti-GFRA1, evaluated in histological serial sections, was found
exclusively in type Aund spermatogonia, which are large single cells
showing a large nucleus and a prominent nucleolus (Fig. 1A–I). As
it can be also evidenced in Fig. 1, early cysts of 2 to 8 spermatogo-
nial cells, comprising type A differentiated spermatogonia (Adiff),
did not show any evident labeling for Gfra1 (Fig. 1G–I‘). More ad-
vanced germ cells such as type B spermatogonia, spermatocytes,
spermatids and spermatozoa, as well as testicular somatic cells
100
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Table 1
Sequences of primers pairs (50-30) used for RT-PCR analysis.

Gene Database Forward primer Reverse primer Amplicon

vasa AB032467 CGATGAGATCTTGGTGGATGa CATGAGATCCCTGCCAGCAGAa 175 pb
sox2 EF431920 TCCTACTCCCAGCAAACCACb GCACGGTGCTCTGGTAGTGb 247 pb
gfra1 XM_003438256 AGGTTCCTCCCAAGCACAGTc CAAATTGCCTTGCCAGGAGAGc 800 pb
dmc1 AB182646 GAAGATGACTCTAGTTTCCAGGATGATGa GCAGAGATGGCAAACGTAGCCa 974 pb
18SrRNA AF497908 TGAAATTCTTGGACCGGCGCa CCAGACAAATCGCTCCACCAACa 407 pb

a Pfennig et al. (2012).
b Cnaani et al. (2007).
c Present work.
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including Sertoli and Leydig cells likewise did not show immuno-
reactivity. Immunofluorescent analysis of dissociated testicular
cells clearly demonstrated the expected membrane-associated
labeling of Gfra1 in the Nile tilapia Aund spermatogonia (Fig. 1J–
L), whereas other smaller testicular cells showed no staining
(Fig. 1J‘ and K‘). The specificity of the GFRA1 antibody to recognize
Nile tilapia Gfra1 protein was demonstrated by Western blot anal-
ysis using total lysates from adult testes. Therefore, the samples
containing testicular protein showed a predominant band at the
expected molecular weight (�50 kDa) of predicted tilapia Gfra1
protein (SignalP 4.1 Server and ExPASy/ProtParam) (Fig. 1M and
Supplementary Fig. 2). Quantitative analysis using morphological
criteria and Gfra1 immunolabeling showed that 96 ± 1.6 %
(p < 0.05) of Aund spermatogonia in the adult Nile tilapia testis were
Gfra1-positive (Fig. 1N).

Analysis of transverse sections from the Nile tilapia testis sub-
mitted to immunofluorescence and immunoperoxidase reactions
allowed us to observe that a high density of Gfra1-positive sper-
matogonial cells were present at the distal regions of the seminif-
erous tubules, near to the tunica albuginea (Fig. 1O–P). Although at
lower magnification these spermatogonial cells appeared as a
group of cells, in fact they were single cells individually enveloped
by Sertoli cells (Fig. 1O‘–P‘). Serial section images of distal regions
of seminiferous tubules showing detailed single Aund spermatogo-
nia enveloped by Sertoli cells are presented in Supplementary
Fig. 3.
3.2. Expression of Nanos2 in the adult Nile tilapia testis

To evaluate the Nanos2 protein distribution in the adult tilapia
testes we performed immunofluorescence and immunoperoxidase
analysis using a commercial antibody developed against an immu-
nogen sequence of human Nanos homolog 2 protein. Sequence
alignment of human and predicted Nile tilapia Nanos2 protein
(GenBank: XP_003439364.1) is shown in Supplementary Fig. 4. In
all fish investigated, using histological serial sections, immunore-
activity for anti-Nanos2 was frequently observed in clusters of sin-
gle type Aund spermatogonia located at the distal regions of the
seminiferous tubules, near to the tunica albuginea (Fig. 2A–C). Na-
nos2 expression was also found in single Aund cells situated along
the seminiferous tubules, set aside a certain distance from the tu-
nica albuginea (Fig. 2D–E). Besides that, we could also observe Na-
nos2 positive spermatogonia along the tubules in cysts with germ
cell clones of two (Fig. 2F), four (Fig. 2G) and eight spermatogonial
cells (Fig. 2H), but not in larger cysts. As it can be also observed in
Fig. 2 no evident labeling was found in more advanced germ cells
such as type B spermatogonia, spermatocytes, spermatids and
spermatozoa, or in somatic cells such as Sertoli and Leydig cells.
Using the Nanos2 antibody, Western blot analysis of Nile tilapia
testes lysates showed a predominant band of approximately
18 kDa, which corresponds to the expected size of this protein pre-
viously determined (SignalP 4.1,ProtParam) (Fig. 2J and Supple-
mentary Fig. 2). Quantitative analysis using morphological
criteria and Nanos2 immunolabeling indicated that 94.5 ± 1.5 %
(p < 0.05) of single Aund spermatogonia in the adult tilapia testis
were positive for Nanos2 (Fig. 2K).
3.3. Nile tilapia spermatogonia culture

