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Ninguém pode construir em teu lugar as pontes que precisards para atravessar o
rio da vida. Ninguém exceto tu, s6 tu. Existem, por certo, atalhos sem nuimero, e
pontes, e semideuses que se oferecerdo para levar-te além do rio; mas isso te
custaria a tua propria pessoaq; tu te hipotecarias e te perderias. Existe no mundo
um tnico caminho por onde tu podes passar. Onde leva? Nédo perguntes, segue-o.

(Nietzsche)

De tudo ficaram trés coisas: A certeza de que estamos sempre comegando... A
certeza de que precisamos continuar... A certeza de que seremos interrompidos
antes de terminar... Portanto, devemos: fazer da interrupgdo um caminho novo...
Da gqueda, um passo de danga... Do medo, um trampolim... Do sonho uma ponte...
Da procura um encontro...

(Fernando Pessoa)
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RESUMO

A ordem Siluriformes compreende um grupo diverso e amplamente distribuido dentre os
Ostariophysi, apresentando 36 familias com aproximadamente 480 géneros e mais de 3.000
espécies. Entre os grupos de Siluriformes neotropicais, reconhecidamente monofiléticos, estd a
superfamilia Loricarioidea. Os relacionamentos filogenéticos entre as familias de Siluriformes,
sugerem que Loricarioidea é grupo irméo de Amphiliidae, uma familia africana de Siluriformes.
A superfamilia Loricarioidea encontra-se atualmente constituida por seis familias:
Nematogenyidae, Trichomycteridae, Callichthyidae, Scoloplacidae, Astroblepidae e Loricariidae.
Apesar do conhecimento atual sobre os relacionamentos entre as familias de Siluriformes vir
sendo obtido com base em caracteres osteoldgicos, outros dados como a ultra-estrutura da
espermiogénese ¢ dos espermatozdides parecem ser potencialmente Uteis na elucidagfo dos
relacionamentos de grupos. O objetivo deste estudo foi a realizacfio da anélise filogenética da
superfamilia Loricarioidea, com base nas caracteristicas ultra-estruturais da espermiogénese e dos
espermatozoides, visando testar a real habilidade destes dados na resolucio dos relacionamentos
filogenéticos intra e inter-familiar, bem como na ordem Siluriformes. Foi feita a descricgio das
caracteristicas ultra-estruturais das células germinativas masculinas em 27 representantes de
diferentes familias de Loricarioidea. A anélise geral dos dados obtidos revelou que quando essa
classe de caracteres ultra-estruturais reprodutivos é utilizada em grupos mais restritos como a
superfamilia Loricarioidea, observa-se que ela pode ser mais informativa ¢ pode corroborar o
monofiletismo de alguns grupos. Entretanto, o uso desses caracteres nas anélises filogenéticas em
nivel de ordem ndo é informativo, uma vez os grupos sugeridos sdo muito incongruentes com a
hipétese de relacionamento disponivel para os Siluriformes. Além disso, alguns caracteres que
poderiam representar sinapomorfias, tornam-se homoplasias quando se considera a ocorréncia da
mesma caracteristica em outros grupos nio relacionados. Portanto, o emprego desses caracteres
ultra-estruturais reprodutivos em andlises filogenéticas deverd ser criteriosamente planejado,

evitando-se interpretacdes equivocadas.

xii



ABSTRACT

The order Siluriformes comprises the most diverse and widely distributed ostariophysan
groups, presenting thirty-six families with approximately 480 genera and over 3.000 species.
Among the neotropical siluriform lineages likely to be monophyletic is the superfamily
Loricarioidea. The relationships among catfish families suggest that Loricarioidea is sister group
of Amphiliidae, an African siluriform family. The Loricarioidea is constituted by six families:
Nematogenyidae, Trichomycteridae, Callichthyidae, Scoloplacidae, Astroblepidae, and
Loricariidae. Although the current knowledge of the relationships among siluriform families has
been acquired on the basis on osteological characters, other data such as the spermiogenesis and
spermatozoal ultrastructure seem be potentially useful in the clarification of the relationships of
the groups. The aim of the present study was to develop a phylogenetic analysis of the
superfamily Loricarioidea, using the ultrastructural characteristics of both spermiogenesis and
spermatozoa as a fest to evaluate the ability of this data in resolving the phylogenetic
relationships inside the families, among families and in the order Siluriformes. The description of
the ultrastructural characteristics of male germinative cells in 27 specimens of different families
of Loricarioidea was presented. The general analysis of the data obtained revealed that when this
class of reproductive ultrastructural characters is employed in a more restrict group, as the
superfamily Loricarioidea, it is really informative and can strongly support the monophyly of
some groups. However, the phylogenetics analysis using these characters is not informative at
order level as the suggesied groups are very incongruent with the available hypotheses for
Siluriformes. Moreover, some characters that could represent synapomorphies, change to
homoplasies considering the occurrence of the same characters in other unrelated groups. Then,
the use these reproductive ultrastructural characters in phylogenetics analysis should be carefully

planed to avoid erroneous conclusions.
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1. INTRODUCAO

1.1. ¥ctiofauna neotropical de agua doce

A fauna neotropical de peixes de 4gua-doce & bastante rica, incluindo cerca de 4.500
espécies reconhecidamente validas segundo o levantamento da diversidade de peixes de
agua doce das Américas do Sul e Central realizado por Reis et al. (2003). Além disso, esses
autores estimam que possam existir aproximadamente 1.600 espécies ainda ndo descritas, 0
que resultaria em uma estimativa total de cerca de 6.000 espécies de peixes neotropicais de
agua doce. Ja Schaefer (1998) calculou, em um levantamento das tendéncias historicas de
descrigdo de espécies em Characidae ¢ Loricartidae, que possam existir aproximadamente
8.000 espécies de peixes de agua doce neotropicais o que corresponderia a 25% de todas as
espécies de peixes do mundo. Esse nitmero foi discutido e aceito por Vari e Malabarba
(1998) que acrescentaram que toda essa diversidade de peixes neotropicais de agua doce
ocorre em menos de 0,003% da agua do planeta.

De acordo com Reis et al. (2003), a ictiofauna de 4guas continentais ceniro e sul-
americanas, é dominada, tanto em termos de diversidade taxondémica quanto em biomassa,
por peixes da superordem Ostariophysi, alcangando aproximadamente 70% das espécies
descritas, divididas primariamente entre as ordens: Silariformes (15 familias e
aproximadamente 40% das espécies) e Characiformes (14 familias e aproximadamente 30%
das espécies) e, secundariamente, a ordem Gymnotiformes (cinco familias e 3% das
espécies). O restante das espécies divide-se entre a ordem Cyprinodontiformes
(aproximadamente 10% das espécies), a familia Cichlidae, da ordem Perciformes
(aproximadamente 10% das espécies), ambas da superordem Acanthopterygii, e ainda todo
um conjunto (7% do total de espécies) formado por varios grupos taxondmicos
(Potamotrygonidae,  Lepidosirenidae,  Osteoglossidae,  Engraulidae,  Clupeidae,
Synbranchidae, Sciaenidae, Gobiidae, Nandidae, Belonidae, Tetraodontidae e outros).

A superordem Ostariophysi encontra-se incluida em Teleostei, Euteleostei (Lauder e
Liem, 1983). Os Ostariophysi compreendem duas séries: Anotophysi, constituida pelos

Gonorynchiformes € Otophysi constituida pelos Cypriniformes, Characiformes,



Gymnotiformes e Siluriformes (Fink e Fink, 1996). Os Ostariophysi, séric Otophysi
compreendem um grupo de peixes Osseos diagnosticado pela presenca do aparelho de
Weber, um complexo formado por um conjunto de ossiculos modificados (#ripus,
intercalarium, claustrum € scaphium) que permitem a conexdo da bexiga natatéria com o
ouvido interno (Fink e Fink, 1996). Fink ¢ Fink (1996) propdem a seguinte classificacdo
para os Ostariophysi, Otophysi: Cypriniphysi, que inclui a ordem Cypriniformes (carpas,
barbos) e, Characiphysi, incluindo os Characiformes (lambaris, piranhas, pacus) e
Siluriphysi, que inclui duas ordens, Gymnotiformes (poraqués, tuviras, morenitas) e
Siluriformes (peixes de couro, cascudos). Neste estudo, a analise filogenética das relagOes
enire os grupbs de Otophysi, estabelece Cypriniformes como grupo irméo dos demais
Otophysi e Characiformes como grupo-irmdo do clado Siluriformes mais Gymnotiformes.

O monofiletismo de Gymnotiformes ¢ Siluriformes, considerados grupos-irméos,
baseia-se em 16 caracteristicas listadas em Fink e Fink (1996), sendo grande parte delas
referentes a anatomia neural do sistema eletro-sensorial.

Os estudos sistematicos da ictiofauna neotropical, com base em dados morfologicos,
tém-se expandido consideravelmente nos Gltimos anos (Malabarba et al., 1998). Apesar dos
notaveis progressos, muito ainda resta a ser conhecido sobre a filogenia dos diversos

grupos, devido & magnitude da biodiversidade neotropical.

1.2. A ordem Siluriformes

A ofdem Siluriformes compreende um grupo de peixes exiremamente grande,
diverso e amplamente distribuido nas regides Tropical e Neotropical, principalmente na
América do Sul, Africa e sul e sudeste da Asia (Burgess, 1989; Teugels, 1996; Ferraris,
1998; de Pinna, 1998; Arratia et al, 2003). Desta forma, sua distribui¢do parece ser
limitada pela temperatura, uma vez que a maioria das espécies habita tanto regido Tropical
guanto Neotropical e, poucas sio as espécies que alcangam o extremo sul da América do
Sul ou 0 extremo norte da Ameérica do Norte (Nelson, 2006).

O nimero de géneros em Siluriformes é de aproximadamente 480, agrupando as

cerca de 3.100 espécies reconhecidas, representando 1/3 do percentual de peixes de agua



doce conhecidos (Ferraris, 1998, 2007). Sua enorme diversidade ecoldgica os faz foco de
varios estudos (Fink e Fink, 1981; de Pinna, 1998).

Embora a grande maioria dos peixes da ordem Siluriformes seja encontrada em
ambientes de agua doce, duas familias, Ariidae e Plotosidae, tém representacfio
significativa de espécies primariamente marinhas (Burgess, 1989; de Pinna, 1998). Além
disso, as familias Pangasiidae, Aspredinidae e Auchenipteridae incluem algumas espécies
estuarinas, que podem ainda, apresentar certa tolerdncia a ambientes marinhos (de Pinna,
1998).

Os Siluriformes sfio conhecidos popularmente no Brasil como “bagres”, “cascudos”,

I

“armados”, “mandis”, “jais” ou “pintados”. S0 peixes que possuem formas e tamanhos
extremamente variados e caracterizam-se, principalmente, por ndo possuirem escamas
sobre o corpo, por apresentarem barbilhdes e, freqiientemente, actileos fortes e pungentes 4
frente do primeiro raio das nadadeiras dorsal e peitorais (“tripé defensivo™), capazes de
infringir graves ferimentos € em alguns casos, de injetar um veneno produzido por células
glandulares localizadas no tecido epidérmico que cobre estes acileos (Alexander, 1965;
Burgess, 1989; Ferraris, 1998). O corpo desprovido de escamas pode ser revestido por uma
pele espessa conhecida popularmente como couro (“peixes de couro™), ou entdo, coberto
total ou parcialmente por placas dsseas (“cascudos”, “bodds”, “caborjas™) (Burgess, 1989).
Apresentam habitos predominantemente crepusculares e noturnos, o que o0s leva a habitar,
em geral, locais com aguas turvas como o fundo dos rios, e a permanecer entre rochas e
vegetagio (Ferraris, 1998). Os hébitos alimentares também sdo variados, havendo espécies,
herbivoras, planctéfogas, carnivoras e onfvoras. Além disso, ha espécies com habitos
alimentares extremamente particulares como os representantes de duas subfamilias de
Trichomycteridae, os Vandelliinae, que sfio hematéfagos (Machado e Sazima, 1982) e os
Stegophilinae, que sio lepidéfagos (“comedores de escamas™) (Nelson, 2006).
Provavelmente localizam alimentos no fundo e orientam sua natagdo por meio dos
barbilhdes gustativos e tcteis, ou ainda, por meio de receptores de campo elétrico
presentes no corpo, como ¢ verificado em representantes de Malapteruridae (“bagres
elétricos”) (Alexander, 1965; Ferraris, 1998).



Apesar da importéncia cientifica e econdmica dos Siluriformes, o grupo apresenta
ainda inameros problemas sisteméticos e taxondémicos devido 4 sua ampla diversidade. A
prépria classificagido das familias de Siluriformes ainda nfio € consensual. Assim, por
exemplo, o niimero de familias reconhecidas para a ordem ¢ de 29 segundo Ferraris (1998),
33 para Teugels (1996) ¢ Eschmeyer (1998), 34 para Nelson (1994), 35 segundo Ferraris e
de Pinna (1999), Britto (2003) e Nelson (2006), e 36 segundo Ferraris (2007).

O nimero de estudos enfocando as relagdes entre as varias familias de Siluriformes,
com base em dados morfolégicos, tem-se expandido consideravelmente nos Gltimos anos
devido a incorporagiio de novas técnicas de obtengdo e interpretacio de dados, entre as
quais esta o uso da metodologia de analise filogenética proposta inicialmente por Hennig
(1966) e implementada por diversos autores. |

Embora nos tltimos anos notem-se progressos, a grande maioria dos estudos
cladisticos sobre a filogenia dos Siluriformes é dedicada aos intra-relacionamentos nas
familias de Siluriformes (Diogo, 2003). Contudo, trés importantes trabalhos que atentam
para uma andlise filogenética mais global entre as familias de Siluriformes sfio o de Mo
(1991 apud de Pinna, 1998), o de de Pinna (1993) e o de Britto (2003), os quais se baseiam
em uma gi'ande quantidade de novos caracteres. Entre os tOpicos abordados por de Pinna
(1998), em seu estudo sobre as relacdes filogenéticas dos Siluriformes neotropicais, ha uma
comparacgfio entre os resultados obtidos por Mo (1991) e por de Pinna (1993), concluindo
que existe concordincia em alguns pontos destes trabalhos, que podem ser vistos como uma
evidéncia de corroboracgiio independente, apresentada em ambos, sobre as relagdes entre as
familias de Siluriformes.

A recente andlise filogenética tealizada por Britto (2003), com base em 331
caracteres morfolégicos de representantes dos principais grupos da ordem Siluriformes
indicou que algumas familias formam agrupamentos polifiléticos e varios grupos
tradicionais tiveram seu monofiletismo corroborado, concordando com as hipéteses
previamente propostas por Mo (1991 apud de Pinna, 1998) e de Pinna (1993, 1998) (Figura
1). Como exemplo, tem-se a posi¢do basal da familia Diplomystidae dentro da ordem ¢ o
monofiletismo da superfamilia Loricarioidea e a relagdo entre suas familias. Dentre as

novas hipéteses, ndo foi confirmada a relagfio da familia Pseudopimelodidae com o grupo



formado por Sisoroidea, Loricarioidea e Amphiliidae, que se mostra agora mais relacionada
a Heptapteridae e outros Siluriformes. Entre os grupos apresentados, os que possuem
representantes na regifio neotropical sfo: Diplomystidae, Cetopsidae, Aspredinidae,
Loricarioidea, Pseudopimelodidae, Heptapteridae, Doradoidea, Pimelodidae ¢ Ariidae.. O
grupo-irmio de cada uma destas linhagens inclui alguns membros com distribuigdo fora da
regido neotropical (de Pinna, 1998; Britto, 2003). Possivelmente isto indica que a
diversificagfio dos Siluriformes na regifio neotropical precede a separagio entre a Ameérica
do Sul e os outros blocos continentais, justificando, por exemplo, os componentes afro-

neotropicais presentes em Siluriformes (de Pinna, 1998).



Cypriniformes
Characiformes
Gymnotiformes
Diplomystidae
Cetopsidae
Amblycipitidae
Akysidage
Aspredinidae
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Sisaridae
Amnphiliidae
Nematogenyidae
Trichomycieridae
Callichthyidae
Scoloplacidae
Astroblepidae
Loricatiidae
Chacidage
Plotosidae
Clatiidae
Siluridae
lctaluridae
Malapterutidae
Auchenoglanidinae
Pseudopimelodinae
Heptapterinae
Mochokidae
Doradidae
Auchenipieridae
Pimelodinae
Bagridae
Austroglanididae
Horabagrus
Cranoglanididae
Fangasiidas
Schilbidae
Claroteinae
Anchariidae

Ariidae

Figura 1: Cladograma proposto por Britto (2003), mostrando as relagdes filogenéticas entre

os grupos da ordem Siluriformes. O retdngulo destaca a superfamilia Loricarioidea.



1.3. Superfamilia Loricarioidea

Atualmente, a superfamilia Loricarioidea € composta por seis familias:
Nematogenyidac (1 espécie), Trichomycteridae (171 espécies), Callichthyidae (177
espécies), Scoloplacidae (4 espécies), Astroblepidac (54 espécies) e Loricariidae (673
espécies) (de Pinna, 1998; Reis ef al, 2003). Dentro desse grupo estdo os trés maiores
géneros de Siluriformes: Hypostomus, Corydoras e Trichomycterus, além de um grande
niimero de espécie de interesse econdmico, principalmente como espécies omamentais.

A superfamilia Loricarioidea ¢ o maior grupo monofilético de Siluriformes da
regifio neotropical (de Pinna, 1998; Briito, 2003). Essa superfamilia foi o primeiro grupo
natural de fainilias de Siluriformes reconhecido. Essa afinidade foi primeiramente proposta
por Peyer (1922), com base na presenca de odontodios e na estrutura do primeiro raio da
nadadeira peitoral. Além destes caracteres propostos, de Pinna (1998) determinou mais dois
caracteres que corroboram o monofiletismo da superfamilia, que sio: dentes mandibulares
com cuspides bifidas e ramos anteriores do basipterigio sem cartilagem nos adultos. De
acordo com a recente analise de Britto (2003), a presenca de ossiculos do aparelho de
Weber encapsulados mostrou-se também um carater exclusivo para Loricarioidea.

A relagdo da superfamilia Loricarioidea com as outras familias de Siluriformes
observada no cladrograma de Britto (2003) sugere sua proximidade com a familia
Amphiliidae e com a superfamilia Sisoroidea, sendo Amphiliidae considerada grupo-irmao
de Loricari_oidea.

As hipéteses de relacionamento entre as familias constituintes de Loricarioidea
proposta por de Pinna (1998) e Britto (2003) mostram que as familias Callichthyidae,
Scoloplacidae, Astroblepidae e Loricariidae divergem de Nematogenyidae ¢
Trichomycteridae, com a formagdo de dois grupos, um com Nematogenyidae como grupo-
irm#o de Trichomycteridae e outro grupo com os demais membros da superfamilia, tendo
Loricariidae e Astroblepidae como grupos-irm&o. Varias sinapomorfias sdo conhecidas para
as diferentes familias de Loricarioidea, como pode ser observado na Figura 2. Por outro
lado, as filogenias apresentadas por de Pinna (1998) revelam que sdo relativamente poucas

as hipéteses de relacionamento dentro das familias de Loricartoidea.
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Figura 2. Cladograma mostrando as relagdes entre as familias de Loricarioidea. Os
retangulos pretos mostram o numero de sinapomorfias suportando cada ramo, segundo
Britto (2003). Modificado de Britto (2003).



1.4. O aparelho reprodutor masculino em peixes

Nos Teleostei, e particularmente nos Siluriformes, o aparelho reprodutor masculino
pode apresentar uma série de diferenciagbes. Em termos anatdmicos, 0s testiculos variam
de simples bolsas alongadas que convergem para a papila genital a 6rgdos compostos por
vérias franjas com fungfio predominantemente espermatogénica, contendo ou ndo regides
diferenciadas com fung#io secretora ou armazenadora de espermatozoéides (Loir e al., 1989;
Meisner ef al., 2000; Santos ef al., 2001; Quagio-Grassiotto et al., 2005; Spadella ef al,
2006a, b). Alguns grupos chegam inclusive a apresentar estruturas similares em fungio a
vesiculas seminais, as ampolas (Loir ez al., 1989).

Microscopicamente, os testiculos encontram-se envolvidos por uma capsula
delgada. A ultra-estrutura desta capsula revela que ela € constituida por duas camadas: uma
mais externa, que corresponde a0 mesotélio, o qual ¢ constituido por um epitélio simples
pavimentoso sustentado pela lamina basal e, uma mais interna formada por tecido '
conjuntivo frouxo e células midides (Koulish et al., 2002). Os testiculos estio conectados a
regidio dorsal da cavidade celomatica por meio do mesérquio, uma fina camada de periténio
(Pudney, 1993; Le Gac e Loir, 1999). Ao lengo do ciclo reprodutivo anual das espécies sdo
observadas alteragbes na morfologia dos testiculos, bem como na coloragdo e
principalmente no tamanho e peso (Le Gace Loif, 1999).

A estruturagio classica dos testiculos enconfrada nos peixes também ¢
compartithada por outros vertebrados, mostrando ser essa uma caracteristica plesiomorfica
(Pudney, 1993, 1995). Nesta organiza¢iio o testiculo encontra-se dividido em dois
compartimentos: 0 germinativo € o intersticial (Pudney, 1993, 1995; Le Gac e Loir, 1999;
Grier, 2002; Koulish et al., 2002). O compartimento germinativo é constituido pelo epitélio
germinativo, o qual ¢ formado pelas células de Sertoli, pelas células germinativas ¢ pela
lAmina basal mais fibras reticulares. O compartimento intersticial € formado pelas células
de Leydig, fibroblastos, células midides, macréfagos, vasos sanguineos, nervos ¢ fibras
coldgenas. Ambos os compartimentos encontram-se separados pela lamina basal (Pudney,
1995; Grier, 2002; Lo Nostro ef al., 2003).

Nos Teleostei, a organizagdo do compartimento germinativo no interior dos

testiculos pode se dar em 16bulos ou em tibulos (Grier, 1993; Parenti e Grier, 2004). Os



conceitos morfoldgicos contidos nos termos “ldbulo” ¢ “tibulo” t€m por base o formato ¢ a
maneira como o compartimento germinativo termina na periferia do testiculo (Grier, 1993).

Nos testiculos lobulares, o compartimento germinativo termina em fundo cego, com
formato de dedos voltados para baixo. Pode sofrer anastomoses, porém apenas na regiéo do
ducto principal. Esse t'ipo de organizagdo testicular ¢ encontrade nos Teleostel mais
derivados, Percomorpha e Atherinomorpha. Nos testiculos tubulares, o compartimento
germinativo termina em forma de algas. Nos Teleostei mais basais, os tubulos sofrem
anastomoses em diferentes alturas do Orgfo, principalmente na regifio do ducto
espermdtico. Esse ultimo tipo de organizacdo testicular € denominado de tubular
anastomosado (Grier, 1993).

Os testiculos podem ser classificados também cohfonne a distribuicdo das
espermatogonias, sendo tal classificacio valida somente para os testiculos lobulares {Grier,
1981, 1992). Esses podem conter espermatogdnias confinadas apenas na porgéo distal dos
16bulos, e serem restritos, ou apresentarem as espermatogdnias distribuidas ao longo de
todo o 16bulo, € serem irrestritos (Grier, 1992). Os testiculos lobulares restritos séo tipicos
dos Atherinomorpha, enquanto que os irrestritos sdo encontrados nos Percomorpha (Grier,
1993). Parenti ¢ Grier (2004) num levantamento recentemente concluido sobre a estrutura
testicular nos Teleostei, contabilizando 136 descri¢des, confirmam esses dados.

A produgdo dos gametas masculinos, processo denominado espermatogénese,
ocorre no compartimento germinativo (Pudney, 1995; Miura, 1999; Koulish et al., 2002).
Mattei (1993) sugere que, em peixes teledsteos, ha dois tipos de espermatogénese: a cistica
e a semi-cistica. Na espermatogénese cistica, a producdo dos espermatozoides se da
completamente no interior de cistos ou espermatocistos presentes no compartimento
germinativo; com a abertura desses cistos somente no final do processo, resuliando na
liberacéio dos gametas no limen, Os cistos sdo formados por grupos de células germinativas
em desenvolvimento mais ou menos sincrénico, sejam as espermatogdnias primérias ou
secunddrias, os espermatécitos primérios ou secunddrios, ou as espermatides, que se
encontram envolvidos por prolongamentos citoplasmaéticos das células de Sertoli (Grier,
1981, 1993; Miura, 1999). Ja na espermatogénese semi-cistica, os cistos se abrem antes do

final da produggio dos espermatozoides, a qual € completada no liimen do compartimento
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germinativo (Mattei, 1993). A abertura do cisto pode ocorrer em variados niveis de
diferenciagio das células germinativas, levando a uma mescla de diferentes tipos celulares
no lamen. Em geral, encontram-se mesclados as espermatides e os espermatozdides recém-
formados. A maioria dos peixes teledsteos apresenta espermatogénese do tipo cistica
(Mattei, 1993).

A espermatogénese inicia-se com a proliferagdo mitdtica das espermatogdnias,
prossegue passando pela divisdo meidtica e termina com a espermiogénese, na qual a
espermatide hapléide diferencia-se em espermatozéide (Miura, 1999). Desta forma, nos
cistos as espermatogdnias primérias (wma tnica espermatogdnia envolvida pela célula de
Sertoli) dividem-se por mitoses e ddo origem as espermatogonias secundarias (mais de uma
espermatogdnia envolvida pela célula de Sertoli). Estas também se multiplicam por mitose
e, se diferenciam em espermatdcitos primérios, os quais entram em meiose ¢ ddo origem
aos espermatdcitos secunddrios apds a primeira divisio meidtica. Os espermatocitos
secundarios originam as espermétides apds a segunda divisdo meidtica (Pudney, 1995).
Nestas divisdes celulares, as citocineses sfo incompletas ¢ as células germinativas
permanecem interligadas por meio de pontes citoplasmdticas (Pudney, 1995; Le Gac e Loir,
1999).

A diferenciacio das espermatides ou espermiogénese resulta na formacdo dos
espermatozéides. Durante a espermiogénese ocorrem marcantes mudangas morfologicas
nas espermatides que consisiem na formagfio da cabega do espermatozdide e na
compactagio da cromatina, na formagdo da peca intermedidria, na perda de citoplasma e no
desenvolvimento do flagelo (Pudney, 1995; Miura, 1999). Ao término destes eventos, 0s
processos citoplasméticos das células de Sertoli se afastam e os espermatozdides séo
liberados no lamen do compartimento germinativo (Pudney, 1995; Grier, 1993). Apesar dos
espermatozoéides terem completado seu desenvolvimento no interior dos testiculos apds a
espermiogénese; na maioria das espécies, esies gametas ditos testiculares ainda ndo séo
considerados maduros, uma vez que sio iméveis; ndo sendo capazes de fecundar o gameta
feminino. O processo de maturacio do espermatozdide ocorre & medida que o gameta
percorre o ducto espermatico, onde adquire a sua motilidade. Este processo envolve,

portanto, mudangas fisiolégicas na célula € ndo morfologicas (Miura, 1999).
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Na maioria dos peixes teledsteos a fertilizacdo € exterma. Em menor nimero,
algumas espécies apresentam fertilizagfo interna, com os machos possuindo um o6rgdo
copulatério (gonopddio ou pseudopénis), com o qual depositam o esperma diretamente no
trato reprodutivo da fémea através da papila urogenital (Nakatani ef al., 2001). Burns er al.
(2002), consideram inadequado o uso do termo fertilizacdio interna e sugerem que ele seja
substituido por inseminagfo, uma vez que o tempo exato entre a introdugdo do esperma e a
fertilizacdo propriamente dita no é conhecido até o momento para nenhuma espécie de

Ostariophysi que exibe esse modo de reprodugfo.

1.5. Classifica¢iio da espermiogénese em peixes

Mattei (1970), em uma analise comparativa da espermiogénese em peixes das
classes Chondrichthyes e Osteichthyes (em Sarcopterygii e Actinopterygii), propde dois
tipos de espermiogénese, a do tipo I ¢ a I1. Em ambos os tipos, o inicio do desenvolvimento
do flagelo, nas espermdtides jovens se da lateralmente ao nicleo, sendo que a ocorréncia ou
ndo de rotagdo nuclear diferencia estes dois tipos. Desta forma, se ao longo da
espermiogénese ocorrer rotagdo nuclear, o eixo flagelar do espermatozoéide se posicionara
perpendicularmente ao nicleo, caracterizando a espermiogénese do tipo I, porém se néo
ocorrer rotagdo nuclear, o eixo flagelar permanecerd paralelamente ao ndcleo,
caracterizando a espermiogénese do tipo 11 '

Na espermiogénese do tipo I, as espermatides jovens apresentam nucleo central,
mitocdndrias esparsas pelo citoplasma e complexo centriolar lateral ao ntcleo e preso a
membrana plasmitica. O centriolo distal diferencia-se em corpisculo basal e desenvolve o
flagelo. O complexo centriolar movimenta-se em direg3o ac nicleo, trazendo a membrana,
que sofre uma invaginacio, ¢ o segmento inicial do flagelo. Forma-se assim o canal
citoplasmaético, um espago existente entre as membranas plasmatica e flagelar. O flagelo
dispde-se tangencialmenie ao micleo e nessa face do contorno nuclear forma-se uma
depressdo, denominada fossa nuclear. O nicleo sofre uma rotagio de 90° em relagdo ao
eixo flagelar e o complexo centriolar s¢ insere na fossa nuclear. A regido da fossa nuclear

determina a base do nicleo, regido para a qual migram as mitocondrias.
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Na espermiogénese do tipo 11, as espermatides jovens s&o bastante similares aquelas
caracterizadas na espermiogénese do tipo I. Como nestas células a rotagdo nuclear ndo
ocorre durante a sua diferenciacfio, o flagelo posiciona-se paralelo ac nucleo. Embora
ocorra a formagiio da fossa nuclear, os centriolos permanecem fora dela (Mattei, 1970;
Jamieson, 1991). Este tipo de espermiogénese € caracteristico de tele6steos mais derivados,
como por exemplo, os Perciformes (Mattei, 1970; Jamieson, 1991).

Variacdes nos tipos 1 e II de espermiogénese resultam em um canal citoplasmatico
pequeno ou inexistente, o mesmo ocorrendo com a fossa nuclear (Jamieson, 1991; Mattei,
1991).

Um outro tipo de espermiogénese, a do tipo III, foi recentemente descrito em
Siluriformes, para as familias Pimelodidae e Heptapteridae (Quagio-Grassiotto e Carvalho,
2000; Quagio-Grassiotto e al., 2005; Quagio-Grassiotto e Oliveira, manuscrito submetido).
Nessa, as espermatides jovens apresentam nucleo central, mitocondrias esparsas pelo
citoplasma, complexo centriolar medial ao miicleo ¢ preso a membrana plasmatica. O
complexo centriolar ndo se movimenta em dire¢do ao nicleo e o canal citoplasmatico e a
fossa nuclear nfio se formam. N#io ha também rotagBo nuclear. A peca intermediaria &
formada pela movimentagfio da massa citoplasmatica em diregfio a regidio inicial do flagelo.
Apesar de neste tipo de espermiogénese ndo ocorrer rotagio nuclear, o flagelo &
perpendicular ao nucleo.

Portanto, a morfologia final encontrada nos espermatozéides em peixes esta
diretamente relacionada ao tipo de espermiogénese ocorrido na espécie, podendo variar, por
exemplo, quanto 2o posicionamento do flagelo em relagdo ao micleo, a presenca ou nédo de
rota¢io nuclear, 4 presenca ou n#o da fossa nuclear e do canal citoplasmatico € ao numero
de flagelos, caracterizando tipos intermedidrios de espermatozéides (Jamieson, 1991;
Mattei, 1970, 1991).

Entre os tipos de espermiogénese descritos, a espermiogénese observada no mais
basal dos Siluriformes, Diplomystes mesembrinus, (Quagio-Grassiotto ef al., 2001),

corresponde & do tipo I de Mattei (1970).

13



1.6. Classifica¢io dos espermatozdides em peixes

Franzén (1970), em um estudo sobre os aspectos filogenéticos da morfologia dos
espermatozdides em varios filos de invertebrados aquéticos, propdem uma classificacdo
para estes gametas em primitivos ou modificados, considerando a estrutura e organizacdo
encontrada, bem como o tipo de feriilizacdo. Entende-se por primitivos, os espermatozoides
que ocorrem nos grupos com fertilizagio externa e que, portanto, sdo liberados no meio
aquatico. Estes apresentam numa seqiiéncia A&ntero-posterior: acrossomo, cabeca
aredondada ou cdnica, nicleo esférico, dois centriolos (proximal e distal), pega
intermedidria, com mitocdndrias arredondadas € pouco numerosas ¢ flagelo contendo
axonema cldssico (9+2). J4 os espermatozdides modificados sfo encontrados em espécies
de fertilizagio interna, sendo liberados diretamente no trato reprodutivo da fémea. A
morfologia destes gametas diverge em variados niveis da encontrada nos espermatozoides
do tipo primitivo. Tais diferengas que destoam da condigdo primitiva correspondem
principalmente a morfologia da cabeca, que se mostra mais alongada ¢ a pega
intermediaria, que também exibe um alongamento, além de uma redistribuigiio das
mitocdndrias. Os espermatozéides do tipo primitivo sio encontrados nos grupos mais
primitivos dos invertebrados analisados, enquanto que os grupos mais derivados
apresentam espermatozoides modificados e que esta divergéncia esta associada 4 mudanga
no tipo de fertilizagdo encontrada nestes dois grupos.

A revisdo sobre o conhecimento da estrutura dos espermatozdides de diversos
grupos de peixes, tanto da superclasse Agnatha quanio da Gnathostomata apresentada por
Jamieson (1991), assinala modificagbes estruturais que ocorreram em cada um desses
grupos. Nesta revisdo, o autor considera que a classificagio dos espermatozdides em
primitivos e modificados proposta por Franzén (1970), mostra-se equivocada para os
espermatozoides dos peixes. Isto porque os espermatozdides tidos como primitivos estéio
presentes em grupos de peixes “superiores”, enquanto grupos “inferiores” apresentam
espermatozoides estruturalmente considerados avangados. Desta forma, Jamieson (1991)
sugere uma classificagfo para os espermatozoéides dos peixes em aquasperm e introsperm,

para designar, respectivamente, os espermatozoides dos peixes com fertilizagdo externa,
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liberados no meio aquatico, e os dos peixes de fertilizagfo interna, liberados diretamente no
trato reprodutivo da fémea.

Jamieson (1991) considera que o espermatozdide encontrado na maioria dos
Neopterygii corresponde a um tipico espermatozodide aquatico uniflagelado (aquasperm),
que apresenta, em geral, em uma seqiiéncia anterior-posterior: nucleo esférico, sem vesicula
acrossomal, presenga de fossa nuclear, centriolos proximal e distal freqlientemente
arranjados em 4ngulo reto e inseridos na fossa nuclear; centriolo distal se diferenciando em
corpisculo basal ¢ desenvolvendo o axonema, mitocdndrias arredondadas e pouco
numerosas e flagelo contendo o axonema classico (9+2). A perda do ACrOSSOMa neste grupo
¢ um caréter que o distingue dos demais grupos de peixes e vem acompanhada da presenca
da micr6pila nos ovos destes animais. A micrépila é uma abertura no envoltorio do ovo que

‘permite a passagem do espermatozoéide no momento da fertilizagdo (Amanze e ‘Yvengar,
1990). Para Jamieson (1991), os espermatozoides dos Neopterygii podem ter se
desenvolvido secundariamente a partir de espermatozdides mais complexos encontrados
nos grupos de peixes mais basais.

Mattei (1991), no estudo sobre a ultra-estrutura dos espermatozdides em peixes
-pertencent—es A superclasse Gnathostomata, incluindo Chondrichthyes e Ostheichthyes, e
suas implicagBes sistematicas, revela que € imensa a diversidade de formas encontrada nos
espermatozdides dos peixes, ndo sendo possivel estabelecer um unico modelo para esses
gametas, como € o caso, por exemplo, dos mamiferos. Nesse estudo, ndo ha qualquer
proposta de classificagfio para os espermatozéides dos peixes. Com base nas comparacdes
realizadas entre os espermatozéides dos grupos analisados, dois caracteres, considerados
novos, foram encontrados nos Neopterygli, a redugdo no tamanho do nucleo e a perda do
acrossomo, sendo esse iltimo também evidenciado por Jamieson (1991). Estas duas
caracteristicas associadas a presenga de uma pega intermediaria curta, ocorrendo ji no
Actinopterygii primitivo, produzem um espermatozodide cuja estrutura simplificada ¢
bastante similar a dos espermatozéides dos invertebrados aquéticos com fertilizacdo externa
considerados como sendo do tipo primitivo por Franzén (1970).

Mattei (1991) sugere que a estrutura dos espermatozoides encontrada nos

Neopterygii, em geral, consiste em um gameta sem acrossomo e uniflagelado. Esta
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estrutura corresponde ao espermatozdide aquatico (aquasperm) descrito por Jamieson
(1991). No entanto, h4 grupos em Neopterygii, em particular nos Teleostei primitivos, em
que sdo encontradas variagBes na estrutura dos seus espermatozdides. Como exemplos QUe
chamam a atengdo, tém-se a ocorréncia de espermatozoides aflagelados em
Osteoglossomorpha e de espermatozdides com flagelo constituido por 9+0 microtibulos
em Elopomorpha (Jamieson, 1991; Mattei, 1991).

Embora os estudos de Jamieson (1991) ¢ Mattei (1991) fornegam dados sobre ultra-
estrutura dos espermatozéides de praticamente todos os grandes grupos de peixes vivos, 0s

espermatozoides dos teledsteos neotropicais de agua doce sdo pouco conhecidos.

1.7. Implicagio filogenética dos caracteres reprodutives masculinos em peixes

O conhecimento atual sobre o padrio de relacionamento entre os Siluriformes tem
sido inferido com base em caracteres morfologicos, com énfase no esqueleto (de Pinna,
1998; Britto, 2003). Contudo, outros caracteres, relacionados aos aspectos reprodutivos das
espécies de peixes, parecem ser potencialmente iteis no estudo do grupo, uma vez que
varias dessas caracteristicas podem conter tragos filogenéticos (Jamieson, 1991; Mattei,
1991; Spadella et al, 2006a, b).

De acordo com Loir er al. (1989), a presenga de regides anatomicamente
diferenciadas nos testiculos, em especial nos Siluriformes, quanto a funclo, estruturas
secretoras anexas e a presenga de porgbes armazenadoras de espermatozoides, constituem
uma outra fonte de informagdo filogenética e deve ser melhor explorada. Parenti e Grier
(2004), em um recente estudo sobre a evolugdo e filogenia da morfologia da gbnada em
peixes ésseos, mostram que a organizagio do compartimento germinativo no interior dos
testiculos, em 16bulos ou em tibulos, também encerra informacGes de carater filogenético,
verificando que a estrutura gonadal dos Teleostei mostra diferengas marcantes entre os
grupos mais basais ¢ 0s grupos mais derivados, os Neoteleostei.

Em relagéio a ultra-estrutura da espermiogénese e dos espermatozdides, ¢ possivel
obter um elevado nimero de caracteristicas, qualitativas e quantitativas, que podem ser
extraidas em analises dessa natur_éza. Dentre estas caracteristicas, pode-se citar: o tipo de

espermiogénese, a forma e dimensdo do nicleo, o padrio de compactagdo da cromatina, a
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presenca ou ndo de fossa nuclear, canal citoplasmatico e de projegOes laterais nos flagelos,
forma e distribuicsio de mitocdndrias e a presenga de vesiculas na peca intermediaria, entre
outros. Entende-se por caracteres qualitativos as caracteristicas descritas por palavras,
como, por exemplo, peca intermedidria simétrica ou assimétrica, mitocondrias
arredondadas ou alongadas. Ja os caracteres quantitativos representam as caracteristicas
descritas por meio de medidas, como comprimento e largura da peca intermediaria, altura
da fossa nuclear (Thiele, 1993). Em andlises filogenéticas, os caracteres quantitativos sdo
geralmente codificados como caracteres discretos, ou seja, de forma qualitativa, com o
objetivo de facilitar as comparages entre as varidveis quantitativas e qualitativas.

