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Resumo

O género Leptodactylus compreende, atualmente, 74 espécies distribuidas na
Regiao Neotropical, das quais 57 foram relatadas no Brasil. Fatores como a alta
similaridade morfoldgica, bem como a caréncia de dados diversificados de diferentes
populagdes, refletem no status taxonémico confuso para alguns dos representantes
do género. Avangos nessa questdao foram obtidos através do aumento de estudos,
principalmente aqueles envolvendo comparacdo de dados moleculares mas, muitas
vezes, ndo foram analisados espécimes coletados em localidade tipo, fundamental
para a avaliagao da real diversidade de espécies, considerada subestimada para os
anfibios anuros em geral. Além da importdncia da citogenética em diferentes
aspectos referentes a organizagcdo gendmica, bem como na identificacdo de
sistemas de determinagdo cromossdmica do sexo, diferentes dados citogenéticos
tém se mostrado uma importante ferramenta para o estudo de anuros, permitindo,
pela comparagdo das variagbes cromossOmicas, a identificacdo de espécies
cripticas, principalmente quando aliados a informagdes moleculares, zooldgicas e
ecoldgicas. Entre os objetivos do presente trabalho destacam-se a busca por
variagdes cariotipicas que auxiliem na elucidagdo de problemas de taxonomia e
sistematica no género Leptodactylus, pelo emprego de técnicas de citogenética
classica e molecular, bem como a obtencdo de sondas cromossomo-especificas
para procedimentos de pintura cromossémica em anfibios anuros. Entre os
resultados obtidos, sdo destacados: a identificacdo de um extraordinario sistema
cromossomico de determinagao do sexo em L. pentadactylus
(X1X2X3X4X5X6:Y1Y2Y3Y4Y5Y6), considerado o maior ja relatado para
vertebrados; a revisdo citogenética e molecular de espécimes do grupo de L.
melanonotus, o qual apresenta complexo de espécies pendente de resolugdo. Os
dados obtidos indicam a revalidacédo das espécies L. brevipes e L. intermedius,
antes em sinonimia com L. petersii. Além disso, foram obtidas sondas de DNA de
cromossomos inteiros de anfibios, separados por citometria de fluxo, para pintura
cromossOmica, a partir de células de Xenopus tropicalis, um organismo modelo para
os estudos de genética e desenvolvimento, levantando a possibilidade de aplicagao
destas sondas em estudos de evolugdo cromossOmica de outras espécies de

anuros, mesmo que distantes filogeneticamente.



Abstract

The genus Leptodactylus currently has 74 recognized species in the Neotropical
Region, of which 57 were reported in Brazil. Factors such as high morphological
similarity, as well as the lack of diverse data from different populations, result in the
confusing taxonomic status of some species in the genus. Advances in this matter
were obtained by increasing studies involving mainly comparison of molecular data,
but often are not examined specimens collected in the type localities, fundamental for
assessing the real diversity of species, considered underestimated for amphibians in
general. Besides the importance of cytogenetics in describing the genomic
organization, such as the presence of chromosomal sex determination systems,
different cytogenetic data has been an important tool for studying frogs, allowing
comparison of chromosomal variations, inferring / identifying through these the
suggestion of taxa, especially when combined with zoological and ecological
information. Here we studied cytogenetically species currently in the genus
Leptodactylus. Among the results are outstanding: the identification of an
extraordinary chromosome system of sex determining in L. pentadactylus
(X1X2X3X4X5X6: Y1Y2Y3Y4Y5Y6), considered the highest reported for vertebrates;
Cytogenetic and molecular review of specimens in the Leptodactylus melanonotus
group, which are in a complex of species pending resolution. With our data, it was
possible revalidate the species L. brevipes and L. intermedius as they were in
synonymy with L. petersii. Additionally we showed the first construction of DNA
probes from whole chromosomes of amphibian, obtained by flow cytometry from
Xenopus tropicalis, a model organism for genetic and developmental studies, and the
possibility of application in the studies on chromosome evolution of other species of

frogs, even those phylogenetically distant.
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1.  INTRODUGAO

Atualmente sdo descritas para a ordem Anura 6200 representantes com
distribuicdo em quase todos os continentes, exceto na Antartida (FROST, 2015),
sendo que no Brasil é registrada a ocorréncia de 988 espécies, segundo a Lista de
Anfibios Brasileiros (SEGALLA et al., 2014). Esses numeros tém aumentado
substancialmente pois, somente nos ultimos anos, foram descritas cerca de 15% do
total das espécies brasileiras. A grande similaridade morfoldgica observada entre os
representantes de alguns grupos de anuros faz com que muitas duvidas sejam
geradas com relagdo a taxonomia e sistematica desse grupo. Na tentativa de
resolver tais questionamentos, estudos tém sido realizados baseados,
frequentemente, em caracteres de morfologia externa, osteologia, bioacustica,
biologia reprodutiva, ecologia, distribuicdo geografica e, atualmente, em dados de
sequenciamento de DNA mitocondrial e nuclear.

Extensas revisdes, baseadas principalmente em dados moleculares, foram
realizadas a partir de 2005, como as de Faivovich et al. (2005), Frost et al. (2006),
Grant et al. (2006), Hedges et al. (2008) e Pyron e Wiens (2011), resultando em
grandes modificagcbes na taxonomia e sistematica de toda a classe Amphibia.
Embora dados cromossdmicos ndo tenham sido considerados na maioria desses
trabalhos, € importante enfatizar que informagdes cariotipicas associadas a dados
de sequenciamento de DNA tém resultado em relevantes trabalhos envolvendo
grupos da anurofauna brasileira (SILVA et al. 2004; AGUIAR JR. et al., 2007;
LOURENCO et al.,, 2008; TARGUETA et al.,, 2010; LOURENGCO et al.,, 2015),
reforcando que a citogenética pode, efetivamente, contribuir no esclarecimento de

questdes de taxonomia e sistematica.

1.1 Familia Leptodactylidae

Dentre as mudancgas taxondmicas propostas recentemente, ainda objeto de
muitas discussdes, cabe destacar a redugdo do numero de representantes de
Leptodactylidae, anteriormente a familia mais numerosa da ordem Anura. Nos anos
1970, Lynch (1971) havia distribuido as espécies nas subfamilias Ceratophryinae,

Hylodinae, Leptodactylinae e Telmatobiinae, mas, logo em seguida, Heyer (1975)
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organizou as espécies em cinco unidades, subsequentemente, reconhecidas como
Ceratophryinae,  Cycloramphinae, Eleutherodactylinae, Leptodactylinae e
Telmatobiinae. Com algumas pequenas variagdes, tal divisdo em cinco subfamilias
foi mantida nos trabalhos de Frost, até 2006, quando os leptodactilideos passaram
por extensas modificagdes taxonémicas (FROST et al., 2006).

A idéia de que a familia Leptodactylidae nao seria monofilética, ja sugerida
por Lynch (1971) com base em caracteres morfologicos, foi também constatada
posteriormente por autores como Ford e Canatella (1993), Ruvinsky e Maxson
(1996), Haas (2003), Darst e Canatella (2004) e Faivovich et al. (2005), entre outros,
devido a falta de sinapomorfias evidentes. No entanto, nenhum deles sugeriu um
arranjo taxonémico distinto, a ndo ser pequenas modifica¢gdes. Apenas Faivovich et
al. (2005), ao realizarem uma revisdo sobre a familia Hylidae, consideraram os
Hemiphractinae como uma subfamilia dos parafiléticos membros de Leptodactylidae,
pois verificaram que estavam mais distantemente relacionados as espécies das
outras trés subfamilias de hilideos. Por outro lado, verificaram que representantes de
Hemiphractinae e das familias Brachycephalidae, Centrolenidae e Dendrobatidae
formam grupos-irmaos com alguns géneros de Leptodactylidae, o que fortaleceria
ainda mais a mudanca proposta.

Extensas alteragdes na familia Leptodactylidae ocorreram primeiro com Frost
et al. (2006) e, logo em seguida, com Grant et al. (2006). As subfamilias
Ceratophryinae,  Cycloramphinae, Eleutherodactylinae, Leptodactylinae e
Telmatobiinae, até entdo aceitas, sofreram grandes modificagdes, ja que familias,
subfamilias, géneros e espécies foram criadas, revalidadas ou mesmo suprimidas.
Inicialmente, Frost et al. (2006) mantiveram em Leptodactylidae a quase totalidade
dos antigos géneros de Leptodactylinae (Edalorhina, Engystomops, Eupemphix,
Hydrolaetare, Leptodactylus, Adenomera, Lithodytes, Vanzolinius, Physalaemus,
Pleurodema, Pseudopaludicola, com excegdo de Limnomedusa), dois géneros de
Cycloramphinae (Paratelmatobius e Scythrophrys) e um de Telmatobiinae
(Somuncuria). Porém, Adenomera, Vanzolinius e Lythodytes foram sinonimizados
com Leptodactylus, de modo que os 57 géneros da familia Leptodactylidae foram
reduzidos a 11. Grant et al. (2006), entre outras mudangas, reduziu ainda mais o
numero de representantes da familia Leptodactylidae que passou a englobar apenas
quatro géneros, isto €, Hydrolaetare, Leptodactylus, Paratelmatobius e Scythrophrys.

Os demais sete géneros passaram a compor a familia Leiuperidae, mas existia
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ainda alguma restricdo quanto a posi¢cdo taxondmica do género Hydrolaetare. As
ultimas revisdes filogenéticas na familia Leptodactylidae (PYRON e WIENS, 2011;
FOUQUET et al.,, 2013) redefiniram ou corroboraram a composi¢do da familia
Leptodactylidae, atualmente formada pelas subfamilias Leiuperinae, Leptodactylinae
e Paratelmatobiinae. Pyron e Wiens (2011) consideraram a subfamilia
Leptodactylinae como taxon irmao dos Leiuperinae e Paratelmatobiinae, e

abrangendo os géneros Adenomera, Hydrolaetare, Leptodactylus e Lithodytes.