Cells were harvested from adult tilapia testes and spermatogo-
nia were enriched from dissociated testicular cells suspension
using percoll gradient and differential plating (Lacerda et al.,
2010). After 12 h in culture, the non-adherent cells, which usually
form clumps (Fig. 3A), were seeded in gelatin-coated tissue culture
plates in the specific culture medium. Until 2 days in culture, these
cells were found to only barely attach to the gelatin-coated dish.
However, increased cell attachment was observed at day 3
(Fig. 3B), and most of the attached cells displayed strong staining
for DDX4/Vasa (Fig. 3C), a RNA helicase specifically expressed in
the germ cells lineage of large number of animal taxa (Supplemen-
tary Fig. 7) (Gustafson and Wessel, 2010; Fujimura et al., 2011).
DDX4/Vasa corresponding sequence alignment is presented in
Supplementary Fig. 5. Besides that, these cultured cells also ex-
pressed the transcription factor Pou5f1/Oct4 (Fig. 3D), a specific
pluripotency gene present in ES, ES-derived germ cells and primor-
dial germ cells (PGC) of mammals and fish (Hong et al., 2004; Sán-
chez-Sánchez et al., 2010; Wang et al., 2011; Onichtchouk 2012;
Takehashi et al., 2012, Froschauer et al., 2013) (Supplementary
Figs. 6 and 7). The remaining negative cells were heterogeneous
in morphology showing epithelioid and fibroblast-like appearance
(Fig. 3C and D). Validation of DDX4/Vasa and Oct4 antibodies is
shown in Supplementary Fig. 2. After 7 days (Fig. 3E), spermatogo-
nial cells actively proliferate as demonstrated by BrdU incorpora-
tion (Fig. 3F). The nuclear BrdU labeling revealed the perinuclear
chromatin distribution and a large nucleolus that is a typical char-
acteristic of fish early spermatogonial cells (Nóbrega et al., 2010;
Schulz et al., 2010). At ten days, tilapia spermatogonia continued
to propagate in vitro (Fig. 3G) and the immunostaining showed that
these cells retained the expression of the Gfra1 receptor (Fig. 3H),
as well as Nanos2 protein (Fig. 3I), which are potential good mark-
ers of Aund spermatogonial cells.

Because fish ES cells and spermatogonia are able to differentiate
in vitro by enhanced cell–cell interactions (Hong et al., 1996, 2004),
we kept the cells at high confluence, without subculture, in order
to investigate the tilapia spermatogonia behavior in our cultivation
system. Therefore, at 26 days of culture in high confluence, tilapia
spermatogonia generated large colonies as shown in Fig. 4A and C.
To further analyze the identity of the colony-forming cells we
investigated the presence of the vasa, sox2, gfra1 and dmc1 gene
transcripts in these groups of cells. Similar to vasa, the gene sox2
is expressed in tilapia germ cells from spermatogonia to spermat-
ocytes (Kobayashi et al., 2002; Pfennig et al., 2012), whereas dmc1
is exclusively expressed in meiotic cells (Kajiura-Kobayashi et al.,
2005). RT-PCR analysis confirmed that cultivated cells transcribed
the germ line-specific genes vasa, sox2 and the gfra1 gene, but not
the meiotic marker dmc1 (Fig. 4B). Similar expression patterns of
101



Fig. 1. Immunohistochemical localization of Gfra1 protein-positive spermatogonial cells in the adult Nile tilapia testis. (A–I) Gfra1 protein is detected in single type Aund

spermatogonial cells that are morphologically characterized as larger cells showing a large nucleus and a prominent nucleolus (black arrowhead). In contrast, Gfra1
immunoreactivity was not detected in cysts of type A differentiated spermatogonia (Adiff; red arrowhead in G–I). Figure I0 shows at higher magnification a Gfra1-negative Adiff

cyst containing 2-cells. Similar to Adiff, type B spermatogonia (SpgB), spermatocytes (Spc), spermatids (Spt) and spermatozoa (Sptz), as well as somatic cells such as Sertoli (Sc)
and Leydig cells (Lc), did not show any evident labeling. Gfra1-negative Aund spermatogonia are rarely observed and a negative control is shown in F‘ (arrowhead). J–L and J‘–L‘
represent respectively bright field and fluorescent microscopy images. In these figures, immunofluorescence staining of isolated testicular cell evidencing the membrane-
associated labeling of Gfra1 receptor in the Nile tilapia Aund spermatogonia is observed (large white arrowhead), whereas other smaller testicular cells show no staining (small
arrowhead). (M) The suitability of GFRA1 antidody to recognize the Nile tilapia relative protein (molecular weight: �50 kDa) in the adult testes evaluated was validated
through immunoblotting analyses. (N) Quantitative analysis demonstrated that over 95% of Aund spermatogonia are Gfra1-positive cells in the Nile tilapia testis (⁄p < 0.05).
(O–P) Transversal (dorsoventral) sections of the Nile tilapia testis show that a high density of individual Gfra1-positive spermatogonial cells (arrowhead and white circle in Ṕ)
is found at the distal region of the seminiferous tubules, near to the tunica albuginea (TA). The insert at higher magnification in O‘ shows that each individual Gfra1-positive
cell (arrowhead) is enveloped by Sertoli cells (Sc). Green labeling indicates the Gfra1/Alexa Fluor488, whereas red denotes the propidium iodite. Bar:10 lm in A–L‘ and O‘–P‘;
and 50 lm in O–P.