Dessa forma, os estudos sobre a ultra-estrutura da espermiogénese ¢ dos
espermatozdides em peixes, vém sendo direcionados no sentido da sua utilizagdo em
andlises filogenéticas, podendo acrescentar dados importantes na elucidacdo de padrdes de
relacionamento em diversos grupos de peixes (Jamieson, 1991, Mattei, 1991, Spadella,
2004, Spadelia et al., 2006a). Atualmente alguns grupos sdo suportados com base na
estrutura de seus espermatozéides. Como exemplo, tem-se a monofilia da superordem
Elopomorpha que ¢ corroborada por cinco sinapomorfias derivadas da estrutura dos
espermatozoides (Jamieson, 1991).

O emprego da ultra-estrutura dos espermatozéides em analises filogenéticas de
outros grupos de vertebrados também ¢ apresentado em vérios trabalhos (Jamieson, 1991;
Garda, 2002; Teixeira, 2003). Para diferentes géneros de lagartos da familia Teiidae,
Teixeira (2003) realiza uma analise filogenética com base em 24 caracteres da ultra-
estrutura dos espermatozodides, mostrando que o uso deste dado é um bom indicador de
filogenia da familia Teiidae, apresentando poucas regides conflitantes € de pouco suporte
com a topologia com base em outros caracteres morfoldgicos.

A espermiogénese e a ultra-estrutura dos espermatozoides tém sido estudadas em
varios grupos de peixes (Jamieson, 1991; Mattei, 1970; 1991) e seu emprego na
identificacdo do padriio de relacionamento tem sido amplamente reconhecido. Com relagdo
aos Siluriformes, nfo pertencentes a Loricarioidea, encontram-se disponiveis, atualmente,
descrigies detalhadas dos espermatozoides das seguintes familias de Siluriformes:

Diplomystidae (Quagio-Grassiotto ez al., 2001); Cetopsidae (Spadella er al, 2006a);
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Amblycipitidae (Lee e Kim, 1999); Aspredinidae (Mansour ¢ Lahnsteiner, 2003; Spadella,
et al., 2006a); Loricariidae (Mansour ¢ Lahnsteiner, 2003); Clariidae (Mansour ef 4.,
2002); Siluridae (Emel’yanova e Makeyeva, 1992; Kwon ef al., 1998; Lee e Kim, 2001);
Ictaluridae (Poirier e Nicholson, 1982; Emel’yanova e Makeyeva, 1991, 1992);
Auchenipteridae (Bums et al., 2002; Burns e Weitzman, 2005); Pimelodidae (Quagio-
Grassiotto e Carvalho, 2000; Quagio-Grassiofto e Oliveira, manuscrito submetido);
Bagridae (Emel’yanova e Makeyeva, 1992; Lee, 1998; Kim e Lee, 2000; Mansour ¢
Lahnsteiner, 2003); Pseudopimelodidae e Heptapteridae (Quagio-Grassiotto ef al., 2005) e
Malapteruridae (Shahin, 2006). Informacdes ndo detalhadas estdo disponiveis sobre os
espermatozoides de Heteropneustidae (Nath e Chand, 1998); Mochokidae (desenhos
esquemadticos, Mattei, 1991); Doradidae (Quagio-Grassiotto, 2002); Schilbidae (desenhos
esquematicos, Mattei, 1991); Ariidae (desenhos esquemiticos, Mattei, 1991); e
Conorhynchus conivostris (Lopes et al, 2004). N#o existem dados sobre os
espermatozoides dos  Amphiliidae, Chacidae, Plotosidae, Auchenoglanidinae,
Austroglanididae, Horabagrus, Cranoglanididae, Pangasiidae, Claroteinae e Anchariidae.

Em especial, as familias da superfamilia Loricarioidea, tém-se disponiveis, até o
momento, descricdes dos espermatozdides das espécies: Nematogenys inermis, da familia
Nematogenyidae (Spadella et al., 2006a); Trichomycterus aff. iheringi, T. areolarus, T.
reinhardti, Trichomycteurs sp. (Spadella, 2004), da familia Trichomycteridae; Corydoras
Sflaveolus, da familia Callichthyidae (Spadella, 2004); Scoloplax distolothrix, da familia
Scoloplacidae (Spadella er al., 2006b) e Loricariichthys platymetopon (Spadella, 2004) e
Ancistrus triradiatus (Mansour e Lahnsteiner, 2003), da familia Loricariidae.

As descrigdbes dos espermatozdides dos Loricarioidea somadas aos dados
disponiveis na literatura de outras familias de Siluriformes representam ainda um niimero
pequeno de descrigdes em relagdo ao grande nimero de espécies e de familias que
compdem essa ordem, tornando, portanto, limitada uma discussdo geral sobre a evolugdo
dessas caracteristicas no grupo.

Assim, a ultra-estrutura da espermiogénese ¢ dos espermatozéides de representantes
da superfamilia Loricarioidea poderd ser bastante Wil para testar hipoteses de

relacionamento entre os Loricarioidea e também servirem de base para estudos mais
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abrangentes em Siluriformes, procurando avaliar a real extenséo da variabilidade deste tipo

de carater e o nivel taxon6mico em que eles possam ser mais informativos.
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2. OBJETIVOS

A presente tese se insere em um programa geral de estudo da superfamilia
Loricaricidea, intitulado “Filogenia e evolugdo de Loricarioidea: uma abordagem
multidisciplinar”, cujo objetivo € ampliar o conhecimento sobre a diversidade e os padrdes
de relacionamento neste grupo. Este trabatho, em particular, contribuiu com a obtengio de
um conjunto de caracteres referentes a ulira-estrutura da espermiogénese e dos
espermatozéides de representantes de Loricarioidea, bem como de outras familias de

Siluriformes que servirdo como grupos extermnos. Assim, os objetivos deste trabalho foram:

1. Descrever, por meio de andlises & microscopia eletronica de transmissdo, as
caracteristicas ultra-estruturais da espermiogénese e dos espermatozéides de espécies de
Loricarioidea ¢ de grupos exiernos significativos, disponibilizando um conjunto de
caracteres para esse clado e procurando avaliar o grau de variabilidade encontrada nesses

caracteres reprodutivos em relagéo a diversidade de espécies do grupo;

2. Propor uma lista de caracteres morfolégicos que reflita as caracteristicas ultra-estruturais
da espermiogénese e dos espermatozoides de espécies da superfamilia Loricarioidea, bem

como de outras espécies da ordem Siluriformes;

3. Realizar estudos comparativos com base na ultra-estrutura da espermiogénese ¢ dos
espermatozoides, visando a identificacio de caracteres particulares e compartilhados pelas
familias de Loricarioidea e elaborar hipdteses sobre a filogenia dos Loricarioidea ¢ de seus

grupos constituintes com base nestes caracteres;

4. Comparar as hipdteses obtidas a partir dos dados de ultra-estrutura com a hipotese de
relacionamento proposta por Britto (2003) para a ordem Siluriformes, particularmente para
a superfamilia Loricarioidea, elaborada com base em outros caracteres morfoldgicos,
principalmente osteoldogicos e de morfologia externa, procurando verificar se hé on nfo

congruéncia entre os diferentes conjuntos de caracteres.
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4. CAPITULOS

O trabalho desenvolvido na presente tese resultou na producdo de nove manuscritos
para publicag8o, referentes aos dados obtidos para cada familia de Loricaricidea. A seguir,

estes manuscritos serdo apresentados, subdivididos em capitulos.
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4.1. CAPITULO 1

Spadelta, M.A., Oliveira, C., Quagio-Grassiotto, 1., 2006. Occurrence of biflagellate
spermatozoa in Cetopsidae, Aspredinidae, and Nematogenyidae (Teleostei: Ostartophysi:

Siluriformes). Zoomorphology 125: 135-145.
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Abstract In the present study spermiogenesis was
investigated in Cetopsis coecutiens (Cetopsidae), and
Bunocephalus amazonicus (Aspredinidae), while sper-
matozoa wltrastructure was investigated in C. coecutierns,
B. amazonicus, and Nematogenys inermis (Nematoge-
nyidae). Aspredinidae and Cetopsidae share a sper-
matogenesis of the semicystic type, and a particular type
of spermiogenesis process not reported in any fish group.
In the three species analyzed, spermatozoa are biflagel-
late with flagella having the classical axoneme formulae
(3 + 2). The analysis of thirteen characters showed the
presence of eight characters shared by Cetopsidae and
Aspredimdae, and six characters shared by Cetopsidae
and Nematogenyidae, which may suggest that these
three families may be more related than actually
hypothesized, comprising a very primitive siluriform
lineage originated after Diplomystidae.
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A resumed phylogeny is presented in Fig. I (redrawn
from Britto 2003). Basically, the only difference between
this phylogeny and the one presented by de Pinna (1996}
is the position of Pseudopimelodidae, which, according
to Britto (2003), is a sister group of Heptapteridae (in-
cluded in “other Siluniformes™ in Fig. 1). According to
de Pinna (1998) it is the sister group of the clade com-
posed of Sisuroidea, Amphiliidae, and Loricaricidea.
There is a general understanding that Diplomystidae is
the most primitive siluriform, followed by Cetopsidae.
The remaining siluriforms belong to two lines: the first,
composed of Sisuroidea (Amblycipitidae, Akysidae,
Aspredinidae, Erethystidae, and Sisoridae), Loricarioi-
dea (Nematogenyidae, Trichomycteridae, Callichthy:-
dae, Scoloplacidae, Astroblepidae, and Loricanidae),
and Amphiliidae, and the second, composed of the other
siluriforms (Britto 2003).

Ultrastructural studies of fish spermatozoa have
shown that characteristics of the spermatozoa structure
and spermiogenesis process may be phylogenetically
analyzed providing important data for the elucidation of
relationship patterns in several fish groups (Jamieson
1991; Mattet 1991). Although the studies by Jamieson
(1991) and Mattei (1991) present data related to sper-
matozoa structure of practically all major fish groups,
the information about siluriform spermatozoa is still
quite incomplete, since there are data lacking for several
families and absence of data for several families (Qua-
gio-Grassiotto et al. 2001; Santos et al. 2001). Studies of
spermiogenesis and spermatozoal ultrastructure i Dip-
lomystes mesembrinys, member of the most primitive
siluriform family, have shown that many of the char-
acteristics found in this species are not found in other
groups of Siluriformes or Ostariophysi (Quagio-Grassi-
otto et al. 2001).

In the current study, the characterization of sper-
miogenesis and spermatozoa in specimens of three neo-
tropical siluriform families: Cetopsidae, Aspredinidae,
and Nematogenyidae are presented by the first time. The
data were emploved to test the hypothesis that these
three families are more related among themselves than
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Diplomystidae
Cetopsidae
Sisoroidea*
Amplhiliidae
Loricarioidea™
Other Siluriformes

Fig. 1 Simplified cladogram of Siluriformes (redrawn from Britto
2003). *Sisurcidea is composed of Amblycipitidae, Akysidae,
Aspredinidae, Erethystidae, and Sisoridae. %] oricanicidea is
composed of Nematogenyidae, Trichomycteridae, Callichthyidae,
Scoloplacidae, Astroblepidae, and Loricariidae

with other neotropical siluriform families. Additionally,
comparisons between the data obtained in the present
study and those available for other siluriform families
were conducted in order to investigate the similarities
and differences of spermatozoa ultrastructure among the
families of this order.

Materials and methods

The present study was conducted with two adult males
of Cetopsis coecutiens {Lichtenstein, 1819) (Cetopsidac)
collected from the Araguaia river, Aragargas, (Goias,
Brazl (16°00° S 52°17° W); three adult males of Buno-
cephalus amazonicus (Mees, 1989) (Aspredinidae) from a
commercial aquarium shop; and two adult males of
Nematogenys inermis (Guichenot, 1848) (Nematogenyi-
dae) collected from the Aguas de la Gloria river, VIII
Region, Aguas de la Gloria, Chile (36°50.304" S
2055 642° W). The fishes were identified and kept in the

fish collection of Laboratorio de Biologia ¢ Genética de
Peixes (LBP), Departamento de Morfologia, Instituto de
Biociéncias, UNESP, Botucatu, Sic Paulo, Brazil.

Gonad fragments were fixed in 2% glutaraldehyde,
and 4% paraformaldehyde in 0.1 M Sorensen phosphate
buffer, pH 7.4. The material was post-fixed for 2 hin the
dark in 1% osmium tetroxide in the same buffer, con-
trasted in block with agueous solution of 5% uranyl
acetate for 2 h, dehydrated in acetone, embedded in
araldite, and sectioned and stained with a saturated
solution of uranyl acetate in 50% alcohol, and Jead
citrate. Electromicrographs were obtained using a Phil-
lips-CM 100 transmission electron microscope.

For comparative purposes, all the available infor-
mation about siluriform spermatozoa was reviewed.
Data were obtained for the following families: Am-
blycipitidae (Lee and Kim 1999), Auchenipteridae
(Burns et al. 2002), Bagridae (Emel'vanova and
Makeyeva 1991a; Lee 1998; Kim and Lee 2000; Man-
sour and Lahnsteiner 2003), Clariidae {(Mansour et al.
2002), Diplomystidae (Quagio-Grassiotto et al. 2001),
Ictaluridae (Poirier and Nicholson 1982; Emel'yanova
and Makeyeva 1991a, b), Loricariidae (Mansour and
Lahnsteiner 2003), Pimelodidae (Quagio-Grassiotto and
Carvalho 2000; Santos et al. 2001), and Siluridae
(Emel’'yanova and Makeyeva 19%91a; Kwon et al. 1998;
Lee and Kim 2001). The available information regarding
the families Ariidae and Malapteruridae are restricted to
some schematic drawings (Mattei 1991). However, they
were included, since both families present species with
hiflagellate spermatozoa.

Thirteer characters, present in at least one family
analyzed in the present study, were employed in the
comparative analyses (Table 1). Based on the siluriform

Table 1 General view of the distribution of spermatozoa character states analyzed in the present study

Families Character
1 2 3 4 52 5 5¢c 6a 6b 7 & 9 10a 10b 1lia 1Ib 12a 12b 13a I3b

Cetopsidae + + + - + - - 4+ = = 4+ 4+ + - + - + — + -
Aspredinidae + + + - - - -+ - =+ o+ = + — + - + _ +
Nematogenyidae + + + - - - + - + + - - - + + _ + _ _ _
Amblycipitidae + + - 4+ = - =+ - = + + - + - — + + -
Ariidae + + ? ? 77 ? ? ? ? - 7 ? 7 ? — + e T
Malapteruridae + o+ 7 ? ? ¥ ? ? T ? - 7 ? ? ? 7 - + 2 ¢
Ictaluridae + + 4+ - - - - -+ - = = + _ + _ — + _ +
Bagridae 707 - 4+ 4+ - - -+ - = o+ o+ - + - + - + -
Pimelodidae [ — S — [ — -+ + - - + _ - _ _ _ _ +
Diplomystidae T T T S — — — _ _ —_ _
Siluridae - -+ - - = - -+ = - -+ - + - + — + +
Clariidae - - = = = = - + - e - +  + — _ _ _ _ _ _
Loricariidae - = = = = = = + = - + o+ - _ — + _ _ +
Auchenipteridae - - - —- - + - - + - - - = + - + + - +

< Present, — absent, 7 unavailable or contradictory information

Presence of two flagella, 2 presence of lateral and parallel centrioles, 3 presence of elongated vesicles, 4 presence of lateral fins, 5 shape of
the nucleus (@ semi-ovoid, b conic, ¢ ovoid with the larger axis in the horizontal position), 6 pautern of chromatin condensation {z
heterogencous, & homogeneous), 7 absence of nuclear fossa; 8 nuclear fossa asa simple arc in biflagellate spermatozoa, 9 centriole inserted
in the ouclear fossa, 10 midpiece size (a short, & long), 11 cytoplasmic channel size (a short, b long). 12 number of cytoplasmic channels {2

one, b two), I3 mitochondria shape (a rounded, b elongated)
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spermatozoa described in the literature (Quagio-Grass-
iotto et al. 2001; Lee and Kim 1999; Mansour et al. 2002;
Lee and Kim 2001; Kwon ¢t al. 1998; Poirer and
Nicholson 1982; Burns et al. 2002; Quagio-Grassiotto
and Carvalhio 2000; Santos et al. 2001; Lee 1998; Kim
and Lee 2000), the midpiece size (character 10) was
considered short when its total length was < 1.7 pm,
but considered long with the length >1.7 yum. The
cytoplasmic channel size (character 11) was considered
short when its total length was < 1.5 um, but consid-
ered long with the length >1.5 pm.

Resulis
Spermiogenesis in C. coecutiens and B. amazonicus

In the apalyzed species, spermatids are found in the
limen of the germinative compariment together with
the spermatozoa (Figs. 2a-c, 3a, b). The early sper-
matids are found in groups in the proximities of the
spermatocytes cysts (Figs. 2a, b, 3a). During spermio-
genesis, these spermatids move towards the lumen re-
gion of the central germinative compartment mixing
with the spermatozoa (Figs. 2¢, 3e). In the early sper-
matids, the centrioles e medial to the nucleus, and
anchors to the plasma membrane. The flagella devel-
opment in the two cenirioles occurs medial to the nu-
cleus (Figs. 2d-f, 3c-e). The centrioles do not move
towards the nucleus. They remain anchored to the
plasma membrane. At the beginning of the spermio-
genesis, the centrioles of C. coecutiens exhibit an ob-
lique position in relation to their main axis. Along the
process, they change their position adopting a lateral
and parallel position (Fig. 2d, ). In B. amazonicus the
centrioles are lateral and parallel to each other (Fig. 3c¢).
During the spermiogenesis, nuclear rotation does not
occur, and the flagella remain medial to the nucleus. A
depression is formed in the nuclear outline thai gives
rise to the nuclear fossa. The nuclear fossa is medially
positioned. At the time of the fossa formation, the basal
region of the nuclei is projected into the direction of the
basal bodies. At the end of this process, the centrioles
longer than those usually found in fishes remain com-
pletely inserted in the nuclear fossa (Figs. 2g, h, e, f).
The process of centrioles elongation occurs during the
spermatogenesis, more precisely during the nuclear
fossa formation. This elongation process may have
some influence in the nuclear fossa formation. Thus, the
final form of the nuclear fossa is possibly a consequence
of the depression of the nuclear outhine, projection of
the basis of the nucleus, and elongation of the basal
bodies. The chromatin is heterogeneously condensed in
the form of thin filaments juxtaposed in C. coecutiens
and m the form of condensed clusters in B. amazonicus
(Figs. 2g, g-inset, h; 3e—g). Chromatin condensation
process begins at the basal position of the nucleus, and
proceeds until the apical region. Although the centrioles
do not move toward the nucleus, the formation of a
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cytoplasmic channel ocours. In C. coecutiens, only one
cytoplasmic channel is formed, while two are formed in
B. amazonicus (Figs. 2g, h, 3d). The cytoplasmic mass
moves around the initial segment of the tail, and gives
rise to the midpiece of the future spermatozoon. The
midpiece has rounded to elongate mitochondria and
vesicles (Figs. 2f-h, 3e—g). The flagella have a classical
(9 + 2) axoneme without lateral projections or fins
(Figs. 2g, b, 3b, g).

Spermatozoa of C. coecutiens

Spermaiozoa of C. coecutiens are found in the lumen of
the germivative compartment, either isolated or in
groups, with variable number of cells (Fig. 4d). The
interaction points among the membranes of different
spermatozoa are in general electron-dense (Fig. 4b, d, f).
The spermatozoon of this species exhibits a semi-ovoid
head, a symmetric midpiece, and two flagella medial to
the nucleus (Fig. 2a). They show no acrosomal vesicle.
The nuclei with semi-ovoid shape are 1.3 um in length,
and 1.4 pm in width. The chromatin is heterogeneously
condensed, and in the form of thin, juxtaposed fila-
ments, interspersed by few electron-lucent areas
(Fig. 4a—g). No organelics are seen in the cytoplasmic
region, apical to the nucleus (Fig. 4e, f). The nuclear
fossa 1s 0.6 pm in length, and 0.5 wm in width. It is
medial to the nucleus, and has an in simple arc shape
(Fig. 4f). The midpiece is 0.5 pm in length, and 1.7 pm
in width. A few rounded mitochondria are encountered
in the apical and medial regions of the midpiece,
peripherally distributed in these regions (Fig. 4d-g).
Many elongated vesicles are found in all regions of the
midpiece, concentrated mainly on the basal region. They
might be isolated or interconnected among themselves,
forming a membranous compartment (Fig. 4h—j). The
mitochondria are separated from the flagella by the
cytoplasmic channel (Fig. 4i). The cytoplasmic channel
is 0.4 um in length, and 0.5 pm in width. The centrioles
are lateral and parallel to each other, and found com-
pletely inserted in the nuclear fossa (Fig. 4¢, f). Both
centrioles become basal bodies, and give rise to an
axoneme that exhibits the classical 9 + 2 microtubular
pattern. In all segmenis of the tail, the axonemes are
individualized and separated so as not to partake in the
same membrane. No fiagellar lateral projections or fins
are present (Fig. 4k, 1).

Spermatozoa of B. amazonicus

Spermatozoa of B. amazonicus exhibit a comic head, a
symmetric midpiece, and two flagella medial to the nu-
cleus (Fig. 5a, b). They show no acrosomal vesicle. The
nuclei with conic shape are 1.9 um in length, and 1.6 pm
in width. The chromatin is heterogencously condensed,
and in the form of chromatin clusters (Fig. 5a—d). The
cytoplasmic region around the niucleus is narrow, and



Fig. 2 Spermiogenesis of Ceropsis coecutiens: a Spermalids group  chromatin process of condensation. h Late spermatid. B basal
near spermatocyles cysts, b Details of the proximity between the bodies, C centrioles, CY spermatocytes cysts, F flagella, G
spermatids and spermatocytes cysts. ¢ Spermatids together with the  spermatogonia cysts, N nucleus, S Sertoli cell, T spermatids, V
spermatozoa in the Jumen of the germinative compartment. d, e  vesicles, Z spermatozoon, Arrow cytoplasmic channel, Double
Details of the centrioles position. f Midpiece in formation showing  grrow nuclear fossa, Asterisk mitochondria.

milochondria and vesicles. g and (g-inset) Nucleus showing the
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Fig. 3 Spermiogenesis of Bunocephalus amazonicus: a Spermatids
near spermatocytes cyst. b Spermatids in the lumen of germinative
compartment. ¢ Details of the centrioles arrangement. d Early
spermalids with the midpiece in formation showing mitochondria
and cytoplasmic channel. e, f Early spermatids showing the
chromatin condensation process in the nucleus, and mitochondria

and vesicles in the midpiece. g Late spermatid. B basal bodies, C
centrioles, CY spermatocytes cysts, E electron-lucent area, F
flagella, N nucleus, S Sertoli cell, T spermatids, ¥ vesicles, Z
spermatozoon, Arrow cytoplasmic channel, Double arrow nuclear
fossa, Asterisk mitochondria
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Fig. 4 Spermatozoa of C. coecutiens: a Spermatozoon longitudinal
section. b Head region. ¢ Centrioles arrangement. d, e Spermatozoa
groups showing interaction points between plasmic membranes. f
Spermatozoon longitudinal section showing nuclear fossa in the
nucleus, and cytoplasmic channel, mitochondria and vesicles in the
midpiece. g—j Midpiece sections showing mitochondria and vesicles.

k Flagella longitudinal section. I Flagella cross-section. 4 axoneme,
B basal bodies, E electron-lucent area, F flagella, MC membranous
compartment, N nucleus, V' vesicles, Arrow cytoplasmic channel,
Arrowhead interaction points, Double arrow nuclear fossa, Asterisk
mitochondria
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Fig. 5 Spermatozoa of B. amazonicus: a, b Spermatozoa longitu- m Flagella cross sections. 4 axoneme, B basal bodies, F electron-
dinal sections. ¢ Head cross section. d Centrioles arrangement. e, f  lucent area, F flagella, M C membranous compartment, N nucleus,
Spermatozoa longitudinal sections showing mitochondria, vesicles V' vesicles, Arrow cytoplasmic channel, Arrowhead cytoplasmic
and cytoplasmic sheath of the midpiece. g Details of the nuclear  sheath, Double arrow nuclear fossa, Asterisk mitochondria

fossa. h-j Midpiece cross sections. k Flagella longitudinal section. I,
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organelles are not found in it (Fig. 5e-F). The nuclear
fossa is 1.2 pm in length, and 0.7 pm in width, It is
medial to the nucleus and lain in simple arc shape
(Fig. 5g). The midpicece is 2.6 um in length, 1.7 pm in
width, and exhibits a cytoplasmic sheath (Fig. Se, f).
Few elongated mitochondria are found in the apical and
medial regions of the midpiece. They are distributed
central and peripherally in these regions (Fig. 5e, f, h, 1).
Many elongated vesicles, either isolated or intercon-
nected, are found in all regions of the midpiece (Fig. Se,
f, h—j). The mitochondria are separated from the flagella
by the cytoplasmic channels (Fig. 5i). The cytoplasmic
channels are 2.8 pm in length, and 0.6 pm in width. The
centrioles are lateral and parallel to each other, and are
found completely inserted in the nuclear fossa (Fig. 5d).
Both centrioles are differentiated into basal bodies and
give rise to an axoneme exhibiting the classical 9 + 2
microtubular pattern. In all segments of the iail, the
axonemes are individualized. No flagellar lateral pro-
jections or fins are present (Fig. 5k—m).

Spermatozoa of N. inermis

Spermatozoa of N. imermis display the head and the
midpiece joined in a single structure, with no clear
delimitation between them, and two flagella medial to
the nucleus (Fig. 6a). They do not show acrosomal
vesicle, The ovoid nucleus has the larger axis displayed
in the horizontal position and is 1.6 pm in length, and
2.8 pm in width. The nucleus contains highly con-
densed homogeneous chromatin interspersed with some
¢lectron-lucent areas. In the peripheral electron-lucent
areas, small chromatin clusters are present (Fig, 6a—).
In the cytoplasmic region, apical to the nucleus, no
organelles are seen, The nuclear fossa is absent
(Fig. 6a). The midpiece is 2.0 pm in length, and 3.9 pm
in width, and shows a radial symmetry with the fla-
gellum axis. Surrounding the basal region of the nu-
cleus and filling the midpiece, a large number of very
long, sometimes ramified mitochendria, radially’ ar-
ranged are found (Fig. 6a, d, e). In the basolateral re-
gion of the midpiece base, several elongate and
interconnected vesicles form a membranous compart-
ment (Fig. 6a, e, f). The cytoplasmic channels are
0.2 pm in length, and 0.9 um in width. The centrioles
are lateral, parallel to one another, and positioned
distal to the midpicce region. They are anchored by
cytoskeletal components (Fig. 6a, e-inset). Each cen-
triole ig differentiated into a basal body, and gives rise
to an axonems exhibiting the classical 9 + 2 microtu-
bular pattern. The axonemes are individualized in the
initial segment of the tail, and separated from the
elongated distal vesicles of the midpiece by the cyto-
plasmic channel., The axonemes are not individualized
in the other segments of the tail, and share the same
flagellar membrane. No flagellar lateral projections or
fins are present (Fig. 6g—).

Discussion
Spermiogenesis

The occurrence of spermatids in the lumen of the ger-
minative compartment in Cetopsidae and Aspredinidae,
together with the spermatozoa, suggests that spermato-
genesis in these families are of the semicystic type. The
semicystic spermatogenesis is uncommon among Teleo-
stei and has been described in very few groups as Op-
heliidae (Mattei 1993), Scorpaenidae (Mufioz et al.
2002), and Bleniidae (Lahnsteiner and Patzer 1990).

In the spermatezoa, the flagellum axis may be either
perpendicular or parallel to the nucleus, depending on
whether nuclear rotation during spermiogenesis occurs
(type I spermiogenesis) or not (iype II spermiogenesis)
(Mattei 1970). In the Pimelodidae the flagellum is
medial, the nucleus does not rotate, and both the nuclear
fossa and the cytoplasmic channel are absent during
spermiogenesis, characterizing a third type of spermio-
genesis (I. Quagio-Grassiotto and C. Oliveira, submit-
ted). The spermiogenesis process observed in Cetopsidae
and Aspredinidae is characterized by a medial develop-
ment of the flagella, the absence of nuclear rotation, a
medial nuclear fossa formation, a cytoplasmic channel
formation, and by the absence of centriolar migration.
This set of characteristics is different from those previ-
ously described. The unusual spermiogenesis found in
Cetopsidac and Aspredinidae may represent a synapo-
morphy evolved in a common stem lineage of both taxa
or it independently evolved in each group. It then was an
autapomoerphy of either taxon.

It is possible that the existing cytoplasmic channel is a
result of the accommodation and interconnection of the
vesicles around the flagella of Cetopsidae, Aspredinidae
and Nematogenyidae, instcad of the movement of the
centrioles toward the nucleus.

Spermatozoa

The comparative analyses of siluriform spermatozoa
ultrastructure showed that some characteristics are only
found in Aspredinidae, for example, the presence of
cytoplasmic sheath in the midpiece. Some are only found
in Nematogenyidae, such as the presence of very long,
sometimes ramified mitochondria, centrioles or basal
bodies positioned far from the nucleus, and in some
segments of the axcnemes sharing the same flagellar
membrane. There was not any characteristic exclusively
found in the spermatozoa of Cetopsidae.

The main characteristic found in the present study
was the presence of two flagella in the three species
analyzed. In teleosts, the flagellum is usually single (Ja-
mieson 1991; Mattei 1991). In Cetopsidae, Aspredinidae
and Nematogenyidae, spermatozoa are biflagellate, with
the flagella medial to the nucleus. The same happens in
Amblycipitidae (Lee and Kim 1999), Ariidae and Mal-
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Fig. 6 Spermatozoa of Nematogenys inermis: a Spermatozoon
longitudinal section. b, ¢ Head cross sections; d—f Midpiece cross
sections. (e-inset) Details of centrioles position. g, h Individualized
and associated axonemes (longitudinal sections). i, j Individualized

and associated axonemes (cross sections). A axoneme, B basal
bodies, £ electron-lucent area. F flagella, N nucleus, £ plasmic
membrane, V' vesicles, Arrowhead cytoskeletal components, Asrer-
isk mitochondria
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apteruridae (Mattei 1991), and Ictaluridae (Poirier and
Nichelson 1982; Emel'yanova and Makeyeva 1991a,
b).Mansour and Lahnsteiner (2003) described the
occurrence of biflagellate spermatozoa in Aspredinidae
and Bagridae. However, two previous studies with spe-
cies of Bagridae described their spermatozoa as unifia-
gellate (Lee 1998; Kim and Lee 2000). In the species of
all other siluriforms studied, such as Diplomystidae,
there is only one flagellum (Quagio-Grassiotio et al.
2001; Mansour and Lahnsteiner 2003) (Table 1).

Although the lack of information on spermiogenesis
and spermatozoa ultrastructure of siluriforms prevents a
more accurate investigation, stalling the use of modern
methods of parsimony, the comparative analysis pre-
sented in Table 1 point to some interesting features.
Among them the 13 spermatozoa characters depicted
that the spermateozoa of the Cetopsidae are more similar
to those of the Amblycipitidae, Aspredinidae, and
Ictaluridae, sharing ¢ight similar characieristics (Table 1).
Furthermore, the spermatozoa of the Cefopsidae share
seven characteristics with Bagridae and Siluridae and six
characteristics with Nematogenyidae (Table 1). The
spermatozoa of Nematogenyidae are more siniiar to
those of the Aspredinidas, sharing six characteristics
{Table 1).

As discussed above, Table 1 shows that the sperma-
tozoa of the Cetopsidae, Aspredinidae, Amblycipitidae,
Ietalunidae, and Nematogenyidae share more similar
characteristics among themselves than with any other
stluriform. This observation is only partially in accor-
dance with the phylogeny proposed by Britto (2003)
(Fig. 1). Besides the characters presented in Table I,
Aspredinidae and Cetopsidae also share. a spermato-
genesis of the semicystic type, and a particular type of
spermiogenesis process not reported in any fish group, as
discussed above. Thus, the position of Aspredinidae may
be different from that proposed by de Pinna (1998) and
Britto (2003). It is important to notice that according to
de Pinna (1996; 1998) and Britto (2003), Aspredinidae is
the only Sisuroidea found in South America, as all
remaining families are found in Africa.

The position of Nematogenyidae is also controver-
sial, because the spermatozoa of this group share only
one characteristic with those of Loricariidae, the second
representative of Loricaricidea with spermatozoa ultra-
structure published (Table 1). Moreover, the main
characteristics found in the Nematogenyidae spermato-
zoa are quite different from those of the Trichomyeteridae,
Scoloplacidae, and Callichthyidae (our unpublished data).
The presence of eight characteristics shared by Cetopsidae
and Aspredinidae and six characters shared by Cetopsidae
and Nematogenyidae (Table 1) may suggest that these
three families (only found in South America) belong to a
very primitive siluriform lineage originated after Diplo-
mystidae, the most primitive siluriform (de Pinna 1998;
Britto 2003), which nowadays is also found only in
South Armerica.

Further studies characterizing the spermicogenesis and
the spermatozoa ultrastructure of additional siluriform

families will be very usefud for a betier understanding of
the relationship among the Siluriformes families, and the
evolutionary transformation of the male germinative
cells in fishes.
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Introduction

Abstract

Spadella, M. A., Oliveira, C. and Quagio-Grassiotto, 1. 2006. Spermiogenesis
and introsperm ultrastructure of Scoloplax distolothrix (Ostariophysi: Sihriformes:
Scoloplacidae). — Acza Zoologica (Stockholm) 87: 341348

Spermiogenesis in scoloplacids is characterized by initial Iateral development
of the fiagellum, nuclear rotation, medial nuclear fossa formation, complex
centriolar migration, and cytoplasmic channel formation. The scoloplacid
spermiogenesis is similar to those found in Diplomystidae, the most primitive
siluriform family. The scoloplacid spermatozoa have all the main characteristics
of introsperm. They exhibit a conic head, a symmetric midpiece, a medial
flagellum, and no acrosome. The conic forward-elongated nuclei contain
homogeneous chromatin. The thin extremity of the nuclei is strongly curved
and along its internal face there is a well-developed membranous compartment.
The centrioles are completely inside the medial nuclear fossa, perpendicular to
each other and with an electron-dense material between them. In a cross view
of the midpiece, the mitochondria form a ring surrounding internally the
cytoplasmic channel, and in a longitudinal view they are organized in a row
along it. Several clongated vesicles are distributed peripherally, mainly
concentrated in the mid-piece basal region. The flagellum contains the classical
axoneme (9 + 2) and has two lateral projections or fins. The spermatozoa of
scoloplacids share several characteristics with those of Auchenipteridae. Since
these two families are not phylogenetically related this similarity seems to be
due to convergence once both families are, until now, the only known siluriform
families with introsperm.

Dr Irani Quagio-Grassiotto, Departamento de Morfologia, Instituto de
Biociéncias, Universidade Estadual Paulista, Campus de Botucatu.,
18.618-000, CP 510, Distrito de Rubio Jr, Bomcat, Sio Paulo, Brazil.
E-mail: morfologia@ibb.unesp.br

in de Pinna 1998) showed that Scoloplacidae belongs to the
superfamily Loricarioidea and is the sister group of the clade

Scoloplacidae, with only four species, is one of the most
recent Neotropical siluriform family described (de Pinna
1998; Schaefer 2003). Scoloplacids were initially supposed
to be representative of the Aspredinidae family (Lundberg
and Baskin 1969). Bailey and Baskin (1976) described the
first species of scoloplacids and suggested that it could
belong to a new subfamily of Loricariidae named Scoloplac-
inae. Only in 1980 Isbriicker elevated the subfamily to the
family status and named it Scoloplacidae. Howes (1983)
confirmed that action via a cladistic analysis of higher lori-
carioid relationships. Recent phylogenetic studies (reviewed

© 2006 The Authors
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composed by Loricariidae and Astroblepidae, Scoloplacids
are known from the Amazon, Tocantins, and Pamana/Para-
guay River systems of South America (Schaefer 2003),
Fishes of this family are usually referred 1o as miniature cat-
fishes, since the adults do not exceed the standard length of
about 20 mm (Schaefer 2003).

The reproductive biology of scoloplacids is pootly knowr.
In a sample of 874 scoloplacid specimens canght at the end
of the rainy season between May and August, Sazima et al.
(2000) related the presence of six sexually dimorphic males
measuring 14.0-14.6 mm SL, and several possible adult
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females measuring 12.8-16.4 mm SL, with up o 300
oocytes per ovary. In this study, any female was found with
mature oocytes. Burns and Weitzman (2005) dessribe
Seoloplax dicra as being an inseminating species, based on
the histological demonstration of spermatozoa within the
ovaries. Among siluriforms, insemination has only been
documented in Auchenipteridae (Loir er al. 1989; Meisner
et al. 2000; Burns er al. 2002).

The present study describes the spermiogenesis and
spermatozoa in Scoloplax distolothrix demonstrating the
occurrence of introsperm in this species, The data are com-
pared with those of other siluriforms with the main objective
of invesdgating if the characteristics found in S, distelothrix
spermatozoa are more influenced by the reproductive mode
than by the phylogenetic position of the family.

Materials and methods

The present study was conducted with adult males of
S. distolothrix Schaefer, Weitzman and Britski, 1989 (Scolo-
placidae), collected in a temporary lagoon on the right margin
of the Rio Itiquira, Itiquira, Mata Grosso, Brazl (17°28°13"S,
55°14'46,7"W) in May (LBP 1424) and September (LBP
1938) of 2003. The fishes were identified and kept in the fish
collection of Labaratério de Biologia e Genética de Peixes
(LBP), Departamento de Morfologia, Institute de Biociéncias,
TUNESP, Botucatu, Sio Paulo, Brazil.

For ultrastructural analysis, the gonad fragments were
fixed in 2% gluraraldehyde and 4% paraformaldehyde in 0.1
M Sorensen phosphate buffer, pH 7.4. The material was
postiixed for 2 h in the dark in 1% osmium tetroxide in the
same buffer, contrasted in block with aqueous solution of 5%
uranyl acetate for 2 h, dehydrated in acetone, embedded in
araldite, and sectioned and stained with a saturated solution
of uranyl acetate in 50% alcohol, and lead citrate. Electro-
micrographs were obtained using a Phillips CM 100 transmis-
sion electron microscope.

Results

Spermiogenesis in Scoloplax distolothrix

The spermiogenesis occurs in cysts in the germinative ¢pi-
thelium. In these cysts, groups of spermatids at the same
development stage are surrounded by cytoplasmic processes
of the Sertoli cells (Fig. 1A}, In the early spermatids, the
cytoplasm is symmetrically distributed around the nucleus,
which conrains diffuse chromatin and has a circular outline
(Fig. 1A—C). The centriclar complex, with the proximal cen-
triole perpendicular to the distal, Lies laterally to the nucleus
and is anchored 10 the plasma membrane. Between the cen-
tricles there is a deposit of electron-dense material (Fig. 1K).
The flagellum development from the distal centriole takes
place laterally to the nucleus (Fig. 1B, 1B inset). The centriolar
complex moves towards to the nucleus, bringing with it the
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plasma membrane and the inital segment of the flagellum
(Fig. 1B,C). With the movement of the centrioles towards to
the nucleus, the cytoplasmic channel is formed; the nuclear
rotation accurs and the flagellum is positoned medially to
the nucleus. During the nuclear rotaden, a depression is
formed in the nuclear outline that gives rise to the nuclear
fossa. At the end of this process, the centrioles and the inirial
segment of the flagellum are found completely inserted in the
nuclear fossa, in medial position (Fig. IB-E,H). During the
nuclear elongation, the nuclear fossa initially long in relation
to the nucleus becomes short (Fig. 1C-E, 1H,],K}. During
the nuclear rotation, the chromatin condensation starts. The
process culminates with the formation of thin juxtaposed fil-
aments (Fig. 1B-E, 1H,J,K). The cytoplasmic mass moving
towards and around the initial segment of the tail gives rise
to the midpiece of the future spermatozoon (Fig. 1D,E,H,K).
In the early spermatids, the midpiece has rounded mitochon-
dria randomly distributed. During the spermarid differenti-
ation, the mitochondria elongate. They can fuse to each other
and take place along the flagellar initial region (Fig. 1F). In
a cross view, the mitochondria form 2 spiral surround inside
the cytoplasmic channel, while in a longimdinal view, they
are organized in a row along it (Fig. 1F-K), Few vesicles are
found in the spermatids midpiece. The flagellum has the
classical (9 + 2) axoneme, with nine peripheral microtubuiar
doublets of microtubules and a single central pair of micro-
tubules, swwrrounded by the flagellar membrane. Two lateral
projections or fing develop from the flagellar membrane
(Fig. 1L, 1L inset).