1.2 O género Leptodactylus: informagées gerais, taxonomia, sistematica e

citogenética

Os anfibios do género Leptodactylus (sensu De Sa et al., 2014) apresentam
oviposicdo em ninhos de espuma e variagao quanto ao modo de reprodugao, sendo
esse pouco ou bastante dependente do ambiente aquatico, além de grande variagao
de tamanho, desde pequeno a médio porte e, alguns deles, gigantes, com cerca de
20cm de comprimento rostro-cloacal (DUELLMAN e TRUEB, 1994; ZUG, 1993;
PRADO et al., 2002). Atualmente, totalizam 74 espécies, com ocorréncia desde o sul
dos Estados Unidos, na América do Norte, América Central, Antilhas, até a
Argentina na América do Sul, nas regides tropicais e subtropicais (DUELLMAN e
TRUEB, 1994; FROST, 2015). No Brasil, o numero de espécies registradas é de 57
(SEGALLA et al., 2014), com tendéncia a aumentar, ja que novos representantes
tém sido descritos (GIARETTA e COSTA, 2007; BERNECK et al.,, 2008;
CARAMASCHI, 2008; CARAMASCHI et al., 2008; HEYER e DE SA, 2011
CARVALHO et al., 2013).

Grande parte dos estudos relacionados a taxonomia e sistematica dos
Leptodactylus foi, tradicionalmente, baseada em caracteres morfolégicos seguindo o
critério utilizado por Heyer (1969) para arranjar as espécies nos grupos fenéticos de
L. fuscus, L. melanonotus, L. ocellatus e L. pentadactylus. Mais tarde, o mesmo
autor (HEYER, 1973) renomeou o leptodactilineo Adenomera marmorata como
Leptodactylus marmoratus, devido a sua distribuicdo geografica e por compartilhar
com alguns representantes desse ultimo género varias caracteristicas morfolégicas,
como tamanho, forma, textura e padrao de coloragéo, justificando a criagcdo do grupo

de L. marmoratus. Tal proposta foi logo abandonada, tendo sido revalidado o género
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Adenomera, uma vez que na revisao realizada subsequentemente por Heyer (1974),
ficou evidente que a relagao na subfamilia Leptodactylinae era melhor explicada com
os representantes do grupo L. marmoratus em um género distinto. Muitos outros
autores abordaram essa questdo, com base em diferentes caracteres (HEYER,
1975, 1977, 1998; HEYER e MAXSON, 1982; ANGULO et al., 2003; KOKUBUM e
GIARETTA, 2005) e, embora os géneros Adenomera e Leptodactylus fossem
aceitos, a separacédo de ambos n&o era muito evidente. Heyer (1998) e Kokubum e
Giaretta (2005) enfatizaram a relagdo filogenética proxima entre Adenomera e
alguns Leptodactylus, o que reforgou a natureza parafilética do género
Leptodactylus.

Na revisdo de Frost et al. (2006), as espécies dos géneros Adenomera,
Lithodytes e Vanzolinius foram incluidas em Leptodactylus, com base em analises
de dados de sequenciamento de DNA associados a outros caracteres como
morfologia e aspectos ecoldgicos, de modo a torna-lo monofilético, sugestao essa
que ja tinha suporte na literatura (DE SA et al., 2005; KOKUBUM e GIARETTA,
2005). A divisdo do género Leptodactylus nos respectivos grupos de L. fuscus, L.
ocellatus, L. marmoratus, L. melanonotus e L. pentadactylus, reconhecida por Heyer
(1973) e mantida nos trabalhos de Maxson e Heyer (1988), Frost et al., (2006) e
Ponssa et al., (2011), no entanto, foi questionada nos trabalhos de Kwet et al. (2009)
e Zaracho e Hernando (2011). Apés a mudancga taxonémica da espécie que originou
seu nome, por Lavilla et al. (2010), o grupo de L. ocellatus passou a ser designado
grupo de L. latrans. Na mais recente filogenia de anfibios de Pyron e Wiens (2011),
baseada em analises de sequéncias de DNA obtidas do GenBank, excluindo dados
morfoldgicos, a sinonimizagdo de Adenomera e Lithodytes a Leptodactylus proposta
anteriormente, néo foi revalidada.

Recentemente, o género Leptodactylus foi revisado (DE SA et al., 2014), com
base em sequenciamento de DNA associado a multiplos caracteres, principalmente
morfologia, ecologia e bioacustica. Os autores enfatizaram a importancia de dados
nao moleculares para definir as relagdes filogenéticas do género. Nesta filogenia de
Leptodactylus, foram mantidos os grupos de L. fuscus, L. latrans, L. melanonotus e
L. pentadactylus. Mudancgas referentes a realocagdo de espécies dentre estes
grupos foram realizadas, a fim de torna-los monofiléticos, tendo a realocagao das
especies L. laticeps e L. syphax, tradicionalmente pertencentes ao grupo de L.

pentadactylus, para o grupo de L. fuscus, como uma das mudangas mais
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proeminentes. No entanto, ainda que informagdes citogenéticas tenham sido
comentadas para algumas das espécies, nao foi atribuida importancia taxonémica a
estes dados. No entanto, Miranda et al. (2015) sugerem, com base em analises
morfologicas de larvas, que os representantes do género Leptodactylus podem ser
agrupados em dois clados principais, um deles abrangendo representantes dos
grupos L. fuscus, L. latrans, L. melanonotus, e o segundo, com espécies do grupo de
L. pentadactylus. No presente trabalho foi considerada a proposta de Frost (2015).

Até o presente, o numero de espécies cariotipadas de Leptodactylus (sensu
Frost, 2015) totaliza cerca de 34 (revisbes em KING, 1990, KURAMOTO, 1990,
AMARO-GHILARDI, 2005 e GREEN e SESSIONS, 2007, complementadas com os
estudos de AMARO-GHILARDI et al., 2006; GAZONI et al., 2012). Observa-se que
2n = 22 esta presente em grande parte dos Leptodactylus, com excegao de L.
silvanimbus com 2n = 24 (AMARO-GHILARDI et al., 2006) e Leptodactylus sp. (aff.
podicipinus) com 2n = 20 (GAZONI et al., 2012). Estes numeros diploides diferem
majoritariamente das espécies de Lithodytes ou Adenomera que anteriormente
estavam incluidas no género Leptodactylus: Lithodytes lineatus (2n = 18),
Adenomera andreae, A. diptyx e A. hylaedactylus (2n = 26), A. marmoratus (2n = 24)
e A. sp. (referida como Leptodactylus sp. aff. bokermanni), com 2n = 23 (BOGART,
1970, 1973, 1974; CAMPOS et al., 2009; ZARACHO e HERNANDO, 2011; GAZONI
et al., 2012). A espécie Leptodactylus discodactylus, anteriormente Vanzolinius
discodactylus, apresenta, também, 2n = 22 (HEYER e DIMENT, 1974).

A grande maioria das analises citogenéticas em Leptodactylus foi realizada
com coloracdo convencional, fornecendo apenas a descricdo do numero e da
morfologia cromossdmica. Somente a partir do ano de 1990, foram obtidos, também,
dados com técnicas de coloragao diferencial e de FISH com sondas de DNAr e de
sequéncias teloméricas (BARALE et al., 1990; WILEY et al., 1992; SILVA et al.,,
2000; AMARO-GHILARDI et al., 2004; SILVA et al., 2004; AMARO-GHILARDI et al.,
2006; SILVA et al., 2006; ARRUDA e MORIELLE-VERSUTE, 2008; GAZONI et al.,
2012), embora existam também relatos de analises cromossémicas por método
autorradiografico em L. lafrans (como L. ocellatus) (BIANCHI e MOLINA, 1967;
BIANCHI et al., 1973).

De modo geral, os caridtipos com 2n = 22 das espécies de Leptodactylus,
quando analisados com coloragdo convencional, sao bastante similares entre si,

tendo cromossomos dos tipos metacéntrico, submetacéntrico ou subtelocéntrico.
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Ainda que pequenas variagbes na propor¢cao dos bragos de alguns cromossomos
presumivelmente homedlogos sejam observadas, tais cariotipos tém sido vistos
como conservados.

E importante enfatizar que L. silvanimbus, apesar de ter 2n = 24, possui
constituicdo cariotipica altamente semelhante a das espécies com 22 cromossomos,
tendo, porém, um par bi-braqueado adicional, totalizando cinco pares pequenos e
nao quatro, o que justifica o seu NF = 48. Os cariotipos com 2n = 22 e NF diferentes
de 44, como os de L. latinasus, L. natalensis, L. podicipinus e L. wagneri
apresentam, majoritariamente, cromossomos de dois bragos, semelhantes em
tamanho e morfologia aos descritos nos Leptodactylus com 2n = 22 e NF = 44,
Porém, estas espécies apresentam cromossomos telocéntricos em numero e
posigdo variaveis (BOGART, 1974; SILVA et al. 2000; ARRUDA e MORIELLE-
VERSUTE, 2008; GAZONI et al., 2012). Em contraste, o padrao cariotipico dos
géneros Adenomera e Lithodytes (2n = 18, 23, 24 e 26), anteriormente
sinonimizados a Leptodactylus, € discrepante, ndo s6 em relagdo ao numero, mas,
também, na morfologia cromossémica, podendo seus cariotipos ser considerados
como pouco conservados, considerando as espécies cariotipadas até o momento.