S.M. Santos Nassif Lacerda et al. / General and Comparative Endocrinology 192 (2013) 95–106 99

102



Fig. 2. Immunohistochemical localization of Nanos2 protein-positive spermatogonial cells in the adult Nile tilapia testis. (A and B) Immunoreactivity of anti-Nanos2 is
frequently found in clusters of single type Aund spermatogonia (arrowheads) located near to the tunica albuginea (TA) either through immunoperoxidase (A) or
immunofluorescence (B) reactions. Figure C is a representation at higher magnification of Figure A showing that each individual Nanos2-positive cell is enveloped by Sertoli
cells (Sc). (D-I) Nanos2-positive spermatogonia (arrowheads) can also be observed along the seminiferous tubules as single cells (Aund; D and E), as well as in cysts of 2 (Adiff;
F), 4 (Adiff; G) and 8-cells (Adiff; H-I). The insert in G0 illustrates at higher magnification a cyst of Adiff spermatogonia that did not express Nanos2 protein. All type B
spermatogonia (SpgB; H and I), spermatocytes (Spc; D-F), spermatids (Spt; D and H), spermatozoa (Sptz; G), Sertoli cells (SC; D, E and H) and Leydig cells (LC; F) did not show
any evident labeling. A negative control is shown in I0 . (J) The specific expression of the Nanos2 protein (�18 kDa) in the testis of two adult Nile tilapia was confirmed by
immunoblotting. (K) Quantitative analysis demonstrated that almost 95% of Aund spermatogonia in the Nile tilapia testis are Nanos2-positive cells (⁄p < 0.05). Bar: 50 lm in A;
and 10 lm in B-I‘.
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mRNAs in adult testis strongly suggested that tilapia spermatogo-
nial population was able to expand in vitro while conserving their
original characteristics. Using immunofluorescence labeling we
could observe in situ that at 30 days of culture the cells present
in the colony also expressed Gfra1 protein (Fig. 4D). Thus, we could
assume that the colony-forming cells contained tilapia Aund sper-
matogonial cells.

In order to exclude eventual chromosomal changes, which are
indicative of cell transformation, we further evaluated herein the
DNA content of 30 days-cultivated cells, which also allow us to ob-
serve the germ cells progression through spermatogenesis. As a
control, fresh dissociated adult testicular cells were used and the
flow cytometry histogram displayed three peaks corresponding
to haploid (c), diploid (2c) and tetraploid (4c) DNA content
(Fig. 4E). In comparison to fresh dissociated cells, we found that
the DNA content pattern of cultivated spermatogonia remained
relatively unchanged once both histograms showed similar values
of mean fluorescence intensity (x-axis; Fig. 4F). In addition, as ex-
pected for diploid cells in active proliferation, 30 days-cultivated
cells exhibited prominent peaks of diploid (2c) and S-phase frac-
tion (S), besides a modest tetraploid (4c) DNA content (Fig. 4F).
Thus, we conclude that tilapia Aund cells remained euploid for at
least 30 days under culture conditions and did not differentiate
or formed haploid cells.
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Fig. 3. Evaluation of cultured Nile tilapia spermatogonial cells. (A) After differential plating within 12 h in pre-culture to deplete testicular somatic cells, that firmly attach to
the culture dishes (white arrowhead), germ cells remain in suspension and tend to form clumps (black arrowhead). (B) Germ cells attachment to the dish initiated within
3 days. Most of the attached cells are Vasa-positive (C; in green) and also express Pou5f1 (D; in pink). The remaining negative cells exhibit epithelioid and fibroblast-like
appearance (C, D; white arrowhead). (E) At 7 days of culture, spermatogonial cells actively proliferate, as evidenced by cells confluence and BrdU incorporation (F;
arrowhead). The insert in F shows the pattern of the nuclear BrdU-labeled chromatin distribution in two proliferating spermatogonia. (G) After 10 days of culture, attaching
spermatogonia retain the expression of Gfra1 (H; in green) and Nanos2 (I; in green) proteins as demonstrated by fluorescent and brightfield DIC merged images (Figure H and
I). The cell nuclei are stained with propidium iodite (PI; in red). Inserts in H and I show phase contrast images of 10 days-cultured cells evidencing the morphological details of
Gfra1 and Nanos2-positive spermatogonia, which are not clearly observed in DIC images. Bar: 100 lm in A; and 20 lm in B–I.