Scoloplax distolothrix spermarozeoa

Scoloplax distolothrix spermatozoa are found in the light of the
germinative compartment, isolated or in groups, with a vari-
able number of cells. In the groups, the spermatozoa can be
tightly packed along their entire lengths (Fig. 2B). However,
these groups do not constitute a spermatozeugmata., The
spermatozoa of these species exhibit a conic head, symmetric
midpiece, and one medial flagellum (Fig. 2A,EI). They do
not show acrosomal vesicle. The nuclei have a conic shape,
are very elongated forward and have its thin extremity curved
(Fig. 2A, 2B inset). The nuclei are 6.0 pm in length and
0.4 ym in width. In a longitudinal view, it forms a long and
slight arc, while in a cross view it is oblong (Fig. 2C,D). In
the head, along the internal face of the arc, is a well-developed
membrancus compartment with some elecron-dense dots
close to the nuclei (Fig, 2A-1)). Despite the chromatin being
heterogeneously condensed and in the form of thin juxta-
posed filaments, it has a homogeneous pattern in the sper-
matozocn. In the cytoplasmic region, around to the nucleus,
no organelles are seen (Fig. 2A,B). The nuclear fossa is
0.8 pmin length and 0.2 pm in width. It is medial to nucleus
and in simple arc (Fig. 2E), The midpiece is 4.4 pm in length
and 0.8 pm in width, Centrally in the midpiece, but not in
the terminal end, in a cross view, the mitochondria form a

© 2006 The Authors
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Fig. 1—Spermiogenesis of Scoloplax distolothrix. —A. Spermatids cyst. CY, cyst; F, flagellum; N, nucleus. X4.850. —B-E. Early spermatd
(longitudinal sections). C, centriolar complex; D, distal centriole; F, flagellum; P, proximal centriole; V, vesicles; asterisk, mitochondria; arrow,
cytoplasmic channel. (B, D) X17.000; (B inset) X10.200; (C, E) X13.250. —F, G, I. Midpiece showing mitochondria (longitudinal and cross
sections). (F) X13.600; (G) X18.400; (I) X25.200. —H. The arrangement between the centrioles and the mitochondria distribution in the
midpiece. X17.000. —J, K. Late spermatid nucleus showing the heterogeneous condensation process. Double arrow: electron-dense material
between centrioles. (J) X9.750; (K) X13.250. (K inset) Mitochondria organized in a row. X13.600. —L and L inset. Flagellum (longitudinal
and cross sections). A, axoneme; double arrowhead, lateral projections. (L) X31.500; (L inset) X23.000.

© 2006 The Authors
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Fig. 2—Spermatozoa of Scoloplax distolothrix. —A. Spermatozoon longitudinal section. E, electron-dense structure; MC, lateral membranous
compartment; N, nucleus; asterisk, mitochondria. X23.000. —B and B inset. Nucleus longitudinal sections, showing its extremity curved
and lateral membranous compartment. (B) X17.000; (B inset) X13.250. —C, D. Head regions (transverse sections). (C) X18.400; (D)
X17.000. —E. Centrioles arrangement. D, distal centriole; F, flagellum; I, proximal centriole; arrowhead, electron-dense material between
centrioles. X42.000. —F. Spermatozoon longitudinal section showing nuclear fossa and cytoplasmic channel and mitochondria in the
midpicce. B, basal body; arrow, cytoplasmic channel. X23.000. —F insct, G and H. Midpiece transverse sections showing mitochondria and
vesicles. V, vesicles, (F inset) X25.200; (G) X42.000; (H) X23.000. —I. Midpiece longitudinal section. X31.500. (] and J inset) Flagella
transverse sections. A, axoneme; double arrowhead, lateral projections. (J) X42.000; (] inset) X31.500.

© 2006 The Authors
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Fig. 3—Diagram of the spermatozoon of
Scoloplax distolothrix (A) with corresponding
longitudinal (B) and transverse {C) sections.
Scales of various parts are only approximate.

Scale bar = 0.48 pm. A

proximal -
_gentriole.

centriole
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ring internally surrounding the cyroplasmic channel, while
in a longitudinal view they are organized in a row along it
(Fig. 2F, 2F inset, 2I). Mitochondria are not observed only
in the basal extremirty of the midpiece (Fig. 2I). Several elon-
gated vesicles are found peripherally distributed in all regions
of the midpiece, but mainly concentrated in the basal region
{Fig. 2G,H). The mitochondria are separated from the flag-
¢llum by the cytoplasmic channel (Fig. 2F,I). The cytoplasmic
channel is 4.2 pm in length and 0.3 pm in width. The centri-
oles are completely inside the nuclear fossa, perpendicular to
each other, and show an electron-dense material between
them (Fig. 2E). The distal centriole iz differentiated in the
basal body and gives rise 1o the axoneme, which exhibits the
classical {8 + 2) microtubular pattern. The initial segment of
the axonema is also found inserted in the nuclear fossa. The

& 2006 The Authors
Journal compilation © 2006 The Royal Swedish Academy of Sciences

flagellar membrane displays two lateral projectons or fins
(Fig. 2], 2] inset). A diagram of the 8. disrolothrix introsperm
is presented in Fig. 3.

Discussion

Spermiogenests

In the spermatozoa, the flagellum axis may be either perpen-
dicular or parallel to the nucleus, depending on whether
nuclear rotation during spermiogenesis occurs (iype I sper-
miogenesis) or not (type II spermiogenesis} (Mattei 1970).
The spermiogenesis process observed in scoloplacids is char-
acterized by an initial lateral development of the flagellum,
presence of nuclear rotation, a medial nuclear fossa formation,
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a cytoplasmic channel formation, and the presence of centriolar
migration, These characteristics are similar to type I sper-
miogenesis, which is also observed in Diplomystidae, the
most basal siluriform family. However, in Diplomystidae the
cytoplasmic channel does not remain in the spermatozoa
{Quagio-Grassiotte  al. 2001) as observed in scoloplacid.

Spermaiozoa

Fish spermatozoa can be divided in two main groups, accord-
ing to their reproduction mode. In the first group we have the
species with external fertilization that have aquasperms. This
is the most comunon condition found among fishes and in
this case the spermatozoa have spherical to ovoid nucleus
and short midpieces (Jamieson 1991). In siluriforms
aquasperms are found in most families, including, for exam-
ple, Diplomystidae (Quagio-Grassiotro et al. 2001), Loricar-
iidae (Mansour and I ahnsteiner 2003}, Clariidae (Mansour
& al. 2002), Siluridae (Kwon ez al. 1998; Lee and Kim 20013,
and Pimelodidae (Quagio-Grassiotto and Carvatho 2000;
Santos et al, 2001). In the second group, we have the internal
inseminared species whose spermaggzod, named introspertn,
have very elongated nucleus and midpieces (Jamieson 1991).
This condition is relatively rarer among fishes. However, spe-
cies with introspermm are found in several families of different
orders. In Cyprinodontiformes, this reproduction mede
was described in Poeciliidae (Grier 1975; Kobayashi and
Twamatsu 2002) and Anablepidae and Jenynsiidae (Grier
et al. 1981). In Scorpaeniformes, introsperm are observed in
several species of Scorpaenidac (Jamieson 1991; Mufioz e al.
1099, 2002). In Characiformes, the sister group of Sil-
uriformes and Gymnotiformes (Fink and Fink 1996}, some
species with introsperm are found in the subfamily Chei-
rodontinae (Burns et of. 1997} and Glandulocaudinae (Burns
et al. 1995, 1998; Azevedo ez al. 2000; Burns and Weitzman
2005; Pecio ez al. 2005). In Siluriformes, Auchenipteridae is
the only family with intresperm (Lo ez al. 1989; Meisner
et al. 2000; Burns. et al. 2002).

The presence of very elongated nucleus and midpieces in
S. diszolothrix characterize the occurrence of introsperm in
this species. This finding reinforces the hypothesis of Burns
and Weitznan (2005) that scoloplacids have insemination.
Due to this particular mode of reproduction, the S, distolothrix
spermatozoa are morphologically more similar to those
found in auchenipterids. In a comparative analysis, five char-
acteristics shared between the spermatozoa of S. distolothrix
and auchenipterids were found: the conic shape of the nuclei,
the presence of very long nucleus, and the perpendicular
arrangement between the proximal and distal centrioles, the
presence of a long midpiece, and the presence of mitochon-
dria along of the midpiece. Since phylogenetic studies dem-
onstrated that Scoloplacidae and Auchenipteridae do not
belong to a natural group (de Pinna 1998; Britto 2003),
these similar charactenstics should be developed by conver-
gence, due to their pardcular reproductive characteristics.
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On the other hand, introsperm of scoloplacids and
auchenipterids have several marked differences. In scolo-
placids spermatozoa midpiece the mitochendria form a ring
internally surrounding the cytoplasmic channel, while in
auchenipterids they do not have this amangement. In scolo-
placids the couic nuclei have their extremity strongly curved
and a well-developed membranous compartment along its
internal face. In auchenipterids, the exmremity of the auclei
is lanceolated and any membranous compartment flanking
the nucleus is observed (Burns et al. 2002]. In scoloplacids,
spermatozoa midpieces have several vesicles, which they are
pot found in auchenipterids. In scoloplacids spermatozoa,
the flagellum has two lateral fins, not observed in aucheni-
pterids. The organization of the scoloplacid spermatozoa in
the germinative compartment is also different from auchen-
ipterids since they are not arrauged in well-organized
spermatozeugmata, as found in aucheniprerids (Meisner
et al. 2000; Burns er al. 2002). These characteristics may be
relared with the phylegenedc position of scoloplacids.

The family Scoloplacidae belongs to the superfamily
Loricaripidea (de Pinna 1998). However, almost alt charac-
teristics found in the scoloplacid spermatozoa are quite dif-
ferent from those found in other Loricarioidea families, such
as in Nematogenyidae (Spadella & al. subrmitted), Loricariidae
(Mansour and Lahpsteiner 2003; our unpublished data), as
well as in Trichomycteridae and Callichthyidae (ocur unpub-
lished data), possibly due its particular mode of repreduction
as discussed above. According to Burgess (1989) and our
own observations, male astroblepids have an elongate uro-
geniral papilla that apparently functions as an intromittent
organ. This suggests the occurrence of insemination in this
family, but future analysis with aswoblepid spermatozoa
should be conducted to test this hypothesis.

Scoloplactdae is the sister group of a clade composed of
Astroblepidae and Lortcariidae (de Pinna 1998; Brino
2003). The spermatozoz of S. distolothrix and those of lori-
cariids share only two morphological characteristics: the per-
pendicular arrangement between the proximal and distal
cenioles and the presence of a symmetric midpiece. The
perpendicular arrangement between the proximal and distal
centrioles is also found in Diplomystidae (Quagio-Grassiotto
et al. 2001}, Siluridae (Lee and Kim 2001), and Pimelodidae
{Quagic-Grassiotta and Carvatho 2000; Santos ez 2l. 2001).
The presence of a symmetric midpiece is also found in
Diplomystidae (Quagio-Grassiotto er al. 2001}, Amblycipitidae
(Lee and Kim 1999), Clariidae (Mansour ez al, 2002), Siluridae
(Kwon ez al. 1998; Lee and Kim 2001), Pimelodidae (Quagic-
Grasstotto and Carvatho 2000; Santos et 2f. 2001), Bagridae
(Lee 1998; Kim and Lee 2000), and Ictaluridae (Poirier and
Nicholson 1982). Thus, the two characteristics shared
between scoloplacids and loricariids cannot be directy
related with their phylogenetc position,

Histelogical studies with male and female gonads of
scoloplacids will be very important to test the hypothesis of
the cccurrence of inseminarion in scoloplacids. Also, further
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studies in Astroblepidae will be fundamentat for a berter dis-
cussion of the spermatozoa differentiation in Loricarioidea.
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ABSTRACT

The morphology and histology of male and female reproductive systems were
examined in Scoloplax distolothrix. Internal insemination was documented in this species
by the presence of sperm within the ovaries. The mature males and females have elongated
genital papillas, exhibiting a tubular shape in male and a plain heart-shape with two median
protuberances in females. The testes are two elongated structures that converge ventrally,
under the intestine, towards a genital papilla. They are joined in the caudal end forming an
ovoid single chamber to sperm storage. Any secretory regions were observed. In the umen
of the testicular tubules, spermatozoa can be tightly packed along their lengths, but they do
not constitute a spermatozeugmata. The lumen of the sperm storage chamber and spermatic
duct are filled with free spermatozoa without accompanying secretions. The ovaries are
saccular structures, wing-bird shape, and they converge towards ventrally, under the
intestine, a genital papilla. They are joined in the caudal end forming a tubular chamber
maybe destined to oocytes storage. An oviduct with an irregular outline connects the
chamber to the tubular region of the genital papilla. Any distinct sperm storage structure
was found in the ovaries. The peculiar male and female genital papillae suggest that these
structures are associated with the reproductive mode in scoloplacids, representing other
evidence for insemination. The occurrence of free spermatozoa, without accompanying
secretions and not arranged in a spermatozeugmata, can be associate with the presence of a
tubular male genital papilla for sperm transference to the female genital tract. This reinforce
the idea to that sperm packed is not necessary in all inseminating species. The male
reproductive system in scoloplacids is very different from auchenipterids; which indicates
that the occurrence of insemination is not connected to the internal morphology of

reproductive organs.

KEY WORDS: introsperm, copulatory organ, genital papilla, catfish.
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INTRODUCTION

Scoloplacidae, with only four species, is one of the most recent Neotropical
siluriform families discovered (de Pinna, 1998; Schaefer, 2003). Scoloplacids were initially
described by Lundberg and Baskin (1969) as a representative of Aspredinidae. Bailey and
Baskin (1976) described the first species of scoloplacid and suggested that it could belong
to a new subfamily of Loricariidae, named Scoloplacinae. In 1980 Isbriicker ranked it to
family status. Howes (1983) confirmed that action via a cladistic analysis of higher
loricarioid relationships. Recent phylogenetic studies (reviewed in de Pinna, 1993; Britto,
2003) showed that Scoloplacidae belongs to the superfamily Loricarioidea and is the sister
group of the clade composed by Loricariidae and Astroblepidae. Scoloplacids are endemic
of South America been known from the Amazon, Tocantins, and Parana/Paraguay River
systems (Schaefer, 2003).

The reproductive biology of scoloplacids is still poorly known. Burns and
Weitzman (2005} suggested that Sceloplax dicra could be an inseminating species, based
on the histological identification of spermatozoa within the ovaries. Insemination is
uncommon among siluriforms, only described in Auchenipteridae (Loir et al., 1989; Burns
et al., 2000, 2002; Meisner et al., 2000; Burns and Weitzman, 2005). The spermatozoa of
Scoloplax distolothrix described by Spadella et al. (2006) show many characters that
reinforce the hypothesis of Bumé and Weitzman (2005) that scoloplacids are inseminating
fishes.

Inseminating species have several morphological specializations associated with the
process of insemination as the presence of sperm with nuclei and midpiece very elongated,
and distinct copulatory organs in males (Burns and Weitzman, 2005). In adult males of
auchenipterids, the intromittent organ or gonopodium usually results from medifications of
anterior anal-fin rays (Meisner et al., 2000; Burns et al., 2002). The gonopodium is thought
to function in the transfer of sperm to the female reproductive tract (Grier et al., 1981;
Meisner et al., 2000; Burns et al., 2002). The intromiitent organ can be also derived of

modifications of pectoral and pelvic fins, as in Phallostethidae, or appears as elongate
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genital papillae, as in Labidesthes (Atherinidae) and Hemirhamphodon (Hemiramphidae)
(Meisner et al., 2000).

Schaefer et al. (1989) described a generic diagnosis for sexual dimorphism in
Scoloplax, based on the presence of large, fleshy globular tissue at ventral opercle margin
in larger male specimens. Specifically, in S. dicra, S. empousa, and S. distolothrix, these
authors telated in males and immature females the presence of small, knob-like genital
papilla located just posterior to the anus, ofien bearing a slender posterior extension.
Additionally, in females the authors describe the presence of an expanded, fleshy sack-like
genital papilia, T-shaped slit forming a sperm receptacle.

In order to confirm the insemination occurrence in scoloplacids the morphology and
histology of reproductive system were studied in mature male and female of Scoloplax

distolothrix.

MATERIAL AND METHODS

Adult males and females of Scoloplax distolothrix Schaefer et al., 1989
(Scoloplacidae) collected in a temporary lagoon in the right margin of the rio Itiquira,
Itiquira, Mato Grosso, Brazil (17°28'13"S 55°14'46.7"W) during two collect expeditions
conduced in 05/05/2003 (LBP 1424) and 29/09/2003 (LBP 1938). Fishes were identified
and kept in the fish collection of Laboratorio de Biologia e Genética de Peixes (LBP),
Departamento de Morfologia, Instituto de Biociéncias, UNESP, Botucatu, Sdo Paulo,
Brazil.

Histological studies were conduced in specimens and gonads fixed in 10% formalin.
Segments of the fish bodies, and gonads were dehydrated in alcohol and embedded in
historesin - Technovit 7100. Serial sections from 3 to Spm thick were stained with
Haematoxilin-eosin. Micrographs were obtained using a JVC camera coupled to

microscope and microcomputer with the image capture program.



RESULTS

Mature male and female of S. distolothrix have developed genital papillas (Figs. la
and 1b). In males, the papilla is elongated, and exhibits a tubular shape with a ventral
opening close to its distal tip (Fig. 1a). The progressive closing of the ventral opening
forms a duct that runs toward the animal body. In histological sections, male genital papiila
is constituted by dense connective tissue with smooth muscle cells, and blood vessels. The
intern duct is lined by a stratified squamous ephitelium (Figs. 3¢-k).

In female, the genital papilla has a plain heart-shape with two median
protuberances. The female papilia is connected to the animal body by a short tubular region
continuous with the median protuberances. The protuberances limit a central conduit in
their median and distal regions, it becomes progressively closed, and forms a tortuous canal
that runs toward the animal body within the short tubular connecting segment (Fig. 1b). In
histological sections, the female genital papilla, as in males, is constituted by dense
connective tissue with smooth muscle cells, and blood vessels. The tortuous canal has a
very irregular outline with many folds, and is lined by a stratified squamous ephitelium

'(Figs. 4c-k).

Anatomically, the testes of S. distolothrix are two elongated structures situated in
the dorsal region of the celomatic cavity. They are enwrapped by mesenteric tissue, and
individually suspended, in the two anterior thirds, along the dorsal wall by a mesorchium.
Both of the testes converge ventrally, under the intestine, towards the genital papilla (Figs.
2a and 2b). The testes are joined in the caudal end forming an ovoid single chamber to
sperm storage. A spermatic duct connects the sperm storage chamber to the tubular region
of the genital papilia. In histological sections, testes are enclosed by the albuginea tunic,
intenally had anastomosing seminiferous tubules lined by the germinal epithelium that
containing cysts with germ cells in different stages of the maturation. In the lumen of the
testicular tubules of male in final maturation class (sensu Grier, 2002), spermatozoa can be
tightly packed along their lengths, but they do not constitute a spermatozeugmata. The

luminal compartment of the sperm storage chamber and spermatic duct are filled with free
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spermatozoa no accompanying secretions (Figs. 3a-k). Male reproductive system did not
present any secretory regions.

Anatomically, the ovaries of S. distolothrix are two saccular structures, wing-bird
shape, situated in the dorsal region of the celomatic cavity. They are individually
suspended, in their anterior halves, along the dorsal wall by a mesovarium (Figs. 2¢ and
2d). Both of the ovaries converge ventrally, under the intestine, towards the genital papilla.
The ovaries are joined in the caudal end forming a singie tubular chamber maybe destined
to oocytes storage. An oviduct with an irregular outline connects the chamber to the tubular
region of the genital papilla. The female gonads are of the cystovarium type. In histological
sections, ovaries are enclosed by the tunic albuginea, and internally the ovigerous lamellae
project radially out from the tunic to the lumen. In the maturation class, the lamellae
contain oocytes in primary and secondary growth stage, and are lined by a simple cuboidal
to a squamous ephitelium (Figs. 4a-k).

S. distolothrix introsperms were found in the ovarian lumen of females in initial
maturation class. In the histological sections of the ovary of this class, the lamellae contains
only previtellogenic oocytes, are lined by a simple cuboidal to collunar ephitelium, and the
introsperms are mainly lined up along the lamellae epithelium. Any distinct sperm storage

structure was found (Figs. 5a-e).
DISCUSSION

The presence of introsperm within the ovarian lumen, as previously documented for
Burns et al. (2000) and Burns and Weitzman (2005), and showed in the present study,
support the hypothesis that scoloplacids are inseminating species. According to Burns and
Weitzman (2005) the insemination may permit the temporal and spatial separation of
mating and spawning, since the ovary can be a region of sperm storage. The occurrence of
introsperm within the ovary in S. distolothrix, in initial maturation class, suggests its
storage until the spawning period.

The presence of genital papillas in males and females of S. distolothrix, in spite of

their morphological peculiarities, represent another strong evidence for insemination. The



histological constitution of male genital papilla show that it constitutes an intromitent organ
with analogous function of the gonopodium found in other inseminating species, as
auchenipterids (Burns, 1991; Downing and Bums, 1995; Bums and Weitzman, 2005).
Although the presence of distinct copulatory organs had been described in males of several
teleost species (Burns and Weitzman, 2005), its occurrence in females of S. disiolothrix and
possible others scoloplacids (Schaefer et al., 1989), is a new found.

The genital papillae morphology suggests that the spermatozoa flow, during the
transfer to the female reproductive tract, occurs from sperm storage chamber across
spermatic duct to the ventral opening in the distal tip of male papilla. Thus, the
spermatozoa deposited in the conduit between the median protuberances, of the female
genital papilla, move throughout the oviduct, and oocytes storage chamber, and reach their
final destination in the ovarium lumen. Therefore female genital papilla form a sperm
receptacle that help the sperm transfer to the female reproductive fract, as previously
discussed for Schaefer et al. (1989).

Differently of some Auchenipteridae (Meisner et al., 2000; Burns et al., 2002) and
some Glandulocaudinae species (Pecio et al., 2005), scoloplacid spermatozoa are not
organized in spermatozeugmata. They are found free in the lumen of the male germinative
compartment, and not accompanied by secretions (Spadella et al., 2006). Grier et al. (1981)
describe that sperm transference between sexes in an aqueous medium is facilitated if
sperm are packaged as spermatozeugmata or spermatofores, in fish families lacking tubular
gonopodia. Additionally, the aggregation of spermatozoa can reduce losses of cells to the
environment during the passage to the female genital tract (Burns and Weitzman, 2005).
Grier et al. (1981) paied assigned that in Goodeidae and Poecillidae showed evidences of a
correlation between the mechanisms of sperm packaging and non-tubular gonopodia.

Conversely, those same authors related that in two families studied, Anablepidae
and Jenynsiidae, the gonopodia is tubular and the packaging of sperm is not the rule. The
free spermatozoa found in S. distolothrix support the idea that the packing not necessarily
occurs in all inseminating species.

The morphology and histology of the male reproductive systems is known for

representatives of Loricartoidea of the families Loricariidae and Callichthyidae (Loir et al.,
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1989; Mansour and Lanhsteiner, 2003). In Callichthyidae, the male reproductive system
consists of two elongated and lobulated testis which join posteriorly in a segment that
converge towards the genital papilla. The caudal part of the testis is surrounded by a mass
composed of several packet seminal vesicles (Loir et al., 1989; Mansour and Lanhsteiner,
2003). In Loricariidae, the male reproductive system has a simple organization with two
ovoid and narrow testis localized in the anterior part. In relation to the presence of seminal
vesicles in the reproductive system, the literature data are controverty. Loir et al. (1989)
related, based on analysis of the species Hypostomus gymnorynchus (subfamily
Hypostominae), Pseudoancistrus barbatus (subfamily Hypostominae), and Harttia
surinamensis (subfamily Loricariinae), the presence of a seminal vesicle, poorly defined,
localized in the posterior part where the deferent duct is somewhat enlarged. Conversely,
Mansour and Lahnsteiner (2003) did not consider the existence of seminal vesicle in the
male reproductive system in dncistrus triradiatus (subfamily Hypostominae). Considering
that the study of Loir et al. (1989) present no image showing more detail of male
reproductive system in Loricariidae, and these authors also related had not been possible to
study accurately the anatomy; we believe that the occurrence of seminal vesicle in
Loricariidae should be more investigated.

Considering the cited above for Loricariidae according to Mansour and Lahnsteiner
(2003), the characteristics of loricariids male reproductive system, are similar to those
observed in Scoloplacidae, as the presence of elongated testes converging towards the
genital papilla, and the absence of the seminal vesicles. However, this similarity seems to
be due to convergence, since loricariids not are inseminating species.

On the other hand, the morphology and histology of male reproductive system in
scoloplacids is very different from auchenipterids, a known inseminating family of
Siluriformes. Auchenipteridae male reproductive system has a male reproductive system
composed by numerous finger-like spermatogenic lobes, sperm storage region, and
secretory and storage regions of the seminal vesicle (Loir et al., 1989; Meisner et al., 2000}
while in Scoloplacidae the testis is not lobular, and there is not a seminal vesicle or
secretory lobes. Thus, the occurrence of insemination is not related to the internal

morphology of reproductive organs.
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FIGURE CAPTION
Figure 1. Ventral views of an adult male (a) and female (b) of Scolopiax distolothrix. The

arrowheads points to the male and female genital papilla. In (a-inset) and (b-inset) detail of

a male and female genital papilla respectively. Scale bar = 5 mm.
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FIGURE CAPTION

Figure 2. Ventral views of an adult male (a) and female (c) of Scoloplax distolothrix. In (b)
ventral views of testes. In (d) dorsal views of ovaries. The arrows in (a) and (c) points to the
testis and ovary, respectively. Scale bar (a, ¢) = 0.7 mm. The arrowheads in (b) and (c)
details of male and female genital papilla, respectively. Scale bar (b) = 0.8 mm; Scale bar

(d)=1.4 mm.
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FIGURE CAPTION
Figure 3. Transversal sections of male adult specimens of Scoloplax distolothrix through

the genital papilla region. Legends: V: blood vessels; Z: spermatozoa, arrow: genital

papilla. Scale bar (a-d, g, h, j) = 10 um; Scale bar (e, f, i, k) =5 pm.
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FIGURE CAPTION
Figure 4. Transversal sections of female adult specimens of Scoloplax distolothrix through

the genital papilla region. Legends: I: intestine; L: ovarian lumen; O: oocytes; arrow:

genital papilla. Scale bar (a, c-g, i, j, k) = 10 um; Scale bar (b, h) = 5 um.
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FIGURE CAPTION

Figure 5. Photomicrography of immature ovary showing spermatozoa in the lumen ovarian
and oocytes in primary growth stage. Legends: L: ovarian lumen; O: oocytes; Z:
spermatozoa, arrow: ovarian bordered, arrowhead: tortuous folds of ephitelium of the
ovarian lumen; asterisk: ovigerous lamellae. Scale bar (a) = 20 pm; Scale bar (b-d) = 5 um;

Scale bar (e) = 2 pm.
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4.4. CAPITULO 4

Spadella, M.A., Oliveira, C., Quagio-Grassiotto, 1., submitted. Comparative analysis of the
spermiogenesis and sperm ultrastructure in Callichthyidae (Teleostei: Ostariophysi:
Siluriformes). Manuscrito submetido a revista Neotropical Ichthyology em 05 de dezembro

de 2006 (nimero ms06-079).

72



Comparative analysis of the spermiogenesis and sperm ultrastructure in

Callichthyidae (Teleostei: Ostariophysi: Siluriformes)

Maria Angélica Spadella?
Claudio Oliveira’

Irani Quagio-Grassiotto3

'Faculdade de Medicina de Marilia, Marilia, Sdc Paulo, Brazil, CP 2003, CEP 17.519-030.
*Departamento de Biologia Celular, Instiito de Biologia, Universidade Estadual de
Campinas, Campinas, Sdo Paulo, Brazil, CP 6109, CEP 13.084-971.

3Departamcnto de Morfologia, Instituto de Biociéncias, Universidade Estadual Paulista,
Botucatu, Sdo Paulo, Brazil, CP 510, CEP 18.618-000.

Running headline: Spermiogenesis and spermatozoa ultrastructure in Callichthyidae

Corresponding author:

Dra. Irani Quagio-Grassiotto

Depto. de Morfologia, Instituto de Biociéncias,

Universidade Estadual Paulista, Campus de Botucatu.

Distrito de Rubido Jr, s/n, CP 510, CEP 18.618-000.

Botucatu, SP, Brasil.

E-mail: morfologia@ibb.unesp.br Phone/fax: 55 14 3811-6264

73



Abstract

In the Corydoradinae, the spermatids occur in the lumen of the germinative
compartment, together with the spermatozoa, suggesting that spermatogenesis is of the
semicystic type, while in Callichthyinae, the spermatozoa production occurs in cysts in the
germinative epithelium, characterizing a cystic spermatogenesis. The spermiogenesis in
Callichthyinae is characterized by an initial lateral development of the flagellum, the
presence of nuclear rotation in different degrees, an eccentric or medial nuclear fossa
formation, a cytoplasmic channel formation, and the presence of centriolar migration, being
more similar to type [ spermiogenesis. In Corydoradinae, the spermiogenesis Is
characterized by eccentric development of the flagellum, the absence of nuclear rotation, an
eccentric nuclear fossa formation, a cyioplasmic channel forrnation; and the absence of
centriolar migration, differing from the types previously described. The characteristics of
the spermatogenesis and spermiogenesis process in Corydoradinae and Callichthyinae
revealed clear peculiarities of each of these subfamilies, corroborating the hypotheses that
they constitute monophyletic groups. In relation to the spermatozoa ultrastructure, the
comparative analysis of the cailichthyid species shows that the general characteristics found
in the spermatozoa were similar, thus, reinforcing the hypothesis that the family is
monophyletic. Any characteristic exclusively found in Callichthyinae spermatozoa was

observed.

Key words: catfish, spermatid, spermatozoa, phylogeny, morphology.
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Introduction

Siluriformes comprise an extremely large fish group that is widely distributed across
the tropical regions of the world (Burgess, 1989; Teugels, 1996; Ferraris, 1998). Among the
monophyletic Neotropical Siluriformes lineages, we find the superfamily Loricarioidea that
comprises six families: Nematogenyidae, Trichomycteridae, Callichthyidae, Scoloplacidae,
Astroblepidae, and Loricariidae (de Pinna, 1998; Britto, 2003a).

Callichthyidae forms a well-corroborated monophyletic group, and it is one of the
Loricarioidea families with greater species number, with approximately 180 valid species
(Reis, 1998, 2003; Shimabukuro-Dias ef al., 2004). Nowadays, callichthyids are divided
into two subfamilies: Corydoradinae and Callichthyinae are demonstrably monophyletic
based on morphological and molecular characters (Reis, 1998, 2003; Britto, 2003b;
Shimabukuro-Dias ef al., 2004). The Corydoradinae includes the genera Aspidoras,
Scleromystax, and Corydoras and Callichthyinae includes Dianema, Hoplosternum,
Megalechis, Lepthoplosternum, and Callichthys. All genera were found to be monophyletic,
with the exception of Corydoras and Hoplosternum (Reis, 2003; Britto, 2003b).

In the current study, the ulirasiructural characterization of both spermiogenesis and
spermatozoa in seven specimens of Callichthyidae comprised by four Corydoradinae and
three Callichthyinae, are presented. Comparisons between the data obtained in this study

and those available for other siluriform families were conducted.

Material and Methods

The present study was conducted with species of the subfamilies Corydoradinae and
Callichthyinae. The fish were identified and kept in the fish collection of Laboratorio de
Biologia ¢ Genética de Peixes (LBP), Departamente de Morfologia, Instituto de
Biociéncias, UNESP, Botucatu, Sdo Paulo, Brazil. For the subfamily Corydoradinae, we
utilized two adult males of Corvdoras flaveolus lhering, 1911 collected from rio Alambari
(22°56°08”S, 48°19°15”W), Botucatu, Sio Paulo, Brazil (catalog number: LBP 1314), three
adult males of Corydoras aeneus (Gill, 1858) from rio Araqua (22°47.135°S,
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48°28.892'W), Botucatu, Sdo Paulo, Brazil (catalog number: LBP 1406), two aduit males of
Scleromystax lacerdai (Hieronimus, 1995) from rio Ribeira da Terra Firme (15°32°17.9”S,
39°00°28.5”W), Canavieiras, Bahia, Brazil (catalog number: LBP 1960), and three adult
males of Aspidoras poecilus Nijssen & Isbriicker, 1976 from coérrego Voadeira, rio
Araguaia (15°52°52.7S, 52°15°14.3”W), Barra do Gargas, Mato Grosso, Brazil (catalog
number: LBP 2469). For the subfamily Callichthyinae, we utilized four adult males of
Hoplosternum littorale (Hancock, 1828) collected from rio Corumbatai (22°15°S,
47°36°W), Corumbatal, S3o Paulo, Brazil (catalog number: LBP 2015); two adult males of
Megalechis thoracata (Valenciennes, 1840) from a temporary lagoon, rio Itiquira
(17°28°13”'S, 55°14°46.7"W), ltiquira, Mato Grosso, Brazil (catalog number: LBP 1930);
and two adult males of Callichthys callichthys (Linnaeus, 1758) from Corumba, Mato
Grosso do Sul, Brazil (catalog number: LBP 1555).

Gonad fragments were fixed in 2% glutaraldehyde and 4% paraformaldehyde in 0.1
M Sorensen phosphate buffer, pH 7.4. The material was post-fixed for 2h in the dark in 1%
osmium tetroxide in the same buffer, contrasted in block with aqueous solution of 5%
uranyl acetate for 2h, dehydrated in acetone, embedded in araldite, and sectioned and
stained with a saturated solution of uranyl acetate in 50% alcohol and with lead citrate.
Electromicrographs were obtained using a Phillips - CM 100 transmission electron
microscope. '

Sixteen characters present in Callichthyidae were employed in the comparative
analyses with other families of Loricarioidea. Based on the siluriform spermatozoa
described in the literature (Porier & Nicholson, 1982; Kwon et al., 1998; Lee, 1998; Lee &
Kim, 1999, 2001; Kim & Lee, 2000; Quagio-Grassiotto & Carvalho, 2000, 2001; Quagio-
Grassiotto et al., 2001, 2003; Santos et al., 2001; Bums et al., 2002; Mansour ef al., 2002;
Spadella et al., 2006a, b), the midpiece size (character 10) was considered short when its
total length was < 1.7 um, and long when its total length was > 1.7 pum. The cytoplasmic
channel size (character 12) was considered short when its total length was < 1.5 pm, and

long when its total length was > 1.5 um.
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Results

Spermiogenesis in Corydoradinae. In the analyzed species, spermatids are found in the
lumen of the germinative compartment together with the spermatozoa (Fig. 1c, 1d, 2a). In
the beginning of the process, the early spermatids remain connected to the Sertoli cells
surface (Figs. 2b-2d). During spermiogenesis, this connection is lost and differentiated
spermatids move towards the lumen region of the central germinative compartment, mixing
with the spermatozoa. In the early spermatids, the centriolar complex lies laterally to the
nucleus and the disial centriole anchors to the plasma membrane. The flagellum
development from the distal centriole occurs lateral to the nucleus (Fig.' 2e). The centriolar
complex does not move towards the nucleus, remaining anchored to the plasma membrane
(Figs. 2f, and 2g). The centrioles are coaxial to each other, and between them an electron-
dense structure in transverse position 1o the centriole axes are observed. In direction of this
structure, cytoskeleton elements converge from both centrioles (Figs. 2e, and 2e-inset).
Along the spermiogenesis, the nuclear rotation does not occur, and the flagellum takes up
an eccentric position in relation to the nucleus. A flat depression is formed in the nuclear
outline, giving rise to the nuclear fossa. The nuclear fossa is eccentrically positioned, and
the complex centriolar is found completely outside it (Fig. 2¢). The chromatin is highly
condensed in the form of thin fibers that give an homogeneous aspect to the nucleus (Figs.
2g, and 2i). Although the centrioles do not move toward the nucleus, the formation of a
cytoplasmic charmel occurs (Fig. 2g). The cytoplasmic mass moves arcund the initial
segment of the tail, and gives rise to the midpiece of the future spermatozoon. The
midpiece has elongate mitochondria and vesicles randomly distributed along the midpiece
(Figs. 2e-2h). In the midpiece cytoplasm the formation of the electron-dense circular
structure is also observed (Fig. 2h). The flagellum has a classical (9+2) axoneme, with nine
peripheral microtubular doublets of microtubules and a single central pair of microtubules,
with neither lateral projection nor fins, and nor visible membranous compartment (Fig. 2e-

inset).
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Spermatozoa of Corydoradinae. The measurements of length and width of nucleus,
nuclear fossa, midpiece, and cytoplasmic channel of the spermatozoa of Callichthyinae and
Corydoradinae species analyzed are presented in the Table 1.