Entre as espécies de Leptodactylus, ha uma unica sugestdo de cromossomos
sexuais do tipo XX/XY para espécimes de L. chaquensis, provenientes da Argentina,
possivelmente em inicio de diferenciacido, pois o par heteromérfico foi reconhecido
somente por bandas C (BARALE et al., 1990). No entanto, este heteromorfismo,
relatado para o par 1, nao foi constatato para espécimes de L. chaquensis coletados
no Brasil (GAZONI et al., 2012).

O uso de técnicas de coloracdo diferencial tem demonstrado variacdes
cromossOmicas que revelam interessantes variagbes cariotipicas inter e
intraespecificas em representantes de Leptodactylus (SILVA et. al., 2000; AMARO-
GHILARDI et al., 2004; SILVA et al., 2004; AMARO-GHILARDI et al., 2006; SILVA et
al., 2006; ARRUDA e MORIELLE-VERSUTE, 2008; GAZONI et al., 2012). Regiao
organizadora de nucléolo (RON) em distintos sitios dos cromossomos 8 ou
localizados em outros pares, RONs multiplas, assim como padrdes diferentes de
distribuicdo, quantidade e localizacdo de heterocromatina, visualizada por
bandamento C, foram relatados nestes trabalhos. Uma inversdo pericéntrica
esporadica foi descrita por Silva et al. (2000) em um unico exemplar de L. latrans

(como L. ocellatus), rearranjo esse confirmado, também, pelo bandamento C.
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Ha ainda um grande numero de espécies de Leptodactylus que nao foram
estudadas citogeneticamente, principalmente com técnicas de coloragao diferencial.
O padrao cariotipico com 2n = 22 é similar sob coloragdo convencional, tendo a
maioria das espécies somente cromossomos do tipo metacéntrico ou
submetacéntrico, embora pequenas diferencas ndo possam ser descartadas entre
os pares homedlogos. E importante notar que, embora os cariétipos com 2n = 22 de
L. latinasus, L. natalensis, L. podicipinus e L. wagneri tenham majoritariamente
cromossomos de dois bracos, ha um numero variavel de pares telocéntricos, o que
leva a valores de numero fundamental de bragcos (NF) variaveis (BOGART, 1970;
SILVA et al. 2000; ARRUDA e MORIELLE-VERSUTE, 2008; GAZONI et al., 2012).
Ainda, técnicas de coloracao diferencial tém produzido resultados que contrariam,
em certa extensdo, a idéia de que os cariotipos de Leptodactylus, até mesmo
aqueles com 2n = 22, sejam conservados (SILVA et. al., 2000; AMARO-GHILARDI
et al., 2004; SILVA et al., 2004; AMARO-GHILARDI et al., 2006; SILVA et al., 2006;
ARRUDA et al., 2008; GAZONI et al., 2012). As regides organizadoras de nucléolo,
ainda que localizadas nos cromossomos 8 da maioria dos Leptodactylus, foram
identificadas pelo nitrato de prata e com sondas de DNAr pela técnica FISH
(Fluorescence in situ Hybridization) em outros cromossomos para algumas espécies.
Silva et al. 2006 encontraram RONs adicionais nos cromossomos 4 de L.
mystacinus. Variagdes como RONs somente nos cromossomos 3 de L. rhodomystax
(GAZONI et al., 2012) e nos cromossomos 4 de L. petersii (AMARO-GHILARDI et
al., 2006; GAZONI et al., 2012) e L. sp. aff. podicipinus (GAZONI et al., 2012) foram
também relatadas.

A quantidade e distribuicado das regides de heterocromatina marcadas pelo
bandamento C e com fluorocromos base-especificos podem, também, diferenciar
espécies ou populagbes da mesma espécie. Silva et al. (2000), por exemplo,
observaram diferencas no padrao de banda C em populacbes de L. fuscus de
diferentes localidades, 0 que esta de acordo com a proposta de Camargo et al.
(2006) de que L. fuscus seria um complexo de espécies. Esses autores registraram
a ocorréncia de espécies cripticas, com padrao de vocalizagdo equivalente, mas que
se diferenciam nas sequéncias de genes mitocondriais. Outro caso € o de L. latrans
(anteriormente L. ocellatus) procedente de regides do litoral ou de planalto no Brasil,

em que Silva et al. (2000) constataram que os exemplares diferem pelo padrao de
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bandamento C, corroborando dados de morfologia e de bioacustica obtidos em

representantes dessas mesmas populagoes.

Os cromossomos de espécies de Leptodactylus tém sido também estudados
com base nas bandas de replicagdo, obtidas por incorporagdo in vivo de 5-
bromodesoxiuridina (BrdU) no DNA (SILVA et. al., 2000; AMARO-GHILARDI et al.,
2004; SILVA et al., 2004; SILVA et al., 2006; GAZONI et al., 2012). Uma estreita
correspondéncia nos padroes de replicagdo péde ser estabelecida, principalmente,
entre 0os cinco maiores pares cromossdémicos, e permitindo, no caso de L.
pentadactylus, a identificagdo dos cromossomos envolvidos em multiplas
translocagdes reciprocas (GAZONI et al., 2012). No entanto, na maioria das vezes, o
padrdao de bandas obtido para os cromossomos de menor tamanho dos anfibios
anuros nao é suficiente para o reconhecimento seguro de homeologias entre os
cromossomos de diferentes espécies.

Técnicas mais avangadas de citogenética molecular, como a pintura
cromossOmica, poderao fornecer informagdes mais precisas quanto a homeologia de
cromossomos inteiros ou de segmentos destes, uma vez que as sondas de
diferentes segmentos de DNA obtidas de uma espécie podem ser hibridadas, por
complementaridade, nos cromossomos de outras espécies, filogeneticamente
proximas ou nao, indicando a exata localizagado dos segmentos cromossOmicos
homedlogos nestas.

Nos ultimos anos, tem-se observado cada vez mais os procedimentos de
pintura cromossOmica serem usados nas analises comparativas dos cariétipos dos
diferentes grupos de vertebrados, como mamiferos (YONENAGA-YASSUDA, 2004,
PIECZARKA et al., 2005; VENTURA et al., 2009), aves (OLIVEIRA et al., 2005)
repteis (TRIFONQV et al., 2011) e, mais raramente, em peixes (NAGAMACHI et al.,
2010) e anfibios (KRYLOV et al., 2010). Sem duvida, uma das limitacdes para se
aplicar a pintura cromossémica em espécies de anfibios pode ser atribuida as
dificuldades de obtengao de culturas de fibroblastos bem-sucedidas para fornecerem
uma grande quantidade de metafases, condicdo fundamental para a realizacdo da
citometria de fluxo, técnica pela qual os cromossomos podem ser separados para a
preparagao de sondas de cromossomos inteiros. Contudo, € importante enfatizar

que o trabalho de Krylov et al. (2010) se baseou na microdissecgao a laser de
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cromossomos de Xenopus tropicalis para a constru¢ao de sondas empregadas em
experimentos de pintura cromossémica, com os quais foi possivel confirmar a origem
alotetraploide do cariétipo de X. laevis, mostrando ser a microdissec¢do uma

alternativa viavel para obtencao de sondas de cromossomos inteiros de anfibios.

A obtencdo de sondas por citometria de fluxo poderia gerar sondas
cromossomo-especificas com maior qualidade, visto que, em média, 400
cromossomos podem ser separados com menor risco de contaminacdo e
amplificados, frente a um numero geralmente drasticamente reduzido, quando se
utilizam técnicas de microdissec¢ao cromossémica (em média, 15 cromossomos).

Em suma, o género Leptodactylus é diverso, com muitos representantes no
Brasil, e novas espécies tém sido descritas nos ultimos anos; apenas uma pequena
parcela destas foi, até o momento, cariotipada, sendo as analises restritas, na
maioria das vezes, ao uso de coloracdo convencional; grandes modificacbes na
taxonomia e sistematica ocorreram, a partir do ano de 2006, na familia
Leptodactylidae e no género Leptodactylus, baseadas, principalmente, em
sequenciamento de DNA mitocondrial e nuclear, porém, com pouca énfase dada as
informagdes citogenéticas, e existem questdes de taxonomia e sistematica ainda
nao resolvidas, como aquelas relativas a dificuldade de alocar algumas das espécies

no grupo.

Diante do exposto, fica clara a importancia da aplicacao de diferentes técnicas
de citogenética para o melhor entendimento da evolugdo cariotipica no género
Leptodactylus, as quais poderdo, também, contribuir para o esclarecimento da

problematica taxondmica e das relagdes filogenéticas do grupo.
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2. OBJETIVOS

Entre os objetivos do presente trabalho destacam-se a busca por variagdes
cariotipicas que auxiliem na elucidagao de problemas de taxonomia e sistematica no
género Leptodactylus, pelo emprego de técnicas de citogenética classica e
molecular, bem como a obtencdo de sondas cromossomo-especificas de anfibio
para procedimentos de pintura cromossémica.

Para tal, as analises cariotipicas de espécies de Leptodactylus, foram
realizadas com coloragdes convencional e diferencial, empregando-se, dentro das
possibilidades e necessidades, uso de diversificadas técnicas, como as de coloragao
convencional com Giemsa, Ag-RON, e FISH com sondas de DNAr 18S+28S
(HM123), de sequéncias microssatélites e teloméricas, bem como a técnica de
citometria de fluxo, realizada pela primeira vez para o isolamento de cromossomos
de anfibio, dos quais se pode produzir sondas cromossomo-especificas.