Fig. 4. Maintenance and propagation of the Nile tilapia spermatogonia in vitro. (A) At 26 days of culture, under high confluence, tilapia spermatogonia form large colonies
(arrowhead). (B) Gene expression pattern evaluated by RT-PCR in the adult Nile tilapia testis and in colony-forming cells (Cf cells). As it can be observed, in comparison to the
adult testis, cultivated cells expressed vasa, sox2 and gfra1 genes, but not the meiotic marker dmc1. 18Sr mRNA is used as internal control for RT-PCR amplification, whereas
the H2O lane represents a negative control containing no cDNA template. (C and D) At 30 days of culture, immunofluorescence labeling shows that the cells present in the
colony (C) expressed the Aund spermatogonia marker Gfra1 (D, in green) and that their nuclei are stained with propidium iodite (PI; in red). (E and F) Flow cytometry analysis
of DNA content of the adult (E) and 30 days-cultured (F) testicular cells. In addition to diploid and tetraploid peaks (F; 2c and 4c), adult testicular cells histogram show a
prominent haploid peak (E; c). After 30 days in culture, tilapia spermatogonial cells apparently maintain their identity (ploidy) as well as their proliferation pattern, showing
diploid (F; 2c) and tetraploid peaks (F; 4c). The S-phase of the cell cycle (S) is observed in both histograms. Bar: 60 lm.
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3.4. Transplantation of cultivated spermatogonia

Fish SSCs are only retrospectively identified by their activity to
colonize recipient seminiferous tubules after germ cell transplan-
tation. We previously established in our laboratory all the neces-
sary techniques for spermatogonial transplantation in the adult
Nile tilapia and demonstrated that transplanted SSCs were able
to colonize, proliferate and produce functional sperm in the recipi-
ent tilapia testes (Lacerda et al., 2010). Taking advantage of this
system, we examined whether Gfra1-positive cultured spermato-
gonia maintained their ability to colonize the recipient tilapia go-
nads. Thus, these cells were maintained under optimized
conditions for at least 1 month, labeled with the PKH26 fluorescent
dye (Fig. 5A–C) in order to trace them in the recipients and subse-
quently transplanted into de testis of adult busulfan-treated recipi-
ent fish (Fig. 5D). Three (Fig. 5E and G) to four weeks (Fig. 5I and K)
after transplantation, evaluation of the testes in toto revealed that
Fig. 5. Isolation and transplantation of 30 days-cultured Aund spermatogonia in the adult
was labeled with PKH26 fluorescent dye (B; in red) that, as shown in the histogram (C), re
blue depicting the negative control (non-labeled cells). (D) Schematic drawing illustrating
into the testis of busulfan-treated adult Nile tilapia. (E, G, I, K) Merged brightfield an
transplantation, where Aund cultured spermatogonia were able to colonize the recipient
of cells (arrow) in the recipient seminiferous tubules of transplanted tilapia. (F, H, J, L) M
fluorescent cells were present in the seminiferous tubules of non-transplanted testes. B
PKH26-positive cultured SSCs were incorporated into the recipi-
ents gonads. Therefore, many clusters/colonies of fluorescent-posi-
tive cells were observed in the seminiferous tubules of all
transplanted tilapias (Fig. 5E, G, I, K), but not in the gonads of
non-transplanted ones (Fig. 5F, H, J, L). We also observed that the
quantity of donor cells present in the fluorescent clusters/colonies
increased from three to four weeks post-transplantation, indicating
therefore the functional viability of the transplanted SSCs to sur-
vive, colonize and proliferate in the recipient testes.

4. Discussion

The lack of SSC molecular markers and the small number of
SSCs in the testis have been a great hurdle to identify or purify SSCs
in fish. Therefore, to date the SSCs biology in this group of verte-
brate is poorly known and the promising applications of SSCs in
several valuable biotechnologies involving fish production are
Nile tilapia recipient testis. The isolated spermatogonial cells (A) plasma membrane
presented almost 92% of the cells (shown in green line) in comparison to the peak in
the transplantation procedure by which cultured Aund spermatogonia were injected

d fluorescent images of a recipient testis 3 weeks (E–G) and 4 weeks (I–K) post-
gonad, as demonstrated by the presence of several PKH26-positive clusters/colonies