Corydoradinae spermatozoa have a round or ovoid head, asymmetric midpiece, and
one flagellum eccentric to the nucleus (Figs. 3a, 4a, 5a, and 6a). They do not show an
acrosomal vesicle. In C. flaveolus and C. aeneus, the nuclei have a round shape, while in S.
lacerdai and A. poecilus, they are ovoid (Figs. 3a-3c, 4a-4¢, 5a-5d, and 6a-6d). The
chromatin has an homogeneous aspect, interspersed with electron-lucent areas. In the
cytoplasmic region around the nucleus no organelles are seen (Figs. 3b-3f, 4c, 4e, 5a-Se,
and 6a-6f). The nuclear fossa is eccentric to the nucleus and forms a simple arc (Figs. 3d,
4d, 5d, 5e, and 6d). In the species herein analyzed, there is a large number of elongated
mitochondria filling all the regions of the midpiece. The mitochondria are separated from
the flagellum by the cytoplasmic channel. Few vesicles are observed in the basal extremity
of the midpiece distributed around the flagellum (Figs. 3e-3j, 4e-4j, 5d-5g, and 6e-6i). In C.
- flaveolus, S. lacerdai, and A. poecilus, the vesicles are small and can be isolated or
interconnected to each other, whereas in C. aeneus they are interconnecied to each other. In
the midpiece, few vesicles are observed in the basal extremity of the midpiece distributed
around the flagellum (Figs. 3f, 4i, 4j, 5e, 5g, and 6f). In all species analyzed an electron-
dense circular structure in the midpiece cytoplasm is observed, which was formed during
the spermiogenesis (Figs. 3f, 3g, 4g, 5a, and 6f-6h). The centrioles are completely outside
the nuclear Ifossa, coaxial to each other, and show an electron-dense structure among them
(Figs. 3d, 44, 5a, 5d, Se, 6a, 6d, and 6f). The distal centriole is differentiated in the basal
body and gives rise to the axoneme, which exhibits the classical 9+2 microtubular pattern.
Although the flagellam of the spermatids does not present differentiations, the
spermatozoon flagellum displays some regions with a membranous compartment, whereas

in others this compartment is not observed (Figs. 3k-3n, 4k-4n, 5a, 5h, and 6j-61).
Spermiogenesis in Callichthyinae. In the analyzed Callichthyinae species, the

spermiogenesis occurs in cysts in the germinative epithelium. In these cysts, groups of

spermatids at the same development stage are surrounded by cytoptasmic processes of the
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Sertoli cells (Figs. 1a, 1b, and 7a). In the cysts, the early spermatids are interconnected by
cytoplasmic bridges that result from incomplete cytokinesis during cellular divisions. In the
early spermatids, the cytoplasm is symmetrically distributed around the nucleus, which
contains diffuse chromatin and has a circular outline (Fig. 7b, 7d, 7i, and 7n). The centriolar
complex, with the proximal centriole in obtuse angle to the distal in M thoracata and C.
callichthys, and lateral and acute angle in H. littorale, lies laterally to the nucleus and is
anchored to the plasma membrane. The flagellum development from the distal centriole
takes place laterally to the nucleus (Figs. 7¢, 7d, 7), 71, and 7o). The centriolar complex
moves towards the nucleus bringing with it the plasma membrane and the initial segment of
the flagellum that invaginates (Figs. 7e, 7j, and 7n). With this movement, the cytoplasmic
canal, a space between the plasma membranes of the flagellar region, and the main part of
the spermatid, is formed. The nuclear rotation occurs in different degrees among the
Callichthyinae analyzed, being partial in H. littorale and C. callichthys, and complete in M.
thoracata. This results in the eccentric position of the flagellum in relation to the nucleus in
H. littorale and C. callichthys, and medial position in M. thoracata (Figs. 7d, 7e, 71, 7}, Tn,
and 70). During muclear rotation, a depression is formed in the nuclear outline thar gives
rise to the nuclear fossa. At the end of this process, the centrioles are found inserted in the
nuclear fossa in H. littorale and M. thoracata, and in C. callichthys only the proximal
centriole is found inserted in the nuclear fossa. The nuclear fossa is eccentrically positioned
in H. littorale and C. callichthys, and medial in M thoracata (Figs. 7b-7d, 7i, 7j, and 70).
During nuclear rotation, the chromatin condensation commences. The chromatin is
progressively and homogeneously condensed, presenting areas of diffuse chromatin among
areas of condensing chromatin (Figs. 7e, 7j, and 70). The cytoplasmic mass moves around
the initial segment of the tail, and gives rise to the midpiece of the future spermatozoon.
The midpiece has rounded to elongate mitochondria and vesicles randomly distributed
(Figs. 7e, 7f, 7j, 7k, 70, and 7p). The flagellum exhibits the classical (9+2) axoneme
surrounded by the flagellar membrane, which does not form lateral projections and
membranous compartment in H. littorale and M. thoracata, whereas in C. callichthys, the
formation of the membranous compartment from the flagellar membrane occurs in some

segments of the tail (Figs. 7g, 7h, 7m, and 7q).
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Spermatozoa of Callichthyinae. Callichthyinae spermatozoa are found in the lumen of the
germinative compartment. H. littorale and C. callichthys spermatozoa exhibit an ovoid
head with an ovoid nucleus, an asymmetric midpiece, and one flagellum eccentric to the
nucleus (Figs. 8a, 8b, 8d, 8e, 10a, and 10e). In the spermatozoa of M. thoracata there is a
spherical head that contains a spherical nucleus, a symmetric midpiece, and one flagellum
medial to the nucleus (Figs. 9a, 9d, and 9¢). In this species, the head does not show an
acrosomal vesicle. The chromatin has an homogeneous aspect, interspersed by electron-
lucent areas (Figs. 8a, 8d, 9a-9d, 10b, 10c, and 10e). No organelles are seen in the
cytoplasmic region around the nucleus. The nuclear fossa in H. littorale and C. ‘callichthys
is eccentric in relation to the nucleus, and forms a simple arc (Figs. 8d, 8e, 10a, 10d, and
10¢). In M. thoracata, the nuclear fossa is medial to the nucleus and is simple arc shaped
(Figs. 9a, and 9d). Many large vesicles or cisternae, either interconnected to each other or
not, are observed in the midpiece of H. littorale and M. thoracata, concentrated in the basal
region around the flagellum (Figs. 8¢, 8f-8i, 9a, 9d, and 9e-9g). In the midpiece of C.
callichthys, few elongated vesicles are mainly found around the flagellum (Figs. 10d, 10f,
and 10g). In Callichthyinae, several mitochondria are randomly distributed in all regions,
concentrated on the apical and medial midpiece regions (Figs. 8c-8¢, 8g, 8h, 9e-%h, 10a,
and 10d-10g). The mitochondria are separated from the flagella by the cytoplasmic canal
(Figs. 8h, 8i, 9i, 9}, and 10g). In M. thoracata and C. callichthys, the proximal centrioles
form an obtuse angle in relation to the distal, whereas in H. lifforale the arrangement of the
centriolar complex is lateral and form an acute angle. The centriolar complex lies within the
nuclear fossa in H. littorale and M. thoracata, whereas in C. callichthys the proximal
centrioles are found only in the nuclear fossa (Figs. 8d, 8¢, 9a, 9d, 10d, and 10e). The distat
centriole becomes the basal body, and gives rise to an axoneme that exhibits the classical
9+2 microtubular pattern. No flagellar lateral projections or membranous compartment are
present in H. littorale and M. thoracata, while in C. callichthys, there is a membranous

compartment in some regions of the flagellum (Figs. 8], 8k, 9k, 91, 10h, and 10i).
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Discussion

Spermatogenesis and Spermiogenesis. The occurrence of spermatids in the lumen of the
germinative compartment together with the spermatozoa in the Corydoradinae species,
suggests that spermatogenesis in this subfamily is of the semicystic type. This type of
spermatogenesis was described in Cetopsidae and Aspredinidae (Spadella et al., 2006a),
and also found in Nematogenyidae (our unpublished data). Although uncommon, the
semicystic spermatogenesis has been described in other families of Teleostei as Opheliidae
(Mattei et al., 1993), Scorpaenidae (Mufioz ef al., 2002), and Bleniidae {Lahnsteiner &
Patzer, 1990). _

In the Callichthyinae, the spermatozoa production 6ccurs completely in cysts in the
germinative epithelium, characterizing a spermatogenesis of the cystic type. This type of
spermatogenesis is present in most Teleostei (Mattei er al., 1993; Quagio-Grassiotto ef al.,
2001, 2003, 2005).

In the spermatozoa, the flagellum axis may be either perpendicular or parallel to the
nucleus, depending on whether nuclear rotation during spermiogenesis occurs (type 1
spenmiogenesis) or not (type Il spermiogenesis) (Mattei, 1970). in Pimelodidac and
Heptapteridae, the flagellum is medial, the nucleus does not rotate, and both the nuclear
fossa and the cytoplasmic channel are absent during spermiogenesis, characterizing a third
type of spermiogenesis (Quagio-;(}rassiotto et al., 2005; Quagio-Grassiotto and Oliveira,
submitted). The spermiogenesis process observed in Corydoradinae is characterized by an
eccentric development of the flagellum, the absence of nuclear rotation, an eccentric
nuclear fossa formation, a cytoplasmic channel formation, and the absence of centriolar
migration. This set of characteristics is different from those previously described. The
unusual spermiogenesis process found in Corydoradinae, except for the eccentric
development of the flagelium and eccentric nuclear fossa formation, was also observed in
Cetopsidae and Aspredinidae (Spadella ef al., 2006a).

It is possible that the existing cytoplasmic channel is a result of the accommeodation

and interconnection of the vesicles around the flagellum of the subfamily Corydoradinae,
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instead of the movement of the centrioles toward the nucleus. It is probable that the same
occurs in Cetopsidae, Aspredinidae, and Nematogenyidae (Spadella ez al., 2006a).

The spermiogenesis process observed in Callichthyinae is characterized by an initial
lateral development of the flagellum, the presence of nuclear rotation in different degrees,
an eccentric or medial nuclear fossa formation, a cytoplasmic channel formation, and the
presence of centriolar migration. This set of characteristics is more similar to type I
spermiogenesis, which is also observed in Diplomystidae, the most basal silnriform family
(Quagio-Grassiotto er al., 2001), in Scoloplacidae, other family of Loricarioidea (Spadella
et al., 2006b), and in Pseudopimelodidae, other siluriform family (Quagio-Grassiotto et al.,
2005). However, in Diplomystidae the cytoplasmic channel does not remain in the
spermatozoa {Quagio-Grassiotto ef al., 2001) as observed in Callichthyinae, Scoloplacidae,
and Pseudopimelodidae. Furthermore, the nuclear rotation in Diplomystidae, Scoloplacidae,
and Pseudopimelodidae is complete, resulting in a flagellum perpendicular to the nucleus in
the spermatozoon, whereas in H. littorale and C. callichthys it is partial, and in M
thoracata it i1s complete, resulting in the eccentric position of the flagellom in H. littorale
and C. callichthys and medial in M. thoracata. Mattei (1970) considered that the occurrence
of these intermediate processes of spermiogenesis is responsible for the formation of these
intermediate spermatozoa, whose flagellum is eccentric to the nucleus.

The characteristics of the spermatogenesis and spermiogenesis processes in
Corydoradinae and Callichthyinae revealed clear peculiarities of each of these subfamilies,
corroborating the hypotheses that they constitute monophyletic groups (Reis, 1998;
Shimabukuro-Dias ef al., 2004).

Spermatozoa. The comparative analyses of callichthyids spermatozoa ultrastructure
presented in Table 2 showed that species herein analyzed share the same state of character
in eight out of the sixteen characters observed (characters 1, 3, 6, 8, and 10 to 13).

The callichthyids spermatozoa ultrastructure showed that the character 2,
arrangement of centriolar complex, is variable among the species analyzed, being co-axial
in all Corydoradinae, lateral in acute angle in H. liforale, and lateral in obtuse angle in M

thoracata and C. callichthys. The state “co-axial” is only found in Corydoradinae, which
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represent a synapomorphy of this subfamily. The other character states, “arrangement of
centriolar complex”, found in Callichthyinae are aiso observed in Trichomycteridae (our
unpublished data).

Character 15, “presence of electron-dense circular structure in the midpiece”, is also
shared by all the Corydoradinae species, representing other exclusive character of this
- subfamily, not observed in any other siluriform up to the present (Poirier & Nicholson,
1982; Emel’yanova & Makeyeva, 1991a, b; Kwon et al., 1998; Lee, 1998; Lee & Kim,
1999, 2001; Kim & Lee, 2000; Quagio-Grassiotto & Carvalho, 2000; Quagio-Grassiotto ef
al., 2001, 2005; Santos ef al., 2001; Burns ef al., 2002; Mansour ef ai., 2002; Mansour &
Lahnsteiner,' 2003).

Some characteristics are shared by all Corydoradinae and some species of
Callichthyinae. For example, the presence of a membranous compartment in the flagellum
and centrioles outside of the nuclear fossa occurs in Corydoradinae and in C. callichthys
(characters 4 and 9, respectively), and the occurrence of eccentric nuclear fossa (character
7), asymmetric midpiece (character 14) and eccentric flagellum position in relation to the
nucleus (character 15) in Corydoradinae and in H. littorale and C. callichthys. There was
not characteristic exclusively found in the spermatozoa of Callichthyinae. Most of the
characteristics of spermatozoon of C. callichthys (Callichthyinae) were similar with those
found among the species of Corydoradinae.

The presence of the membranous compartment in the flageilum (character 4) is
found in ihe majority of the species of Callichthyidae (species of Corydoradinae and C.
callichthys). A similar characteristic was also observed in Trichomycieridae, other
members of Loricarioidea (our unpublished data), and in Characiformes of the family
Curimatidae {Quagio-Grassiotto et al., 2003).

The only character not shared by all Corydoradinae is the shape of the nucleus
(character 5), which is spherical in C. flaveolus and C. aeneus, whereas in S. lacerdai and
A. poecilus, the nucleus is ovoid. In a phylogenetic study of the subfamily Corydoradinae
conducted by Britto (2003b) with 83 morphological characters the author corroborates the
monophyly of the subfamily and showed that Aspidoras is more related with Scleromystax.

The data obtained in the present study corroborated this hypothesis.



Considering the phylogeny of the superfamily Loricarioidea, the family
Callichthyidae is the sister group of the clade formed by Scoloplacidae, Astroblepidae, and
Loricartidae (de Pinna, 1998; Britto, 2003a). Table 2 shows that one or more species of
Callichthyidae share eight characteristics with Nematogenyidae (another family of
Loricarioidea), ten characters with Scoloplacidae, and 12 with Loricariidae. As observed
above, the Callichthyidae spermatozoa share more similaritiés with Scoloplacidae and
Loricariidae than with Nematogenyidae, corroborating the previous hypotheses of
relationships of the superfamily Loricarioidea proposed by de Pinna (1998) and Britto
(2003a).

Characteristics shared by Callichthyids and other families of Loricarioidea (Table 2)
are also found in other siluriform families: Diplomystidae (Quagio-Grassiotto ef al., 2001),
Amblycipitidae (Lee & Kim, 1999), Clariidae (Mansour er al., 2002), Siluridae
(Emel’yanova & Makeyeva, 1991b; Kwon ef al., 1998; Lee & Kim, 2001), Ictaluridae
(Poirier & Nicholson, 1982; Emel’yanova & Makeyeva, 1991a), Heptapteridae and
Pseundopimelodidae (Quagio-Grassiotto ef al., 2005), Auchenipteridae (Burns et ai., 2002),
Pimelodidae (Quagio-Grassiotto & Carvalho, 2000; Santos et ai., 2001), and Bagridae
(Emel’yanova & Makeyeva, 1991b; Lee, 1998; Kim & Lee, 2000; Mansoui~ & Lahnsteiner,
2003). The states “co-axial centrioles” (character 5) and “presence of electron-dense

circular structure in the midpiece” (character 15} are observed only in Corydoradiné,e.
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Table 1. Spermatozoa dimensions in callichthyids, in micrometers. The “n” shows the

number of structures measured.

Subfamilies Corydoradinae Calilichthyinae
Species C. C. S. A H M C.
flaveolus aeneus lacerdai _poecilus _littorale thoracata . callichthys
Structures '
Nucleus
Length (pm) 1.9 1.6 1.5 1.6 i.8 1.8 1.7
n=12) @m=7) (@=7) @=6) (@©=6) n=9) {n=16)
Width (um) 2.0 1.7 1.6 1.5 2.0 - 1.8 1.6
m=12) (@=7) (=7 @=6) (@©=6) (=8 (n=26)
Nuclear Fossa
Length (um) 0.07 0.07 0.07 0.1 0.2 0.2 0.2
(n=10) (n=8 (m=8 @®=35 ®m=6) (=4 (n=25)
Width (pm) 0.3 0.3 0.3 03 0.6 0.6 0.4
m=10) =8 m=8 (=5 ®@=6) (n=4) {(n=>5)
Midpiece '
Length (pm) 1.4 1.3 1.5 1.5 1.7 1.6 1.5
n=12) (m=6) (m=35) ®@=6) ®=7) (n=16) n=7)
Width (pm) 2.0 1.9 1.7 1.5 1.9 2.0 1.6
m=12) (@m=6) (@=5 @=6 m=7) @O=7) n=7)
Cytoplasmic
Channel
Length (um) 0.3 0.3 0.3 0.6 1.5 1.3 0.8
n=12) @=7) @=7) @=5 @=5) O=4 (n=5)
Width (j1m) 0.4 0.4 0.4 0.3 0.4 0.7 0.4

h=-12) @=7) (=7 (=5 @=5 (=4 (@=5)
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FIGURE CAPTION

Fig. 1. Photomicrography showing a general view of the cystic spermatogenesis in
Callichthyinae, and of the semi-cystic sﬁermatogenesis in Corydoradinae. Scale bar a and ¢
=20 um, b and d = 10 um. CI: cysts of primary spermatocytes; G: spermatogonia; T:
spermatids in the lumen of germinative compartment; Z spermatozoa, Arrow: spermatids

cysts.
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FIGURE CAPTION

Fig. 2. Spermiogenesis in Corydoradinae. a) Spermatids together with the spermatozoa in
the lumen of the germinative compartment. b-d) Early spermatids connected to the Sertoli
cells surface. e and e-insets) Arrangement of the centriolar complex showing electron-dense
material between centrioles, and flagellum with classical (9+2) axoneme. f to h) Midpiece
showing mitochondria, vesicles, and electron-dense circular structure (longitudinal
sections). i) Late spermatid. (a) X 3250; (b) X 4875; (¢, d) X 5750; (e) X 13250; (e-inset
left, i) X 17000; (e-inset right) X 25850; (f, g) X 9750; (h) X 7750. C: centriolar complex;
D: distal centriole; L: lumen; N: nucleus; P: proximal centriole; S: Sertoli cell; V: vesicles;
Z: spermatozoon; Asterisk: mitochondria, Arrow: cytoplasmic channel; Arrowhead: point
connection; Double arrowhead: electron-dense material between the centrioles; Lozenge:

electron-dense circular structure.
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FIGURE CAPTION

Fig. 3. Spermatozoa of Corydoras flaveolus. a) Spermatozoon longitudinal section. b and
¢) Nucleus in transverse sections. d) Detail of centrioles arrangement. e to j} Midpiece
longitudinal and transverse sections showing mitochondria, vesicles, cytoplasmic channel,
and electron-dense circular structure. k and 1) Flagellum longitudinal sections. m and n)
Flagellum cross sections. (a) X 17000; (b, ¢) X 15750; (d) X 28350; (e, f, h) X 23000; (g,
m) X 42000; (i) X 18900; (§) X 25200; (k) X 25300; (1, n) X 31500. B: basal body; D:
distal centriole; E: electron-dense structure; F: flagellum; N: nucleus; P: proximal centriole;
V: vesicles; Asterisk: mitochondria, Arrow: cytoplasmic channel; Arrowhead: lateral
membranous compartment; Double arrowhead: electron-dense material between the

centrioles; Lozenge: electron-dense circular structure.
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FIGURE CAPTION

Fig. 4. Spermatozoa of Corydoras aenéus. a) Longitudinal section. b and ¢} Nucleus in
cross sections. d) Detail of centrioles arrangement. e to j) Midpiece longitudinal and
transverse sections showing mitochondria, vesicles, membranous compartment, and
electron-dense circular structure, k and 1) Flagellum in longitudinal sections. m and n)
Flagellum in cross sections. (a, d) X 17000; (b) X 13800; (c) X 15750; (e, h, k, I) X 23000;
(f) X 20400; (g) 44100; (i, j) X 31500; (m) X 47250; (n) X 57500. B: basal body; D: distal
centriole; E: electron-dense structure; F: flagellum; N: nucleus; P: proximal centriole; V:
vesicles; Asterisk: mitochondria, Arrow: cytoplasmic channel; Arrowhead: lateral
membranous compartment; Double arrowhead: electron-dense material between the

centrioles; Lozenge: electron-dense circular structure.
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FIGURE CAPTION

Fig. 5. Spermatozoa of Scleromystax lacerdai. a) Spermatozoon longitudinal section. b and
¢) Nucleus in longitudinal and cross sections. d) Detail of centrioles arrangement. e to g)
Midpiece in longitudinal and transverse sections showing mitochondria, and vesicles. h)
Flagellum in longitudinal section. h-inset) Flagellum in cross section. (a, d, e) X23000; (b,
¢) X 17000; (f) X25200; (g) X 20400; (h) X 42000; (h-inset) X 32200. B: basal body; D:
distal centriole; E: electron-dense structure; F: flagellum; N: nucleus; P: proximal centriole;
V: vesicles; Asterisk: mitochondria, Arrow: cytoplasmic channel; Arrowhead: lateral
membranous compartment; Double arrowhead: electron-dense material between the

centrioles; Lozenge: electron-dense circular structure.
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FIGURE CAPTION

Fig. 6. Spermatozoa of Aspidoras poecilus. a) Spermatozoon longitudinal section. b and ¢)
Nucleus in longitudinal and cross sections. d) Centrioles arrangement. e to i) Midpiece in
longitudinal and transverse sections showing mitochondria, vesicles, cytoplasmic channel,
and electron-dense circular structures. j and k) Flagellum in longitudinal sections. j-inset
and 1) Flagellum in cross sections. (a, b, {, j, k) X 23000; (¢, d) X 17000; (e) X 22050; (g,
h) X 25200; (i) X 18400; (j-inset, I) X 57500. B: basal body; D: distal centriole; E:
electron-dense structure; F: flagellum; N: nucleus; P: proximal centriole; V: vesicles;
Asterisk: mitochondria, Arrow: cytoplasmic channel; Arrowhead: lateral membranous
compartment; Double arrowhead: electron-dense material between the centrioles; Lozenge:

efectron-dense circular structure.
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FIGURE CAPTION

Fig. 7. Spermiogenesis in Callichthyinz.le. a to h) Hoplosternum littorale. a} Spermatids
cyst. b and d) Early spermatids (longitudinal sections). ¢) Centrioles arrangement. e) Late
spermatid. f} Midpiece showing mitochondria, and vesicles {cross section). g and h)
Flagellum (longitudinal and cross sections). i to m) Megalechis thoracata. i) Early
spermatid in longitudinal section. j) Late spermatid. k) Midpiece showing mitochondria,
cytoplasmic channel, and vesicles (cross section). I} Centrioles arrangement. m) Flagellum
in longitudinal section. n to q) Callichtys callichthys. n and o) Early spermatids in
longitudinal sections. p) Midpiece showing mitochondria. q) Flagellum in longitudinal
section. (a) X 7750; (b, £, i, n, p) X 13250; (e, g, k, m) X 17000; (d) X 10200; (e, j) X
11900; ¢h) 20400; (1) X 23000; (o) X 13600; (q) X 31500. D: distal centriole; F: flagelium;
N: nucleus; P: proximal centriole; V: vesicles; Asterisk: mitochondria, Arrow: cytoplasmic

channel.
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FIGURE CAPTION

Fig. 8. Spermatozoa of Hoplosternum litforale. a) Spermatozoon in longitudinal section. b
and ¢) Nucleus in cross sections. d} Detail of centrioles arrangement. e to j) Midpiece in
longitudinal and transverse sections showing mitochondria, elongated vesicles, and
cytoplasmic channel. k) Flagellum in longitudinal section. j-inset) Flagellum in cross
section showing classical (9+2) axoneme. (a, b, h} X 17000; (c) X 13800; (d to g) X
23000; (i) X 33600; (j, k) X 31500; (j-inset) X 57500. D: distal centriole; E: electron-dense
lucent structure; F: flagellum; N: nucleus; P: proximal centriole; V: vesicles; Asterisk:

mitochondria, Arrow: cytoplasmic channel.
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FIGURE CAPTION

Fig. 9. Spermatozoa of Megalechis thoracata. a) Longitudinal section. b and ¢) Nucleus in
cross sections. d) Detail of centrioles arrangement. e to j) Midpiece in longitudinal and
transverse sections showing mitochondria, elongated vesicles, and cytoplasmic channel. k
and I) Flagellum in longitudinal and cross sections. (a to e, h) X 17000; (f, i, j) X 13400,
(g) X 11925; (k) X 23000; (1) X 13950. D: distal centriole; E: electron-dense structure; F:
flagellum; N: nucleus;" P: proximal centriole; V: vesicles; Asterisk: mitochondria, Arrow:

cytoplasmic channel.
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FIGURE CAPTION

Fig. 10. Spermatozoa of Callichthys callichthys. a) Spermatozoon in longitudinal section. b
and ¢) Nucleus in longitudinal and cross sections. d) Centrioles arrangement. e to g)
Midpiece in longitudinal and transverse sections showing mitochondria, vesicles, and
cytoplasmic channel. h and i} Flagellum in longitudinal and cross sections. (a, g, h) X
31500; (b, €) X 23000; (¢, ) X 17000; (d, i) X 42000. D: distal centriole; E: electron-dense
structure; F: flagellum; N: nucleus; P: proximal centriole; V: vesicles; Asterisk:

mitochondria, Arrow: cytoplasmic channel; Arrowhead: lateral membranous compartment.
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4.5. CAPITULO 5

Spadella, M.A., Oliveira, C., Quagio-Grassiotto, 1. Analysis of the spermiogenesis and
spermatozoal ultrastructure in Trichomycteridae (Teleostei: Ostariophysi: Siluriformes).
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ABSTRACT

Siluriformes comprise the most diverse and widely distributed ostariophysan group,
a fish assemblage that includes about three quarters of the freshwater fish of the world. In
the present study, the ultrastructural characterization of spermiogenesis and spermatozoa in
specimens of Copionodontinae (the sister group to all other trichomycterids),
Trichomycterinae (a derivate trichomycterid group), and Jtuglanis (a genus not assigned to
any trichomycterid subfamily) are presented. The comparative analyses of the data show
that trichomycterid species share six of seven analyzed spermiogenesis characters,
reinforcing the hypotheses of group monophyly. Considering the data obtained, the species
of Trichomycteridae share more common characteristics of spermatogenesis,
spermiogenesis, and spermatozoa with representatives of the families Callichthyidae,
I.oricariidae, and Scoloplacidae than with Nematogenyidae, its hypothesized sister group.
On the other hand, except by the family Nematogenyidae, the similarity observed reinforce

the monophyly of the superfamily Loricarioidea.

KEY WORDS: catfish, cysts of spermatids, spermatozoa, structure, phylogeny,
morphology.
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INTRODUCTION

Siluriformes comprise the most diverse and widely distributed ostariophysan group,
a fish assemblage that includes about three quarters of the freshwater fish of the world
(Burgess, 1989; Teugels, 1996; Ferraris, 1998; Nelson, 2006). Among the neotropical
Siluriformes lineages likely to be monophyletic, we find the superfamily Loricarioidea (de
Pinna, 1998; Britto, 2003) that comprises six families: Nematogenyidae, Trichomycteridae, '
Callichthyidae, Scoloplacidae, Astroblepidae, and Loricariidae. According to the phylogeny
of the superfamily Loricarioidea, the family Trichomycteridae is the sister group of the
Nematogenyidae (de Pinna, 1998; Britto, 2003).

Trichomycteridae form a well-corroborated monophyletic group, and it is one of the
Loricariocidea families with greater species number. Actually, trichomycterids are divided
into eight subfamilies: Copionodontinae, Trichogeninae, Trichomycterinae, Vandelliinae,
Stegophilinae, Tridentinae, Glanapteryginae, and Sarcoglanidinae (de Pinna and Wosiacki,
2003). All those subfamilies are demonstrably monophyletic, except Trichomycterinae (de
Pinna, 1998; de Pinna and Wosiacki, 2003). '

In the present study, the ultrastructural characterization of spermiogenesis and
spermatozoa in specimens of Copionodontinae (the sister group to all other
trichomycterids), Trichomycterinae (a derivate trichomycterids group), and Ituglanis (a
genus not assigned to any trichomycterid subfamily) are presented. Comparisons between
the data obtained in the present study and those available for other siluriform families were
conducted in order to investigate the similarities and differences among the families of the

order Siluriformes.

MATERIAL AND METHODS

This study was conducted with two adult males of Copionodon orthiocarinatus de
Pinna, 1992 (Copionodontinae) collected from the Piabas river (12°57'02.2”S,
41°16'37.1"W), Mucugé, Bahia, Brazil (LBP 1964), two adult males of Juglanis
amazonicus (Steindachner, 1882) from the Ribeirfio dos Veados, Taquari river
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(18°25°21.87S, 54°50°06.3”W), Coxim, Mato Grosso do Sul, Brazil (LBP 1908); and two
adult males of each species of subfamily Trichomycterinae: Trichomycterus aff. iheringi
collected from the Capivara river (22°53.963°S, 48°23.204’W), Botucatu, Séo Paulo, Brazil
(LBP 4184); Trichomycterus areolatus Valenciennes, 1846, collected from the Caramavida
river (37°40.842°S, 73°15.997°W), VIII Region, Antiguala, Cafiet, Chile (LBP 997);
Trichomycterus reinhardti (Eigenmann, 1917) collected from the Sapateiro stream
(21°16.432°S, 43°38.613’W), Barbacena, Minas Gerais, Brazil (LBP 10229);
Trichomycterus sp.1 collected from the Alambari river (22°56°08”, 48°19°15"W),
Botucatu, S3o Paulo, Brazil (LBP 1404); and Irichomycterus sp.2 collected from the
Jacutinga stréam (23°09°S, 48°16°W), Bofete, Sdo Paulo, Brazil (LBP 1312). Fishes were
identified and kept in the fish collection of Laboratério de Biologia e Genética de Peixes
(LBP), Departamento de Morfologia, Instituto de Biociéncias, UNESP, Botucatu, Sdo
Paulo, Brazil.

Gonad fragments were fixed in 2% glutaraldehyde and 4% paraformaldehyde in 0.1
M Sorensen phosphate buffer, pH 7.4. The material was post-fixed for 2h in the dark in 1%
osmium tetroxide in the same buffer, contrasted in block with agueous solution of 5%
uranyl acetate for 2h, dehydrated in acetone, embedded in araldite, and sectioned and
stained with a saturated solution of uranyl acetate in 50% alcohol, and lead citrate.
Electromicrographs were obtained using a Phillips - CM 100 transmission electron
microscope.

For comparative purposes, the available information about siluriform spermatozoa
was reviewed. Data were obtained for the following families: Diplomystidae {Quagio-
Grassiotto et al., 2001), Cetopsidae, Aspredinidae, and Nematogenyidae (Spadella et al,,
2006a), Amblycipitidac (Lee and Kim, 1999), Ariidae (Mattei, 1991, schematic drawings),
Loricariidae (Mansour and Lahnsteiner, 2003), Callichthyidae (Spadella et al., submitted),
Scoloplacidae (Spadella et al., 2006b), Malapteruridae (Mattei, 1991, schematic drawings;
Shahin, 2006), Ictaluridae (Poirier and Nicholson, 1982; Emel’yanova and Makeyeva,
19914, b), Bagridae (Emel’yanova and Makeyeva, 1991b; Lee, 1998; Kim and Lee, 2000;
Mansour and Lahnsteiner, 2003), Pimelodidae (Quagio-Grassiotic and Carvalho, 2000;
Santos et al, 2001), Heptapteridae and Pseudopimelodidae (Quagio-Grassiotto ef al,
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2005), Siluridae (Emel’yanova and Makeyeva, 1991b; Kwon er al., 1998; Lee and Kim,
2001), Clariidae (Mansour et al., 2002), and Auchenipteridae (Bums ef al., 2002).

Twenty four characters of spermatogenesis and spermiogenesis (characters 1 to 7)
and spermatozoa {(characters 8 to 24), present in at least one species analyzed in the present
study, were employed in the comparative analyses with other Loricariodea families. Based
on the stluriform spermatozoa described in the literature (Porier and Nicholson, 1982;
Kwon et al., 1998; Lee, 1998; Lee and Kim, 1999, 2001; Kim and Lee, 2000; Quagio-
Grassiotto and Carvalho, 2000; Quagto-Grassiotto et al., 2001, 2005; Santos ef al., 2001;
Burns ef al., 2002; Mansour ef al., 2002), the midpiece size (character 18) was considered
short when its total length was <1.7 pm and was considered long when its total length was
> 1.7 um. The cytoplasmic channel size (character 20) was considered short when its total

length was <1.5 pm and was considered long when its total length was > 1.5 pm.

RESULTS
Spermiogenesis in Trichomycteridae

The analysis of spermiogenesis process in Trichomycteridae was- based on the
observation of spermatids of C. orthiocarinatus and I amazonicus (Figs. 1a-k), and T. aff.
iheringi, T. areolatus, T. sp., and T. sp. (Figs. 4a-t).

In the analyzed trichomycterid species, the spermiogenesis occurs in cysts in the
germinative epithelium. These cysts contain groups of spermatids at the same development
stage, which are surrounded by cytoplasmic processes of the Sertoli cells (Figs. 1a and 4a).
In these cysts, the early spermatids are interconnected by cytoplasmic bridges that result
from incomplete cytokinesié during cellular divisions (Fig. 1b). In fhg early spermatids, the
cytoplasm is symmetrically distributed around the nucleus, which contains diffuse
chromatin and has a circular outline (Figs. 1b, lIg, 4b, 4e, 4k and 4q). The centriolar
complex lies laterally to the nucleus and is anchored to the plasma membrane, with the
distal centriole forming the flagellum (Figs. 1b, 1c, 1g, 1h, 4b, 4c, 4e, 4f, 4k, 41, 4q and 4s).
In C. orthiocarinatus, T. aff. iheringi, T areolatus, Trichomycterus sp.1, and
Trichomycterus sp.2, the proximal centriole is lateral and obtuse angle in to the distal

centriole (Figs. 1b-d, 4b, 4h, 4n, and 4r), while in I amazonicus the centrioles are lateral
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and perpendicular to each other (Fig. 1h). The centriolar complex move towards the
nucleus, bringing with it the plasma membrane and the initial segment of the flagellum that
invaginates (Figs. 1d, 1i, 4c, 4f, 41, and 4s). With this movement, the cytoplasmic channel,
a spacc between the plasma membranes of the flagellum and of the basal region of
midpiece, is formed. The nuclear rotation occurs in different degrees among the
trichomycterids analyzed; being partial in L amazonicus, T. aff. iheringi, and
Trichomycterus sp.1, resulting in the eccentric position of the flagellum in relation to the
nucleus (Figs. 1i, 4¢, and 41). In C. orthiocarinatus, T. areolatus, and T. sp. (Jacutinga), the
nuclear rotation is nearly complete, resulting in a flagellum approximately medial to the
nucleus (Figs. 1d, 4h, and 4s). During the nuclear rotation, a depression is formed in the
nuclear outline that gives rise to the nuclear fossa. At the end of this process, the proximal
centriole is only found inserted in the nuclear fossa in C. orthiocarinatus, T. aff. iheringi, T.
sp., and 7. sp., while in I amazonicus and T. areolatus, the centriolar complex are
completely inserted in the nuclear fossa. During the nuclear rotation, the chromatin
condensation starts. The chromatin is becomes progressively highly condensed, with areas
of diffuse chromatin seen among areas of condensing chromatin (Figs. 1d, 13, 4c, 41, 41, and
4s). Chromatin condensation process begins at the basal position of the nucleus, and
proceeds until the apical region. The cytoplasmic.. mass moves around the initial segment of
the tail, and gives rise to the midpiece of the future spermatozoon. The midpiece has
rounded to elongate mitochondria and vesicles randomly distributed (Figs. le, 1j, 4d, 4g,
4m, 4r, and 4s). The flagellum has the classical (9+2) axoneme, with nine peripheral
microtubular doublets of microtubules and a single central pair of microtubules, surrounded
by the flagellar membrane. In all trichomycterids analyzed, lateral projections or fins
develop from the flagellar membrane (Figs. 1f 1k, 4d-inset, 4i4j, 4o, and 4t). In
Trichomycterus sp.l and Trichomycterus sp.2 is also observed the formation of

membranous compartment developed from the flageliar membrane (Fig. 4p).
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Spermatozoa of Trichomyecteridae

The measurements of length and width of nucleus, nuclear fossa, midpiece,
cytoplasmic channel, and of lateral projections length of the spermatozoa of the
trichomycterids analyzed are presented in the Table 1.

Trichomycterid spermatozoa are found in the lumen of the germinative
compartment. They exhibit an ovoid to spherical head, an asymmetric midpiece, and one
flagellum eccentric, medial or lateral positioned in relation to the nucleus. (Figs. 2a, 3a, 3a,
6a, 7a, 8a, and 9a). The head does not show acrosomal vesicle. In C. orthiocarinatus, T.
areolatus, T. reinhardti, and Trichomycterus sp.2, the nucleus has sphericat shépe, while in
I amazonicus, T. aff. iheringi, and Trichomycterus sp.1, it is ovoid (Figs. 2a, 24, 3a, .3c, Sa,
6a, 6e, 7a, 7b, 8a, 8b, 9a, and 9b). The chromatin is highly bondensed, presenting with a
‘homogeneous aspect. The chromatin can be interspersed by electron-lucent areas (Figs. 2a-
e, 3a-d, 5a-d, 6a-d, 7a-c, 8a-c, and 9a-d). No organclles are seen in the cytoplasmic apical
and lateral region to the nucleus in T. areolatus and 7. reinhardti (Figs. 6a-d, 7a, and 7b).
In C. orthiocarinatus, mitochondria and vesicles are observed in the cytoplasmic region
lateral of the nucleus, while in Trichomycterus sp.2, they also are in the apical region of the
nucleus (F.igs. 2a, 2¢, and 9a-d). In I amazonicus, T. aff. iheringi, and Trichomycterus sp.1,
mitochondria are found in the apical region of the nucleus (Figs. 3a, 3b, 3d, and 8a-c). The
nuclear fossa is eccentrically positioned in relation to the nucleus in I amazonicus, T. aff.
iheringi, T. reinhardti, and Trichomycterus sp.1. In C. orthiocarinatus, T. areolatus, and
Trichomycterus sp.2, it is nearly medial to the nucleus. In all species analyzed the nuclear
fossa has a simpie arc shape (Figs. 2d-f, 3d-g, Se-g, 6a, 6e-g, 7a, 7d, 7f, 8b, 9b, and 9d). In
the midpiece, several rounded to elongated mitochondria are randomly distributed in all
regions, concentrated in the apical and medial regions. The mitochondria are separated
from the flagella by the cytoplasmic channel (Figs. 2f-h, 3f5j, 5¢, 5i, 6h, 6j, 71, 7i, 7j, 8f, 8g,
9¢g, and 91). In C. orthiocarinatus, 1. amazonicus, Trichomycterus sp.1, and Trichomycterus
sp.2, many elongated vesicles are found isolated in all regions of the midpiece, mainly
concentrated on the basal region (Figs. 2f-k, 3g-j, 8f-k, and 9f-1). However, in C.
orthiocarinatus, Trichomycterus sp.l, and Trichomycterus sp.2, they also might be

interconnected among themselves, forming 2 membranous compartment (Fig. 2j, 8i, and
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9k). In T. areolatus and T. aff. iheringi, few vesicles are mainly observed in the basal
region of the midpiece. Membranous compartment might be also found in the midpiece of
T. aff. iheringi spermatozoon (Figs. 5g-i, 6g, 6h, and 6j). Midpiece of T. reinhardti does not
contain vesicles (Figs. 7f and 7i). In C. orthiocarinatus, T. aff. iheringi, T. areolatus,
Trichomycterus sp.1, and Trichomycterus sp.2, the centrioles are lateral and in obtuse angle
to each other, while in I amazonicus and T. reinhardti, the proximal centriole is lateral and
perpendicular to the distal centriole (Figs. 2d, 2e, 3e, 51, 6e, 6f, 7e, 8e, e, and 9f). The
centriolar complex is found completely inserted in the nuclear fossa in I amazonicus and T.
areolatus. In C. orthiocarinatus, T. aft. iheringi, T. reinhardti, Trichomycterus sp.1, and
Trichomycterus sp.2, only the proximal centrioles is inserted in the nuclear fossa (Figs. 2d,
3e, 5%, 6f, 7e, 8e, and 9¢). The distal centriole becomes the basal body, and gives rise to an
axoneme that exhibits the classical 9+2 microtubular pattern. The flagellum formed is
approximately medial to the nucleus in C. orthiocarinatus, I. areolatus, and
Trichomycterus sp.2, while in I amazonicus, T. aff. iheringi, T. reinhardli, Trichomycterus
sp.1, it is eccentric. Two flageltar lateral projections or fins are present in the flageila of 7.
areolatus and T. reinhardti. In the others trichomycterids, they occur in variable number. In
Trichomycterus sp.]1 and Trichomycterus sp.2, the flagella also have a membranous

compartment (Figs. 21, 2m, 2m-inset, 3k, 31, 5j-1, 6k, 61, 7k, 7], 81-n, and 9m).

DISCUSSION
Spermatogenesis and Spermiogenesis

In the trichomycterids analyzed, the development of spermatids occurs completely
inside the cysts in the germinative epithelium, characterizing a spermatogenesis of the
cystic type. This type of spermatogenesis is present in most Teleostei (Mattei, 1993;
Quagio-Grassiotto ef al., 2001, 2003, 2005), and also observed in other Loricarioidea, as in
the subfamily Callichthyinae (family Callichthyidae) (Spadella et al., submitted ¢} and in
Scoloplacidae (Spadella et al., 2006b) (Table 2).