As analises visaram a busca de marcadores cromossdémicos que pudessem
representar diferencgas cariotipicas interespecificas e/ou interpopulacionais, as quais
podem reforcar a sugestao de que o género € menos conservado citogeneticamente
do que se supunha pouco tempo atras, bem como possuir valor taxonédmico. Com
isso espera-se ampliar o entendimento da evolugdo cromossdémica dentro do
género, 0 que podera representar subsidios valiosos que, aliados as filogenias
moleculares obtidas com base em diferentes genes, contribuam para a resolugao
das questdes de taxonomia e sistematica pertinentes, incluindo os atuais
grupamentos de espécies. Na medida em que os dados citogenéticos podem
diferenciar espécies cripticas ou reconhecer entidades especificas em complexos de
espécies, o conhecimento acerca da diversidade da anurofauna podera ser ampliado
e, oportunamente, Util ao direcionamento de futuros planejamentos de conservacgao.
Entre os objetivos, foi de particular intereresse estudar a populagdo de L.
pentadactylus de Paranaita, MT, da qual um individuo macho revelou a intrigante
presenca de multiplas translocagbes sequenciais, aparentemente balanceadas
(GAZONI et al.,, 2012), e que poderia estar presente, deste modo, em outros
individuos simpatricos. Outras investigagdes visaram a verificagdo da frequéncia
destas translocacgoes, se presentes em outros individuos, e se existe relacdo destas
translocagdes com um possivel sistema cromossémico multiplo de determinagao do

SeXo.
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A obtencdo de sondas de cromossomos totais através da técnica de
citometria de fluxo, podera ser util a diferentes estudos sobre evolugao
cromossOmica no género Leptodactylus, e, porventura, aos estudos de outros

grupos de anuros.

3. MATERIAL E METODOS

3.1 Material

Os exemplares de Leptodactylus foram coletados em diversas regides do
Brasil (Tabelas 1 e 2 do Capitulo 1) e identificados pelos Profs. Dr. Célio F. B.
Haddad, do Departamento de Zoologia, Instituto de Biociéncias, UNESP, Rio Claro,
SP, e Profa. Dra. Christine Strissmann, do Departamento de Ciéncias Basicas e
Producdo Animal, Faculdade de Agronomia, Medicina Veterinaria e Zootecnia,
UFMT, Cuiaba, MT. Os animais da amostra serdo depositados na Colecido CFBH,
Departamento de Zoologia, Rio Claro, SP. Foram estudados representantes de
Leptodactylus da anurofauna brasileira, com prioridade para espécimes provenientes
de suas respectivas localidades tipo, cujos cariotipos eram apenas presumidos. De
cada animal, foram obtidas bidpsias de tecidos (figado e musculo), para a extragao
de DNA, amplificacdo e sequenciamento de genes mitocondriais, bem como para

utilizagdo em experimentos de citogenética molecular.

3.2 Métodos

3.2.1 Obtencao das preparagcoes cromossOmicas e preparag¢ao das laminas

Preparagdes cromossémicas foram obtidas diretamente de medula 6ssea,
figado, intestino e testiculo, com tratamento prévio dos animais com colchicina a 1%,
injetada intraperitonealmente na proporgao aproximada de 0,1mL/10g de peso,
quatro horas antes do sacrificio, combinando-se os procedimentos descritos por
Schmid (1978) e Baldissera Jr et al. (1993), mas sem o uso de fitohemaglutinina
como agente mitogénico. Para obtencdo de metafases de Xenopus tropicalis, foram

cultivadas células fibroblasto-similes (linhagem celular estabelecida “SPEEDY”)
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obtidas por Sinzelle et al. (2012), seguindo-se o protocolo do mesmo autor, no qual
colcemid® foi adicionada ao meio de cultura cerca de 4 horas antes da colheita das
células.

Qualquer que seja o procedimento de obtencdo, as suspensdes celulares
foram guardadas em geladeira por 24 horas ou armazenadas por mais tempo em
freezer a -20°C. Antes da confeccdo das laminas, foi feita uma troca pelo fixador
fresco e a suspensdao foi gotejada na superficie de uma lamina mantida em banho-
maria a 60°C, a qual foi, logo em seguida, colocada a temperatura ambiente para a
sua secagem completa. As laminas foram entdo destinadas as diferentes técnicas,
apdés envelhecimento por pelo menos 24 horas em temperatura ambiente, ou

armazenadas em freezer a -20°C.

3.2.2 Coloragao convencional com Giemsa

As laminas foram hidrolisadas por cinco minutos em solucdo de acido
cloridrico 1N a 60°C e, apos a lavagem, coradas por sete minutos com Giemsa
preparado com 1mL da solugdo comercial diluido em 29mL de solugado tampéao de

fosfato de sodio, pH6,8.

3.2.3 Marcagao de Ag-RONs, segundo Howell e Black (1980) com modificagoes

As laminas foram hidrolisadas por trés minutos em acido cloridrico 1N a 60°C.
Apds a secagem, foram gotejadas em cada lamina uma gota de solugédo coloidal
reveladora preparada com 1g de gelatina dissolvida em 50mL de agua destilada e
0,25mL de acido formico, e duas gotas de solugdo de nitrato de prata a 50%. A
ldmina foi coberta com laminula e incubada em cdmara umida a 60°C, durante dois a
trés minutos. Em seguida, foi lavada e corada por 30 segundos com solugdo de

Giemsa.

3.2.4 Cultivo de células

As células SPEEDY foram cultivadas segundo os procedimentos descritos em

Sinzelle et al. (2012). As células foram cultivadas em estufa a 28°C, sem injecéo de
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CO2, em frascos de cultura de célula com tampas hermeticamente fechadas, sem
dispositivo de trocas gasosas. Foi utilizado meio Leibowitz L-15 diluido (2/3 de meio,
Gibco, diluido com agua ultrapura estéril), a fim de se obter melhor condigao
osmotica, suplementado com soro bovino fetal (10%) e com adicdo 1% de
antibiético-antimicético (Penicilina-Streptomicina 10000U/10mg — Sigma-Aldrich).

O repique/passagem das células, quando confluentes, foi realizado lavando-se as
células aderidas aos frascos de cultura com PBS 1x estéril, diluido (também 2/3 de
PBS diluido com agua ultrapura estéril) e, em seguida, adicionando-se tripsina (0,5
mL para frascos de cultura pequenos, e 1,5 mL para frascos de cultura médios).
Apods o espalhamento da tripsina, por movimentacdo manual, em toda a superficie
do frasco, contendo as células aderidas, utilizou-se microscoépio de luz invertido para
acompanhamento do desprendimento da maioria das células. Apdés o
desprendimento das células, a tripsina foi inativada adicionando-se meio de cultura

novo.

3.2.5 Citometria de fluxo e construgdao de sondas de cromossomos inteiros

para pintura cromossémica

Os experimentos de citometria de fluxo foram realizados no Departamento de
Medicina Veterinaria, Universidade de Cambridge, Reino Unido. As sondas
cromossomo-especificas foram feitas por PCR com primer degenerado (DOP-PCR)
em cromossomos isolados por citometria de fluxo apds tratamentos prévios descritos
em Telenius et al., (1992), Yang et al. (1995) e Rens et al. (2006). Os cromossomos
foram preparados como descrito e corados com Hoechst 33258 (2mg/mL) e
Cromomicina A3 (40 mg/mL) na presencga de sulfato de magnésio (2.5 mmol/L) por
duas horas. Sulfato de sédio (25mmol/L) e citrato de sddio (10 mmol/L) foram
adicionados 15 minutos antes da realizagao da citometria de fluxo. O isolamento dos
cromossomos foi realizado utilizando-se um citbmetro de duplo laser (MoFlow,
Beckman-Coulter). Aproximadamente 400 cromossomos foram isolados a partir de
cada pico selecionado no cariograma de fluxo. Os cromossomos foram separados
diretamente em tubos de PCR contendo 30 yL de agua ultrapura estéril. Estas
amostras foram amplificadas por DOP-PCR usando-se o primer 6MW (TELENIUS et
al., 1992). Os produtos primarios de PCR foram marcados com biotina-16-dUTP

(Boehringer Mannheim), adicionando-se 1 yL do produto da amplificacdo em uma
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segunda amplificagcdo de DOP-PCR usando o mesmo primer para a constru¢cao das

sondas.

3.2.6 Hibridagcao in situ fluorescente (FISH), segundo Martins e Galetti (1999)

com modificagoes

Foi utilizada a técnica de FISH para a localizagao de sondas de DNAr 18+28S
(HM123 — MEUNIER-ROTIVAL et al., 1979), sequéncias teloméricas (TTAGGG)n,
sondas de sequencias microssatélites e de cromossomos totais obtidos por
citometria de fluxo (protocolos de KRYLQOV et al., 2007, RENS et al., 1999 e RENS
et al., 2006). Os procedimentos de FISH foram realizados nas seguintes etapas: a.
marcagao nao-isotdpica da sonda com biotina ou digoxigenina através da técnica de
PCR ou por nick translation; b. reacdo de hibridagdo, empregando-se a solugéao de
hibridacdo que contém formamida, e procedimentos de desnaturacao e renaturacao
no termociclador; c¢. deteccdo e amplificacdo do sinal de hibridacdo por meio de
FITC (fluoresceina isoticianato-avidina conjugada) ou anti-digoxigenina; d. coloragéao
dos cromossomos com iodeto de propideo ou DAPI e montagem da lamina com
antifading; e. observagao da preparagao ao microscopio sob luz ultra-violeta e filtro

adequado.
3.2.7 FISH com sondas teloméricas de PNA (Peptide Nucleic Acid)

A deteccdo de sequéncias teloméricas (TTAGGG)n repetitivas nos
cromossomos foi realizada, com excecdo de L. pentadactylus de Paranaita, MT,
utilizando-se o PNA FISH kit Telomere/FITC (Dako Cytomation, Dinamarca),
seguindo-se o protocolo fornecido pelo fabricante.