erged brightfield and fluorescent images of non-transplanted Nile tilapia testis. No
ar: 60 lm in A and B; and 100 lm in E–L.
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Fig. 6. Illustration of Gfra1 and Nanos2 protein expression in the different types of spermatogonial cells in the Nile tilapia testis. As it can be noticed, the expression of Gfra1
(in red) is restricted to single Aund spermatogonia (Aund1 and Aund2) that contain the spermatogonial stem cell population, which supposedly present the capacity of self-
renewing (curved arrow) or differentiation (straight arrow). Although Nanos2 (in green) is observed in both single Aund spermatogonia, its expression is also found in type A
differentiated spermatogonia (Adiff) that form clones/cysts of 2–8 germ cells. Nanos2 expression is no longer observed after the type Adiff divide to give rise to type B
spermatogonia (Bearly). However, it is not yet known whether the Nile tilapia Adiff spermatogonia (2 to 8-cell clones) possess the ability to dedifferentiate (?; long arrows) and
become single cells with stemness capacity.
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not yet well explored. In the present study we report the establish-
ment of reliable markers for single type A undifferentiated sperma-
togonia in the Nile tilapia, the Gfra1 receptor, as well as another
useful marker for early spermatogonia, the protein Nanos2. Our
data also demonstrate the development of effective culture condi-
tions for the propagation of the Nile tilapia Aund spermatogonia for
at least 1 month. The spermatogonial identity in culture was char-
acterized by several evidences that included the Aund spermatogo-
nial phenotype, expression of germ cell markers and, more
convincingly, the ability of these cells to colonize the recipient tes-
tis when transplanted into the adult Nile tilapia.

The GFRA1 membrane receptor is considered one of the most
useful markers of Aund cells in mammals (Hofmann et al., 2005)
and its expression on these germ cells was already described in
mice (Baloh et al., 2000; Dettin et al., 2003; Hofmann et al.,
2005; Jing et al., 1996; Von Schönfeldt et al., 2004), rats (Gassei
et al., 2009), hamster (Sato et al., 2011), pigs (Kuijk et al., 2009),
domestic cats (Powell et al., 2012; Silva et al., 2012), peccaries
(Campos-Junior et al., 2012), equids (Costa et al., 2012), rhesus
monkeys (Gassei et al., 2010; Hermann et al., 2010) and humans
(Gassei et al., 2010, He et al., 2012). Different from fish, in which
Aund spermatogonia are characterized as single cells surrounded
by Sertoli cells (Leal et al., 2009; Nóbrega et al., 2010; Schulz
et al., 2010), in most investigated mammalian species Aund sperma-
togonia correspond to a group of cells comprising A single (As), A
paired (Apr) and A aligned (Aal) spermatogonia, the latter usually
being clones of 4, 8, or 16 cells (De Rooij and Russell, 2000).
Although in mammals GFRA1 expression is observed in all Aund

spermatogonial types, its expression gradually decreases in mice
as spermatogonial clones become larger (Nakagawa et al., 2010;
Suzuki et al., 2009). In the present investigation, even using histo-
logical serial sections, we could not observe cysts of 2 or more
spermatogonial cells immunolabeled for Gfra1, but rather single
cells (Aund) were found to express Gfra1 exclusively in the testis
of adult Nile tilapia, contrasting therefore with the expression pat-
tern observed in mammals. Also, single Aund spermatogonia do not
uniformly express Gfra1 in the Nile tilapia testis. We still do not
know the functional significance of this finding. However, Gfra1-
negative Aund spermatogonia are less abundant, accounting for
only about 4% of the total number of Aund spermatogonia. In ro-
dents, morphometric analysis demonstrated that about 10% of As

spermatogonia did not express GFRA1 but were able to form
colonies after germ cell transplantation assays (Grisanti et al.,
2009). So, it remains controversial as to whether the heterogeneous
expression of markers in spermatogonia in fact reflects different
temporal stage (e.g. phases of cell cycle) within a functionally
homogenous cellular population and not functionally distinct pop-
ulations (Izadyar et al., 2002; Lok et al., 1982; Schulz et al., 2010).

It is currently widely accepted that As spermatogonia represents
the actual SSC population in mammalian testes (Yoshida et al.,
2007; Oatley et al., 2011). Considering this aspect, we could spec-
ulate that Gfra1-positive spermatogonia, or at least a large fraction
of this population, represent the SSCs in the adult Nile tilapia testis.
While the expression of other candidate molecules has been re-
ported in fish, including Ly75 (Nagasawa et al., 2010, 2012), Notch1
(Yano et al., 2009), Plzf (Ozaki et al., 2011), Pou5f1 (Sanchez-San-
chez et al., 2010) and SGSA-1 (Kobayashi et al., 1998), to our
knowledge Gfra1 represents the first described molecular marker
to distinguish Aund cell from other progenitor spermatogonia in
the teleost testis. Therefore, since Gfra1 receptor is a selective sur-
face marker it might be feasible to employ it as molecular target in
immunomagnetic or immunofluorescent based cell sorting in order
to isolate or obtain enriched Aund spermatogonia population in Nile
tilapia or other fish species.