In Teleostei with external fertilization, the spermiogenesis process can be of the
types I or II, according to Mattei (1970). In both, the initial development of the flagellum is

lateral to the nucleus in the early spermatids, with the occurrence or not of nuclear rotation
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the differentiation between these two types. In the type 1 spermiogenesis, the nuclear
rotation occurs, resulting in a spermatozoon with the flagellum axis perpendicular to the
nucleus. In the type II spermiogenesis, the nuclear rotation does not occur, determining a
position parallel of the flagellum in relation to the nucleus (Mattei, .1970). In Pimelodidae
and Heptapteridae, the flagellum is medial, the nucleus does not rotate, the nuclear fossa
does not form, and the short pseudo-cytoplasmic channel result of the cytoplasmic mass
movement toward the flagellum during spermiogenesis, characterizing a third type of
spermiogenesis (Quagio-Grassiotto ef al, 2005; Quagio-Grassiotto and Oliveira,
submitied). The spermiogenesis process observed in Trichomycteridae is characterized by
an initial lateral development of the flagellum, the presence of centriolar migration, a
cytoplasmic channel formation, the presence of nuclear rotation in different degrees, and an
eccentric to lateral nuclear fossa formation. This set of characteristics is more similar to
type I spermiogenesis previously described, which is also observed in Callichthyinae
(Spadella et al., submitted) and in Scoloplacidae (Spadelia ef al., 2006b) (Table 2). This
type of spermiogenesis can be found in other siluriform families, as Diplomystidae, the
most basal siluriform family (Quagio-Grassiotto e al, 2001), and Pséudopimelodidae
(Quagio-Grassiotto ef al., 2005). However, in Diplomystidae the cytoplasmic channel does
not remain in the spermatozoa (Quagio—Graséiotto et al, 2001) as observed in
Trichomycteridae, Callichthyinae, Scoloplacidae and Pseudopimelodidae. Furthermore, the
nuclear rotation in Diplomystidae (Quagio-Grassiotto ef al., 2001), Megalechis thoracata
(Spadella et al., submitted), Scoloplacidae (Spadella et al., 2006b), and Pseudopimelodidae
(Quagio-Grassiotto et al, 2005} is complete, resulting in a flagellum perpendicular to the
nucleus in the spermatozoon, while in I amazonicus, T. aff. iheringi, and Trichomycterus
sp.1, it is partial., and in C. orthiocarinatus, T. areolatus, and Trichomycterus sp.2, it is
nearly complete, resulting, in both the cases, in the eccentric position of the flagellum.
Mattei (1970) considered that the occurrence of these intermediate process of
spermiogenesis are responsible by the formation of intermediate spermatozoa, of which
flagelium is eccentric to the nucleus.

The comparative analyses of Table 2 show that trichomycterid species share six of

seven spermiogenesis characters analyzed (characters 1 to 4, 6 and 7), reinforcing the
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hypotheses of group monophyly (de Pinna, 1998; de Pinna and Wosiacki, 2003). The
unique spermiogenesis characteristic variable among the species analyzed is the mode of
nuclear rotation {character 5).

Considering the Table 2, it is possible to observe that the species of
Trichomycteridae share all spermatogenesis and spermiogenesis characteristics with
Callichthyinae (subfamily of Callichthyidae), five characters with Scoloplacidae, four with
Corydoradinae (other subfamily of Callichthyidae), and two characters with
Nematogenyidae. According to above, the Trichomycteridae spermatids share more similar
characters with Callichthyidae and Scoloplacidae than with Nematogenyidae, considered
sister group of family Trichomycteridae (de Pinna, 1998; Britto, 2003). The type of
spermatogenesis and the spermiogenesis characteristics found in Nematogenyidae are
present in Cetopsidae and Aspredinidae (Spadella et al., 2006a), suggesting that these
families may be more related than actually hypothesized, comprising a primitive siluriform

group originated after Diplomystidae.

Spermatozoa

The comparative analyses of siluriform spermatozoa ultrastructure presented n
Table 3 showed that Trichomycteridae species herein studied share the same state of
character in nine of seventeen characters analyzed (characters 8, 14, 16, and 18 to 23).

Eight characteristics were variable among the species analyzed. Thus, the centrioles
are lateral énd in obtuse angle to each other in C. orthiocarinatus, T. aff. iheringi, T.
areolatus, Trichomycterus sp.1, and Trichomycterus sp.2; and lateral and perpendicular in L
amazonicus and T, reinhardti. The arrangement of centrioles, lateral and in obtuse angle, is
also observed in the species Megalechis thoracata and Callichthys callichthys of the
subfamily Callichthyinae (Spadella er @l., submitted c) (character 9). The presence of
vesicles in the midpiece occurs in all trichomycterids analyzed, except in I. reinhardti
(character 10). The absence of vesicles in the midpiece is also found in Diplomystidae
(Quagio-Grassiotto e al., 2001), Amblyciptidae (Lee and Kim, 1999), Auchenipteridae
(Bums et al., 2002), and Bagridae (Lee, 1998; Kim and Lee, 2000; Mansour and

Lahnsteiner, 2003). In all others families of Loricarioidea, vesicles are observed in the
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midpiece (Table 3). The occurrence of flagellar membrane specializations (character 11)
also varied, thus, two lateral projections in the flagellum were observed in T. areolatus and
T. reinhardti as in Scoloplacidae (Spadela er al., 2006b), Amblycipitidae (Lee and Kim,
1999), Bagridae (Lee, 1998; Kim and Lee, 2000; Mansour and Lahnsteiner, 2003), and
Diplomystidae (Quagio-Grassiotto et al., 2001). In C. orthiocarinatus, I. amazonicus, T.
aff. iheringi, Trichomycterus sp.1, and Trichomycterus sp.2, more than two lateral fins were
observed, a state not described yet in siluriforms. In the flagella of Trichomycterus sp.1,
and Trichomycterus sp.2 spermatozoa are also observed a membranous compartment as in
Corydoradinae and C. callichthys (Spadella et al., submitted).

Other characteristic that differed among trichomycterids species was the nucleus
shape (character 12), which is ovoid in I amazonicus, T. aff. ikeringi, Trichomycterus sp.1
being the same observed in some species of Callichthyidae, and Heptapteridae (Quagio-
Grassiotto et al, 2005). In C. orthiocarinatus, T. areolatus, T. reinhardti, and
Trichomycterus sp.2, the nucleus 1s round as found in some callichthyids (Spadella et al.,
submitted), Loricariidae (Mansour and Lahnsteiner, 2003), Pimelodidae (Quagio-Grassiotto
and Carvalho, 2000; Santos et al, 2001), Pseudopimelodidae (Quagio-Grassiotto et al,
2005), Diplomystidae (Quagio-Grassiotto et «l, 2001), Siluridae (Emel’yanova and
Makeyeva, 1991b; Kwon et al., 1998; f_.ee and Kim, 2001), and Clariidae (Mansour ef al.,
2002). The character 13 is also varied among the trichomycterids, and the cytoplasfnic area.
around the nucleus is narrow in T. areolatus and T. reinhardti, while in C. orthiocarinatus,
I amazonicus, T. aff. iheringi, Trichomycterus sp.1, and Trichomycterus sp.2, this area is
large. The state “narrow cytoplasmic area” is most found in the other families of
Loricarioidea (Table 3). Other character variable among tx‘ichomycterids analyzed is the
nuclear fossa position (character 15), which is medial in C. orthfacdr:’natus, T areolatus,
and Trichomycterus sp.2, eccentric in I amazonicus, T. aff. iheringi, T. reinhardti, and
Trichomycterus sp.l. Medial nuclear fossa is also found in most Callichthyidae,
Scoloplacidae, Loricariidae (Table 3), and other siluriform families as Diplomystidae
(Quagio-Grassiotto ef al., 2001), Cetopsidae and Aspredinidae (Spadella er al., 2006a),
Amblycipitidae (Lee and Kim, 1999), Ictaluridae (Poirier and Nicholson, 1982), Bagridae
(Lee, 1998; Kim and Lee, 2000; Mansour and Lahnsteiner, 2003), Pseudopimelodidae
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(Quagio-Grassiotto et al., 2005), Siluridac (Kwon ef al., 1998; Lee and Kim, 2001), and
Clariidae (Mansour et al, 2002). Eccentric nuclear fossa is also observed in
Auchenipteridae (Burns ef al., 2002).

The position of centrioles in relation to the nuclear fossa (character 17) is also 2
variable character, with the centrioles totally inserted in the nuclear fossa in I amazonicus
and T areolatus as observed in Hoplosternum littorale and Megalechis thoracata
(subfamily Callichthyinae), Scoloplacidae, Loricariidae (Table 3), Diplomystidae (Quagio-
Grassiotto ef al, 2001), Cetopsidac and Aspredinidaec (Spadella et al, 2006),
Amblycipitidae (Lec and Kim, 1999), Bagridae (Lee, 1998; Kim and Lee, 2000; Mansour
and Lahnsteiner, 2003), and Clariidae (Mansour et al., 2002); and only the proximal
centriole inserted in the nuclear fossa in C. orthiocarinatus, T. aff. iheringi, T. reinhardti,
" Trichomycterus sp.1, and Trichomycterus sp.2. This state is also described in C. callichthys
(Table 3). The position of the flagellum in relation to the nucleus. is medial in C.
orthiocarinatus, T. areolatus, and Trichomycterus sp.2, while in I amazonicus, T. aff.
iheringi, T. reinhardti, and Trichomycrerus sp.1, this position is eccentric. The more
common pattern in siluriform is the medial position (Poirier and Nichotson, 1982; Lee,
'1998; Lee; and Kim, 1999; Kim and Lee, 2000; Quagio-Grassiotto et al., 2001; Spadella et
al., 2006a).

These eight characters, as described above, are quite variable among
Trichomycteridae and more than one state has been found in other families of Loricarioidea
and Siluriformes studied. So, the occurrence of different states of characters in this family
permit to suggest that a representative sampie of the spermatozoa ultrastructure may be
necessary before a generalized conclusion about the spermatozoa morphology of the
family.

The analysis of the Table 3 shows that C. orthiocarinatus share seventeen
spermatozoa characteristics with Trichomycterus sp.2, followed of T. aff. iheringi, T.
areolatus, and Trichomycterus sp.1, sharing fourteen characteristics. Already, the
spermatozoa of I amazonicus have fifteen similar characters with T. aff. iheringi and
Trichomycterus sp.l. Among the species of Trichomycterus, the T. aff. iheringi

spermatozoa share all characteristics with Trichomycterus sp.1, while the T. areolatus has
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the same state of Trichomycterus sp.2 in fourteen characters, and Trichomycterus sp.1 share
also fourteen with Trichomycterus sp.2. The characteristics observed in 7. reinhardti were
less shared among the trichomycterids analyzed. This species has one exclusive
characteristics as the absence of vesicles in the midpiece (character 10), suggesting
autapomorphy.

As presented above, the characteristics of spermatozoa in C. orthiocarinatus and I
amazonicus share more common characters with species of Trichomycterus than among
themselves.

The information available on spermatozoa ultrastructure of Loricariodea listed in.
Table 3 is still incomplete. The lack of these data prevents a more accurate analysis, using
accurate methods as parsimony. However, the data showed in the Table 3 points to some
interesting points. Then, considering the analyses of seventeen spermatozoa characters
depicted that the spermatozoa of the Trichomyecteridae species are more similar to those of
the Callichthyinae, sharing all characteristics, and Corydoradinae and Loricariidae, sharing
fourteen characteristics. Furthermore, the spermatozoa of the Trichomycteridae species
share twelve characteristics with the Scoloplacidae, and only seven similar characters with
Nematogenyidae.

As discussed above, the Table 3 shows that the spermatozoa of the
Trichomycteridae, Callichthyidae, Loricariidae, and Scoloplacidae families share more
similar characteristics among themselves than with the family - Nematogenyidae.

Considering the phylogeny of the superfamily Loricaricidea, the family
Trichomycteridae is the sister group of Nematogenyidae; and this group is a sister group of
the clade formed by Callichthyidae, Scoloplacidae, Astroblepidae, and Loricariidae (de
Pinna, 1998; Britto, 2003). The spermatozoa of the species of Trichomycteridae and those
of Nematogenyidac share only seven morphological characteristics: the presence of
elongated vesicles in the midpiece (character 10), narrow area cytoplasmic around the
nucleus (character 13), homogencous aspect of chromatin condensation (character 14),
nuclear fossa in simple arc (character 19), the presence of one short cytoplasmic channel

(character 20), absence of electron-dense spherical structure in the midpiece (character 23),

124



and flagellum medial to the nucleus (character 24). This set of characteristics is also found
in other Loricarioidea and siluriform families.

Considering the data obtained, the families Callichthyidae, Loricariidae, and
Scoloplacidae share more common characteristics of spermatogenesis, spermiogenesis, and
spermatozoa with the species of Trichomycteridae than with Nematogenyidae, its
hypothesized sister group (de Pinna, 1998; Britto, 2003). On the other hand, except by the
family Nematogenyidae, the similarity observed reinforce the monophyly of the

superfamily Loricarioidea as proposed by de Pinna (1998) and Britto (2003).
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Table 1. Spermatozoa dimensions observed in the trichomycterids species analyzed. the “n” show

the number of structures measured.

Species C. I amazonicus Trichomycterus T. areclatus T.reinhardti  Trichomycterus Trichomycterus
crthiocarinatus aff. iheringi sp. sp.
1 2
Structures
Nucleus
Length (pm} 18{n="7} 16(n=5) 15 (n=15) 1.7(n=12) 1.7(n=15) 1.7{n=12) 17(n=12}
Width {pm) 18(n=7} 1.8(n=5) 13({n=15) 16(n=12y 16(n=15H) 1.5mn=12) 16(n=12}
Nuclear
Fossa
Length {pm) D5({n=7) 0.3{n=16) 06{n=15) 0.4{n=12) 03{n=6) 04(n=12} 03(n=7)
Width (pm} 06({n=T) 6.6 (n=86) 0.4 (n=15) 0.6 {(n=12) 02{n=6) 2.5{n=12) 04(n=7)
Midpiece
Length (pm) 1.0 (n =8} 1.4({n=3) 14 (n=12) 1.6 (n =10} 15(n=7} 18(n=7) 13{(n=9
Width {um) 18(n=8) 1.3{n=15) 16(n=12) 1.5 (n=10}) i0{n=7) 16(n=7) 16(n=9)
Cytoplasmic
Channel
Length {um) 0.7(n=86) 0.9 (n=7} 13(n=12) 1.2{n=10) 10{r=7) 1858{n=7) 12{n=8)
Width {lsm) 04{n=86) 05N=7) 04 {n=12) 0.4 {n=10) 04{n="7) 04{n=7) 0.5{n=8)
Lateral
Projections
Length {(um) 02(n=7} 04 (n=11) 0.2 (n = 20) G2{n=20) 03(n=20) 0.4 {n=20) 0.3 (n=20)
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FIGURE CAPTION

Figure 1. Spermiogenesis of Trichomycteridae: Copionodon orthiocarinatus (a to f), and
Ttuglanis amazonicus (g to k). a) Spermatids cyst. b, ¢, g, and h) Early spermatids
(longitudinal sections). d and 1) Late spermatids (longitudinal sections). e and j) Midpiece
showing mitochondria and vesicles (cross sections). f and k) Flagella exhibiting the
formation of lateral projections (cross sections). (a) 1.7 pm; (b, ¢, 4, 1) 0.7 pum; (¢) 0.5 pm;
(f) 0.2 pm; (g) 0.8 pm; (h, j) 0.6 pm; (k) 0.1 pm. A: axoneme; C: centriolar complex; D:
distal centriole; F: flagellum; N: nucleus; P: proximal centriole; S: Sertoli cell; V: vesicles;
Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral projections;

Double arrowhead: cytoplasmic bridges.
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FIGURE CAPTION

Figure 2. Spermatozoa of Copionodon orthiocarinatus. a) Spermatozoon longitudinal
section. b and c¢) Head region. d and e) Centrioles arrangement. f) Spermatozoon
longitudinal section showing nuclear fossa, cytoplasmic channel, and mitochondria and
vesicles in the midpiece. g to k) Mic‘ipiece cross sections showing mitochondria and
vesicles. 1} Flagellum longitudinal section. m and m-inset) Flagella cross sections. (a) 0.3
um; (b, ¢, d, and j) 0.6 pm; (e, f, g, b, i, and 1) 0.4 pm; (k) 0.3 pum; (m and m-inset) 0.1 pm.
A axoneme; B: basal body; C: centriolar complex; D: distal centriole; E: electron-lucent
area; F: flagellum; MC: membranous compartment; N: nucleus; P: proximal centriole; V:
vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral

projections.
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FIGURE CAPTION

Figure 3. Spermatozoa of ltuglanis amazonicus.  and c) Spermatozoon lengitudinal
sections. b and d) Head cross sections. e) Centriolar complex arrangement. f to h)
Spermatozoa longitudinal sections showing mitochondria and vesicles in the midpiece. i
and j) Midpiece cross sections. k) Flagellum longitudinal section. I} Flagellum cross
section. (a, ¢, f, and k) 0.3 pm; (b, ¢) 0.5 um; (d, g, h, i, and j) = 0.4 pm; (1) 0.1 pum. A;
axoneme; D distal centriole; E: electron.-lucent area; F: flagellum; N: nucleus; P: proximal
centriole; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead:

lateral projections.
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FIGURE CAPTION e -

Figure 4. Spermiogenesis of Trichomycteridae. Trichomycterus off. iheringi (a to d),
Trichomycterus areolatus (e to j), Trichomycterus sp. (k to p), and Trichomycterus sp. (q to
t). a) Spermatids cyst. b, e, k and q) Early spermatids (longitudinal sections). ¢, f, 1 and r)
Late spermatids. d, g, m and s) Midpiece showing mitochondria and vesicles (cross and
longitudinal sections). h and n) Centrioles arrangement. d-inset, i, j, o, p and t) Flagella in
longitudinal and cross sections. (a) 1.3 pum; (b) 1.0 pm; (c) 0.8 wm; (d-inset) 0.03 pm; (d, e,
k and q} 0.7 pm; (f, g, | and r) 0.6 pm; (h, i, n and 0) 0.3 pm; (j, m) 0.4 pm; (p) 0.1 um; (s)
0.5 pm; (1) 0.2 pm. D: distal centriole; F: flagellum; N: nucleus; P: proximal centriole; S:
Sertoli cell; T: spermatids; V: vesicles; Asterislf_: ‘mitochondria; Arrow: cytoplasmic

channel; Arrowhead: lateral projections; Double arrowhead: membranous compartment,
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FIGURE CAPTION

Figure 5. Spermatozoa of Trichomycterus aff. iheringi. a) Spermatozoon in longitudinal
section. b to d) Nucleus in cross sections. e and ) Detail of centrioles arrangement. g to i)
Midpiece in longitudinal and cross sections showing mitochondria, elongated vesicles, and
cytoplasmic channel. j and k) Flagella in"cross sections showing classical (9+2) axoneme. 1)
Flagellum in longitudinal section. (a, e, g, and h) 0.4 um; (b, ¢) 0.7 pm; (d, 1) 0.6 um; (f)
0.2 pm; () 0.5 pm; (k) 0.06 pum; (1) 0.1 um. A: axoneme; B: basal body; C: centriolar
complex; D: distal centriole; E: electron-lucent area; F: flagellum; MC: membranous
compartment; N: nucleus; P: proximal centriole; V: vesicles; Asterisk: mitochondria;

Arrow: cytoplasmic channel; Arrowhead: lateral projections.
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FIGURE CAPTION

Figure 6. Spermatozoa of Trichomycterus areolatus. a) Longitudinal section. b to d) Head
region. e and f) Detail of nuclear fossa and centriolar complex arrangement. g to j)
Midpiece region (longitudinal and cross sections) showing mitochondria and vesicles. k
and 1) Flagella in cross and longitudinal sections. (a) 1.0 um; (b, ¢, ¢, f, j, and k) = 0.4 pm;
(d, h) 0.5 um; (g, i) 0.6 pum; (1) 0.1 pm. A: axoneme; B: basal body; D: distal centriole; E;
electron-lucent area; F: flagellum; N: nucleus; P: proximal centriole; V: vesicles; Asterisk:

mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral projections.
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FIGURE CAPTION

Figure 7. Spermatozoa of Trichomycterus reinhardti. a} Spermatozoon in longitudinal
sections. b and ¢) Head cross sections. d and e) Centriolar complex arrangement. f to 1)
Spermatozoa longitudinal and cross sections showing mitochondria and vesicles in the
midpiece. k) Flagellum longitudinal section. 1) Flagellum cross section. (a, f, g and h) 0.4
um; (b, ¢) 0.6 um; (d, e, i, j and ) = 0.2 pm; (k) 0.3 um. A: axoneme: B: basal body; C:
centriolar complex; D: distal centriole; E: electron-lucent area; F: flagellum; N: nucleus; P:
proximal centriole; Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead:

lateral projections.
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FIGURE CAPTION

Figure 8. Spermatozoa of Trichomycrerus sp.l. a, b and d) Longitudinal sections of
spermatozoon. ¢) Nucleus in cross sections. €) Detail of centrioles arrangement. f to k)
Midpiece in longitudinal and cross sections showing mitochondria, elongated vesicles, and
cytoplasmic chammel. 1, m and n) Flagella in cross sections showing classical (9+2)
axoneme. (a, j and k) 0.4 um; (b, d) 0.6 um; (¢, g and h) 0.5 um; (e, f, i and 1) 0.2 pm; (m,
n) 0.09 pm. A: axoneme; B: basal body; D: distal centriole; E: electron-lucent area; F:
flagellum; MC: membranous compartment; N: nucleus; P: proximal centriole; V: vesicles;
Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral projections;

Double arrowhead: membranous compartment.
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FIGURE CAPTION

Figure 9. Spermatozoa of Trichomycterus sp.2. a, b and d) Spermatozoon in longitudinal
sections. ¢) Nucleus in cross sections. €) Centrioles arrangement. f to 1) Midpiece in
longitudinal and cross sections showing mitochondria, vesicles, and cytoplasmic channel.
m}) Flagellum in longitudinal and cross sections. (a, f, g, k and m) 0.4 um; (b, d, i and j) 0.5
um; (c) 0.7 pm; (e, 1) 0.6 pmy; (h) 0.2 pm. B: basal body; D: distal centriole; E: electron-
lucent area; F: flagellum; MC: membranous compartment, N: nucleus; P: proximal
centriole; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead;

lateral projections; Double arrowhead: membranous compartment; losangue: microtubule.
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4.6. CAPITULO 6

Spadella, M.A., Oliveira, C., Quagio-Grassiotto, I. Spermiogenesis and spermatozoal

ultrastructure in Loricariidae (Teleostei: Ostariophysi: Siluriformes). Manuscrito a ser

submetido a revista Tissue & Cell.

150



Spermiogenesis and spermatozoa ultrastructure in Loricariidae (Teleostei:

Ostariophysi: Siluriformes)

Mariz Angélica Spadella™”
Claudio Oliveira®

Irani Quagio-Gmssiotto3

raculdade de Medicina de Marilia, Marilia, S3o Paulo, Brazl, CP 2003, CEP 17.519-030.
2Departamen‘to de Biologia Celular, Instituto de Biologia, Universidade Estadual de
Campinas, Campinas, Sio Paulo, Brazil, CP 6109, CEP 13.084-971.

Departamento de Morfologia, Instituto de Biociéncias, Universidade Estadual Paulista,
Botucatu, Sdo Paulo, Brazil, CP 510, CEP 18.618-000.

Running headline: Spermiogenesis and spermatozoa in Loricariidae subfamilies.

Corresponding author:

Dra. Irani Quagio-Grassiotto

Depto. de Morfologia, Instituto de Biociéncias,

Universidade Estadual Paulista, Campus de Botucatu.

Distrito de Rubido Jr, s/n, CP 510, CEP 18.613-000.

Botucatu, SP, Brasil.

E-mail : morfologia@ibb.unesp.br Phone/fax: 55 14 3811-6264

15



ABSTRACT

In the current study, the ultrastructural characteristics of both spermiogenesis and
spermatozoa of specimens of Neoplecostominae, Hypoptopomatinae, Loricariinae, arid
Hypostominae are described. The data show that spermatogenesis and spermiogenesis
process, and spermatozoa ultrastructure of Neoplecostominae is more similar to
Hypoptopomatmae than Loricariinae and Hypostominae. Furthermore, Loricariinae and
Hypostominae share more similar characteristics between them than with any other
subfamily of Lorncariidae. These data reinforce the phylogenetic hypotheses of
relationships among the subfamilies of Loncanidae. Considering all the data obtained, the
families Loricariidae and Callichthyidae, share more common ultrastructural characteristics
of spermatogenests, spermiogenesis, and spermatozoa among themselves than any other

Loncanoidea suggesting that these families could be more related than actually proposed.

KEY WORDS: catfish, cysts of spermatids, male germ cell, phylogeny, morphology.
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INTRODUCTION

Siluriformes comprises the most diverse and widely distributed ostariophysan group
(Burgess, 1989; Teugels, 1996, Ferrans, 1998; Nelson, 2006). Among the Neotropical
siluriform lineages, the superfamily Loricarioidea is probably a monophyletic group (de
Pinna, 1998 Britto, 2003). This superfamily comprises six families: Nematogenyidae,
Trichomycteridae, Callichthyidae, Scoloplacidae, Astioblepidae, and Lomcamdae.
According o the phylogeny of the superfamily Loricarioidea proposed by Batto (2003), the
family Loricariidae is sister group of the family Astroblepidae. Loricariidae is the largest
family of catfishes, distributed in most of the neotropics (Reis et al;, 2006). At present,
loricariids are divided into six subfamilies: Lithogeneinae, Delturinae, Neoplecostominae,
Hypoptopomatinae, Loricariinae, and Hypostominae (Armbruster, 2004; Reis et al., 2006).
The subfamily Hypostominae includes the tribes Corymbophanini, Hypostomini,
Pterygoplichthini, Rhinelepini, and Ancistrini (Armbruster, 2004).

In the current study, the ultrastructural characteristics of both spermiogenesis and
spermatozoa of specimens of Neoplecostominae, Hypoptopomatinae, Loricariinae, and
Hypostominae are described. The data obtained in the present study and those available for
other Loricarioidea and siluriform families were compared in order to investigate the

occurrence of similarities and differences among famities of this clade.

MATERIAL AND METHODS

The present study was conducted with two adult males of each species of subfamily
Neoplecostominae: Kronichthys heylandi (Boulenger, 1900) collected from the Parati-
Mirim river (23°14'25.5"S, W 44°45'47.2"W), Parati, Rio de Janeiro, Brazil (LBP 2122),
and Neoplecostomus paranensis Langeani, 1990 from the Horteld stream (22°56'28.3"S,
48°35'03.9"W), Botucatu, Sio Paulo, Brazil (LBP 3597); two adult males of each species of
subfamily Hypoptopomatinae: Corumbataia cuestae Britski, 1997 collected from the
Alambari river (22°56°08”S, 48°19°15”W), Botucatu, Sdo Paulo, Brazl (LBP 1313, 1LBP
2001); Hisonotus sp. collected from the Araqua river (22°47.135°S, W 48°28.892W),
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Botucatu, Sdo Paulo, Brazil (LBP 1292, LBP 1999); Hypoptopoma guentheri Boulenger,
1895 collected from the Pirai nver (16°25.680'S, 56°25.143'W), Poconé, Mato Grosso,
Brazil (LBP 693); and Schizolecis guntheri (Miranda-Ribeiro, 1918) collected from the
Parati-Minm nver (23°1425.5"S, W 44°45'472"W), Parati, Rio de Janeiro, Brazl
(L.BP2123); two adult males of each species of subfamily Loncaninae: Loricariichthys
platymetopon Isbriicker & Nissen, 1979 collected from the Capivara dam (22°51°52”S,
50°53°56”W), Candido Mota, S3o0 Paulo, Brazil; Loricaria sp. collected from the Fundo
stream niver (15°52'40.4"S, 52°18'15.5"W), Barra do Gargas, Mato Grosso, Brazil (LBP
2443); and Farlowella sp. collected from the Fundo stream mnver (15°52'40.4"S,
52°18‘15_S"W); Barra do Gargas, Mato Grosso, Brazil (LBP 2441); and two adult males of
Hypostomus ancistroides (Thermg, 1911) of subfamily Hypostominae: collected from the
Alambari river (22°56’08”, 48°19715”W), Botucatu, S3o Paulo, Brazil (LBP 1376). Fishes
were identified and kept in the fish collection of Laboratério de Biologia e Genética de
Peixes (LBP), Departamento de Morfologia, Instituto de Biociéncias, UNESP, Botucatu,
S&o Panlo, Brazil.

Gonad fragments were fixed in 2% glutaraldehyde and 4% paraformaldehyde in 0.1
M Sorensen phosphate buffer, pH 7.4. The matenial was post-fixed for 2h m the dark in 1%
osmium tetroxide m the same buffer, contrasted in block with aqueous solution of 5%
uranyl acetate for 2h, dehydrated in acetone, embedded in araldite, and sectioned and
stained with a saturated solution of uranyl acetate in 50% alcohol, and lead citrate.
Electromicrographs were obtained using a Phillips - CM 100 transmission electron
microscope.

The available mformation about siluriform spermatozoa was reviewed for
comparative purposes: Diplomystidae (Quagio-Grassiotto ef al, 2001), Cetopsidae,
Aspredinidae, and Nematogenyidae (Spadella et al, 2006a), Amblycipitidae (Lee and Kim,
1999), Anidae (Matter, 1991, schematic drawings), Trichomycteridae (Spadella et al,
submutted d), Loricariidae (Mansour and Lahnsteiner, 2003), Callichthyidae (Spadella ef
al, submitted c), Scoloplacidae (Spadella er al, 2006b), Malapterunidae (Mattei, 1991,
schematic drawings; Shahin, 2006), Ictaluridae (Poinier and Nicholson, 1982; Emel’yanova
and Makeyeva, 1991a, b), Bagridae (Emel’yanova and Makeyeva, 1991b; Lee, 1998; Kim
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and Lee, 2000; Mansour and Lahnsteiner, 2003), Pimelodidae (Quagio-Grassiotto and
Carvalbo, 2000; Santos et al, 2001), Heptapteridae and Pseudopimelodidae (Quagio-
Grassiotto ef al,, 2005), Siluridae (Emel’yanova and Makeyeva, 1991b; Kwon et al., 1998;
Lee and Kim, 2001), Clariidae (Mansour et al., 2002), and Auchenipteridae (Bums et al,
2002).

Twenty four characters of ultrastructure of spermatogenesis and spermiogenesis
(characters 1 to 7) and of spermatozoa (characters 8 to 24), present m at least one speciés
analyzed, were employed in the comparative analyses with other Loricariodea families
(Tables 2 and 3). Based on the siluriform spermatozoa described m the literature (Porer
and Nicholson, 1982; Kwon et al., 1998; Lee, 1998; Lee and Kim, 1999, 2001; Kim and
Lee, 2000; Quagio-Grassiotto and Carvalho, 2000; Quagio-Grassiotto ef al, 200:1, 2005;
Santos et al., 2001; Burns et al., 2002; Mansour ef al,, 2002), the midpiece size (character
18) was considered short when its total length was < 1.7 pm and was considered long when
its total length was > 1.7 um. The cytoplasmic channel size (character 20) was considered
short when its total length was < 1.5 um and was considered long when 1ts total length was

>1.5 ym.
RESULTS
General observations

In the analyzed species, the spermiogenesis occurs in cysts in the germunative
epithelium. These cysts contain groups of spermatids in similar developmental stage, which
are surrounded by cytoplasmic processes of the Sertoli cells (Figs. 1a, 4a, 7a, and 10a). The
early spermatids are interconnected by cytoplasmic bndges resuited from mcomplete
cytokinesis of cellular divisions. In theses germ cells, the cytoplasm is symmetrically
distributed around the nucleus, which contains diffuse homogeneous chromatin and has a
circular outline (Figs. 1b, 1c, lg, 4b, 4f 7b, 7e, 7i, and 10c). Dunng spermatids
differentiation, the chromatin is progressively and highly condensed, with areas of diffuse
chromatin interspersed among areas of condensing chromatin (Figs. Ic, 1h, 4d, 4e, 7¢, 71,
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73, 10c, and 10d). Subsequently, the cytoplasmic mass moves toward at the initial segment
of the tail, and gives rise to the midpiece of the future spermatozoon. This midpiece in
differentiation, has few rounded to elongate mitochondria and vesicles randomly distributed
(Figs. 1e, 1f, 11, 13, 44, 4e, 4h, 41, 7d, 7e, Th, 7j, 7k, and 10e-10g).

The loncanids spermatozoa have a round to oveid head without acrossomal vesicle,
symmeifric midpiece and one flagelium with the classical (5+2) microtubular patiem (Figs.
2a, 3a, Sa, Se, 6a, 6f 8a, 9a, and 11a). The nucleus has chromatin highly condensed, of
homogeneous aspect, and it is interépersed by electron-lucent areas (Figs. 2d, 2¢, 2g, 3b, 3¢,
3d, 5f, 6a, 8a, 8b, 8¢, 8f, 9b, 9¢, 11b, 1l¢, and 11f). The midpiece has mitochondria and
vesicles, being that the mitochondria are separated from the flagellum by the cytoplasmic
channel (Figs. 2f, 3e-3g, 5b, 5c, 6, d, 6e, 6f-6i, 8m, 8n, 9e-9g; 11f and 11h). The
particular ultrastructural characteristics observed in the spermiogenesis and spermatozoa of
each Loricariidae subfamily analyzed, is presented.

Spermiogenesis in Neoplecostominae _

The description of spermiogenesis process in Neoplecostominae was based on the
observation of spermatids of K. heylandi and N. paranensis (Figs. 1a-k). In N. paranensis,
the spermatids have an electron-dense structure surrounded by plasma membrane in the
cytoplasm of the midpiece. In the early spermatids of theses species, the centriolar complex
lies laterally to the nucleus and is anchored to the plasma membrane, with the flagellum
originated from the distal centriole (Figs. 1b and lg). In the centriolar complex, the
proximal centriole is lateral and in obtuse angle in relation to the distal centriole (Figs. 1d
and 1h). The centnioles move towards the nucleus, bringing with it the plasma membrane
and the initial segment of the flagellum that invaginates (Figs. 1c, 1d, 1g, and 1h). With this
movement, the cytoplasmic channel, a space between the plasma membranes of the
flagellar region and the midpiece is formed. The nuclear rotation occurs among the
Neoplecostominae, resulting in the medial position of the flagellum in relation to the
nucleus (Fig. 1d). Puring the nuclear rotation, a depresston s formed in the nuclear outline
that gives nse to the nuclear fossa. At the end of this process, the ceniriolar complex is
totally mmserted in the nuclear fossa (Figs. 1b-inset, 1d, and 1h). In the Neoplecostominag
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analyzed, the formation of lateral projections or fins from the flagellar membrane 1s

observed (Figs. 1k and 1k-inset).

Spermatozoa of Neoplecostominae

The measurements of length and width of nucleus, nuclear fossa, midpiece,
cytoplasmic channel, and of lateral projections length of the spemmatozoa of all the
loricarid analyzed are presented in the Table 1.

Neoplecostominae spermatozoa are found in the lumen of the germinative
compartment, being surrounded by a secretion only in N. paranensis (F ig. 31). They exhibit
a round head, a symmetric midpiece, and one flagellum medially positioned in relation to
the nucleus (Figs. 2a, 2f, 2¢g, 3a, and 3e). The round nucleus contains the nuclear fossa
medially positioned, which has a ramified simple arc shape (Figs. 2d, 3d, and 3e). In the
midpiece, several rounded to elongated mitochondna are randomly distributed m all
regions, concentrated in the apical and medial regions. Few vesicles isolated are observed
in the midpiece of K. heylandi, while in N. paranensis, several isolated vesicles are
randomly found in all regions of the midpiece (Figs. 2a, 2g, 2h, 2i, 3a, 3d, and 3g). In
Neoplecostominae, the centrioles are lateral and in obtuse angle to each other. The
centriolar complex is completely inselrted in the nuclear fossa (Figs. 24, 2e, 2g, and 3d). In
K. heylandi, the proximal ¢entriole projects a set of microtubuies in direction to ﬂie nucleus
that invaginates (Fig. 2¢). The medial flagellum has two flagellar lateral projections or fins
(Figs. 2k, 21, 3h, and 3h-mset).

Spermiogenesis in Hypoptepomatinae

The spermiogenesis process in Hypoptopomatinae was described based on the
observation of spermatids of C. cuesiae, Hisonotus sp., and H. guentheri (Figs. 4a-j). For S.
guntheri, only the characteristics of spermatozoa were described due to the absence of
spermatids i the testis.

In the Hypoptopomatinae analyzed, the spermatids have an electron-dense structure
surrounded by plasma membrane in the cytoplasm of the midpiece (Figs. 4a, 4b, 4e, 4h, and
4i). In the early spermatids, the centriolar complex, with the proximal centriole
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perpendicular to the distal, lies laterally to the nucleus and 1s anchored to the plasma
membrane. The flagellum development from the distal centriole takes place imtially lateral
to the nucleus (Figs. 4b, 4c-inset, and 4f). The centriolar complex moves towards the
nucleus bringing with it the plasma membrane and the initial segment of the flagellum,
forming the cytoplasmic canal (Figs. 4b-4g). The nuclear rotation occurs, and during this
process, the nuclear fossa is formed in the nuclear outline. After nuclear rotaﬁon, the
flageltum assumed a medial position to the nucleus, and the proximal and distal centnioles
are totally inserted in the nuclear fossa (Figs. 4b, 4e, and 4g). The formation of two lateral
projections is observed in the flagella (Figs. 4j and 4}-inset).

Spermatozoa in Hypoptopomatinae

Hypoptopomatinas spermatozoa are found in the lumen of the germinative
compartment surrounded by an electron-dense secretion. This secretion prevents good
plasma membrane preservation in spite of many changes in the fixation procedures. It 1s
possible that this secretion preclude the infiltration of fixative, resulting in this ill-
preservation of the plasma membranes of the spermatozoa presented in the Figures 5 and 6. |
The spermatozoa have ovoid head with an ovoid nucleus in C. cuestae and H. guentheri,
and in Hisonotus sp. and S. guntheri, the rounded head contains a round nucleus. They also
have a symmetric midpiece, and one flagellum medial fo the nucleus (Figs. 5a, Se, 6a, and
6f). In the cytoplasmic region lateral to the nucleus are seen mitochondnia in H. guentheri
and S. guntheri, while in C. cuestae and Hisonotus sp., no organelles are seen (Figs. 5a, 5d,
5e, 6a, and 6f). The nuclear fossa 1s medial, and forms a simple arc (Figs. 5a, 5b, 5¢, 5h, 6a,
6and 61). In the centnolar compiex, the proximal centriole is perpendicular to the distal, and
they lies within the nuclear fossa (Figs. 5a, 5g, and 61). Several vesicles, either
interconnected to each other or not, are observed in the midpiece, concentrated in the basal
region around the flagellum in C. cuestae, H. guentheri, and S. guntheri (Figs. 5b, 5c, 6d,
6e, 6g, 6h, and 61). In the midpiece of Hisonotus sp., few elongated vesicles are mamly
found in the proximity of the nucleus, and around the flagellum (Figs. 5e, 6h, and 61).
Several mitochondria are randomly distributed m all regions, concentrated on the apical and
medial midpiece regions. In the mudpiece, an electron-dense structure surrounded by
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plasma membrane is also observed in C. cuestae (Figs. 5b, 5c, 5d, 5f, 5h, 5i, 6¢, 6d, 6e, 6h,
and 61). The flagella have two lateral projections or fins (Figs. 5d-inset and 6j).

Spermiogenesis in Loricariinae

The analysis spermiogenesis process in Loricariinae was based on the observation
of spermatids of L. platymetopon, Farlowella sp., and Loricaria sp. (Figs. 7a-l). In the
species of Loricariinae observed, two types of spermiogenesis are founded. In L.
platymetopon early spermatids, the centriolar complex lies medially to the nucleus and is
anchored to the plasma membrane (Figs. 7b and 7c). The arrangement Iof centriolar
complex consists in the proximal centriole perpendicular to_the distal centriole (Fig. 7b).
The ceniriolar complex does not move towards the nucleus, and it remains associated with
the plasma membrane, forming the medial flagellum to the nucleus (Figs. 7b and 7c). The
nucleus does not rotate and the nuciear fossa is not formed. The cytoplasmic mass moves
toward the initial segment of the tail, and gives rise to the midpiece with a cytoplasmic
channel (Fig. 7d). In the Farlowella sp. and Loricaria sp. early spermatids, the centriolar
complex lies laterally to the nucleus and is anchored to the plasma membrane, with the
'proximal centriole perpendicular to the distal centriole (Figs. 7e, 7f, 7i and 7)). The
centriolar complex moves towards the nucleus carrying the initial segment of the tail
originating the cytoplasmic channel (Figs. 7f, 7g, and 7j). The nuclear rotation occurs in
different degrees in these Loricariinae, being total in Fariowella sp., and partial in
Loricaria sp. This result in the medial position of the flagellum in relation to the nucleus in
Farlowella sp., while in Loricaria sp., the flagellum is eccentric positioned (Figs. 7f and
7j). The nuclear fossa is aiso formed, and at the end of the process, only the proximal
centriole is inseried in the nuclear fossa (Figs. 7g, 7i, and 7j). Among the Lorcaninae
analyzed, the formation of lateral projections or fins is observed only in Farlowella sp.
(Figs. 7d-inset, 7h, and 71).
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Spermatozoa in Loricariinae

The charactenistics of spermatozoa in Loricariinae are described based on analysis
of L. platymetopon and Loricaria sp., since in the testis of Farlowella sp. spermatozoa were
not found.