3.2.8 Hibridagao Genémica Comparativa (CGH)

Experimentos de CGH foram realizados de acordo com o descrtito por

Abramyan et al. (2009), com modificagées: como sondas foram usados 300 ng de
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DNA genbmico de fémea marcado com biotina dUTP, detectada com Alexa
(espectro verde) apoés hibridagcédo, enquanto que 300 ng de DNA genémico de macho
foi marcado com digoxigenina dUTP, co-precipitado com DNA digerido (100-500 pb)
de fémea e, apos hibridagédo, detectado com anti-digoxigenina-rodamina (espectro
vermelho). A marcagao das sondas foi realizada por nick translation. Ambas sondas
foram co-hibridadas em laminas contendo metafases por aproximadamente 12 horas
a 37°C.

3.2.9 Analise cromossOmica

As preparag¢des cromossémicas foram analisadas ao microscépio de luz e as
melhores metafases assim como as fases meidticas, foram documentadas em
microscopio BX51 da Olympus®. Quando coradas com fluorocromos, as laminas
foram examinadas sob luz ultra-violeta e com uso de filtros especificos. A captura
digital das imagens foi feita com camera DP71, do mesmo fabricante, acoplada a um
microcomputador.

Para a montagem dos cariogramas, os cromossomos foram emparelhados de
acordo com a morfologia € em ordem decrescente de tamanho, com base em
inspecao visual. Para a classificagdo morfolégica e o estabelecimento do numero
fundamental de bragos cromossdmicos (NF), foi adotada a nomenclatura de Green e
Sessions (2007), segundo a qual os cromossomos metacéntricos, submetacéntricos

ou subtelocéntricos possuem dois bragos e os telocéntricos, apenas um.

3.2.10 Extragcao de DNA, amplificagao, sequenciamento e analise filogenética

O DNA gendmico total foi extraido de bidpsias de tecidos (figado ou musculo)
preservados em etanol 100%, utilizando métodos de precipitacdo de acetato de
amonio (MANIATIS et al., 1982) ou kits QIA Quick DNEasy (Qiagen Inc.) seguindo
as orientacdes do fabricante.

Para a analise da diversidade genética foi sequenciado um fragmento de
~650 pb do gene citocromo C oxidade subunidade 1 (COIl). Também foi amplificado
um fragmento do gene 16S para um ou dois individuos de cada localidade tipo para
comparagao filogenética com outras espécies do grupo L. melanonotus. As

condigbes de primers e PCR serdo descritas em Lyra et al. (em preparagéo). Os



26

produtos de PCR foram purificados com reagao enzimatica e sequenciados com
BigDye™ terminator Cycle Sequencing Kit v3.1 em um sequenciador automatico
3730XL pela Macrogen Inc., Seoul, South Korea. As sequéncias resultantes foram
editadas usando o software Geneious V6.1.5 (Biomatters http://www.geneious.com).
Os numeros de acesso no Genbank para cada fragmento de gene sdo dados nas
tabelas 1 e 2 do Capitulo 1.

Os fragmentos génicos foram alinhados utilizando Muscle (EDGAR, 2004)
usando as configuragdes padrées no programa Mega 6 (TAMURA et al., 2013) e
estimou-se as distancias p dentro e entre as espécies ou clados. O programa Mega
6 também foi utilizado para analises Neighbour-joining (NJ) do conjunto de dados de
COl, para agrupamento molecular dos espécimes analisados.

Para direcionar as relagdes entre novos espécimes amostrados e outras
espécies do grupo L. melanonotus, foram obtidas sequéncias 16S usadas por de Sa
et al. (2014), incluindo alguns grupos externos (Tabela 2 do Capitulo 1) e conduzidas
analises de Maxima-parsimémia (MP) usando buscas heuristicas sob parsiménia e
reconecgao de arvore bi-secdo (TBR). Suporte bootstrap foi avaliado através de

1000 réplicas.

4, RESULTADOS

Na presente tese, sdo apresentados dados referentes a trés artigos em fase

de preparacéo final para submisséo a revistas cientificas especializadas:

No capitulo 1, sdo apresentados dados citogenéticos associados ao
sequenciamento de genes mitocondriais que possibilitaram a resolugdo de
problemas taxondmicos de longa data, referentes as espécies pertencentes ao
grupo de L. melanonotus com maior ocorréncia/distribuicdo no Brasil. Foram
revalidadas as espécies L. brevipes (2n = 20) e L. intermedius (2n = 22), a partir de
individuos frequentemente identificados como L. petersii (2n = 22) coletados em
diferentes localidades no Brasil, incluindo as localidades tipo para estas espécies.
Ainda, variagbes cromossOmicas morfolégicas sugerem a necessidade de reviséo

taxondmica neste grupo de espécies.
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No capitulo 2 € apresentado um raro sistema cromossémico multiplo de
determinacédo do sexo em Leptodactylus pentadactylus. A analise de machos e
fémeas evidenciou 12 cromossomos com rearranjos multiplos sequenciais
balanceados e fixados na populagdo compondo um sistema do tipo
X1X2X3X4X5X6:Y1Y2Y3Y4Y5Y6 nos machos, evidenciado por analises de

citogenética classica e molecular em cromossomos mitoticos e meidticos.

O Capitulo 3 trata da obtencao de sondas de DNA de cromossomos inteiros de
anfibios para pintura cromossdmica, obtidas de Xenopus tropicalis por citometria de
fluxo. A sugestao de aplicagcado destas sondas em diferentes espécies de anfibios,
para estudos de evolugdo cromossdmica, bem como comentarios referentes aos
cromossomos sete de Xenopus tropicalis, recentemente considerados o par sexual

para a espeécie, sdo abordados.
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5. Capitulo 1

Cytogenetic and molecular data from species in the Leptodactylus
melanonotus group (Anura, Leptodactylidae), with revalidation of L.

brevipes Cope, 1887 and L. intermedius Lutz, 1930.

Gazoni T', Lyra ML3, Strissmann C?, Pansonato A, Narimatsu H', Haddad CFBS3,
Parise-Maltempi PP’

"Laboratério de Citogenética Animal, Departamento de Biologia, Instituto de
Biociéncias, Universidade Estadual Paulista, UNESP, Céampus de Rio Claro, Séo
Paulo, Brazil

2Departamento de Ciéncias Basicas e Produgdo Animal, Faculdade de Agronomia,
Medicina Veterinaria e Zootecnia, UFMT, Cuiaba, Mato Grosso, Brazil

SLaboratério de Herpetologia, Departamento de Zoologia, Instituto de Biociéncias,
Universidade Estadual Paulista, UNESP, Campus de Rio Claro, S&o Paulo, Brazil

Abstract

The genus Leptodactylus comprises 74 species of frogs, distributed in the
Neotropics, between Argentina and southern United States, including Antilles. The
Leptodactylus melanonotus group comprises 16 species, some of them, with
confusing taxonomic status. Here we conducted a study using cytogenetic and
molecular data for species belonging to this group, including samples from type
locality of L. petersii and the two synonymies, L. brevipes and L. intermedius. Our
cytogenetic analyzes show that L. petersii from type locality have a 2n = 22
karyotype, as almost all of the other Leptodactylus species studied so far, whereas
all karyotyped species from L. brevipes type locality presented 2n = 20
chromosomes. This lowest chromosome number was confirmed by meiotic analysis.
The NOR sites were located in different chromosomes among the studied species.
Telomeric sequences were present aditionaly in the centromere region of several
chromosomes of L. intermedius and L. podicipinus. The molecular data shows high
intraspecific genetic variation in L. petersii and corroborate cytogenetics results,

suggesting that L. brevipes and L. intermedius are actually valid species.
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Introduction

The species in the genus Leptodactylus (Amphibia, Anura) comprises 74
species widespread in the Neotropics, being found between Argentina and southern
United States, including Antilles (Frost, 2015). In the last few decades, molecular and
detailed morphological studies have greatly contributed for rapid rate of descriptions
of new species and taxa reevaluation in this genus (see review in de Sa et al., 2014).

The species are currently allocated in four species groups based in their
overall ecological characteristics: Leptodactylus melanonotus group, L. fuscus group,
L. pentadactylus group and L. latrans group (Heyer, 1969; de Sa et al., 2014). The L.
melanonotus group includes 17 species, of which some of them have wide
distribution in Brazil (L. petersii Steindachner, 1864, L. podicipinus Cope, 1862, L.
pustulatus Peters, 1970, L. natalensis Lutz, 1930, and L. riveroi Heyer and Pyburn,
1983). The high similarity of morphological characters, in addition to the wide
distribution of some species, have generated difficulties in taxonomy and systematics
of their representatives, reflecting the confusing taxonomic status of some of them.
For example, L. petersii was removed from the synonymy of L. podicipinus by Heyer
(1994), after been placed by Rivero (1961). Heyer (1994) also transferred L. brevipes
Cope, 1887 and L. intermedius to the synonymy of L. petersii. Since that, there is no

detailed revision of the taxonomic status of these synonymies.

While most species in the genus Leptodactylus cytogenetically studied so far
has generally conserved karyotypes, cytogenetic data available for some
representatives of the L. melanonotus group indicate that this group has pronounced
cytogenetic variations (Gazoni et al., 2012). These variations are evident by diploid
number, fundamental number of chromosome arms (FN) values, the presence of
different telocentric chromosomes, as the location of the nucleolar organizer region.
Different numbers of telocentric chromosomes were found for L. natalensis (three
pairs), L. wagneri, and L. podicipinus (four pairs) (Bogart, 1974; Silva et al., 2000;
Arruda and Morielle-Versute 2008; Gazoni et al, 2012). Thus, the karyotypic
variations found in the group make cytogenetics an important tool in the resolution of
taxonomic problems and it could be useful in systematics studies of their
representatives.