Nanos2 is a key stem cell regulator that is expressed in self-
renewing SSCs and maintains the stem cell state during murine
spermatogenesis (Sada et al., 2009; Suzuki et al., 2009). The
GDNF/GFRA1 signaling pathway is one of the candidates to induce
or maintain Nanos2 expression in the mouse testis (Sada et al.,
2012). In fish, Nanos2 protein has been previously demonstrated
in zebrafish PGCs at early stages of sex differentiation (Beer and
Draper, 2012) and in medaka (Oryzias latipes) spermatogonia and
oogonia (Aoki et al., 2009). Similar to the pattern observed in ro-
dents in which As to Aal undifferentiated spermatogonia are Na-
nos2-positive (Sada et al., 2009, 2012; Barrios et al., 2010; Suzuki
et al., 2009), in the testis of the adult Nile tilapia Nanos2 was found
to be expressed in both type Aund and Adiff spermatogonia up to the
8-cell clone. Using double immunostaining, a previous study
showed that in mouse about two-thirds of Nanos2-positive As to
Aal cells co-expressed GFRA1. However, all of the GFRA1-positive
cells were also Nanos2-positive (Suzuki et al., 2009). Although
we did not perform this kind of analysis in the present investiga-
tion, based on the high percentage of Gfra1-positive (�96%) and
Nanos2-positive (�94%) single Aund observed here, we could
106



104 S.M. Santos Nassif Lacerda et al. / General and Comparative Endocrinology 192 (2013) 95–106
expect that, similar to mice, in the Nile tilapia testis most if not all
of the Gfra1-positive spermatogonia were also Nanos2-positive.
Interestingly, since we detected Gfra1 expression only in single
Aund cells and Nanos2 expression in Aund and Adiff cells, the per-
centage of spermatogonia co-expressing these markers in the Nile
tilapia testis was probably lower than that observed in mice. How-
ever, as shown in the Gfra1-knockout mice testis (Sada et al., 2012),
we could speculate that in the Nile tilapia Nanos2 could also re-
press differentiation of both Gfra1-positive cells and cells that have
lost Gfra1 expression (Adiff 2 to 8-cell clones) during initial sper-
matogonial divisions (see below in Fig. 6).

Recently, it was demonstrated that undifferentiated murine
spermatogonia, from As to Aal8 (8-cell clones), maintain their stem-
ness status, being able to differentiate into subsequent spermato-
gonial cells (A1) or becoming a new As by fragmentation of the
spermatogonial clone (Nakagawa et al., 2010). Considering that
in the murine spermatogenic stem cell compartment Apr to Aal8

show reversibility and potential stemness capacity, it would be
of great value to investigate if in Nile tilapia Adiff spermatogonia
(2 to 8-cell clones), Nanos2-positive cells show such a reversibility
as well, or if they are definitely committed to differentiation. Based
on the results found here, Fig. 6 summarizes the expression pattern
of the two proteins evaluated in the Nile tilapia spermatogonial
cells.

In the present study we also developed functional in vitro cul-
ture conditions for supporting the survival, mitotic activity and
self-renew of tilapia Aund spermatogonia. So far, the basic tech-
niques for the long-term in vitro culture of spermatogonia have
been established only for zebrafish (Kawasaki et al., 2012), rainbow
trout (Shikina et al., 2008; Shikina and Yoshizaki, 2010) and meda-
ka (Hong et al., 2004). Indicating the maintenance of the undiffer-
entiated status of the spermatogonial cells, we observed that after
26 days of culture and under high confluence the Nile tilapia sper-
matogonia formed large colonies of Gfra1-positive cells. In
contrast, at full confluence without subculture, medaka spermato-
gonial cells underwent meiosis and spermiogenesis, generating
motile sperm in vitro (Hong et al., 2004). Similar to zebrafish and
mammalian spermatogonial culture systems (Aponte et al., 2008;
Kala et al., 2012; Kawasaki et al., 2012; Mirzapour et al., 2012;
van der Wee et al., 2001), some testicular somatic cells derived
from dissociated testicular cells could be observed in our culture
system, acting as a feeder layer for tilapia Aund spermatogonia.
Although we have observed Gfra1 receptor expression in cultured
spermatogonia in different time periods, the recombinant mam-
malian growth factor GDNF was not used as a supplement in our
culture medium. Shikina and Yoshizaki (2010) have previously re-
ported no effect of rat GDNF or rat GFRA1-Fc fusion protein on the
proliferation of rainbow trout type A spermatogonia, whereas re-
combinant human GDNF was shown to enhance zebrafish sperma-
togonia proliferation in vitro. However, in comparison to mouse
SSC cultures, a 5- to 10-fold higher concentration of this growth
factor was used for zebrafish cells (Kawasaki et al., 2012). Surely,
this important aspect deserves a better investigation in our culture
system in future studies.