Loncaninae spermatozoa are observed in the lumen of the germmative compartment
without any secretion around of them (Figs. 8a and 9a). They exhibit a round nucleus, and a
symmetric midpiece. The flagelium is medially positioned in L. platymetopon and it is
eccentric in Loricaria sp. (Figs. 8a, 8d, 9a, and 9d). In Loricaria sp., the nuclear fossa is
eccentrically positioned and has a simple arc shape. In L. platymetopon, _the nuclear fossa is
absent (Figs. 8a, 8d, and 9d). In Loricariinae, the centrioles are perpendicular to each other
and m Loricaria sp., the proximal centriole is mserted in the nuclear fossa (Figs. 8d, 8e,
9d). In L. platymetopon, the midpiece has many rounded to elongated mitochondria,
generally concentrated in the periphery. Thus, the mitochondria are not present around the
centriolar complex. In Loricaria sp., few mitochondria are randomly distributed in all
regions of the midpiece. In both species, the mitochondria are separated from the flagellum
by the cytoplasmic channel. Few isolated vesicles are observed in the midpiece,
concentrated in the basal region in L. platymetopon, and randomly distributed in all regions
in Loricaria sp. (Figs. 8c, 8f-8n, Se-g). Lateral projections or fins are not observed in the
flagella (Figs. 80, 8o-inset, and 9h).

Spermiogenesis in Hypostominae

The description of spermiogenesis process in Hypostominae was based on the
observation of spermatids of H. ancistroides (Figs. 10a-h). The early spermatids have the
centniolar complex, with the proximal centriole perpendicular to the distal one, lied
medially to the nucleus. The centriolar complex is anchored to the plasma membrane. The
flagellum development from the distal centriole takes place medially to the nuclens (Figs.
10b and 10c). The movement of centriolar complex does not occur, remaining associated
with the plasma membrane (Figs. 10b and 10d). The nuclear rotation does not also occur,
and the flagellum remains in medial position to the nucleus. Along the differentiation, a

narrow nuclear fossa is formed in the nuclear outline (Figs. 10b-10e). The cytoplasmic
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mass moves toward the tail, and gives tise to the midpiece with a cytoplasmic channel (Fig.

10d). The flagellum exhibits the formation of two lateral projections (Fig. 10h).

Spermatozoa in Hypostominae

Hypostominae spermatozoa are found in the lumen of the germinative compartment
free of secretion (Fig. 11a). They exhibit a round head, a symmetric midpiece, and one
flagellum medially positioned to the nucleus (Figs. 11a, 114, and 11f). The medial nuclear
fossa has a simple arc shape and contains only the proximal centriole inserted in
perpendicular arrangement to the distal one (Figs. 11d and Ile). In the midpiece, few
rounded mitochondria are centrally distributed, concentrated around the centriolar complex.
Many isolated vesicles are found in the periphery of the midpiece (Figs. 1l¢, 11£11h). The
medial flageltum has two flagellar lateral projections or fins (Figs. 11t and 11t-inset).

DISCUSSION
Spermatogenesis and Spermiogenesis

In the loricariids analyzed, the differentiation of spermatids into spermatozoa occurs
completely within cysts in the germinal epithelium, characterizing the spermatogenesis of
the cystic type. Cystic spermatogenesis is present in most Teleostei (Maitel, 1993; Quagio-
Grassiotto et al., 2001, 2003, 2005), and it was also described in other families of
Loricarioidea, as in Trichomycteridae (Spadeila et al, submiited d), in the subfamuly
Callichthyinae (family Callichthyidae) (Spadella ez al., submitted c), and in Scoloplacidae
(Spadella et al., 2006b) (Table 2).

According to Mattei (1970), the spermiogenesis can be of types I or I in Teleoste
with extemal fertilization. In both types, in the early spermatids the initial development of
the flagellum is generally lateral to the nucleus. The occurrence or not of nuclear rotation
differentiate these two types. In the type I, the nuclear rotation occurs, resulting in a
spermatozoon with the flagellum axis perpendicular to the nucleus. In the type I

spermiogenesis, the nuclear rotation does not occurs, determining a parailel position of the
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flagellum in relation to the nucleus (Mattei, 1970). In Pimelodidae and Heptapteridae, the
development of flagellum is medial, the nucleus does not rotate, and both the nuclear fossa
and cytoplasmic channel does not form durning spermiogenesis, characterizing a third type
of spermiogenesis (Quagio-Grassiotto et al, 2005; Quagio-Grassiotto and Oliveira,
submitted). The spermiogenesis process observed in most Loricariidae is characterized by
an initial lateral development of the flagellum, the presence of centriolar complex
mugration, a cytoplasmic channel formation, the presence of complete or partial nuclear
rotation, and a medial to eccentric nuclear fossa formation. These characteristics are more
similar to type I spermiogenesis previously described, which is also founded in
Trichomyctendae (Spadella et al., submitted d), Callichthyinae (Spadella et al., submitted
¢), and m Scoloplacidae (Spadella et al., 2006b) (Table 2). Type I spermiogenesis can be
found in other siluriform families, as Diplomystidae, the most basal siluriform (Quagio-
Grassiotto et al., 2001), and Pseudopimelodidae (Quagio-Grassiotto ez al., 2005). However,
in Diplomystidae the cytoplasmic channel does not remain in the spermatozoa {Quagio-
Grassiotto et al., 2001) as observed in other loricanids, Trichomycteridae, Callichthyinae,
Scoloplacidae and Pseudopimelodidae.

' Of ﬁle loricaniids analyzed, only in L. platymetopon and Hypostomus sp., the
spermiogenesis process is characterized by a medial development of the flagelium, the
absence of nuclear rotation, a cytoplasmic channel formation, the absence of centriolar
complex migration, and a medial nuclear fossa formation only in Hypostomus sp. (Table 2).
This set of charactenistics is different from those previously described, also observed in
Nematogenyidae, except by nuclear fossa formation (our unpublished data), in Cetopsidae
and Aspredinidae (Spadella et al., 2006a), Heptapteridae (Quagio-Grassiotto ef al., 2005),
and in Pmmelodidae (Quagio-Grassiotto and Oliveira, submitted). Except by the medial
development of the flagellum and medial nuclear fossa formation, this unusual
spermiogenesis process is also found in Corydoradinae in which an eccentric formation of
flagellum and of the nuclear fossa is observed (Spadella et ai., submitted ¢). In all cited
groups, it is probable that the exiting cytoplasmic channel results of the accommodation
and interconnection of the vesicles around the flagella, since the movement of the centriolar

complex toward the nucleus does not occurs.
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The comparative analyses of Table 2 show that all loricariids species share three of
seven spermatogenesis and spermiogenesis characters (characters 1, 4, and 6). The other
characteristics are variable among the species analyzed (characters 2, 3, 5, and 7).

The present data shows that spermatogenesis and spermiogenesis of
Neoplecostominae is more similar to Hypoptopomatinae than with Loncariinae and
Hypostominae, presenting six and four similar characteristics, respectively (Table 2).
Furthermore, Loticariinae and Hypostominae share more characteristics between them than
with any other subfamily of Lorncariidae. These data agree with the new hypothesis of
phylogenetic relationships among the subfamilies of Loricariidae (Armbruster, 2004).

The Table 2 shows that at least one species of Lorcariidae share with
Trichomycteridae and Callichthyidae all spermatogenesis and spermiogenesis
characteristics, and six characters with Nematogenyidae and Scoloplacidae. Accordingly,
the loricariids species share more similar charactenistics with Trichomycteridae and
Callichthyidae than with Nematogenyidae and Scoloplacidae. This observation does not
agree with the phylogeny actually proposed for Loricarioidea (de Pinna, 1998; Britio,
2003), in which the family Loricariidae is sister group of Astroblepidae; and this clade

more related with Scoloplacidae.
Spermatozoa

The comparative analyses of spermatozoa ultrastructure (Table 3) show that
Loricaridae species herein studied share the same state of character in nine of seventeen
characters analyzed (characters 8, 10, 13, 16, 18, 19 10 22). |

Eight characteristics are polymorphic among the loricanids. Thus, the arangement
of centriolar complex is lateral and in obtuse angle in Neoplecostominae, while in the other
loricariids, the centrioles are perpendicular to each other (character 9). The amangement of
centrioles, lateral and in obtuse angle, is also observed in some species of Trichomyctendae
(Spadella et al, submitted d) and Callichthyidae (Spadella er al, submitted ¢), and n
Clariidae (Mansour et al, 2002), while the perpendicular arrangement is founded in
Scoloplacidae (Spadella er al, 2006b) and other siluriform families: Diplomystidae
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{Quagio-Grassiotio et al., 2001), Pimelodidae (Quagio-Grassiotto and Carvalho, 2000;
Santos ef al , 2001), and Auchenipteridae (Bums er al., 2002).

The flageilar membrane specializations (character 11) are also varied, observed two
laterat projections i the flagellum of Neoplecostominae, Hypoptopomatinae, Farlowella
sp., and H. ancistroides, as in the trichomyctenids 7" areolatus and T. reinhardt (Spadella et
al., submitted), Scoloplacidae (Spadela er al, 2006b), Amblycipitidae (Lee and Kim,
1999), Bagndae (Lee, 1998; Kim and Lee, 2000; Mansour and Lahnsteiner, 2003), and
Diplomystidae (Quagio-Grassiotto et al., 2001). In L. platymetopon, Loricaria sp., and in
the tribe Ancistrini, the lateral fins are absent. The absence of lateral projections in the
-flagellum 1s also pointed in Nematogenyidae, Cetopsidae, and Aspredinidas (Spadeila ef
al., 2006a), in Callichthyinae (Spadelia et al., submitied), Pimelodidae (Quagio-Grassiotto
and Carvalho, 2000; Santos ef al, 2001), Siluridae (Kwon ef al, 1998; Lee and Kim,
2001}, Clariidae (Mansour ez al., 2002}, and Auchenipteridac (Bums et al , 2002).

The character 12, the nucleus shape, is other different characteristic among
lonicanid species, which is ovoid in C. cuestae and H. guentheri, as observed in some
species of Trichomycteridae (Spadella ez /., submitted d), Callichthyidae (Spadella et al,
submitted c), and Heptaptendae (Quagio-Grassiotto ez al,, 2005). In the other species of
Loricariidae, the nucleus is round as found in some trichomycterids (Spadella er al,
submitted d), callichthyids {Spadella et al.,, submitted c), Pimelodidae (Quagio-Grassiotto
and Carvalho, 2000; Santos et al, 2001), Pseudopimelodidae (Quagio-Grassiotto ef al,
2005), Diplomystidae (Quagio-Grassiotto ef al, 2001), Siluridaec (Kwon et al., 1998; Lee
and Kim, 2001), and Claridae (Mansour ez al, 2002). Other variable character among
lonicaniids is the nuclear fossa position (character 15), which is medial in
Neoplecostominae, Hypoptopomatinae, and Hypostominae. The same is found in
Trichomycteridae (Spadella et al, submitted), in most Callichthyidae (Spadella er al.,
submutted), Scoloplacidae (Spadelia et al, 2006b), and in the follow siluriform fanmlies:
Diplomystidae (Quagio-Grassiotto et al., 2001), Cetopsidae and Aspredinidae (Spadella et
al., 2006a), Amblycipitidae (Lee and Kim, 1999), Ictaluridae (Poirer and Nicholson,
1982), Bagridae (Lee, 1998; Kim and Lee, 2000; Mansour and Lahnsteiner, 2003),
Pseudopimelodidae (Quagio-Grassiotio ef al., 2005), Siluridae (Kwon ef al, 1998; Lee and
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Kim, 2001), and Clariidae (Mansour et al., 2002). In Loricaria sp., an eccentric nuclear
fossa is present as in some trichomycterids (Spadella er al, submitted d) and
Auchenipteridae (Bums et al, 2002).

The position of centrioles in relation to the nuclear fossa (character 17) varies, the
centriolar complex totally inserted in the nuclear fossa in Neoplecostominae,
Hypoptopomatinae, and in the tibe Ancistrini. This character is also present in some
trichomycterids (Spadella er al, submitted d), in some Callichthyinae (Spadella er al,
submitted c), Scoloplacidae (Spadella ez al., 2006b), Diplomystidae (Quagio-Grassiotto et
al., 2001), Cetopsidae and Aspredinidas (Spadella ez al., 2006a), Amblycipitidae (Lee and
Kim, 1999), Bagridac (Lee, 1998; Kim and Lee, 2000; Mansour and Lahnsteiner, 2003),
and Clariidae (Mansour ef al., 2002). Only the proximal centriole inserted in the nuclear
fossa is founded in Loricaria sp. and H. ancistroides. This state is also described in most of
the trichomycterids (Spadetia ez al., submitted) and Callichthys callichthys (Spadella et al.,
subruited).

The character 23, presence of electron-dense structure surmounded by plasma
membrane in the midpiece, is only observed in Neoplecostominae and Hypoptopomatinae.
In N. paranensis and all Hypoptopomatinae analyzed, the spermatozoa are founded m the
lumen of the germinative compartment surrounded by a dense secretion. These
characteristics represent exclusive characters of these subfamilies, not observed m any
other siluriform up to the present. -

The position of the flagellum in relation to the nucleus (character 24) is medial in
Neoplecostominae, Hypoptopomatinae, L. platymetopon, and Hypostominae as i
Nematogenyidae (Spadella e al, 2006a), in some Trichomycteridae (Spadella ez al,
submitted d) and Callichthyidae (Spadella ef al., submitted c), and Scoloplacidae (Spadella
et al., 2006b). The medial flagellum position is the more common pattern m siluriform
(Quagio-Grassiotto ef al, 2001; Spadella et al., 2006a, Lee and Kim, 1999; Poirier and
Nicholson, 1982; Lee, 1998; Kim and Lee, 2000). In Loricaria sp., the flagellum is
eccentric in relation io the nucleus. This position is also described in some trichomycterids
(Spadella ez al,, submitted d).
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These eight characters, as described above, are more varable among the
Lonicaninae and Hypostominae than in Neoplecostominae and Hypoptopomatinae. At least
one of these states has been found in other families of Loricarioidea and siluniform until
now studied, except the character 23.

The Table 3 shows that Neoplecostominae shares sixieen spermatozoa
charactenstics with Hypoptopomatinae and Hypostominae, followed by Loricariinae,
shanng thirteen characteristics. The spermatozoa of Hypoptopomatinae present sixteen
stmmlar characters with Hypostominae, and fourieen with Lomncaninae. The subfamily
Loncariinae shares sixteen characteristics with Hypostominae.

As discussed above, the spermatozoa in Neoplecostominae share more common
characters with species of Hypoptopomatinae and Hypostominae, while the spermatozoa of
Loricartinae are more similar to the Hypostominae. Considering that the Neoplecostominae
and Hypoptopomatfinae share the occurrence of spermatozoa mvoived by secretion in the
lumen of germinative compartment, beyond of the characters already mentioned; these
'subfamjlies present more characteristics in common between themselves than with any
other loricariids analyzed. Thus, the characters of ultrastructure of spermatozoa reinforce
the considerations reported with the characters of spermiogenesis, which shows that the
subfamily Neoplecostominae and Hypoptopomatinae are more related. This observation is
in concordance with phylogenic hypothesis presented by Ammbruster (2004).

Based on the information available the spermatozoa of the Loricariidae species are
more similar to those of Callichthyidae species, sharing all characteristics. Furthermore, the
spermatozoa of the Lomncariidae share sixteen characteristics with Trichomycteridae,
fourteen with Scoloplacidae, and ten similar characters with Nematogenyidae. Thus, the
spermatozoa of Loncanidae, Callichthyidae, Trichomycteridae, and Scoloplacidae families
share more similar characteristics among themselves than with the family Nematogenyidae.

Considening all the data obtained, the families Loricariidae and Callichthyidae,
share more common ultrastructure charactenistics of spermatogenesis, spermiogenesis, and
spermatozoa among themselves than any other Loricaroidea suggesting that these families
could be more related than proposed by de Pinna (1998) and Britto (2003).
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Table 1. Spermatozoa dimensions present in the loricarids species analyzed. the “n” show the

number of structures measured.

Subfamilies Neoplecostominae Hypoptopomatinge Loricariinae Hypostominae
Species | K heylandi N C. Hisonotus H. 8 L Loricaria u

par is ctest sp. guemtheri  guntheri  platymetopon sp. ancistroides
Structures
Nucleus
Length (ym) 1.5¢n="7) 16{e="5 1L6n=% 14m=7 1LB8(x=35) 1l6(= & 1.9(n =10} 20{n=T 20 (m=6)
Width (pmj 1.5(n="7) L7¢n=35) 14{n=8 1l4{w=7 L5(n=35) L&E(n=6) 20 (n=10} 20(m="7) 2itn=6)
Nuclear Fossa :
Length (um) 0.7(n=7) 06@=5 06(@=6) 04@=7 04@m=5 03@=4 absent - 03(n=7) 0.2¢n=4)
Width (um) 05¢(n=7 05@=%5 03{(n=6) O04(a=T) 05(=3 OO6@=4} absent 03{n="T) 03 (n=4)
Midpiece
Length (um) 12(e=%) LO@=7) 14@=7) Ll@=%5 L2@=4 09@=% 10@=13) L5(n=8) 14(n=>5)
Width (pm) J4@=8) L8@=7 Lld4@=6 L6m=5 20(a~4) 16(n=5 20a-13 17(=%) 20(@=35)
Cyfoplasmic
Channel
Length (J#n) 0.6 {n="06) 05@=6 07n=5 04=5 0G4 =4) 04m=¢ 02(n=13 0.8(n==6) Den=9
Wadth (pm} 03(n=6) 04(=6 03@=5 03@-% 03(m=4) 04@m=6 04(=13) 06(n=6) 03@=3%
Lateral
Projections
Length {am) 03Mm=-10) 04{n=7) 04(n=%) 02(=9 02(n=5 03m=6) absent abscnt 0.4(n=10)
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FIGURE CAPTION

Figure 1. Spemiogenesis of Neoplecostominae: Kromichthys sp. {a to f) and
Neoplecostomus paranensis (g to k). a) Spermatids cyst. b, ¢, and g) Early spermatids in
longitudinal sections. d, e, and h) Late spermatids (longitudinal sections). b-inset)
Centriolar complex arrangement. £, i, and j) Midpiece showing mitochondria, vesicles, and
an electron-dense structure surrounded by plasma membrane (cross sections). k and k-inset)
Flagella exhibiting the formation of lateral projections (longitudinal and cross sections). (a)
13 um; (b, d. £ g, and i) 0.6 pm; (c, e, j, and k) 0.7 pm; (beinset) 0.1 pum; () 0.4 pm; (k-
inset) 0.2 pm. B: basal body; D: distal centriole; F: flageltum; N: nucleus; P: proximal
centniole; S: Sertoli cell; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel;
Arrowhead: lateral projections; Double arrowhead: electron-dense structure surrounded by

plasma membrane.
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FIGURE CAPTION

Figure 2. Spermatozoa of Kronichthys-heylandi. a) Longitudinal section. b and ¢) Head
region. d and e) Centriolar complex arrangement. f to h) Spermatozoon longitudinal
sections showing nuclear fossa, cytoplasmic channel, mitochondria, and vesicles in the
midpiece. i and j) Midpiece cross sections showing mitochondria and vesicles. k and I)
Flagella in longitudinal and cross sections. (a, b, and ¢) 0.5 pm; (d, 1) 0.3 pm; (e, g, h, and
k) 0.4 pum; (f, i, and j) 0.6 pm. B: basal body; C: centriolar complex; D: distal centriole; E:
electron-lucent area; F: flagellum; N: nucleus; P: proximal centriole; V: vesicles; Asterisk:

mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral projections,
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FIGURE CAPTION

Figure 3. Spermatozoa of Neoplecostomus paranensis. a) Spermatozoon in longitudinal
section. b and ¢) Head cross and longitudinal sections. d) Detail of centriolar complex
arrangement. e to g) Spermatozoa in longitudinal and cross sections showing mitochondria
and vesicles in the midpiece. h and h-inset) Flagella in longitudinal and cross sections. 1)
Spermatozoa in the lumen of germinative compartment surrounded by secretion. (a and i)
0.4 um; (b, ¢, d, and g) 0.6 um; (e) = 0.5 pm; (f) 0.7 pm; (h) 0.3 um; (h-inset) 0.1 um. B:
basal body; D: distal centriole: E: electron-lucent area; F: flagellum; N: nucleus; P:
proximal centriole; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel;

Arrowhead: lateral projections.
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FIGURE CAPTION

Figure 4. Spermiogenesis of Hypoptopomatinae. Corumbataia cuestae (a to ¢, c-inset, h,
and j), Hisonotus sp. (d, ¢, i, and j-inset), and Hypoptopoma guenteri (f and g). a)
Spermatids cyst. b, f and g) Early spermatids (longitudinal sections). ¢ to e) Late
spermatids. c-inset) Detail of centriolar complex arrangement. h and i) Midpiece showing
mitochondria and vesicles (cross sections). j and j-inset) Flagella in longitudinal and cross
sections. (a) 1.7 pm; (b to e, and i) 0.6 um; (c-inset) 0.2 pm; (f) 0.5 um; (g) 0.7 um; (h, j)
0.4 pm; (j-inset) 0.05 um. D: distal centriole; F: flagellum; N: nucleus; P: proximal
centriole; S: Sertoli cell; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel;
Arrowhead: lateral projections; Double arrowhead: electron-dense structure surrounded by

plasma membrane.
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FIGURE CAPTION

Figure 5. Spermatozoa of Corumbataia cuestae (a to d) and Hisonotus sp. (e to i). a and g)
Spermatozoon in longitudinal sections exhibiting the centriolar complex arrangement. b, c,
f, h, and i) Midpiece showing cytoplasmic channel, mitochondria, and vesicles
(longitudinal and cross sections). d and e) Spermatozoon in longitudinal sections showing
mitochondria and vesicles. d-inset) Flagella in cross sections showing classical (6+2)
axoneme and lateral projections. (g, d, f, h, and i) 0.4 pm; (b, ¢) 0.6 um; (d-inset) 0.06 pm;
(¢} 0.5 um; (g) 0.7 pm. D: distal centriole; F: flagellum; N: nucleus; P: proximal centriole;
V. vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral

projections; Double arrowhead: electron-dense structure surrounded by plasma membrane.
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FIGURE CAPTION

Figure 6. Spermatozoa of Hypoptopoma guentheri (a to €) and Shizolecis guntheri (f and j).
a and f) Longitudinal sections. b and ¢) Head region. d, e, g, and h) Midpiece (longitudinal
and cross sections) showing mitochon;lria and vesicles. i) Detail of nuclear fossa and
centriolar complex arrangement. j) Flagella in cross sections exhibiting lateral projections.
(a, g 1, and j) = 0.4 um; (b, ¢, and £) 0.6 um; (d, ) 0.5 pmy; (h) 0.7 um. B: basal body; E:
electron-lucent area; F: flagellum; N: nucleus; P: proximal centriole; V: vesicles; Asterisk:

mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral projections.
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FIGURE CAPTION

Figure 7. Spermiogenesis of Loricariinae: Loricariichthys platymetopon (a to d),
Farowella sp. (e to h), and Loricaria sp. (i to I). a) Spermatids cyst. b, €, and i) Early
spermatids in longitudinal sections. ¢, f, and j) Late spermatids (longitudinal sections). d-
inset) Flagellum in cross section. g) Centriolar complex arrangement. d, h, and k) Midpiece
showing mitochondria and vesicles (cross and longitudinal sections). 1) Flagellum in
longitudinal section. (a) 2.3 um; (b, h, i, and j) 0.6 um; (¢) 1.0 um; (d, e, and g) 0.4 um; (d-
inset} 0.1 pm; (f) 0.5 um; (k, 1) 0.7 um. D: distal centriole; F: flagellum; N: nucleus; P:
proximal centriole; S: Sertoli cell; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic

channel; Arrowhead: lateral projections.
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FIGURE CAPTION

Figure 8. Spermatozoa of Loricariichthys platymetopon. a) Longitudinal section of
spermatozoon. b and ¢) Head region. d and ¢) Detail of centrioles arrangement. f to n)
Midpiece in longitudinal and cross, sections showing mitochondria, vesicles, and
cytoplasmic channel. o, o-inset, and p) Flagella in cross and longitudinal sections showing
classical (9+2) axoneme. (a, b, and f) 0.5 um; (¢, n, and 0) 0.6 pm; (d) 0.7 pm; (e, g, and j)
0.4 um; (h} 1.0 pm; (i, 1, o-inset, and p) 0.3 pm; (k) 0.8 um; (m) 1.5 pm. B: basal body; D:
distal centriole; E: electron-lucent area; F: flagellum; N: nucleus; P: proximal centriole; V:

vesicles; Asterisk: mitochondria; Arrow: cytoplasmic channel.
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FIGURE CAPTION

Figure 9. Spermatozoa of Loricaria sp.. a) Longitudinal section. b and ¢) Nucleus in cross
sections. d) Centriolar complex arrangement. e to g) Midpiece in longitudinal and cross
sections showing mitochondria, vesicles, and cytoplasmic channel. h) Flagella in
longitudinal and cross sections. (a to c, ::md g) 0.6 um; (d) 0.5 um; (e) 0.4 pm; (f) 1.3 um;
(h) 0.9 um. B: basal body; D: distal centriole; E: electron-lucent area; F: flagellum; N:
nucleus; P: proximal centriole; V: vesicles; Asterisk: mitochondria; Arrow: cytoplasmic

channel.
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FIGURE CAPTION

Figure 10. Spermiogenesis of Hypostominae. a) Spermatids cyst. b) Early spermatid in
longitudinal section. ¢) Early spermatid showing centriolar complex arrangement. d) Late
spermatid. e to g) Midpiece showing mitochondria and vesicles (longitudinal and cross
sections). h) Flagella in cross sections e)ghibiting lateral projections. (a) 1.7 pm; (b) 0.9 um;
(¢, ¢) 0.8 pm; (d) 0.5 pum; (£, g) 0.6 um; (h) 0.3 um. B: basal body; D: distal centriole; F:
flagellum; N: nucleus; P: proximal centriole; S: Sertoli cell; T: spermatids; V: vesicles;

Asterisk: mitochondria; Arrow: cytoplasmic channel; Arrowhead: lateral projections.
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FIGURE CAPTION

Figure 11. Spermatozoa of Hypostomus ancistroides. a, c, and d) Spermatozoon in
longitudinal sections. b) Nucleus in cross section. e) Detail of centriolar complex
arrangement. f to h) Midpiece showing cytoplasmic channel, mitochondria, and vesicles
(longitudinal and cross sections). i and i-inset) Flagella in longitudinal and cross sections
showing classical (9+2) axoneme and lateral projections. (a) 1.0 um; (b, d, e, and i) 0.6 um;
(c) 0.8 pm; (f) 0.4 pm; (g) 1.3 pm; (h) 0.7 pm; (i-inset) 0.03 um. D: distal centriole; E:
electron-lucent area; F: flagellum; N: nucleus; P; proximal centriole; V: vesicles; Asterisk:

mitochondria, Arrow: eytoplasmic channel; Arrowhead: lateral projections.
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4.7. CAPITULO 7

Spadella, M.A., Oliveira, C. Ortega, H., Quagio-Grassiotto, I. Ultrastructure of
Astroblepus  cf. mancoi introsperms (Ostariophysi:  Siluriformes: Astroblepidae).
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ABSTRACT

The Astroblepus cf mancoi spermatozoa have the main characteristics of
mntrosperms, suggesting the occurrence of internal insemination in this species. These
introsperms exhibit a conic head, a symmetric midpiece, a medial flagellum, and no
acrosome. The conic forward elongated nuclet have its thin extremity curved. The
chromatin exhibits homogeneous aspect. The centrioles are completely inside the medial
nuclear fossa, perpendicular to each other. In the midpiece, many fused mitochondria form
a nng surrounding intemally the cytoplasmic channel. In the midpiece, vesicles are not
observed. The flagellum presents the classical axoneme formulae (9+2) and has two lateral
projections with extremities dilated and filled by electron-dense material. The introsperms
of astroblepids share several characteristics with those of Scoloplacidae and

Auchenipteridae, two other siluriform families with internal fecundation.

KEY WORDS: male germinative cells, spermatozoon, morphology, catfish, fish evolution.
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INTRODUCTION

The family Astroblepidae has a single genus, Astroblepus, with 54 valid species
(Schaefer, 2003). Recent phylogenetic studies showed that astroblepids belongs to the
superfamily Loricarioidea, and the least understood family of this group (de Pinna, 1998).
The monophyly of the family was corroborated by Schaefer (1990), as is its phylogenetic
position as the sister group of the family Loricariidae (de Pinna, 1998; Britto, 2003).

The reproductive aspects of astroblepids are poorly known. Burgess (1989) reported
that the male astroblepids have an elongate urogenital papilla that apparently functions as
an intromittént organ, suggesting the occurrence of insemination in this family. Roméan-
Valencia (2001), in a study of the reproductive ecology in Astroblepus cyclopus, shows that
in this species ovaries mature between December and May, and that the fecundity is low
and the eggs are small.

The ultrastructure of spermatozoa in Astroblepus cf. mancoi is here descnibed for

the first time, demonstrating the occurrence of introsperms in this species.
MATERIAL AND METHODS

The current study was conducted with adult males of Astroblepus cf. mancoi
collected from the Chorobamba river (10°27°58.97’S, 075°29°01.4"W), Ucayali river basin,
Huancabamba, Pasco, Peru (LBP 3284). The fishes were identified and kept m the fish
collection of Laboratério de Biologia e Genética de Peixes (LBP), Departamento de
Morfologia, Instituto de Biociéncias, UNESP, Botucatu, Sdo Paulo, Brazil.

For ultrastructural analysis, the gonad fragments were fixed in 2% glutaraldehyde
and 4% paraformaldehyde in 0.1 M Sorensen phosphate buffer, pH 7.4. The matenal was
post-fixed for 2h in the dark in 1% osmium tetroxide in the same buffer, contrasted in block
with aqueous solution of 5% uranyl acetate for 2h, dehydrated in acetone, embedded in
araldite, and sectioned and stained with a saturated solution of uranyl acetate in 50%
alcohol, and lead citrate. Electromicrographs were obtained using a Phillips - CM 100

transmission electron microscope.
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Seventeen characters of ultrastructure of spermatozoa, present m the species
analyzed, were employed in the comparative analyses with the other Loricaniodea families,
based on available information about spermatozoa ultrastructure of the families:
Nematogenyidae (Spadella et al., 2006a), Tnnichomycteridae (Spadella et al., submitted c),
Callichthyidae (Spadella et al., submitted c¢), Scoloplacidae (Spadella et al., 2006b), and
Loncanidae (Mansour and Lahnsteiner, 2003; Spadella et al., submitted e). The midpiece
size (character 11) was considered short when its total length was < 1.7 pm and was
considered long when its total length was > 1.7 um. The cytoplasmic channel size
(character 13) was considered short when its total length was < 1.5 pm and was considered
long when its total length was > 1.5 um, according to measures of siluriform spermatozoa
descnibed in the literature (Lee, 1998; Poner and Nicholson, 1982; Kwon et al,1998; Lee
and Kim, 1999, 2001; Kim and Lee, 2000; Quagio-Grassiotto and Carvatho, 2000; Santos
et al., 2001; Quagio-Grassiotto et al., 2001, 2005; Burns et al., 2002; Mansour et al., 2002).

RESULTS

A. cf. mancoi spermatozoa are found in the lumen of the germinativé compartment,
and they are not tightly packed along their entire lengths. These spermatozoa do not
constitute a spermatozeugmata due to the absence of a compaciness and regularity
arrangement (Figs. 12 and 1h). The introsperms of this species exhibit a conic head without
acrosomal vesicle, symmetric midpiece, and one medial flagellum (Figs. ia and 1k). The
nuclei have a conic shape, are very elongated forward and have its thin extremity curved
(Fig. 11). The nuclei are 6.0 pm in length and 0.6 pm in width. In its basal extremity, the
nucleus has two basal expansions around the midpiece. In the cytoplasmic region, around to
the nucleus, no organelles are seen (Figs. 1a, 11, and 1j). The chromatn present in the
nucleus 1s highly condensed and has a homogeneous aspect, being interspersed by small
electron-lucent areas (Figs. 1a, 1b, 11, and 1j). The nucleus contains a medial nuclear fossa,
which 1s 0.7 pm 1 length and 0.3 pm in width. The shape of the nuclear fossa 1s m simple
arc, which 1s wrregularly delumited. The proximal and distal centrioles, perpendicular to
each other, are completely inside the nuclear fossa. The mital segment of the tal is also
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found inserted in the nuclear fossa (Figs. 1a, Ic, 1d and 1j). The midpiece is 5.4 pm m
length and 0.6 um in width. Along of the midpiece, but not in the terminal end, a large
number of the mitochondria apparently fused, form a ring surrounding the cytoplasmic
channel (Figs. le, 1f, 1j, and 1k). The basal extremity of the midpiece has a cytoplasmic
shealth, and in this region there is no mitochondria. In the midpiece, vesicles are not found.
The cytoplasmic channel is 4.8 um in length and 0.4 pm in width (Figs. 1a and 1k). The
distal centriole is differentiated in the basal body and gives rise to the axoneme which
exhibits the classical 9+2 microtubular pattemn. The flagellar membrane exhibit two lateral
projections or fins, which has dilated extremity and fitled with electron-dense material
(Figs. 11 and 1l-inset).

DISCUSSION

The presence of very elongated nucleus and midpiece in the spermatozoa of 4. cf.
mancoi characterize the occurrence of introsperms in this species. The presence of an
elongate urogenital papilla in this species as in other astroblepids species (Burgess, 1989,
our personal observations), permit to suggest that Astroblepidae is other intemal
inseminating siluriform family. This condition is rare among teleosts. Among siluriforms
species with infrosperms are only reported fo occur in Scoloplacidae (Spadelia et al, 2006b)
and in Auchenipteridae (Loir et al., 1989; Meisner et al_, 2000; Bums et al., 2002). Other
examples among Teleostei, are found in Cyprinodontiformes, in Poecilidae (Grrer, 1975;
Kobayashi and Iwamatsu, 2002), Anablepidac and Jenynsiidae (Grier et al., 1981); in
Scorpaeniformes, in several species of Scorpaenidae (Jamieson, 1991; Mudioz et al., 1999,
2002), and in Characiformes, the sister group of Siluriformes and Gymnotiformes {Fink and
Fink, 1996), some species with introsperms are found in the Characidae subfamilies
Cheirodontinae (Bums et al., 1997), Glandulocaudinae and Stevardiinae (Bums et al,, 1995,
1998; Azevedo, et al., 2000; Pecio et al., 2005; Burns and Weitzman, 2005), and in the
incertae sedis in Characidae, Brittanichthys axelrodi (Javonillo et al., 2007).

The comparative analyses of spemmatozoa ultrastructure presented in Table 1 show
that the spermatozoa of A. cf. mancoi share sixteen of seventeen characters analyzed with
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members of Scoloplacidae. Additionally, Astroblepidac and Scoloplacidae present other
characteristics in common not related in the Table 1, as the presence of the mitochondria in
the midpiece forming an internal ring surrounding the cytoplasmic channel, the conic nuclei
presenting their extremity curved, the presence of two lateral fins in the flagellum, and the
organization of the spermatozoa in the germinative compartment not arranged in well
organized spermatozeugmata. _

According to Table 1, the only state not shared by Asiroblepidae and Scoloplacidae
is the third character, vesicles in the midpiece, which are absent in Astroblepidae and
present in Scoloplacidae. The absence of vesicles in the midpiece is alsb found in
Trichomycterus reinhardti, of the family Trichomycteridae (Spadella et al., submitted c),
Diplomystidae (Quagio-Grassiotto et al,, 2001), Amblycipﬁdae (Lee and Kim, 1999),
Auchenipteridae (Bums et al, 2002), and Bagridae (Lee, 1998; Kim and Lee, 2000:;
Mansour and Lahnstemer, 2003). An exclusive character found in Astroblepidae is the
presence of expansions in each lateral projections of the flagellum filled by electron-dense
material. This character is described here for the first time for siluriforms.

The analysis of Table 1 shows that Astroblepidae share thirteen characteristics with
Loricariidae, twelve with Trichomycteridae, eleven with Callichthyidae, and seven similar
state of character with Nematogenyidae. Considering all to describe above, A. cf, mancoi
share more similar characteristics with Scoloplacidae than with any other Loricarioidea. In
the phylogenies at present proposed for the superfamily Loricarioidea, the family
Astroblepidae is a sister group of Loricariidae (de Pimna, 1998; Britto, 2003). However, in
the current study, Astroblepidae seems to be more related with Scoloplacidae than with
Lorncanidae, not comroborating the hypotheses previously proposed. Although this finding
can be related with a different phylogenetic position of theses families it can also represent
a convergence, due to their exclusive characteristics of reproduction.

In a comparative analysts with others siluriform families, the 4. cf mancoi
spermatozoa are also morphologically more similar to those found in auchenipterids,
shanng some characteristics, for example, the conic shape of the nuclei, the presence of
very long nucleus, the perpendicuiar arrangement between the centrioles, the presence of a

long midpiece, the absence of vesicles in the midpiece, and the presence of mitochondria
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along of the midpiece. It is possible that these similar characteristics should be originated
by convergence, due to their particular mode of reproduction, since phylogenetic
hypothesis demonstrated that Astroblepidae and Aucheniptenidae do not belong 1o a natural
group (de Pinna, 1998; Britto, 2003).
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FIGURE CAPTION

Figure 1. Spermatozoa of Astroblepus cf. mancoi. a) Spermatozoon longitudinal section. b
to d) Nucleus in cross sections. e to g) Midpiece in cross sections exhibits mitochondria and
cytoplasmic channel. h) Spermatozoa in the lumen of germinative compartment not
arrangement in spermatozeugmata. i) Nucleus in longitudinal section showing its extremity
curved. j) Centrioles arrangement. k) Detail of midpiece and cytoplasmic channel. | and I-
inset) Flagella in longitudinal and transverse sections. (a) 0.9 um, (b, ¢, e, f, j) 0.2 um, (d,
g) 0.3 pm, (h) 1.7 pm, (i) 0.7 pm, (k) 0.5 pm, (1) 0.4 um, (I-inset) 0.05 pm. B: basal body,
C: centriolar complex, D: distal centriole, E: electron-lucent area, F: flagellum, N: nucleus,
P: proximal centriole, Asterisk: mitochondria, Arrow: cytoplasmic channel, Arrowhead:
lateral projections, Double Arrowhead: curved nucleus extremity, Double Arrow:

cytoplasmic sheath.
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48. CAPITULO 8

Spadella, M.A., Oliveira, C., Quagio-Grassiotto, 1. Semicystic spermatogenesis and
spermmiogenesis ultrastructure in Nematogenys inermis (Ostariophysi: Silunformes:

Nematogenytdae). Manuscrito a ser submetido & revista Zoomorphology.
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ABSTRACT

In Nematogenyidae, the spermatids are found in the lumen of the germinative
compartment, together with the spermatozoa, suggesting that spermatogenesis is
semicystic. Spermiogenesis in nematogenyid is characterized by initial medial development
of the flagella, absence of nuclear rotation, of nuclear fossa formation, and of migration of
centrioles, and cytoplasmic channel formation. The nematogenyid spermatogenesis and
spermiogenesis is more similar t those found in Cetopsidae, Aspredimidae,
Corydoradinae and in some Loricariidae than that found in Trichomycteridae suggesting
that the phylogenetic position of this family should be revised.