Here, we combined cytogenetics and molecular analyses of L. petersii,

including individuals collected in type localities of the species and the synonymies, as
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well as for other species in the L. melanonotus group aiming to clarify part of these

unresolved taxonomic problems.

Material and Methods

Sample

Individuals were collected in the wild under governmental collection permits issued
by the Instituto Chico Mendes de Conservacao da Biodiversidade (ICMBio - SISBIO
authorizing 30202-2). Euthanasia was performed by dermal absorption of
chlorhydrate of lidocaine, in accordance with the Ethical Committee in Animal Use
(CEUA — permission 027/2011), UNESP, Rio Claro, Brazil. Tissue samples were
obtained after euthanasia and fixed in Etanol 100%. Vouchers will be deposited in
the collection Célio F.B. Haddad (CFBH Departamento de Zoologia, |.B.,
Universidade Estadual Paulista Julio de Mesquita Filho). We also gathered samples
from CFBH tissue collection for molecular analyses. Table 1 show individuals

analyzed and sample locations.

Table 1: Specimens in the Leptodactylus melanonotus group analyzed. Prefix TG in
the Collection number column represents karyotyped specimens (* = specimens from
type locality). Lat/Lon = Latitude/Longitude; COIl = Cytochrome C Oxidase subunit |

gene sequence analysed; Cyto. (sex) = Cytogenetic analyses performed and sex: M

= Male; F = female; J = juvenile

Cyto.
Sample ID (New ID) Col. Number Locality UF Lat Lon Col (sex)
L. petersii (brevipes)* TG256 Chapada dos Guimaraes MT -15.451 -55.843 OK F
L. petersii (brevipes)* TG258 Chapada dos Guimaraes MT -15.451 -55.843 OK J
L. petersii (brevipes) CFBHTO04739 Acorizal MT -15.207 -56.348 OK
L. petersii (brevipes) TG171 Brasnorte MT -12.102  -57.981 OK F
L. petersii (brevipes) TG174 Sinop MT -11.866  -55.461 F
L. petersii (brevipes) TG175 Sinop MT -11.866  -55.461 F
L. petersii (brevipes) TG181 Sinop MT -11.866  -55.461 OK M
L. petersii (brevipes) TG182 Sinop MT -11.866  -55.461 F
L. petersii (brevipes) TG186 Cuiaba MT -15.578 -56.104 OK M
L. petersii (brevipes) TG187 Sinop MT -11.866  -55.461 F
L. petersii (brevipes) TG229 Cuiaba MT -15.578 -56.104 OK M
L. petersii (intermedius)* TG388 Manacapuru AM -3.254  -60.578 OK M
L. petersii (intermedius)* TG389 Manacapuru AM -3.254 -60.578 OK F
L. petersii (intermedius)* TG399 Manacapuru AM -3.254  -60.578 F
L. petersii (intermedius) TG222 Urucara AM -2.522 -57.754 OK M
L. petersii (intermedius) TG223 Urucara AM -2.522 -57.754 F
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. podicipinus TG192 Cuiaba MT -15.578 -56.084

. podicipinus TG230 Cuiaba MT -15.578 -56.084

. podicipinus TGA1265 Trés Lagoas MS -21.035 -51.791 OK
. podicipinus TGA1266 Trés Lagoas MS -21.035 -51.791 OK
. podicipinus TGA1267 Trés Lagoas MS -21.035 -51.791 OK
. pustulatus CFBHT11277 Colinas do Tocantins TO -8.06 -48.45 OK
. pustulatus CFBHT 12456 Barreirinhas MA -27.425  -42.798 OK
. pustulatus CFBHT13763 Gurupi TO -11.81  -48.969 OK
. pustulatus CFBHT14017 Palmeirante TO -8.071 -48.36 OK
. pustulatus CFBHT14239 Brejinho do Nazaré TO -11.032 -48.584 OK
. pustulatus CFBHT14260 Gurupi/Peixe TO -11.81  -48.969 OK
. pustulatus CFBHT 14456 Porangatu GO -13.382 -49.12 OK
. pustulatus TG002 Estreito MA -6.548 -47.2 OK
. pustulatus TG023 Estreito MA -6.548 -47.2

. hatalensis* TG420 Natal RN -5.79  -35.242 OK
. hatalensis* TG424 Natal RN -5.79 -35.242 OK
. hatalensis* TG425 Natal RN -5.79 -35.242 OK
. hatalensis CFBHTO01149 Passo de Camarajibe AL -9.235 -35.483 OK
. hatalensis CFBHTO04224 Linhares SE -19.144  -40.057 OK
. hatalensis CFBHT11016 Urucuca BA -14.59  -39.296 OK
. hatalensis CFBHT11459 Campo Alegre AL -9.777 -36.329 OK
. hatalensis CFBHT13793 Aurora do Tocantins TO -12.772  -46.493 OK
. hatalensis CFBHT13794 Aurora do Tocantins TO -12.772  -46.493 OK
. hatalensis CFBHT13839 Guarai TO -8.651  -48.251 OK
. hatalensis CFBHT 14445 Campo Limpo de Goias GO -16.326  -49.163 OK
. natalensis CFBHT15790 llhéus BA -13.822 -39.17 OK
. natalensis MTR101P28 Maceid AL -9.511 -35.611 OK
. hatalensis TG097 Salvador BA -13.005 -38.507 OK
. riveroi TG385 Sao Gabriel da Cachoeira AM -0.055 -67.094 OK
. riveroi TG387 Sao Gabriel da Cachoeira AM -0.055 -67.094 OK

=L

Cytogenetics and molecular analyzes

Direct mitotic preparations were obtained from bone marrow, liver,

and intestine

epithelium, while meiotic cells were obtained from testis, after a four hours in vivo
treatment (intraperitoneal injection) with 1% colchicine, by combining the procedures
described by Baldissera et al. (1993) and Schmid (1978). In addition to convencional
staining with Giemsa, chromosomes were analyzed by silver nitrate impregnation
(Ag-NOR) (Howell and Black, 1980), and by Fluorescence in situ Hybridization
(FISH) using telomeric probe (PNA FISH kit Telomere / FITC, Dako Cytomation,
Denmark) to provide detection of the repetitive TTAGGG(n) telomeric sequences,
according to the protocol supplied by the manufacturer. Microscopic analysis was
performed using a fluorescence microscope model BX51 and the images were
captured using a cooled DP71 camera (Olympus) coupled. Chromosome morphology

was determined according to the classification of Green and Sessions (2007).
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The whole genomic DNA was extracted from ethanol-preserved tissues (liver
or muscle) using either Ammonium Acetate precipitation methods (Maniatis et al.
1984) or QIA Quick DNEasy kits (Qiagen Inc.) following the manufacturer's
guidelines.

A fragment of ~650 bp of the Cytochrome C Oxidase Subunit 1 gene (COI)
was sequenced for genetic diversity analyzes. It was also amplified a fragment of
16S rRNA gene for one or two individuals of type localities for phylogenetic
comparison with other species of L. melanonotus group. The primers and PCR
conditions used was how described in Lyra et al. (in preparation). PCR products were
purified with enzymatic reaction and sequenced with BigDye™ terminator Cycle
Sequencing Kit v3.1 in an automatic Sequencer 3730XL by Macrogen Inc., Seoul,
South Korea. Resulting sequences were edited using Geneious software V6.1.5
(Biomatters http://www.geneious.com). Genbank accession numbers for each gene
fragment are given in Table 2.

Gene fragments alignment were run with Muscle (Edgar, 2004) using default
settings in Mega 6 (Tamura et al., 2013) and estimated the uncorrected p-distance
within and between species or clades. We also used Mega 6 to proceed a
Neighbour-Joining (NJ) analyses of COI dataset.

To address the relationships between new sampled specimens and other
species of L. melanonotus group, it was used the 16S mitochondrial rDNA
sequences from genbank used by de Sa et al. (2014), includind few outgroups (Table
2). A Maximum-Parsimony (MP) analysis was conducted using heuristic searches
under parsimony and tree bisection reconnection (TBR). Bootstrap support was

evaluated through 500 replicates.
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Table 2: 16S rDNA sequences included in phylogenetic analysis. *specimens from

type localities (our karyotyped sample). The other sequences were used by de Sa et

al. (2014).