It is widely accepted that only SSCs are able to colonize the
available niches and re-establish spermatogenesis in the recipient
testis. Therefore, germ cell transplantation provides a functional
approach to study the stem cell niche in the testis and to unequiv-
ocally detect SSCs (Nagano et al., 2013; Tang et al., 2012). Using
germ cell transplantation assay, we demonstrated that the Nile
tilapia Aund spermatogonia, maintained for at least 1 month in cul-
ture, were able to colonize busulfan-depleted seminiferous tubules
of recipient fish. While further studies are still necessary to
determine whether normal sperm and offspring can be obtained
from cultured cells, the wide spread of PHK26-positive colonies/
clusters observed 3–4 weeks after transplantation functionally
demonstrate the regenerative capacity of cultured Aund spermato-
gonia, which also suggest their stemness potencial.

Based on our findings, it is reasonable to assume that important
aspects related to SSCs physiology are phylogenetically conserved
among vertebrates, or at least in teleosts and mammals. However,
further investigations are still required to determine if any differ-
ences from patterns already known in mammals do exist, which
would allow discovering potentially novel (fish specific?) signaling
pathways. Despite that, besides providing a better knowledge of
fish SSCs biology, the findings reported here represent crucial steps
for the progress toward the development of new biotechnologies in
fish production. Therefore, we expect that these results will be
valuable tools furthering the development of better methods for
in vitro SSCs expansion, which represent an important prerequisite
for SSC-based genetic manipulations in fish.
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Carboxi-functionalized multiwall carbon nanotubes (fMWCNTs),

when complexed with DNA, can promote gene delivery to Nile tilapia

spermatogonial stem cells with higher transfection efficiency than

cationic lipids or electroporation, causing also less cell death.
Studies on gene transfer to sh cells have been made since the
80s (ref. 1) using different techniques such as electroporation,2

proteins conjugated to polyamine,3 cationic lipids,4 microin-
jection of newly fertilized eggs,5 among others. However,
despite signicant and recent progress, frequently, these
methods have shown limited success due to technical difficul-
ties, resulting in a low rate of transfection and consequently
high cost. With the aim of nding different gene delivery
systems to deliver genes or plasmids to cells, alternative gene
carriers have been developed.6–8 Among them, are the func-
tionalized carbon nanotubes whose potential as gene transfer
vectors has been explored and generated promising results.9–12

However, this important ability of carbon nanotubes has not yet
been evaluated in sh cells.

When it comes to sh cells, spermatogonial stem cells (SSCs)
are noteworthy. Because of its unique ability to transmit genetic
information to offspring through the male gamete, the genetic
modication of SSC represents an excellent alternative strategy
to produce transgenic animals, particularly if we consider that
usually a single spermatogonial stem cell gives rise to several
hundred sperm.13 Fish production through transgenic tech-
niques offers many potential economic advantages for
commercial aquaculture production, including introduction of
oratory, Department of Biochemistry and

erais, Bloco N4 112, Av Antônio Carlos,

mail: rrresende@hotmail.com

orphology, Federal University of Minas

hysics and Center of Microscopy, Federal

Brazil

tion (ESI) available. See DOI:

hemistry 2014
new or novel traits and increased response to selection for faster
growth.

Here, we report for the rst time the use of carboxi-
functionalized multiwall carbon nanotubes (fMWCNTs) to
transfect Nile tilapia (Oreochromis niloticus) SSCs, achieving
higher transcription level of transgene and less cell death when
compared to cationic lipids (Lipofectamine 2000® – Life Tech-
nologies) and electroporation, conventional methods to
perform the gene delivery.

MWCNTs (Fig. 1a and 2a) were produced by the chemical
vapor deposition method (CVD) using cobalt and iron as
Fig. 1 (a) Field Emission Gun Scanning Electron Microscopy (FEG-
SEM) image of MWCNTs. (b) FEG-SEM image of fMWCNTs. (c) Raman
spectra obtained for nanotubes (fMWCNTs), and the complex
(fMWCNT-DNA). The G band downshift induced by the complex
formation is highlighted.

RSC Adv., 2014, 4, 37985–37987 | 37985111
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Fig. 2 (a) Transmission Electron Microscopy (TEM) image of MWCNT.
(b) fMWCNT. (c) Lipofectamine 2000®.

Fig. 3 Fluorescencemicroscopy images of SSCs culture; (a) control; (b)
DNA 20 nM and no vehicle; (c) fMWCNTs; (d) fMWCNTs + DNA 20 nM;
(e) electroporation; (f) electroporation + DNA 20 nM; (g) Lipofectamine
2000®; (h) Lipofectamine 2000® + DNA 20 nM. Bar ¼ 50 mm.