KEY WORDS: catfish, male germinative cells, spermatids, morphology, evolution.
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INTRODUCTION

Nematogenyidae, with a single genus and species, Nematogenys inermis, is endemic
to central Chile (de Pinna, 2003). This family belongs to the superfamily Loncanoidea, the
largest monophyletic group of catfishes in the neotropics (de Pinna, 1998; Britto, 2003).
According to de Pinna (1998) and Bntto (2003), this family is the sister group of the
Trichomycteridae. In a recent molecular study conduced in the order Siluriformes the
authors were not able to demonstrate the relationship among Nematogenyidae and
Trichomyctenidae (Sullivan et al., 2006).

The reproductive biology of nematogenyid is poorly known. Spadella et al. (2006)
describe the spermatozoa ultrastructure of N. inermis, showing that these cells exhibit the
head and the midpiece joined in a single structure, and two flagella medial to the nucleus.
In the same paper, the occurrence of biflagellate spermatozoa was also described n
Cetopsidae and Aspredinidae, other Neotropical silunforms. The present study describes
the occurrence of semicystic spermatogenesis and the ultrastructure of spermiogenesis in N.

Inermis.

MATERIAL AND METHODS

The study was conducted with adult males of Nemaitogenys inermis (Guichenot,
1848) collecied from the Aguas de la Glona river, VI Regton, Aguas de la Glonia, Chile
(36°50.304' S 2°55.642' W) (LBP 3105). The fishes were identified and kept in the fish
collection of Laboratério de Biologia e Genética de Peixes (LBP), Departamenio de
Mortfologia, Instituto de Biociéncias, UNESP, Botucatu, Sdo Paulo, Brazil.

The gonad fragments were fixed in 2% glutaraldehyde and 4% paraformaldehyde in
0.1 M Sorensen phosphate buffer, pH 7.4. The matenal was post-fixed for Zh in the dark in
1% osmium tetroxide m the same buffer, contrasted in block with aqueous solution of 5%
uranyl acetate for 2h, dehydrated in acetone, embedded in araldite, and sectioned and
stained with a saturated solution of uranyl acetate in 50% alcohol, and lead citrate. The
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ultrastructural analysis was realized using a Phillips - CM 100 transmission electron

MICroscope.
RESULTS

In N. inermis, spermatids are found in the lumen of the germinative compartment,
isolated or in groups, together with the spermatozoa (Figs. 1a and 1b). At the begmning of
the spermiogenesis, the early spermatids are connected to the Sertoli cells surface (Figs. 1a
and 1d). During the differentiation, this connection is lost and the more differentiated
spermatids move towards the lumen region of the central germinative compartment, mixing
with the spermatozoa. In the early spermatids, the cytoplasm is symmetrically distnbuted
around the nucleus, which contains diffuse chromatin and has a circular outline (Figs. 1b,
1c, and 1e). The centrioles, lateral and parallel to each other, lie medially to the nucleus and
are anchored to the plasma membrane (Figs. Ic, 1d and 1d-inset). The flagella development
occurs medially to the nucleus from both centrioles. The centrioles do not move towards to
the nucleus, remaining associated with the plasma membrane (Figs. lc, id, and 1d-inset).
Although the migration of centrioles does not occur, the formation of one short cytoplasmic
channel is observed (Fig. 1c-inset). The nuclear -.rotation does not occur and the nuclear
fossa is pot formed (Figs. 1a, 1c and le). With the absence of nuclear rotation, the flagelia
remain medial to the nucleus. In the nucleus, the chromatin condensation begins with areas
of progressive and homogeneous condensed chromatin among areas of more diffuse
chromatin. Small chromatin clusters are present in the penphery of the nucleus (Fig. le-
inset). The cytoplasmic mass moving toward and around the mitial segment of the tail,
gives rise to the midpiece of the future spermatozoon (Figs. lc and le). During the
spermatid differentiation, a large number of long mitochondria move from the apical
cytoplasmic region of the nucleus to the basal region. After this migration, they surround
the basal region of the nucleus and fill the midpiece in formation. In the midpiece few
vesicles randomly distributed are also observed (Figs. Ic, 1d, 1e, and 1f). The flagella have
the classical (9+2) microtubular pattern, surrounded by the flagellar membrane. In some
segments of the tail, the axonemes are individualized, while in others they are not
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individualized, sharing the same flagellar membrane. No flagellar lateral projections are
observed {(Figs. 1g and 1h).

DISCUSSION

The presence of spermatids in the lumen of germinative compartment together with
spermatozoa in N. inermis, suggesting that the spermatogenesis in this species is of the
semicystic type. This same type of spermatogenesis was described in the subfamily
Corydoradinae of the family Callichthyidae (Spadella et al., submitted), 'and in the
situriform families Cetopsidac and Aspredinidae (Spadella et al., 2006). Although
uncommon, the semicystic spermatogenesis has been described in other Teleostei families
as Opheliiddae (Mattei et al., 1993), Scorpaenidae (Mufioz et al., 2002), and Bleniidae
(Lahnstemer and Patzer, 1990). In Trichomycteridae, the sister group of the family
Nematogenyidae {de Puma, 1998; Britto, 2003), spermatogenesis 1s of the cystic type
(Spadella et al., submitted).

In the spermatozoa, the flagelilum may develops perpendicular or parallel fo the
n'ucleus, dépending on whether nuclear rotation during spermiogenesis occurs (type I
spermiogenesis) or not (type I spermiogenesis) duning spermiogenesis (Matte1, 1970). In
Pimelodidae and Heptapteridae, the flagellum is medial, the nucleus does not rotate, and
both the nuclear fossa and the cytoplasmic channel are absent, characterizing a third type of
spermiogenesis (Quagio-Grassiotto et al, 2005; Quagio-Grassiofto and Oliveira,
submitted). The spermtogenesis process observed m N. inermis is characterized by an initial
medial development of the flagelia, a cytoplasmic channel formation, absence of nuclear
rotation, absence of nuclear fossa formation, and absence of centriolar migration. These
charactenistics are more simular to type Il spermiogenesis previously described, which was
also observed i Loricariichthys platymetopon of the family Lorcanidae (Spadella et al.,
submitted), and, except by absence of nuclear fossa formation, this spermiogenesis type is
also observed in Cetopsidae and Aspredinidae (Spadella et al.,, 2006), and Hypostomus
ancistroides of the family Loncanidae (Spadetla et al., submitted). The same also occur in
Corydoradinae, except by the medial development of the flagellum and also by absence of
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nuclear fossa formation (Spadella et al., submitted). In theses groups, it is possible that the
cytoplasmic channel results of the accommodation and interconnection of the vesicles
around the flagella, instead of the movement of the centrioles or centriolar complex toward
the nucleus. In Trichomycteridae the spermiogenesis is more similar fo type I (Spadella et
al., submitted).

According to described above Nematogenyidae share more characteristics with
Corydoradinae (Spadella et al., submitted), some loricarids (Spadella et al, submitted),
Cetopsidae and Aspredinidae (Spadella et al., 2006) than with Tnchomycteridae. These
observations, based on comparative analysis of ultrastructure of spermatogenesis and
spermiogenesis, permit to suggest that the relationship between Nematogenyidae and
Trichomycteridae should be revised.
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FIGURE CAPTION

Figure 1. Spermiogenesis of Nematogenys inermis. a and b Spermatids in the lumen of
germinative compartment together with spermatozoa. ¢ Early spemmatid (longitudinal
section). c-inset Detail of short cytoplasmic channel. d and f Midpiece showing
mitochondria and vesicles. d-inset The arrangement of the centrioles. ¢ Late spermatid. e-
mnset Nucleus showing the chromatin condensation process. g Flagella with axonemes
mdividualized (longitudinal section). h Flagella with axonemes individualized and
associated (cross sections). (a) 1.3 um; (b) 1.0 pm; (c) 0.8 pm; (d-insef) 0.03 pum; (d, e, k
and q) 0.7 pm; (£, g, f and r) 0.6 pm; (h, i, n and 0) 0.3 pm; (j, m) 0.4 pm; (p) 0.1 pm; (s)
0.5 um; (t) 0.2 pm. 4 axoneme, B basal body, F flagellum, N nucleus, § Sertoli cell, ¥V
vesicles, Z spermatozoon, Asterisk mitochondria, Arrow cytoplasmic channel, Arrowhead

chromatin clusters.
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Spadella, M.A., Oliveira, C., Quagio-Grassiotto, I. The use of spermiogenesis and
spermatozoa ultrastructural characters in the investigation of the relationships among

tamilies of Loricarioidea (Teleostei: Ostariophysi: Siluriformes).
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ABSTRACT

In the current study, a phylogenetic analysis of the superfamily Loricarioidea, using
the spermiogenesis and spermatozoa ultrastructural characteristics 1s conducted for the first
time as a test to evaluate the ability of this data in resolving the phylogenetic inter and
intra-relationships of familial level in the order Siluriformes. In general, the data obtained
revealed that when these characters are employed in a more restrict group (as the
superfamily Loricarioidea), they are really informative and can strongly support the
monophyly of some groups. However, the phylogenetic analysis using only this type of
reproductive ultrastructural characters is not informative at order level as the suggested
groups are very incongruent with the relationship hypotheses available for Siluriformes.
Thus, this type of reproductive ultrastructural character should be carefully employed i

phylogenetic analysis to avoid misinterpretation.

KEY WORDS: phylogeny, fish, morphology, reproductive ultrastnutural characters.
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INTRODUCTION

The order Siluriformes comprises the most diverse and widely distributed
ostariophysan groups (Teugels, 1996; Ferrans, 1998; Nelson, 2006; Ferrans, 2007),
presenting thirty-six families with approximately 480 genera and over 3.000 species
(Ferraris, 2007). Among the Neotropical siluriform lineages probably monophyletic is the
superfamily Loricarioidea (de Pinna, 1998; Britto, 2003). This superfamily was one of the
oldest natural groups recognized in siluriform systematics (de Pmna, 1998). The
relationships among catfish families suggest that Loncarioidea is sister group of African
family Amphiliidae (Britto, 2003). The Loricarioidea is currently constituted by SIX
families:  Nematogenyidae,  Trichomycteridae, Callichthyidae, Scoloplacidae,
Astroblepidae, and Loricariidae (de Pinna, 1998; Britto, 2003). According t© the phylogeny
of the superfamily Loricarioidea proposed by Britto (2003}, the family Nematogenyidae 1s
sister group of the Trichomycteridae, and this clade the sister group of all other families of
Loricanioidea.

In the present study, a phylogenetic analysis of the superfamily Loricarioidea, using
the ultrastructural characteristics of both spermiogenesis and spermatozoa is conducted for
the first time as a test to evaluate the ability of this data in resolving the phylogenetic inter

and intra-relationships of familiat level i the order Silunformes.

MATERIAL AND METHODS

The material examined of Loricarioidea, and other catfish families is listed n
Appendix 1. The analysis of the ultrastrutural characters of spermiogenests and
spermatozoa of the situriform specimens available in the literature was realized based on
observation of the electron-micrographies presented in the cited papers, and in the
description of the authors. With these data, a list of ultrastrutuctural characters for the order
Siluriformes was elaborated. For the quantitative characters were done mensures of length

and width of the following spermatozoa strutuctures: nucleus, midpiece, and when present,
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of the nuclear fossa, cytoplasmic channel, and lateral projections. The structures were
measured in the bigger axis. The measures were obtained in centimeter and converted for
micrometer. Thus, grafics of dispersion were constructed for establish the interval referent
to the each quantitative character-state. All characters obtained were coded in a data matrix.

For the hypotheses of relationships was employed the cladistic methodology using
the Phylogenetic Analysis Using Parsimony software (PAUP*, version 4.0b10), following
the suggestions of Swofford et al. (1996), Swofford (2002), Nei and Kumar (2000), and
Schneider (2003). The framework recent phylogenetic hypotheses for Loricarioidea
proposed by Bntto (2003) were considered. For outgroup comparison were employed a
basal group in Siluformes (family Diplomystidae), or a basal group for Lorcarioidea
(family Aspredinidae). The characters were tested as “ordered” and “unordered” in
different analysis. The cntery employed in the analysis was the Maximum parsimony, and
the parsimonious trees were obtained using heuristic seach performed 1000 random taxon
addition replicates and TBR branch swapping. The characters were ACCTRAN optimized,
where reversals are chosen over convergences. The support for the internal nodes of the
trees obtained was estimated using bootstrap (Felsenstein, 1985). Bootstrap values were
esttmated from 1000 replicates.

RESULTS

Character description
The description of 32 ultrastrutural characters of the order Siluriformes with 49 taxa
used in phylogenetic analysis are presented. For each character-state is provided a relation
of terminal taxa with the respective condition. The character-state was coded as “0”, “1”,
., “n”. Character numbers and character-state codes are the same as presented in the data
matrix (Table 1). For each character a summary of its characteristics is provided. The
characters of 1 to 7 are the ultrastructural charcteres of spermatogenesis and

spermiogenesis, while the characters 8 to 32 are spermatozoa characters.
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1. Spermatogenesis type

In Teleostei, the spermatogenesis can be cystic or semicystic. In the cystic
spermatogenesis (Fig. 1a), the development of the spermatozoa occurs totally within of
spermatocysts presents in the germinative compartment. In the semicystic spermatogenesis
(Fig. 1b), the spermatocysis open before the final development of the spermatozoa, which is
completed in the lumen of the germinative compartment. The spermatogenesis can be: (0)
Cystic. Diplomystes mesembrinus, Copionodon orthiocarinatus, Ttuglanis amazonicus,
Trichomycterus aff. iheringi, T. areolatus, T. sp. 1, T. sp. 2, Hoplosternum littorale,
Megalechis thoracata, Callichthys callichihys, Scoloplax distolothrix, Kronichihys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
guentheri, Loricariichthys platymetopon, Farlowella sp., Loricaria sp., Hypostomus
ancistroides, Microglanis aff. parahybae, Rhamdia quelen, Pimelodella gracilis, Pimelodus
maculatus, Pseudoplatystoma fasciatum, Sorubim lima, Iheringichthys labrosus. (1)
Semicystic. Cetopsis coecutiens, Bunocephalus amazonicus, Nematogenys inermis,
Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,

Malapterurus electricus.

2. Flageliar initial development in relation to the nucleus

In the early spermatids, the distal centriole differentiates into the basal body and
forms the flagellum. This inital development of the flagellum can be medial (Fig. 2a) or
lateral to the nuclens (Fig. 2b). (0) medial to the nucleus. Cetopsis coecutiens,
Bunocephalus amazonicus, Nematogenys inermis, Loricariichthys platymetopon,
Hypostomus ancistroides, Malapterurus electricus, Rhamdia quefen, Pimelodella gracilis,
Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim lima. (1) lateral to the
nucleus. Diplomystes mesembrinus, Copionodon orthiocarinatus, Ituglanis amazonicus,
Trichomycterus aff. iheringi, T. areolaws, T. sp. 1, T. sp. 2, Corydoras flaveolus,
Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale,
Megalechis thoracaia, Callichthys callichthys, Scoloplax  distolothrix, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
guentheri, Farlowella sp., Loricaria sp., Microglamis aff. parahybae.

227



3. Centriolar complex movement

During the spenmiogenesis process, the centriolar complex, formed by proximal and
distal centrioles, move or not towards the nucleus. This movement can be: (0) absent.
Cetopsis coecutiens, Bunocephalus amazonicus, Nematogenys inermis, Corydoras
flaveolus, Corydoras aeneus, Scleromysiax lacerdai, Aspidoras poecilus, Loricariichthys
platymeiopon, Hypostomus ancistroides, Malapterurus electricus, Rhamdia quelen,
Pimelodella gracilis, Pimelodus maculatus, Pseundoplatystoma fasciamm, Sorubim lima. (1)
present. Diplomystes mesembrinus, Copionodon orthiocarinatus, Ituglanis amazonicus,
Trichomycterus aff. iheringi, T. areolatus, T. sp. 1, T. sp. 2, Hoplosternum littorale,
Megalechis thoracata, Callichthys callichthys, Scoloplax distolothrix, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma

guentheri, Farlowella sp., Loricaria sp., Microglanis aff. parahybae.

4, Cytoplasmic channel formation

When present, the cytoplasmic channel consists of a space between the plasma
membrane of the basal region of the midpiece and the flagellum. The cytoplasmic channel
formation can be absent (Fig. 3a), occurs by movement of centriolar complex towards the
nucleus (Figs. 3b) or by projection of the midpiece towards to the initial segment of
flagellum, associated to the mterconnection of vesicles in this same region (Fig. 3¢). Thus,
can be: (0) absent. Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim lima. (1)
originated by centriolar complex movement. Diplomystes mesembrinus, Copionodon
orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff. iheringi, T. areolatus, T. sp. 1,
T_ sp. 2, Hoplosternum littorale, Megalechis thoracata, Callichthys callichthys, Scoloplax
distolothrix, Kronichihys heylandi, Neoplecostomus paramensis, Corumbataia cuesiae,
Hisonotus sp., Hypopiopoma guentheri, Farlowella sp., Loricaria sp., Microglanis aff.
parahybae. (2) originated by projection of the midpiece towards the initial segment of
the flagellum and by vesicullar interconnection. Cetopsis coecutiens, Bunocephalus
amazonicus, Nematogenys inermis, Corydoras flaveolus, Corydoras aeneus, Scleromystax
lacerdai, Aspidoras poecilus, Loricariichthys platymetopon, Hypostomus ancistroides,
Malapterurus electricus, Rhamdia quelen, Pimelodella gracilis.
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5. Nuclear rotation
Along the spermiogenesis, the nucleus of the spermatids can rotate or not in relation
to the flagellar axis, establishing the flagellar position in relation to the nucleus. This
rotation can be: (0) absent. Celopsis coecutiens, Bunocephalus amazonicus, Nematogenys
inermis, Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras
poecilus, Loricariichthys platymetopon, Hypostomus ancistroides, Malapterurus electricus,
Rhamdia quelen, Pimelodella gracilis, Pimelodus maculatus, Pseudoplatystoma fasciatum,
Sorubim lima. (1) partial Copionodon orthiocarinatus, ltuglanis amazonicus,
Trichomycterus aff iheringi, T. areolatus, T. sp. (1), T. sp. 2, Hoplosterﬁum littorale,
Megalechis thoracata, Callichthys callichthys, Farlowella sp., Loricaria sp.. (2) complete.
Diplomystes mesembrinus, Scoloplax distolothrix, Kronichthys heylandi, Neoplecostomus
" paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma guenthert, Microglanis aff.

parahybae.

6. Chromatin condensation process

The chromatin condensation can be heterogeneous (Fig.4a), in the form the thin
'ﬁlaments_juxtaposed of granular aspect or condensed clusters. The thin filaments chromatin
can also highly condense, resulting in homogeneous apparence (¥Fig. 4b). Then, this process
can be: (0) heterogeneous. Diplomystes mesembrinus, Cetopsis coecutiens, Bunocephalus
amazonicus, Scoloplax distolothrix, Malapterurus electricus. (1) homogeneous.
Nematogenys inermis, Copionodon orthiocarinatus, Ituglanis amazonicus, Trichomycterus
aff iheringi, T. areolatus, T. sp. 1, T. sp. 2, Corydoras flaveolus, Corydoras aeneus,
Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis thoracata,
Callichthys callichthys, Kronichthys heylandi, Neoplecostomus paranensis, Corumbataia
cuestae, Hisonotus sp., Hypoptopoma guentheri, Loricariichthys platymetopon, Farlowella
sp., Loricaria sp., Hypostomus ancistroides, Microglanis aff. parahybae, Rhamdia quelen,

Pimelodella gracilis, Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim lima.
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7. Nuclear fossa formation

The nuclear fossa consists in a depression in the nuclear outline, which can be
absent (Fig. 5a) or present (Fig. 5b). This depression can be: (0) absent. Nemarogenys
inermis, Loricariichthys platymetopon, Rhamdia quelen, Pimelodella gracilis, Pimelodus
maculatus, Pseudoplatystoma fasciatum, Sorubim lima. (1) present. Diplomystes
mesembrinus,  Cefopsis  coecutiens, Bunocephalus  amazonicus, Copionodon
orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff. iheringi, T. areolatus, T. sp. 1,
T sp. 2, Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras
poecilus, Hoplosternum lintorale, Megalechis thoracata, Callichthys callichithys, Scoloplax
distolothrix, Kronichthys heylandi, Neoplecostomus paranensis, Corﬁmbaraia cuestae,
Hisonotus sp., Hypoptopoma guentheri, Farlowella sp., Loricaria sp., Hypostomus
ancistroides, Malapterurus electricus, Microglanis aff. Parahybae.

8. Nucleus shape

The nucleus presents different shapes, as rounded (Fig. 6a), semi-rounded (Fig.3,
Liobagrus mediadiposalis, in Lee and Kim, 1999), semi-ovoid (Fig. 6b), conic (Fig. 6c),
ovoid with the large axis in the vertical position (Fig. 6d), or ovoid with the large axis m the
horizontal position (Fig. 6e). (0) rounded. Diplomystes mesembrinus, Copionodon
orthiocarinatus, Trichomycterus areolatus, T. reinhardti, T. sp. 2, Corydoras flaveolus,
Corydoras aeneus, Megalechis thoracata, Kronichihys heylandf, Neoplecostomus
paranensis, Hisonotus sp., Schizolecis guntheri, Loricariichthys platymeiopon, Loricaria
sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias gariepinus, Silurus
microdorsalis, Silurus asotus, Microglanis aff. parahybae, Pimelodella gracilis, Sorubim
lima, Iheringichthys labrosus. (1) semi-rounded. Liobagrus mediadiposalis, Malapterurus
electricus. (2) semi-ovoid. Cetopsis coecutiens, Bunocephalus coracoideus, Ictalurus
punciatus, Mystus armatus, Pseudobagrus fulvidraco, Leiocassis ussuriensis. (3) coenic.
Bunocephalus amazonicus, Scoloplax diswolothrix, Astroblepus cf. mancoi, Trachelyopterus
Iucenai. (4) ovoid with the large axis in the vertical pesition. Jtuglanis amazonicus,
Trichomycterus aff. iheringi, T.I sp. 1, Scleromystax lacerdai, Aspidoras poecilus,
Hoplosternum littorale, Callichthys callichthys, Corumbaiaia cuestae, Hypoptopoma
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guentheri, Rhamdia quelen, Pimelodus maculatus, Pseudoplatysioma fasciatum. (5) oveid

with the large axis in the horizontal position. Nematogenys inermis.

9. Nuclear length

The length was mensured in Jongitudinal sections of the nucleus presents m the
photomicrografies, from base to its apical region. The Figure 252 shows the mterval
referent to each character-state of this character (vertical line). The nuclear lenght can be:
{0) nuclear lenght < 3.0 mm: short. Diplomystes mesembrinus, Celopsis coecutiens,
Bunocephalus amazonicus, Bunocephalus coracoideus, Liobagrus mediadiposalis,
Nematogenys inermis, Copionodon orthiocarinatus, Ituglanis amazonicus, Trichomycterus
aff. iheringi, T. areolatus, T. reinhardd, T. sp. 1, T sp. 2, Corydoras flaveolus, Corydoras
aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis
thoracata, Callichthys callichthys, Kronichthys heylandi, Neoplecostomus paranensis,
Corumbataia cuestae, Hisonotus sp., Hypoptopoma guentheri, Schizolecis guntheri,
Loricariichthys platymetopon, Loricaria sp., Hypostomus ancistroides, Ancistrus
triradiatus, Clarias gariepinus, Silurus microdorsalis, Silurus dsotus, Ictalurus punctatus,
Malapterurus electricus, Microglanis aff. parahybae, Rhamdia quelen, Pimelodella
gracilis, Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim lima, Iheringichthys
labrosus, Mystus armatus, Pseudobagrus fulvidraco, Leiocassfs ussuriensis. (1) nuclear
lenght > 3.0 pm: leng. Scoloplax distolothrix, Astroblepus cf. mancoi, Trachelyopterus

hicenai.

10. Nucleus width

The width was measured in longitudinal sections of the nucleus presents in the
photomicrografies, in the opposite direction to the axis of the nuclear length. The Figure
25a shows the value interval referent to the each character-state of this character (horizontal
lines). The width of the nucleus can be: (0) nucleus width < 1.0 pm: narrow. Scoloplax
distolothrix, Astroblepus cf. mancoi, Trachelyopterus luicendi. (1) 1.0 pm < nucleus width
< 25 pm: medivm. Diplomystes mesembrinus, Cetopsis coecutiens, Liobagrus

mediadiposalis, Bunocephalus amazonicus, Bunocephalus coracoideus, Copionodon
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orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff. iheringi, T. areolatus, T
reinhardti, T. sp. 1, T. sp. 2, Corydoras flaveolus, Corydoras aeneus, Scleromysiax
lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis thoracata, Callichthys
callichthys, Kronichthys heylandi, Neoplecosiomus paranensis, Corumbaitaia cuesiae,
Hisonotus sp., Hypoptopoma guentheri, Schizolecis guntheri, Loricariichthys
platymetopon, Loricaria sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias
gariepinus, Silurus microdorsalis, Silurus asows, Ictalurus puncratus, Malapterurus
electricus, Microglanis aff. parahybae, Rhamdia quelen, Pimelodella gracilis, Pimelodus
maculatus, Pseudoplatystoma fasciatum, Sorubim lima, ITheringichthys labrosus, Mystus
armatus, Pseudobagrus fulvidraco, Leiocassis ussuriensis. (2) nuclens width > 2.5 pm:

large. Nematogenys inermis.

11. Final aspect of the condensed chromatin

After the condensation process, the chromatin can present different aspects within
the nucleus as heterogeneous forming condensed clusters or in granular aspect (Figs. 7a and
7b);, and homogeneous with or without electron-lucent areas (Fig. 7¢, and Fig. 2, Leiocassis
ussurtensis, in Kim and Lee, 2000). Thus, the final aspect of the chromatin can be: (8)
heterogeneous forming condensed clusters er in thin filaments juxtaposed with
electron-lucent areas of granular aspect. Diplomystes mesembrinus, Cetopsis coecutiens,
Bunocephalus amazonicus, Bunocephalus coracoideus, Clarias gariepinus, Malapterurus
electricus, Mystus armatus. (1) homogeneous with or without electron-lucent areas.
Liobagrus mediadiposalis, Nematogenys inermis, Copionodon orthiocarinatus, Ituglanis
amazonicus, Trichomycterus aff. iheringi, T. areolatus, T. reinhardti, T. sp. 1, T. sp. 2,
Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,
Hoplosternum  littorale, Megalechis thoracata, Callichthys callichthys, Scoloplax
distolothrix, Astroblepus cf. mancoi, Kronichthys heylandi, Neoplecostomus paranensis,
Corumbataia cuestae, Hisonotus sp., Hypoplopoma guentheri, Schizolecis guntheri,
Loricariichthys  platymetopon, Loricaria sp., Hypostomus ancistroides, Silurus
microdorsalis, Silurus asotus, Ictalurus punctatus, Microglanis aff. parahybae, Rhamdia
quelen, Pimelodella  gracilis, Trachelyopterus lucenai, Pimelodus maculatus,
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Pseudoplatystoma fasciatum, Sorubim lima, Theringichthys labrosus, Pseudobagrus

fubvidraco, Leiocassis ussuriensis.

12. Cytoplasmic area around the nucleus

The cytoplasmic area that encircles the nucleus can be of two types, narrow (Fig.
8a) or large (Fig. 8b). (0) marrow. Diplomystes mesembrinus, Cetopsis coecutiens,
Liobagrus mediadiposalis, Bunocephalus amazonicus, Bunocephalus  coracoideus,
Nematogenys inermis, Trichomycterus areolatus, T reinhardti, Corydoras flaveolus,
Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale,
Megalechis Ifhoracam, Callichthys callichthys, Scoloplax distolothrix, Astroblepus cf.
mancoi, Kronichthys hevlandi, Neoplecostomus paranensis, Corumbataia cuestae,
Hisonotus sp., Hypoptopoma guentheri, Schizolecis guntheri, Loricariichthys
platymetopon, Loricaria sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias
gariepinus, Silurus microdorsalis, Silurus asotus, Malapterurus electricus, Microglamis aff.
parahybae, Rhamdia quelen, Pimelodella gracilis, Trachelyopterus lucenai, Pimelodus
maculatus, Pseudoplatystoma fasciatum, Sorubim lima, Iheringichthys labrosus, Mystus
armaius, Pseudobagrus fulvidraco, Leiocassis wussuriensis. (1) large. Copionodon
orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff. iheringi, T. sp. 1, T. sp. 2,

Ictalurus punctatus.

13. Flagellar position in relation to the nucleus

The flagellar axis can be positioned medially (Fig. 9a) or eccentnic (Fig. 9b) in
relation to the nucleus. (0) medial. Diplomystes mesembrinus, Ceiopsis coecutiens,
Liobagrus mediadiposalis, Bunocephalus amazonicus, Bunocephalus coracoideus,
Nematogenys inermis, Copionodon orthiocarinatus, T. areolaws, T. sp. 2, Megalechis
thoracata, Scoloplax distolothrix, Astroblepus cf mancoi, Kronichthys heylandi,
Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma guentheri,
Schizolecis guntheri, Loricariichthys platymetopon, Hypostomus ancistroides, Ancistrus
triradiatus, Clarias gariepinus, Silurus microdorsalis, Silurus asotus, Ictalurus punctatus,

Malapterurus eleciricus, Microglanis aff. parahybae, Rhamdia quelen, Pimelodella
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gracilis, Trachelyopterus lucenai, Pimelodus maculatus, Pseudoplatysioma fasciatum,
Sorubim lima, lheringichthys labrosus, Mystus armatus, Pseudobagrus fulvidraco,
Leiocassis ussuriensis. (1) eccentric. ftuglanis amazonicus, Trichomycterus aff. iheringi, T.
reinhardsi, T. sp. 1, Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai,

Aspidoras poecilus, Hoplosternum littorale, Callichthys callichthys, Loricaria sp..

14. Nuclear fossa

In the nuclear outline, the nuclear fossa can be absent (Fig. 10a) or present (Figs.
10b and 10c). (0) absent. Nematogenys inermis, Loricariichthys platymetopon, Rhamdia
quelen, Pimelodella gracilis, Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim
lima. (1) present Diplomystes mesembrinus, Cetopsis coecutiens, Liobagrus
mediadiposalis, Bunocephalus amazonicus, Bunocephalus coracoideus, Copionodon
orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff. iheringi, T. areolatus, T.
reinhardii, T. sp. 1, T. sp. 2, Corydoras flaveolus, Corydoras aeneus, Scleromystax
lacerdai, Aspidoras poecilus, Megalechis thoracaia, Hoplostermum littorale, Callichthys
callichthys, Scoloplax distlothrix, Astroblepus cf mancoi, Kronichthys heylandi,
Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma guentheri,
Schizolecis guntheri, Loricaria sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias
gariepinus, Silurus microdorsalis, Silurus asotus, Ictahirus punctatus, Malaprerurus
electricus, Microglanis aff. parahybae, Trachelyopterus lucenai, Iheringichthys labrosus,

Mystus armatus, Pseudobagrus fulvidraco, Leiocassis ussuriensis.

15. Nuclear fossa shape

The nuclear fossa presents different shapes as in simple arc (Figs. 11a and 11b) or in
double arc (Fig. 6, Liobagrus mediadiposalis, in Lee and Kim, 1999). (0) simple arc.
Diplomystes mesembrinus, Cetopsis coecutiens, Bunocephalus amazonicus, Bunocephalus
coracoideus, Copionodon orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff
theringi, T. areolatus, T. reinhardri, T. sp. 1, T. sp. 2, Corydoras flaveolus, Corydoras
aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis
thoracata, Callichthys callichthys, Scoloplax distolothrix, Astroblepus cf mancoi,
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Kronichthys heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp.,
Hypoptopoma guentheri, Schizolecis guntheri, Loricaria sp., Hypostomus ancistroides,
Ancistrus  triradiatus, Clarias gariepinus, Silurus microdorsalis, Silurus asotus,
Microglanis  aff.  parahybae, Trachelyopterus Iucenai, Iheringichthys labrosus,
Pseudobagrus fulvidraco, Leiocassis ussuriensis. (1) double are. Liobagrus

mediadiposalis, Ictalurus punctatus, Malapterurus electricus, Mystus armatus.

16. Nuclear fossa depth

The depth was mensured in longitudinal sections of the nuclear fossa i the
direction of the nuclens length. The Figure 25b shows the inter\}al referent to each
character-state of this character (vertical lines). The depth of the nuclear fossa can be: {8)
puclear fossa depth < 025 pm: shallow. Corydoras flaveolus, Corydoras aeneus,
Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis thoracata,
Callichthys callichthys, Hypostomus ancistroides, Malapterurus electricus, Iheringichthys
labrosus. (1) 025 pm < nuclear fossa depth < 0.75 pm: moderate. Cetopsis coecutiens,
Liobagrus  mediadiposalis, Copionodon  orthiocarinatus, Ituglanis  amazonicus,
Trichomycterus aff iheringi, T. areolatus, T. reinhardii, T. sp. 1, T. sp. 2, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbaiaia cuesiae, Hisonotus sp., Hypoptopoma
guentheri, Schizolecis guntheri, Loricaria sp., Ancistrus triradiatus, Clarias gariepinus,
Silurus asotus, Ictalurus punciatus, Microglanis aff. parahybae, Trdchefyoptems fucenai,
Mystus armatus. (2) nuclear fossa depth > 0.75 pm: deep. Diplomystes mesembrinus,
Bunocephalus amazonicus, Bunocephalus coracoideus, Scoloplax distolothrix, Astroblepus

cf mancoi, Silurus microdorsalis, Pseudobagrus fulvidraco, Leiocassis ussuriensis.

17, Centriolar complex (cc) position in relation to the nuclear fossa

The centriolar complex, formed by proximal and distal centrioles, can be in variable
positions in relation to the nuclear fossa. Then, these positions can be: (@) CC or basal
bodies totally inserted in the muclear fossa (Fig. 12a). Diplomystes mesembrinus,
Cetopsis coecutiens, Liobagrus }nedr'adrlposaiis, Bunocephalus amazonicus, Bunocephalus

coracoideus, Ituglanis amazonicus, Trichomycterus areolatus, Hoplosternum fittorale,
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Megalechis thoracata, Scoloplax distolothrix, Astroblepus cf. mancoi, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
guentheri, Schizolecis guntheri, Ancistrus triradiatus, Clarias gariepinus, Mystus armatus,
Pseudobagrus fulvidraco, Leiocassis ussuriensis. (1) proximal centriole inserted and basal
body partially inserted in the nuclear fossa (Fig. 12b). Silurus microdorsalis, Silurus asotus,
Microglanis aff. parahybae, Trachelyopterus lucenai. (2) enly proximal centriole inserted
in the nuclear fossa (Fig. 12¢). Copionodon orthiocarinatus, Trichomycterus aff. iheringi,
T reinharddi, T. sp. 1, T. sp. 2, Callichthys callichthys, Loricaria sp., Hypostomus
ancistroides. (3) basal bodies partially inserted in the nuclear fossa (Fig. 2, Ictalurus
punciatus, in Poirier and Nicholson, 1982). Ictalurus punctatus, Malapterurus electricus.
(4) proximal centricle and basal body tetally outside of the nuclear fossa (Fig. 12d).
Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,
Theringichthys labrosus.

| 18. Arrangement of the proximal and distal centrioles
The proximal and distal centrioles can be amranged in differents positions to each
other as: (0) anterior and perpendicular (Fig. 132). Diplomystes mesembrinus, Scoloplax
distolothrix, Astroblepus cf. mancoi, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
guentheri, Schizolecis guntheri, Loricariichthys platymetopon, Lovricaria sp., Hypostomus
ancistroides, Ancistrus triradiatus, Silurus microdorsalis, Trachelyopterus hicenai,
Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim lima, Iheringichthys labrosus.
(1) co-axial (Fig. 13b). Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai,
Aspidoras poecilus, Pseudobagrus fulvidraco, Leiocassis ussuriensis. (2) in obtuse angle
(Fig. 13¢). Copionodon orthiocarinatus, Trichomycterus aff. iheringi, T. areolatus, T. sp. 1,
I sp. 2, Megalechis thoracata, Callichthys callichthys, Kronichthys heylandi,
Neoplecostomus paranensis, Silurus asotus, Microglanis aff. parahybae  (3) lateral and
perpendicular (Yig. 13d). Ituglanis amazonicus, Trichomycterus reinhardii, Rhamdia
quelen, Pimelodella gracilis. (4) in acute angle (Fig. 13e). Hoplosternum littorale, Clarias
gariepinus. (5) parallel (Fig. 13f). Cetopsis coecutiens, Liobagrus mediadiposalis,
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Bunocephalus amazonicus, Bunocephalus coracoideus, Nematogenys inermis, Ictalurus

puncitatus, Malapterurus electricus, Mystus armatus.

19. Midpiece length

The length was measured in longitudinal sections of the midpiece, from basis of the
nucleus to the terminal end of the midpiece. The Figure 25¢ shows the interval referent to
each character-state of this character (vertical line). The length of the midpiece can be: (0)
midpiece length < 2.8 pm: short. Diplomystes mesembrinus, Celopsis coecutiens,
Liobagrus mediadiposalis, Bunocephalus coracoideus, Copionodon orthiocarinatus,
Ituglanis amazonicus, Trichomycterus aff. theringi, T. areolatus, T. reinhardti, T.sp. 1, T.
sp. 2, Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,
Hoplosternum litiorale, Megalechis thoracata, Callichthys callichthys, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
guentheri, Schizolecis guntheri, Loricariichthys platymetopon, Loricaria sp., Hypostomus
ancistroides, Ancistrus triradiatus, Clarias gariepinus, Silurus microdorsalis, Silurus
asotus, Ictalurus punctatus, Malapterurus electricus, Microglanis aff. parahybae, Rhamdia
quelen, Pimelodella gracilis, Pimelodus maculatus Pseudoplatystoma fasciatum, Sorubim
lima, Iheringichthys labrosus, Mystus armatus, Pseudobagrus fulvidraco Leiocassis
ussuriensis. (1) midpiece length > 2.0 um: long. Bunocepkalué amazonicus, Nematogenys

inermis, Scoloplax distolothrix, Astroblepus cf. mancoi, Trachelyopterus lucenai.

20. Midpiece symmetry in relation to the flagellum

The midpiece can be symmetric (Fig. 14a) or asymmetric (Fig. 14b) in relation to
the flagellum. (0) symmetric. Diplomysies mesembrinus, Cetopsis coecutiens, Liobagrus
mediadiposalis, Bunocephalus amazonicus, Bunocephalus coracoideus, Nematogenys
inermis, Scoloplax distolothrix, Astroblepus cf. mancoi, Kronichthys heylandi,
Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma guentheri,
Schizolecis guntheri, Loricariichthys platymetopon, Loricaria sp., Hypostomus
ancistroides, Ancistrus triradiatus, Clarias gariepinus, Silurus microdorsalis, Silurus

asotus, Ictalurus punctatus, Malapterurus electricus, Microglanis off. parahybae, Rhamdia
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quelen, Pimelodella gracilis, Pimelodus maculaius, Pseudoplatystoma fasciatum, Sorubim
lima, Iheringichthys labrosus, Mystus armatus, Pseudobagrus fulvidraco, Leiocassis
ussuriensis. (1) asymmetric. Copionodon orthiocarinatus, Ituglanis amazonicus,
Trichomycterus aoff. iheringi, T. areolatus, T. reinhardti, T. sp. 1, T. sp. 2, Corydoras
Aaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum
littorale, Megalechis thoracata, Callichthys callichthys, Microglanis aff parahybae,

Trachelyopterus hicenai.

21. Cytoplasmic chaunel

The cytoplasmic channel in the spermatozoon can be absent (Fig. 15a), single (Fig.
15b) or double (Fig. 15c). (0) absent. Diplomystes mesembrinus, Clarias gariepinus,
Pimelodella gracilis, Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim lima,
Iheringichthys labrosus. (1) single. Cetopsis coecutiens, Nematogenys inermis, Copionodon
orthiocarinatus, Ituglamis amazonicus, Trichomycterus afl. theringi, T. areolatus, T.
remhardti, T. sp. 1, T. sp. 2, Corydoras flaveolus, Corydoras aeneus, Scleromystax
lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis thoracata, Callichthys
callichthys, Scoloplax distolothrix, Astroblepu.g cf. mancoi, Kronichthys heylandi,
Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma guentheri,
Schizolecis guntheri, Loricariichthys platymetopon, Loricaria sp., Hypostomus
ancistroides, Ancistrus triradiatus, Silurus microdorsalis, Silurus asotus, Microglanis aff.
parahybae, Rhamdia quelen, Trachelyopterus lucenai, Mystus armatus, Pseudobagrus
Jubvidraco, Leiocassis ussuriensis. (2) double. Liobagrus mediadiposalis, Bunocephalus

amazonicus, Bunocephalus coracoideus, Ictalurus punctatus, Malapterurus electricus.