Species

Accession number

Leptodactylus melanonotus group
Leptodactylus colombiensis Heyer, 1994
Leptodactylus diedrus Heyer, 1994
Leptodactylus discodactylus Boulenger, 1884 “1883”
Leptodactylus griseigularis Henle, 1981
Leptodactylus leptodactyloides Andersson, 1945
Leptodactylus melanonotus Hallowell, 1861 “1860”
Leptodactylus natalensis Lutz, 1930
Leptodactylus natalensis - Natal, RN*
Leptodactylus nesiotus Heyer, 1994
Leptodactylus petersii Steindachner, 1864
Leptodactylus petersii - S. Gab. Da Cachoeira, AM*
Leptodactylus 'brevipes' - Chapada dos Guimaraes, MT*
Leptodactylus 'intermedius’ - Manacapuru, AM*
Leptodactylus podicipinus Cope, 1862
Leptodactylus pustulatus (Peters, 1870)
Leptodactuls pustulatus **
Leptodactylus riveroi Heyer and Pyburn, 1983
Leptodactylus validus Garman, 1888 "1887"
Leptodactylus wagneri (Peters, 1862)
Outgroups
Leptodactylus latrans
Leptodactylus pentadactylus
Leptodactylus fuscus
Adenomera lutz

KM091579
AY943230
AY943239
KM091588
AY943236
AY943237
KM091602

present study

KM091603
KM091608

present study
present study
present study

EF632048
KM091613

present study

AY943231
EF632029
EF632053

KM091606
KM091607
AY911275

KM091597

Results

Three different karyotypes were found for L. petersii analysed. The karyotype of the

individuals from Chapada dos Guimaraes, Brasnorte, Sinop and Cuiaba identified

previously as L. petersii (hereafter L. brevipes) is composed by 20 chromosomes,

with pairs 1, 6, and pairs 7-10 metacentric, pairs 2-4, and 5 submetacentric (Figure

1A). All other analyzed species have 2n = 22. In the individuals from Manacapuru,

Urucara and Belém (hereafter L. intermedius), pairs 1, 5, and 6 are metacentric, and

pairs 2-4, and 8 are submetacentric (Figure 1B). In L. natalensis, chromosomes 1-4

are submetacentric, 5, 6, 8, and 11 are metacentric; chromosomes 7, 9, and 10 are
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telocentric (Figure 1C). In L. petersii from all localities, the chromosome pairs 1-5,
and 7 are submetacentric; pairs 6, and 8-10 are metacentric, and the chromosome
pair 11 is telocentric (Figure 1D, E, and F). In L. podicipinus the pairs 1-4, and 8 are
submetacentric; pairs 5 and 6 metacentric, and pairs 7, and 9-11 are telocentric
(Figure 1G). In L. pustulatus pairs 1-4, and 7 are submetacentric; pairs 5, 6, and 8-11
metacentric (Figure 1H). In L. riveroi pairs 1-4, 7, and 8 are submetacentric, and pairs
5, 6, and 9-11 are metacentric (Figure 11).

Active NORs were identified by silver impregnation at the proximal regions of the
long arms of chromosomes 4 in L. brevipes and L. petersii, and chromosomes 8 in L.
intermedius and L. podicipinus; at the proximal region of the telocentrics 7 of L.
natalensis, and at the terminal regions of the short arms of chromosomes 8 in L.
pustulatus and L. riveroi.

No heteromorphic chromosomes were identified in mitotic complements, as
confirmed by meiotic analysis, in wich were present 10 bivalents in diakinesis and 10
chromosomes in metaphase Il cells of L. brevipes, and 11 bivalents in diakinesis and
11 chromosomes in metaphase |l cells for the other species.

Additional telomeric sequences (TTAGGG)» were detected as intrachromosomal
telomeric sequences (ITS) in centromeric regions of all metacentric and
submetacentric chromosomes of L. intermedius and in most of the bi-armed
chromosomes of L. podicipinus, with exception of pairs 5 and 7. All other species
showed fluorescence signals only at the expected terminal regions.

The genetic diversity within and between clades are shown in table 3. Figure 7 (map)

show distribution of clusters recovered in analyses.

Table 3: P-distances (%) of COI gene within and between Intra species/clades

distances are in brackets

Species intra 1 2 3 4 5 6
[1] L. petersii (0.08)

[2] L. brevipes (0.009 0.184

[3] L. intermedius (0.004 0.172 0.144

[4] L. podicipinus (0.023 0.172 0.149 0.097

[5] L. pustulatus (0.004 0.177 0.202 0.184 0.189
[6] L. natalensis (0.047 0.18 0.205 0.19 0.191  0.194
[7] L. riveroi -- 0.191 0195 0.183 0.186 0.204 0.213

~— ~— — ~— ~—
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For 16S rRNA gene was recovered one most parsimonious tree (tree length 488).
Although L. brevipes and L. intermedius are currently considered synonyms of L.
petersii, were recovered L. intermedius as sister species of L. podicipinus, and L.
brevipes is sister to the clade composed by L. podicipinus and L. intermedius.

In addition, using only 16S rRNA, was found that L. petersii analyzed by de Sa et al.
(2014) is distinct from specimens analyzed from type locality. It were also found
differences in L. natalensis and L. pustulatus position. The obtained sequence of L.

pustulatus is also distinct from previous analyses.
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Figure 1. Species in the Leptodactylus melanonotus group analysed. A: L. brevipes;
B: L. intermedius; C: L. natalensis; D and E: L. petersii from Sao Gabriel da
Cachoeira, AM, and Alta Floresta, MT, respectively; F: L. podicipinus; G: L.
pustulatus; H: L. riveroi. Photos: Christine Strussmann (A) and Thiago Gazoni (B-H).
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Figure 2. Conventional staining with Giemsa, and Ag-NOR localization on

karyograms from species belonging to the L. melanonotus group. Bar = 10um
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Figure 3. Diakinesis/metaphase | showing bivalentes and metaphase Il with

chromosomes, respectively, of species in the L. melanonotus group. A and B. L.
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brevipes; C and D. L. intermedius; E and F. L. natalensis; G and H. L. petersii; | and

J. L. pustulatus; K and L. L. riveroi. Bar = 10um
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Figure 4. Distribution of repetitive telomeric sequences (TTAGGGn) in the karyotypes
of species in the Leptodactylus melanonotus group. A. L. brevipes; B. L. intermedius;
C. L. natalensis; D. L. petersii; E. L. podicipinus; F. L. pustulatus; G. L. riveroi. Bar =

10um




Figure 5. Neighbour-Joining tree obtained for COIl dataset from species in the

L. melanonotus group.
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Figure 6. 16S rDNA Parsimony tree of specimens in the L. melanonotus group.
Colored terminals show specimens analyzed in this study. Outgroup: L. latrans, L.

fuscus, L. pentadactylus, and Adenomera lutzi.
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Figure 7. Distribution map of the analized species in the L. melanonotus group.
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Discussion

Based on cytogenetic and molecular differences presented here, we concluded that
Leptodactylus brevipes Cope 1887 and Leptodactylus intermedius Lutz 1930, up till
now considered a synonym of Leptodactylus petersii Steindachner, 1864 should be
considered valid species.

The species L. intermedius and L. riveroi were karyotyped for the first time. L.
infermedius have very similar karyotype to that from L. podicipinus, at least by the
cytogenetic techniques used herein. Also, these species sharing the same four
telocentric chromosomes, NOR position, and the presence of telomeric repetitive
sequences in the centromeres of all bi-armed chromosomes of L. intermedius, while
only the pairs 5 and 7 of L. podicipinus had no fluorescent signals for telomeric

sequences at centromeric regions.
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The karyotype found for L. petersii in this study differs from those previously
described by the morphology of pair 11 described by Amaro-Ghilardi et al. (2006)
and Gazoni et al. (2012). These authors showed that this pair was metacentric in
individuals collected in Paranaita, MT, Igarapé Camaipi, and Macap4, in the state of
Amapa, Brazil. The latter authors used an alternative chromosomal order relative to
the pair 7 of L. brevipes (as L. sp. aff podicipinus) and L. petersii, based on
presumed homeology inferred by chromosome replication bands after BrdU
incorporation. Here, was opted a more conservative chromosome ordering, naming
the chromosome pairs only by decrescent order of size.

The karyotypes of L. natalensis, L. podicipinus, and L. pustulatus are similar to those
of specimens studied previously (Bogart, 1974; Silva et al., 2000; Amaro-Ghilardi et
al., 2006 Arruda and Morielle-Versutte, 2008; Gazoni et al., 2012).

Further, only conventional staining was used to study the karyotype of L. natalensis
by Bogart (1974) from specimens collected in Rio de Janeiro, bound south of its
geographic distribution. To date, knowledge about the distribution of this species
recognize it spreads only on coastal regions of Brazil, from the state of Rio de
Janeiro, in the Southeast region to the state of Maranhao, in the Northeast (Frost,
2015). Our data on specimens grouping by similarity of mitochondrial DNA
sequences (COIl and 16S), reveal expanding the range of this species to central
Brazil, in the states of Goias and Tocantins.

The karyotypes of L. podicipinus and L. pustulatus are similar to those previously
described (Bogart, 1974; Ghilardi-Amaro et al, 2006; Arruda and Morielle-Versutte et
al, 2008) and L. brevipes for specimens identified as Leptodactylus sp. aff.
podicipinus by Gazoni et al. (2012). For these species, the karyotypes can be
considered similar, even with differences in the nomenclature or ordering adopted in

the different articles.

Leptodactylus pustulatus and L. riveroi have more conserved karyotypes compared
to the maijority of the representatives of other species groups of Leptodactylus with
only bi-armed chromosomes, with the sole exception of L. latinasus (L. fuscus
group), which shows pair 8 telocentric.

The location of the NOR in the telocentric chromosomes 7 of L. natalensis is novel to
the genus. Bogart, in 1974, reported interstitial secondary constriction in telocentric

chromosomes 9 in L. natalensis from Rio de Janeiro, RJ, while the specimens from
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the type locality showed proximal NORs in telocentric 7. These differences may
represent intraspecific variation, but it would be necessary to deepen data for L.
natalensis from Rio de Janeiro, as well as to the central Brazil populations.

The telocentric morphology of the smallest chromosome pair of L. petersii from its
type locality (municipality of S&o Gabriel da Cachoeira, AM) could suggest
intraspecific variation, once specimens analyzed earlier, Igarapé Camaipi, AP
(Amaro-Ghilardi et al., 2006) and Paranaita, MT (Gazoni et al., 2012), showed the
pair 11 metacentric. Even, the different cytotypes found in sympatry could suggest
the possibility of more than one taxon.

The molecular analysis of L. petersii also indicates high genetic diversity in the clade
(diversity intra 8%). In addition, phylogenetic reconstruction showed that L. petersii
previous analyzed by De Sa et al. (2014) are different of that from type locality
analyzed in our work.Thus, it is fundamental a review of this taxon, with sample
expansion, involving studies such as bioacoustics and morphology, as well as
analysis of nuclear genes to better interpretation.