Fig. 4 Dead and living cells percentage obtained through flow
cytometry for the different methods of gene delivery tested (asterisk,
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catalysts, and ethylene as the carbon source. Subsequently,
carbon nanotubes underwent acid treatment to remove impu-
rities, catalyst and amorphous materials. They were function-
alized through oxidation in nitric/sulfuric acid14,15 for 15
minutes, using microwaves. The fMWCNTs were then washed
in neutral pH, and dried. Carboxyl group functionalization of
MWCNTs was conrmed by FT-NIR (Fourier Transform Near-
Infrared spectroscopy). The CNTs had an average length of
200 nm, and an average outer diameter of 25 nm; through
thermal analysis of fMWCNTs it was determined the weight loss
related to carboxylic function: 6.36%.

The plasmid DNA (6121 pb – 20 nM) containing the endog-
enous O. niloticus b-actin promoter, and the gene of AmCyan1
uorescent protein was conjugated to the fMWCNT (Fig. 1b and
2b) (0.25 mg mL�1) through ultrasonic bath (25 kHz, 100 W for
30 minutes). The attachment was conrmed through resonant
Raman spectroscopy assisted by optical microscopy (Fig. 1c).
The complex fMWCNT-DNA formation induced a downshi (at
�8 cm�1) of the tangential G band (localized at �1580 cm�1).
This behavior is essentially attributed to the charge transfer
between the oxygen atoms on the surface of the fMWCNTs and
the electron donating groups present in the DNA, such as amine
groups.16

The complex fMWCNT-DNA was added to primary culture of
Nile tilapia SSCs (106 cell per dish) obtained by density gradient
centrifugation and differential plating.17 The gene delivery was
also performed by Lipofectamine 2000® (Fig. 2c) and electro-
poration (225 V and 50 mF). Cells were then incubated for 24
hours at 28 �C and 5% CO2. Aer this period, internalization of
plasmid DNA into cells and induction of transgene expression
were accessed by uorescence microscopy (Fig. 3), and cells
viability through ow cytometry (Fig. 4) using the Annexin-V-
FLUOS staining kit (Roche).
37986 | RSC Adv., 2014, 4, 37985–37987
The cyan uorescence in SSCs was observed for all
techniques/vehicles of gene delivery investigated (Fig. 3d, f and
h), and in the absence of plasmid DNA no uorescence was
p < 0.05, t test).

This journal is © The Royal Society of Chemistry 2014112
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Fig. 5 Dosage of transgene's expression by qPCR. The values corre-
spond to expression of AmCyan1 mRNA in relation to b-actin's in Nile
SSCs using different methods of transfection (asterisk, p < 0.05, t test).
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detected for these techniques (Fig. 3c, e and g). As expected,
when only the DNA (20 nM), without any delivery vehicle, was
added to SSCs culture (Fig. 3b) it did not induced AmCyan1
expression, showing therefore no passive incorporation of
plasmids by the sh cells.

Cell death rate observed in transfection using fMWCNTs was
signicantly lower compared to those in which Lipofectamine
or electroporation were applied to gene delivery. These results
indicate that fMWCNTs have low cytotoxic effect on Nile tilapia
SSCs at the concentration used. Similarly to results obtained for
zebrash neurons,18 higher cytotoxicity was induced by
electroporation.

SSCs RNA were extracted with TRIzol® reagent (Life) and
underwent RT-PCR using oligodT primer. To access transcrip-
tion level of AmCyan1 uorescent protein, q-PCR (Fig. 5) was
performed using the cDNA generated, and primers: for the
housekeeping gene b-actin (FWD-CGGTATGGAGTCTTGTGGTA
TC; REV-AGCACAGTGTTGGCGTATAA) and for the AmCyan1
gene (FWD-TTCGAGAAGATGACCGTGTG; REV-AGGTGTG GAAC
TGGCATCTGTA).

Our experimental data revealed that the transcription level of
AmCyan1 gene is higher when the gene delivery is performed
using the fMWCNT. This expression was 2.1 (�0.1) fold higher
than the b-actin and also signicantly superior to the expression
achieved by electroporation or Lipofectamine. In zebrash
broblasts, low efficiency of transgene expression was previ-
ously observed using Lipofectamine. This limitation could be
due to intracellular barriers as, for example, poor endocytosis.19
Conclusions

In conclusion, we reported for the rst time success in the use of
carbon nanotubes to perform the gene delivery to a sh cell. The
fMWCNTs were able to transfect the Nile tilapia SSCs inducing
low cytotoxicity. Cell death percentage obtained was lower than
those observed for electroporation and cationic lipids, which
are commonly used for gene transfection. Moreover, fMWCNTs
were able to deliver plasmid DNAmore efficiently than the other
methods tested. The expression level of cyan uorescent protein
This journal is © The Royal Society of Chemistry 2014
gene related to b-actin, was signicantly higher when exposing
SSCs to the complex fMWCNT-DNA, instead of using Lipofect-
amine 2000® or electroporation.
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