22. Cytoplasmic channel length

The length was measured in longitudinal sections of the cytopiasmic channel, from
of the initial of the flagellum to the terminal end of the midpiece. The Figure 25d shows the
interval referent to each character-state of this character {vertical line). The length of the
cytoplasmic channel can be: (0) cytoplasmic channel length < 1.5 pm: short. Cefopsis

coecutiens, Liobagrus mediadiposalis, Nematogenys inermis, Copionodon orthiocarinatus,
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Ttuglanis amazonicus, Trichomycterus aff. iheringi, T. areolatus, T. reinhardti, T. sp. 1, T.
sp. 2, Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,
Hoplosternum littorale, Megalechis thoracata, Callichthys callichthys, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
guentheri, Schizolecis guntheri, Loricariichthys platymetopon, Loricaria sp., Hypostomus
ancistroides, Ancistrus triradiatus, Silurus microdorsalis, Silurus asotus, Ietalurus
punctatus, Malapterurus electricus, Microglanis aff. parahybae, Rhamdia quelen, Mystus
armatus, Pseudobagrus _fulvidraco, Leiocassis ussuriensis. (1) cytoplasmic channel length
> 1.5 pm: long. Bunocephalus amazomicus, Bunocephalus coracoideus, Scoloplax

distolothrix, Astroblepus cf. mancoi, Trachelyopterus lucenai.

23. Mitochondrial localization in the spermatozoon

The mitochondria can be found in the spermatozoa: (0) in different regions of the
midpiece (Figs. 16a-c). Diplomystes mesembrinus, Cetopsis coecutiens, Liobagrus
mediadiposalis, Bunocephalus amazonicus, Bunocephalus coracoideus, Nematogenys
inermis, Trichomycterus areolatus, T. reinhardti, Corydoras flaveolus, Corydoras aeneus,
Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum litiorale, Megalechis thoracata,
Callichthys callichthys, Scoloplax distolothrix, Astroblepus cf. mancoi, Kronichthys
heplandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Loricariichthys
platymetopon, Loricaria sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias
gariepinus, Silurus microdorsalis, Silurus asotus, Ictalurus punciatus, Malapterurus
electricus, Microglanis aff parahybae, Rhamdia quelen, Pimelodella gracilis,
Trachelyopterus lucenai, Pimelodus maculatus, Pseudoplagzstém Jasciatum, Sorubim
lima, Iheringichthys labrosus, Mystus armatus, Pseudobagrus ﬁlvr‘dmco, Leiocassis
ussuriensis. (1) in all midpiece and around the mucleus (Fig. 16d). Copionodon
orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff. iheringi, T sp. 1, T. sp. 2,

Hypoptopoma guentheri, Schizolecis guntheri.
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24. Mitochondrial amount in the midpiece

The amount of mitochondria in the midpiece can be: (0) simgle (Fig. 17a).
Diplomystes mesembrinus. (1) few {(contable, usually less than 20) (Fig. 17b). Cetopsis
coecutiens, Liobagrus mediadiposalis, Bunocephalus amazonicus, Bunocephalus
coracoideus, Copionodon orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff.
iheringi, T. areolatus, T. reinhardti, T. sp. 1, T. sp. 2, Hoplosternum littorale, Megaiechis
thoracata, Callichthys callichthys, Kronichthys heylandi, Neoplecostomus paranensis,
Corumbataia cuestae, Hisonotus sp., Hypoptopoma guentheri, Schizolecis guntheri,
Loricaria sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias gariepinus, Silurus
microdorsalis, Silurus asotus, Ictalurus punctatus, Malapterurus electricus, Microglanis
aff. parahybae, Rhamdia quelen, Pimelodella gracilis, Trachelyopterus lucenai, Pimelodus
maculatus, Pseudoplatystoma fasciatum, Sorubim lima, Iheringichthys labrosus, Mystus
armatus, Pseudobagrus fulvidraco, Leiocassis ussuriensis. (2) many (uncontable) (Fig.
17c). Nematogenys inermis, Corydoras flaveolus, Corydoras aeneus, Scleromystax
lacerdai, Aspidoras poecilus, Scoloplax distolothrix, Astroblepus cf. mancoi,
Loricariichthys platymetopon.

23. Mitochondrial shape

The shape of the mitochondria can be: (0) rounded (Fig. 18a). Cetopsis coecutiens,
Liobagrus mediadiposalis, Silurus microdorsalis, Malapterurus electricus, Pseudobagrus
Jubvidraco. (1) elongated (Fig. 18b). Bunocephalus amazonicus, Bunocephalus
coracoideus, Copionodon orthiocarinatus, Ituglanis amazonicus, Trichomycterus aff.
theringi, T. areolatus, T. reinhardti, T. sp. 1, T. sp. 2, Corydoras flaveolus, Corydoras
aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum littorale, Megalechis
thoracata, Callichthys callichthys, Scoloplax distolothrix, Astroblepus cf. mancoi,
Kronichthys heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp.,
Hypoptopoma guentheri, Schizolecis guntheri, Loricariichthys platymetopon, Loricaria sp.,
Hypostomus ancistroides, Ancistrus tiradiatus, Clarias gariepinus, Silurus asotus,
Ictalurus punctatus, Microglanis aff. parahybae, Rhamdia quelen, Pimelodella gracilis,

Trachelyopterus lucenai, Pimelodus maculatus, Pseudoplatystoma fasciatum, Sorubim
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lima, Theringichthys labrosus, Mystus armatus, Leiocassis ussuriensis. {2) C-shape (F1g
16, Diplomystes mesembrinus, in Quagio-Grassiotio et al., 2001). Diplomystes

mesembrinus. (3) elongated and ramified (Fig. 18c). Nematogenys inermis.

26. Electron-dense spherical struture in the midpiece
The electron-dense spherical structure can be: (0) absent (Fig. 19a). Diplomystes
mesembrinus, Cetopsis coecutiens, Liobagrus mediadiposalis, Bunocephalus amazonicus,
Bunocephalus coracoideus, Nematogenys inermis, Copionodon orthiocarinatus, Ituglanis
amazonicus, Trichomycterus aff. iheringi, T. areolaws, T. reinhardti, T. sp; 1, T sp. 2,
Hoplosternum  littorale, Megalechis thoracata, Callichthys callichthys, Scoloplax
distolothrix, Astroblepus of mancoi, Loricariichthys platymetopon, Loricaria sp.,
" Hypostomus ancistroides, Ancistrus triradiatus, Clarias gariepinus, Silurus microdorsalis,
Silurus asotus, Ictalurus punctatus, Malapterurus electricus, Microglanis aff. parahybae,
Rhamdia quelen, Pimelodella gracilis, Trachelyopterus lucenai, Pimelodus maculatus,
Pseudoplatysioma fasciatum, Sorubim lima, Iheringichihys labrosus, Mystus armatus,
Pseudobagrus fulvidraco, Leiocassis ussuriensis. (1) preseat (Figs. 19b and 19}
'Corydom:s' flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,
Kronichthys heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp.,

Hypoptopoma guentheri, Schizolecis guntheri.

27, Vesicles in the midpiece

The vesicles in the midpiece of the spermatozoon can be: (0) absent (Fig. 20a).
Diplomystes mesembrinus, Liobagrus mediadiposalis, T richomycterus reinhardti,
Astroblepus cf. mancoi, Ancistrus triradiatus, Trachelyopterus lucenai, Mystus armatus,
Pseudobagrus fulvidraco, Leiocassis ussuriensis. (1) only in the basal region of the
midpiece (Fig. 20b). Nematogenys inermis, Trichomycierus aff. ikeringi, T. areclatus,
Corydoras flaveolus, Corydoras aeneus, Scleromysiax lacerdai, Aspidoras poecilus,
Hoplosternum littorale, Megalechis thoracata, Callichthys callichthys, Corumbataia
cuestae, Hisonows sp., Hypoptopoma guentheri, Schizolecis guntheri, Hyposiomus
ancistroides. (2) in the medial and basal regions of the midpiece (Fig. 20c).
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Loricariichthys platymetopon, Silurus asotus, Rhamdia quelen, Pimelodella gracilis,
Pseudoplatystoma  fasciatum. (3) in all midpiece (Fig. 20d). Ceiwpsis coecutiens,
Bunocephalus amazonicus, Bunocephalus coracoidens, Copionodon orthiocarinaius,
ltuglanis amazonicus, Trichomycterus sp. 1, T. sp. 2, Scoloplax distolothrix, Kronichihys
heylandi, Neoplecostomus paranensis, Loricaria sp., Clarias gariepinus, Silurus
microdorsalis, Ictalurus punctatus, Malapterurus electricus, Microglanis aff. parahybae,
Pimelodus maculatus, Sorubim lima, Iheringichthys labrosus.

28. Vesicles amount in the midpiece

The vesicles amount in the midpiece can be: (0) few (contable,l usually less than
20) (Fig. 21a). Bunocephalus coracoideus, Trichomycterus aff. iheringi, T. areolatus,
Corydoras flaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus,
Callichthys callichthys, Kronichthys heylandi, Neoplecostomus parcnensis, Corumbataia
cuestae, Hisonotus sp., Hypoptopoma guentheri, Schizolecis guntheri, Loricariichthys
platymetopon, Loricaria sp., Clarias gariepinus, Silurus microdorsalis, Silurus asotus,
Ictalurus punctatus, Malapterurus electricus, Rhamdia quelen, Pimelodella gracilis,
Pimelodus maculatus, Sorubim lima, Pseudoplatystoma fasciatum, Theringichthys labrosus.
(1) many (uncontable) (Fig. 21b). Cetopsis coecutiens, Bunocephalus amazonicus,
Nematogenys inermis, Copionodon orthiocarinatus, Ituglanis amazonicus, T. sp. 1, T. sp. 2,
Hoplosternum littorale, Megalechis thoracata, Scoloplax distoldrhrix, Hypostomus
ancistroides, Microglanis aff. parahybae.

29. Characteristics of the vesicles and tubules presents in the midpiece

The vesicles and tubules observed in the midpiece show vanied characteristics as:
(0) small vesicles and tubules interconnected or not (Figs. 22a and 22b). Bunocephalus
amazonicus, Bunocephalus coracoideus, Copionodon orthiocarinats, Ituglanis
amazonicus, Trichomycterus aff. iheringi, T. areolatus, T. sp. 1, T. sp. 2, Corydoras
JSlaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum
littorale, Megalechis thoracaia, C&IIichdg;s callichthys, Scoloplax distolothrix, Kronichthys
heylandi, Neoplecostomus paranensis, Corumbataia cuestae, Hisonotus sp., Hypoptopoma
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guentheri, Schizolecis guntheri, Loricariichthys platymetopon, Loricaria sp., Hypostomus
ancistroides, Clarias gariepinus, Silurus microdorsalis, Malapterurus electricus. (1) enly
tnbules inferconnected to each other (Fig. 22c). Cetopsis coecutiens, Nematogenys
inermis, Silurus asotus, Rhamdia quelen, Pimelodella gracilis. (2) large and irregular
vesicles interconnected or not among themselves and to plasma membrane (Fig. 22d).
Ictalurus punciatus, Microglanis aff. parahybae, Pimelodus maculatus, Pseudoplatystoma

fasciatum, Sorubim lima, Theringichthys labrosus.

30. Flagellar number

The siluriform spermatozoa presents one (Fig. 23a) or two flagella (Fig. 23b). (0)
one. Diplomystes mesembrinus, Copionodon orthiocarinatus, Iltuglanis amazonicus,
Trichomycterus aff iheringi, T. areolatus, T. reinhards, T. sp. 1, T. sp. 2, Corydoras
Aaveolus, Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus, Hoplosternum
littorale, Megalechis thoracata, Callichthys callichthys, Scoloplax distolothrix, Astroblepus
cf mancoi, Kronichthys heylandi, Neoplecostomus paranensis, Corumbaiaia cuestae,
Hisonotus sp., Hypoptopoma guentheri, Schizolecis guntheri, Loricariichthys
platymetopon, Loricaria sp., Hypostomus ancistroides, Ancistrus triradiatus, Clarias
gariepinus, Silurus microdorsalis, Silurus asotus, Microglanis aff. parahybae, Rhamdia
quelen, Pimelodella  gracilis, Trachelyopterus lucenai, Pimelodus maculatus,
Pseudoplatystoma fasciatum, Sorubim lima, Iheringichthys labrosus, Pseudobagrus
fulvidraco, Leiocassis ussuriensis. (1) two. Cetopsis coecutiens, Liobagrus mediadiposalis,
Bunocephalus amazonicus, Bunocephalus coracoideus, Nematogenys inermis, Ictalurus

punctatus, Malapterurus electricus, Mystus armatus.

31. Flagellar membrane specializations

The flagella exihibits specializations developep from the flagellar membrane. These
specializations can be lateral projections or fins which consist in expansions of flagellar
membrane or 2 membranous compartment, which is set of vesicles interspersed by narrow
cytoplasmic line. Theses structures can be: (0) absent (Fig. 24a). Cefopsis coecutiens,

Bunocephalus amazonicus, Bunocephalus  coracoideus, Nematogenys inermis,
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Hoplosternum litrorale, Megalechis thoracata, Lovicariichthys platymetopon, Loricaria sp.,
Ancisirus triradiatus, Clarias gariepinus, Silurus microdorsalis, Silurus asotus, Ictalurus
punctatus, Malapterurus electricus, Microglanis aff. parahybae, Rhamdia quelen,
Pimelodella gracilis, Trachelyopterus lucenai, Pimelodus maculatus, Pseudoplatystoma
Jasciatum, Sorubim lima, Iheringichthys labrosus. (1) present as two lateral projections
or fins (Fig. 24b). Diplomystes mesembrinus, Liobagrus mediadiposalis, Trichomycterus
areolatus, T. reinhardti, Scoloplax distolothrix, Astroblepus cf mancoi, Kronichihys
heylandi, Neoplecostomus paranensis, Corumbataia cuesiae, Hisonotus sp., Hypoptopoma
guentheri, Schizolecis guntheri, Hypostomus ancistroides, Mystus armatus, Pseudobagms
Julvidraco, Leiocassis ussuriensis. (2) present as variable number lateral projections or
fins (Fig. 24c). Copionodon orthiocarinatus, Ituglanis amézanicus, Trichomycterus aff.
‘theringi. (3) present as a membranous compartment (Fig. 24d). Corydoras flaveolus,
Corydoras aeneus, Scleromystax lacerdai, Aspidoras poecilus, Callichthys callichthys. (4)
present as variable number lateral prejections or fins and membranous compartment

(Fig. 24e). Trichomycterus sp. 1, T. sp. 2.

32. Laterz;l projections length

The length was mensured in cross sections of the flagellum. The Figure 25¢ shows
the value interval referent to the each character-state of this character (vertical line). The
length of the lateral projections can be: (0) lateral projection length < 0.35 pm: short.
Diplomystes mesembrinus, Liobagrus mediadiposalis, Copionodon orthiocarinatus,
Trichomycierus aff. iheringi, T. areolatus, T. reinhardti, T. sp. 2, Scoloplax distolothrix,
Astroblepus cf. mancoi, Kronichthys heylandi, Hisonotus sp., Hypoplopoma guentheri,
Schizolecis guntheri, Pseudobagrus fulvidraco. (1) lateral projection length > 0.35 pm:
long. Jtuglanis amazonicus, Trichomycterus sp. 1, Neoplecostomus paranensis,

Corumbataia cuestae, Hypostomus ancistroides, Mystus armatus, Leiocassis ussuriensis.

244



Cladograms

The cladograms obtained in the phylogenetic analyses are presented in the Figures
26 to 28. In the Figure 26, the majority-rute (50%) consensus tree shows the hypotheses of
relationshiops among Lomicarioidea families and the other siluriform families. The
phylogenetics analysis involving all Loricarioidea species is presented in the majority-rule
(50%) consensus tree of the Figure 27, while in the Figure 28, some species of
Loricarioidea were excluded of the analysis; thus, the topology presented show the pattem

of relationships among the remaining Loricarioidea taxa.
DISCUSSION

The analysis of the consensus cladogram presented i the Figure 26 show that the
hypotheses of interrelationships of siluriform families, excluding Diplomystidae, obtained
is very different of that proposed by Britto (2003) and, in general, exhibit a very low
statistical support. In this cladogram is observed a dicotomy formed by the clade composed
by Scoloplacidae, Astroblepidae and Auchenipteridae, and by the remaining situriforms.
This result is due to the occurmrence only in these families of introsperms. Among the
Loricarioidea, only the monophyly of the family Cailichthyidae is corroborated but with
low support. Considering ‘the other families of Loricartoidea, the cladogram shows that
Nematogenys inermis appear as more related to species of the families Heptapteridae and
Pimelodidae and with Loricariichthys platymetopon (Loricariidae). Examples of the
spermiogenesis characters shared by the spermatids of these families are the absence the
nuclear fossa formation and centrioles migration. However, this xs an unexpect result since
Nematogenyidae have spermatozoa with two flagella and could appéar more related to the
species of the clade composed by Aspredinidae, Cetopsidae, Ictaluridae and
Malapteruridae, all with biflageliate spermatozoa. The families Trichomycteridae and
Callichthyidae also appeared as sister group with low statistical support. Cunously some
species of Trichomycteridae and Loricariidae are scattered in the phylogeny.

In the cladogram of Loricarioidea presented in the Figures 27 is possible to note that
the phylogenetic hypothesis obtained for this superfamily is different of the present
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available for the group. Except for phylogenetic position of Loricariichthys platymetopon,
Nematogenys inermis was found as sister group of all the other Loricarioidea, with high
bootstrap value. The clade formed by L. platymeiopon and N. inermis is supported by some
characteristics of the spermiogenesis and spermatozoa as absence of nuclear fossa, medial
origin of the flagellum, cytoplasmic channel formation by migration and interconnection of
vesicles around of the mitial segment of the flagellum (Table 1). The families Loﬁcaxiidae,
Callichthyidae and Trichomycteridae appear as polyphyletics.

In relation to the Trichomycteridae, the monophyly of this family is corroborated,
except by the position of Trichomycterus reinhardti (Figure 27). The monophyletic
condition is also confirmed for the family Callichthyidae. In both cladograms presented in
the Figures 27 and 28, the families Trichomycteridae and Callichthyidae are related to some
species of Loricaritdae. In the Figure 27, Trichomycteridae was found related to Farlowella
sp. and Ancistrus triradiatus, while Callichthyidae to Loricaria sp., but these groups have
almost no statistical support. Some of the ultrastructural characteristics shared by
Trichomycteridae and Lormcariidae are the spermatogenesis type, movement of the
centriolar complex towards to the nucleus, characteristics of vesicles and tubules in the
mudpiece. For Callichthyidae and Loricariidae, some examples of characters shared are the
mttial development of the flagellum lateral to the nucleus and short nuclear length.

In the cladogram presented in the Figure 28, some species and characters were
excluded of the analysis. Basically all species with unresolved position in the phylogeny of
the order Sijuriformes were removed. In the case of the species Loricaria sp., Farlowella
$p., and Ancistrus triradiatus, the exclusion was due to the lack of more data about the
ulrastructure of spermiogenesis or spermatozoa. In relation to the characters, some were
excluded to test if they could be responsible for the bad resolution of the final tree. After a
wide series of tests the better phylogeny was obtained when the characteres numbers 2, 3,
4,6,7,13,14,17, 18, 22, 28 were removed of the anaylsis. Characters number 2, 3, 4, 6,
and 7 were derived of the spermiogenesis process and they were too similar to other
characteres already availabe in the spermatozoa list, thus, they were removed to avoid
character duplication, Characteres 13, 14, 17, 18, 22, and 28 were too variable and without

a precise identification criteria.
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The result of the final analysis support the division of the superfamily Loricarioidea
in two clades: one composed by the family Nematogenyidae and the second composed by
all remaining Loricarioidea. In this second clade Astroblepidae and Scoloplacidae appear as
sister groups with high statistical support. This result was expected since these families are
the only ones among Loricarioidea to present introsperm. Among the remaining species we
found a polyphyletic Loricariidae as sister group of the clade composed by Callichthyidae
and Trichomycteridae (both monophyletics). This result is very different from those already
availabe since in previous studies Nematogenyidae is the sister group of Trichomyctendae
(de Pinna, 1998; Britto, 2003), and this group is a sister group of the clade composed by
Callichthyidae, S'coloplacidae, Astroblepidae, and Lorcardae (de Pinna, 1998; Bntio,
2003). This is the first time that the hypothesis of relationship between Scoloplacidae and
Astroblepidae is presented.

When the intra-familial relationships are analyzed, it is possible to observe that the
monophyly of the subfamilies of the Loricariidae is confirmed (Figure 28), as the group
composed by Neoplecostominae and Hypopiopomatinae (subfamilies of Loricanidae) as
proposed by Armbruster (2004). The family Callichthyidae appears as monophyletic as
well as its subfamilies. The family Trichomyctenidae also appears as monophyletic but the
species considered belonging to the most primitive group, Copionodon orthiocarinatus (de
Pinna, 1998) appeared as the most derived in our cladogram. In this case Trichomycterus
reinhardti appeared as the sister group of all tichomyetendes. |

In general, the data obtained revealed that the phylogenetics analysis using only
these class of reproductive ultrastructural characters is not informative at order level and
the suggested groups are very incongruent with the relationship hypotheses available for
Siluriformes (de Pinna, 1998; Britto, 2003; Diogo, 2005; Sullivan et al., 2006). This result
is not so unexpected because the low number of characters. Moreover, some characters that
could represent synapomorphies, as the occumence of introsperms in Scoloplacidae and
Astroblepidae, change to homoplasies considering the occurrence of the same characters n
other unrelated groups, as the introsperms of Auchenipteridae. When this information is
employed in the context of a mo_fe restrict group (as the superfamily Loricarioidea) it is
really informative and can strongly support the monophyly of some groups. Thus, these
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type reproductive ultrastructural characters mn phylogenetic analysis should be carefully

employed to avoid misinterpretation.
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FIGURE CAPTIONS

Figure 1: Spermatogenesis type. a) Kronichthys heylandi, state (0) cystic; b)Y Corydoras
aeneus, state (1) semicystic. (a) X 5.812; (b) X 5.270. S: Sertoli cell, T: spermatids, Z:

spermatozoon.

Figure 2: Early spermatids showing the flagellar initial development in relation to the
nucleus. a) Loricariichthys platymetopon, state (0} medial to the nucleus; b) Diplomystes
mesembrinus, state (1) lateral to the nucleus. (a) X 15.640; (b) X 11.760. F: flagellum, N:

nucleus.

Figure 3: Spermatids exhibiting the cytoplasmic channel formation. a) Pimelodus
maculatus, state (0) absent; b) Trichomycterus sp. 2, state (1) originated by centriolar
complex movement; ¢) Pimelodella gracilis, state (2) originated by projection of the
midpiece towards to the initial segment of the flagellum and by vesicullar interconnection.
(a) X 13.250; (b) X 14.575; {¢) X 18.270. F: flagellum, N: nucleus, Arrow: cytoplasmic

channel.
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FIGURE CAPTIONS

Figure 4: Chromatin condensation process. a) Cetopsis coecutiens, state (0) heterogeneous;
b} Trichomycterus sp. 1, state (1) homogeneous. (a) X 17.000; (b) X 12.580. F: flagellum,

N: nuclens.

Figure 5: Spermatids showing the nuclear fossa formation. a) Pimelodella gracilis, state
(0) absent; b) Bunocephalus amazonicus, state (1) present. (a) X 15.120; (b) X 10.805. F:

flagellum, N: nucleus, Arrowhead: nuclear fossa.

Figure 6: Nucleus shape of the spermatozoa. a) Corydoras flaveolus, state (0) rounded; b)
Cetopsis coecutiens, state (2) semi-ovoid; ¢} Astroblepus cf. mancoi, state (3) conic; d)
Pseudoplatystoma fasciatum, state (4) ovoid with the large axis in the vertical position; )
Nematogenys inermis, state (5) ovoid with the large axis in the horizontal position. (a) X
13.065; (b) X 20.100; (c) X 12.580; (d) X 16.430; (e) X 16.185. N: nucleus.
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FIGURE CAPTIONS

Figure 7: End aspect of the condensed chromatin in the nucleus. a) Diplomystes
mesembrinys and b) Cetopsis coecutiens, state (0) heterogeneous forming condensed
clusters or in thin filaments juxtaposed with electron-lucent areas of granular aspect; c)
Corydoras flaveolus, state (1) homogeneous with or without electron-lucent areas. (a) X

29.400; (b) X 28.560; (c) X 17.580. N: nucleus.

Figure 8: Cytoplasmic area around of the nucleus. a) Corydoras aeneus, state (0) narrow;
b) Trichomycterus sp. 2, state (1) large. (a) X 16.100; (b) X 17.020. F: flagellum, N:

nucleus.

Figure 9: Flagellar position in relation to the nucleus. a) Kronichthys heylandi, state (0)
medial; b} Corydoras aeneus, state (1) eccentric. (a) X 15.640; (b) X 16.560. F: flagellum,

N: nucleus.
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~ FIGURE CAPTIONS

Figure 10: Nuclear fossa. a) Nematogenys inermis, state (0) absent; b) Bunocephalus
amazonicus and c¢) Trichomycterus sp. 1, state (1) present (medial and eccentric nuclear
fossa). (a) X 12.580; (b) X 20.400; (c). X 20.400. F: flagellum, N: nucleus, Arrowhead:

nuclear fossa.

Figure 11: Nuclear fossa shape. a) Diplomystes mesembrinus and b) Neoplecostomus
paranensis, state (0) simple arc. (a) X 28.560; (b) X 27.600. F: flagellum, N: nucleus,

Arrowhead: nuclear fossa.

Figure 12: Centriolar complex position in relation to the nuclear fossa. a) Kronichthys
heylandi, state (0) centriolar complex or basal bodies totally inserted in the nuclear fossa; b)
Microglanis aff. parahybae, state (1) proximal centriole inserted and basal body partially
inserted in the nuclear fossa; ¢) Trichomycterus sp. 1, state (2) only proximal centriole
inserted in the nuclear fossa; d) Aspidoras poecilus, state (4) proximal centriole and basal
body totally outside of the nuclear fossa. (a) X 39.060; (b) X 28.560; (¢) X 41.580; d X

17.000. D: distal centriole, P proximal centriole.
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FIGURE CAPTIONS

Figure 13: Arrangement of the proximal and distal centrioles to each other. a) Astroblepus
cf. mancoi, state (0) anterior and perpendicular; b) Corydoras flaveolus, state (1) co-axial;
¢) Copionodon orthiocarinatus, state (2) in obtuse angle; d) Trichomycterus reinhardyi,
state (3} lateral and perpendicular; e) Hoplosternum littorale, state (4) in acute angle; f)
Bunocephalus amazonicus, state (5) paralell. (a) X 31.080; (b) X 23.000; (c) X 27.600; (d)
X 28.560; (e} X 17.020; (f) X 23.000: B: basal bodies, D: distal centriole, P proximal

centriole.

Figure 14: Midpiece symmetry in relation to the flagellum. a) Pimelodus maculatus, state
(0) symmetric; b) Corydoras aeneus, state (1) asymmetric. (a) X 20.400; (b) X 17.480. F:

flagellum, N: nucleus, Arrow: midpiece.

Figure 15: Cytoplasmic channel. a) Pimelodus maculatus, state (0) absent; b) Astroblepus
cf. mancoi, state (1) single; ¢) Bunocephalus amazonicus, state (2) double. (a) X 41.580; (b)
X 40.320; (c) X 34.960. F: flagellum, Arrow: cytoplasmic channel.
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FIGURE CAPTIONS

Figure 16: Mitochondrial localization in the spermatozoon. a) Pimelodus maculatus, b)
Bunocephalus amazonicus, and c) Corydoras aeneus, state (0) in different regions of the
midpiece; d) Trichomycterus sp. 1, state (1) in all midpiece and around of the nucleus. (a) X
17.430; (b) X 16.560; (¢) X 23.000; (d) X 13.600. F; flagellum, N: nucleus, Asterisk:

mitochondria.

Figure 17: Mitochondrial amount in the midpiece. a) Diplomystes mesembrinus, state (0)
single; b) Kronichthys heylandi, state (1) few (contable, usually less than 20); c)
Nematogenys inermis, state (2) many (uncontable). (2) X 39.100; (b) X 28.980; (c) X
16.430. F: flagellum, N: nucleus, Asterisk: mitochondria.

Figure 18: Mitochondrial shape. a) Cetopsis coecutiens, state (0) rounded; b)
Loricariichthys platymetopon, state (1) elongated; ¢) Nematogenys inermis, state (3)
elongated and ramified. (a) X 23.000; (b) X 18.400; (c) X 16.430, F: flagellum, Asterisk:

mitochondria.
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FIGURE CAPTIONS

Figure 19: Electron-dense spherical structure in the midpiece. a) Pseudoplatystoma
Jasciatum, state (0) absent; b) Corydoras aeneus and ¢} Hisonotus sp., state (1) present. (a)
X 23.000; (b) X 25.200; (c) X 17.000. F: flagellum, N: nucleus, Arrowhead: electron-dense
structure not surrounded by plasma membrane, Arrow: electron-dense structure surrounded

by plasma membrane.

Figure 20: Vesicles in the midpiece. a) Astroblepus cf. mancoi, state (0) absent; b)
Corydoras flaveolus, state (1) only in the basal region of the midpiece; ¢) Loricariichthys
platymetopon, state (2) in the medial and basal regions of the midpiece; d) Bunocephalus
amazonicus, state (3) in all midpiece. (a) X 17.000; (b) X 23.000; (c) X 20.400; (d) X
17.225. F: flagellum, N: nucleus, V: vesicles.

Figure 21: Vesicles amount in the midpiece. a) Pseudoplatystoma Jasciatum, state (0) few
(contable, usually less than 20); b) Bunocephalus amazonicus, state (1) many (uncontable).
(a) X 23.000; (b) X 17.480. F: flagellum, N: nucleus, V: vesicles.
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FIGURE CAPTIONS

Figure 22: Characteristics of the vesicles and tubules presents in the midpiece. a)
Kronichthys heylandi and b) Copionodon orthiocarinatus, state (0) small vesicles and
tubules interconnected or not; ¢) Rhamdia quelen, state (1) only tubules interconnected to
each other; d) Microglanis aff. parahybae, state (2) large and irregular vesicles
interconnected or not among themselves and to plasma membrane. (@) X 22.100; (b) X
23.000; (c) X 19.720; (d) X 22.100. F: flagellum, N: nucleus, T: tubules, V: vesicles.

Figure 23: Flagellar number of the spermatozoa. a) Pseudoplatystoma fasciatum, state 0}
one; b) Cetopsis coecutiens, state (1) two. (@) X 10.460; (b) X 17.000. F: flagellum, N:

nucleus.

Figure 24: Flagellar membrane specializations. a) Pseudoplatystoma fasciatum, state 0)
absent; b) Trichomycterus areolatus, state (1) present as two lateral projections or fins; ¢)
Trichomycterus aff, iheringi, state (2) present as variable number lateral projections or fins;
d) Corydoras aeneus, state (3) present as a membranous compartment; e) Trichomycterus
sp. 2, state (4) present as variable number lateral projections or fins and membranous
compartment. {a) X 92.000; (b) X 28.980; (c) X 23.800; (d) X 57.500; (e) X 29.900.

Arrowhead: lateral projections, Arrow: membranous compartment.
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Figure 26: Majority-rule (50%) consensus tree showing the hypotheses of relationships
among the Loricarioidea and the other siluriform families obtained from the analysis of 49
taxa and 32 characters of equal weight and “unord”. Outgroup includes Diplomystes
mesembrinus. (Trees 10.703, Tree length 171, Consistency index 0.40, Retention index 0.72).
The numbers above of the branchs are bootstrap values.
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Figure 27: Majority-rule (50%) consensus tree showing the hypotheses of relationships among
the species of Loricarioidea obtained from the analysis of 30 taxa and 32 characters of equal
weight and “unord”. Outgroup includes Bunocephalus amazonicus, B. coracoideus. (Trees 7.740,
Tree length 104, Consistency index 0.53, Retention index 0.74). The numbers above of the
branchs are bootstrap values.

271



e Copionodon orthiocarinafus

Trichamycterus aff. iheringi

Ituglanis amazonicus

Trichomycterus areolatus

60

— Trichomycterus sp. 1

88

:P;Iic Ol ycterus‘:qa'rezmhamlti
— Corydoras aeneus

e COtydioras flaveolus

r——— Aspidoras poecilus

beeme Scleromystax lacerdai

— Hoplosternum litforale

—— Megalechis thoracata

e Callichthys callichthys

53

Hypostomus ancistroides
e Kronichthys heylandi

93

——— Neoplecostomus paranensis
— Hisonotus sp.

— Hypoptopoma guentheri
Corumbataia cuestae

26

98

— Astroblepus ¢f. mancoi

L—— Scoloplax distolothrix

Nematogenys inemmis

Bunocephalus amazonicaus

Figure 28: Majority-rule (50%) consensus tree showing the hypotheses of relationships among
the most of the species of Loricarioidea obtained from the analysis of 26 taxa and 21 characters
of equal weight, being 8 characters “ord” and 13 characters “unord”. Outgroup includes
Bunocephalus amazonicus, B. coracoideus. (Trees 21.494, Tree length 56, Consistency index

——— Bunocephalus coracoideus

0.66, Retention index 0.82). The numbers above of the branchs are bootstrap values.
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APPENDIX 1

Species Literature data Analized data
Diplomystidae
Diplomystes mesembrinus Quagio-Grassiotto et al., 2001 spermiogenesis and spermatozoa
Cetopsidae
Cetopsis coecutiens Spadella et al., 2006 spermiogenesis and spermatozea
Amblycipitidae
Liobagrus mediadiposalis Lee and Kim, 1999 spermatozoa
Aspredinidae

Bunocephalus amazonicus
Bunocephalus coracoideus
Nematogenyidae
Nematogenys inermis
Trichomycteridae
Copionodon orthiocarinatus
Ttuglanis amazonicus
Trichomycterus aff. iheringi
Trichomycterus areolatus
Trichomycterus reinhardti
Trichomycterus sp. 1
Trichomycterus sp. 2

Callichthyidae

Corydoras flaveolus
Corydoras aeneus
Scleromystax lacerdai
Aspidoras poecilus
Hoplosternum littorale
Megalechis thoracata
Callichthys callichthys
Scoloplacidae

Scoloplax distolothrix
Astroblepidae

Astroblepus cf. mancoi
Loricariidae

Kronichthys heylandi
Neoplecostomus paranensis
Corumbataia cuesiae
Hisonotus sp.
Hypoptopoma guentheri
Schizolecis guntheri
Loricariichthys platymetopon

Spadella et al., 2006"
Mansour and Lahnsteiner, 2003

Spadella et al., 2006a, submitted g

Spadella et al., submitted d
Spadella et al., submitted d
Spadella et al., submitted d
Spadella et al., submitted d
Spadella et al., submitted d
Spadelia et al., submitted d
Spadelia et al., submitted d

Spadella et al., submitted ¢
Spadella et al., submitted ¢
Spadella et al., submitted ¢
Spadella et al., submitted ¢
Spadella et al., submitted ¢
Spadella et al., submitted ¢
Spadella et al., submitted ¢

Spadella et al., 2006b
Spadella et al., submitted f

Spadella et al., submitted e
Spadella et al., submitted ¢
Spadella et al., submitted ¢
Spadella et al., submitted e
Spadella et al., submitted ¢
Spadella et al., submitted e
Spadella et al., submitted ¢

spermiogenesis and spermatozoa
spermatozoa

spermiogenesis and spermatozoa

spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermatozoa.
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa

spermiogenesis and spermatozoa
spermiogenesis and spermatozoz
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa

spermiogenesis and spermatozoa
spermatozoa

spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa
spermiogenesis and spermatozoa .
spermatozoa
spermiogenesis and spermatozoa
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Farlowella sp. Spadella et al., submitted e spermiogenesis

Loricaria sp. Spadella et al., submitted e spermiogenesis and spermatozoa

Hypostomus ancistroides Spadella et al., submitted e spermiogenesis and spermatozoa

Ancistrus triradiatus Mansour and Lahnteiner, 2003 spermatozoa

Clariidae _

Clarias gariepinus Mansour et al., 2002 spermatozoa

Siluridae

Silurus microdorsalis Lee and Kim, 2001 spermatozoa

Stlurus asotus Kwon et al., 1998 spermatozoa

Ictaluridae

Ictalurus punctatus Porier and Nicholson, 1982 spermatozoa

Malapteruridae

Malapterurus electricus Shahin, 2006 spermiogenesis and spermatozoa

Pseudopimelodidae

Microglanis aff. parahybae Quagio-Grassiotto et al., 2005 spermiogenesis and spermatozoa

Heptapteridae

Rhamdia quelen Quagio-Grassiotto et al., 2005 spermiogenesis and spermatozoa

Pimelodella gracilis Quagio-Grassiotto et al., 2005 spermiogenesis and spermatozoa

Auchenipteridae

Trachelyopterus lucenai Burns et al., 2002 spermatozoa

Pimelodidae

Pimelodus maculatus Quagio-Grassiotto and Oliveira, spermiogenesis and spermatozoa
submitted

Pseudoplatystoma fasciatum Quagio-Grassiotto and Oliveira, spermiogenesis and spermatozoa

' submitted

Sorubim lima Quagio-Grassiotto and Carvalho, spermiogenesis and spermatozoa

2000 _ :

Theringichthys labrosus Santos et al., 2001 spermatozoa

Bagridae :

Mystus armatus Mansour and Lahnsteiner, 2003 spermatozoa

Pseudobagrus fulvidraco Lee, 1998 spermatozoa

Leiocassis ussuriensis Kim and Lee, 2000 spermatozoa
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5. CONCLUSAO

A analise comparativa dos dados obtidos revela que o processo de espermatogénese,
bem como de espermiogénese ¢ varidvel entre as espécies de Loricarioidea. Em
Nematogenyidae e Corydoradinae (subfamilia de Callichthyidae), a espermatogénese € do
tipo semi-cistica, enquanto em TrlPhomycteridae, Callichthyinae (subfamilia de
Callichthyidae), Loricariidae e Scoloplacidae, esse processo ¢ cistico. Quanto a
espermiogénese, as familias Trichbmycteridae, Callichthyidae, Loricariidae e Scoloplacidae
compartilham mais caracteristicas em comum do que com Nematogenyidae. Considerando
a morfologia dos espermatozéides em Loricarioidea, observa-se que cada familia apresenta
um padriio caracteristico. No entanto, a maioria das caracteristicas presentes em uma
determinada familia, ndo é exclusiva, podendo ser observaveis em outros Loricarioidea ou
em outros grupos de Siluriformes. A comparacdo geral da ultra-estrutura dos
espermatozéides em Loricarioidea mostra que as familias Trichomyecteridae, Callichthyidae
e Loricariidae sfio mais similares entre si, sendo que © mesmo 0COITS €ntre Scoloplacidae e
Astroblepidae. A morfologia dos espermatozéides em Nematogenyidae € a que mais difere
da observada nos outros Loricarioidea. A analise filogenética realizada com base nesses
caracteres ultra-estruturais reprodutivos, visando elaborar hipéteses sobre a filogenia dos
Loricarioidea ¢ de seus grupos constituintes, mostrou que quando o uso desses caracteres se
restringe aos relacionamentos inter e intra familiar em Loricarioidea, observa-se que eles
podem ser mais informativos, podendo, inclusive, corroborar o monofiletismo de alguns
grupos. Entretanto, quando esse conjunto de dados € empregado nas analises em nivel de
ordem, o mesmo nfo ¢é informativo, uma vez que as topologias obtidas apresentamn areas
muito incongruentes com as hipoteses atuais de relacionamento para a ordem Siluriformes.
Portanto, essa classe de caracteres podera ser empregada em estudos filogenéticos futuros,

desde que seja criteriosamente aplicada, evitando-se interpretagdes equivocadas.
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