Additionaly, as the holotype of L. petersii was considered lost by Heyer (1970) and
the neotype proposed in the same publication was, in fact, a specimen of L.
pallidirostris (see Heyer 1994), we suggest that one of the specimens of L. petersii
analysed here, collected in Sdo Gabriel da Cachoeira, AM, should be used to assign
a neotype for L. petersii, since it is the closest locality from Marabitanas district, the
type locality for L. petersii, in the municipality of Sdo Gabriel da Cachoeira, AM.

L. pustulatus from Estreito, MA, presented similar karyotype to the specimens from
Palmeirante, TO, studied by Amaro-Ghilardi et al. (2006). The fluorescent signals for
telomeric sequences detected for L. brevipes collected in Lucas do Rio Verde, MT
(Gazoni et al. (2012), were not observed for one of the individuals of Chapada dos
Guimaraes, MT, analyzed here by the same technique. The centromeric signals
observed in the chromosomes of L. intermedius and L. podicipinus were observed in
all three specimens from Manacapuru, AM, and in all four specimens from Belém,
PA. These sequences could be explained by resultant of pericentric inversions that
have not modified significantly the morphology of chromosomes, or even mean the
presence of sites with heterochromatin with similar sequences to telomere
(TTAGGG)n. In addition to often interpretations, these sequences could not represent
indicative of occurred rearrangements, but an accumulation of telomeric sequences

that could act as a prerequisite for chromosomal rearrangement events, generating
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stable inheritable chromosomes. It could explain cases in which interstitial telomeric
sequences were observed without conspicuous altering karyotypes, as reported for

Xenopus clivii (Nanda et al., 2008).

The results presented here, which helped to clarify part of the problematic taxonomic
status of species in the L. melanonotus group, reinforcing the importance of using
cytogenetic data associated to molecular analyses to solve taxonomic questions in

Leptodactylus species, as well as in other groups of anurans pending resolution.
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6. Capitulo 2

More sex chromosomes than autosomes: twelve XY chromosomes
in the Amazonian frog Leptodactylus pentadactylus
(Leptodactylidae)
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P.P.
' Departamento de Biologia, Instituto de Biociéncias, Universidade Estadual Paulista,

UNESP, Rio Claro, S&o Paulo, Brazil
’Departamento de Zoologia, Instituto de Biociéncias, Universidade Estadual Paulista,
UNESP, Rio Claro, S&o Paulo, Brazil

Abstract

The occurrence of heteromorphic sex chromosomes is common in
vertebrates/tetrapods being found characteristically in mammals and birds. However,
in amphibians and reptiles the mechanisms of sex determination can vary from
environmental sex determination, in some reptiles, to different mechanisms of
genetic determination, involving or not differentiated sex chromosomes. Furthermore,
there are relatively few amphibian species carrying morphologically distinct sex
chromosomes, and when they are present, it is mostly only one pair of XX:XY or
ZZ:ZWN.

Here we present classical and molecular cytogenetic analyses of 13 specimens of
the South American Bullfrog, Leptodactylus pentadactylus. Males collected at the
Brazilian southern Amazon allowed us to reveal the presence of a meiotic ring-
shaped chain composed by twelve XY chromosomes, in view of a 2n = 22
karyotype. The most similar to this chain record in vertebrates was observed in the
monotremes Platypus and Echidna, which are formed by 10 and 8 sex chromosomes
respectively. Classical and Molecular cytogenetic approaches including GATAg)
microsatellite mapping and comparative genomic hybridization gives us initial
directions to understanding this sex chromosome system, expressive to be the

largest ever found in vertebrates.
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Introduction

The evolution of sex chromosomes had occurred independently numerous
times in different lineages, once they show many common features and thus
represent a fascinating example of evolutionary convergence (Ellegren 2011).
Among these common features there are the restriction of recombination, repetitive
DNA accumulation and gene loss in the Y or W chromosomes that are responsible to
chromosome degeneration and possible establishment of morphologically distinct
elements (heteromorphic). Among vertebrates, heteromorphic sex chromosomes
involved with sex determination are common among mammals (X0, XY or complex
XY) and birds (Z0, ZW or complex ZW). On the other hand, among fish, amphibians
and reptiles morphologically differentiated sex chromosomes are less common (but
could involve XX:XY and ZZ:ZW sex systems) and other strategies for sex
determination are observed, as well as environmental sex determination, replacing
genetic sex determination. It is a testimonial of the high plasticity for sex
determination and sex chromosome evolutionary histories (reviewed by Bachtrog et
al. 2014).

The widespread homomorphy for sex chromosomes, as observed in
amphibians, have been explained by two major hypotheses. The high-turnover model
suggests that the chromosomes have not enough time to degenerate, because
mutations affecting the sex-determining pathway appears regularly, replacing the
ancient/ancestral sex chromosome (Schartl 2004; Volff et al 2007; Sarre et al 2011).
This turnovers model has been supported by several systems in amphibians (Hotz et
al., 1997; Miura, 2007; Malone and Fontenot, 2008; Stock et al., 2011a, 2013) and
fishes (Tanaka et al., 2007; Cnaani et al., 2008; Ross et al., 2009). According to the
“fountain-of-youth” model, sex chromosomes homomorphy is kept by eventual
recombination. Although X-Y recombination is prevented in males, it could occurr
between these chromosomes in XY females during occasional sex reversal events,
since recombination patterns are expected to rely on phenotype rather than
genotypic sex (Perrin, 2009). The fountain of youth model have been recently
supported in studies on amphibian species (Stock et al.,2011b, 2013; Guerrero et al.
2012).

Although most amphibians present homomorphic sex chromosomes,
heteromorphic conditions were reported in low number of species and they are

mainly simple ZZ:ZW or XX:XY sex chromosome mechanisms (review in Schmid,
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2010). Cases of multiple sex chromosomes in amphibians were sporadically
reported, as for example, in the anuran Strabomantis biporcatus (Schmid et al.,
1992) (formerly Eleutherodactylus maussi) and in Pristimantis riveroi (Schmid et al.
2003) both species with an X1X1X2X229:X1X2YJ, caused by centric fusion involving
the original Y and a large autosome. Among other vertebrates multiple sex
chromosome systems were well documented, except in birds, but among amniote it
is more common in mammals (Pokorna et al. 2014). The most intriguing and unusual
multiple sex chromosome meiotic chains were observed in mammals in the short-
beaked echidna (Tachyglossus aculeatus) and platypus (Ornithorhynchus anatinus),
which presents in males 9 and 10 chromosomes, respectively, probably added
sequentially to sex chains through translocations (Grutzner et al. 2006; Rens et al.
2007).

Recently a chromosomal study in the Amazon bullfrog Leptodactylus
pentadactylus reported an uncommon karyotype with the occurrence a multiple
meiotic chromosome chain possibly originated by multiple translocations. This chain
is apparently resolved along meiosis with alternate segregation and form balanced
gametes (Gazoni et al., 2012), but due to the analysis of one unique male the results
could not be conclusive in relation if this chain is well established in the population or
species or if it could represent a sex chromosome chain. Here we expanded the
chromosomal analysis in the species L. pentadactylus using male and female
individuals and some classical and molecular cytogenetic approaches to test the
hypothesis of the occurrence of a sex related chromosomal chain in the species. Our
results provide evidences of an established chromosomal chain restrict to males with
12 chromosomes, which represents the largest sex chromosomal chain among

vertebrates so far.

The presence of sex-related chromosome chains is a rare event, being found in
plants, invertebrates, and in the famous case of the monotremes platypus and the
short-beaked echidna (Grutzner et al., 2006). Meiotic multiples with more than four
chromosomes were found for few anurans (Lourencgo et al., 2000; Siqueira et al.,
2004) and fishes (Gross, 2009), although in these cases, the translocations
mentioned as responsible to the terminal chromosome associations are present in
both sexes. An alternative hypothesis, for some of these chromosome associations,

is non-chiasmatic ectopic pairing due to heterochromatic telomeric sequences,
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proposed by (Schmid et al 2010). Nevertheless, heteromorphisms suggesting
translocations are evident in most of these cases. The common fact is that in all
these organisms, the chains are not well fixed in the studied populations, since the
number of elements forming the chains is labile.

Commonly called South American Bullfrog, and even Smoky Jungle Frog,
Leptodactylus pentadactylus is a species distributed in Amazon Basin, occurring in
Colombia, Peru, Bolivia, Brazil, Guyana, Suriname, and French Guyana (Frost et al.,
2015).The latest published data on chromosome studies of the Neotropical anuran
genus Leptodactylus revealed a meiotic ring with twelve chromosomes, in addition of
five bivalents as resulting of multiple reciprocal translocations from one single male
specimen of Leptodactylus pentadactylus collected in the Southern Amazonia. In
mitotic metaphases were found cells with 2n = 22 and FN = 44, typical of major
Leptodactylus species, but not all chromosomes were pareable (Gazoni et al. 2012).
Usual karyotypes with 2n = 22 and FN = 44 were described for individuals identified
as L. pentadactylus from other locations/localities (Bogart et al., 1974 Brum-Zorrilla &
Saez, 1968), but without comments in the occurrence of natural translocations. The
specimens analysed by Bogart collected in Sdo Paulo state, nevertheless, should
represent L. labyrinthicus or L. flavopictus, the only species recognized for the L.
pentadactylus group in this Brazilian region according to actual knowledge on
species occurrence. Partial comment on this misidentification was reported by
Gazoni et al. (2012).

Material and Methods

In this work we studied six females and seven males of L. pentadactylus
collected actively in the Brazilian southern Amazonia at the municipality of Paranaita,
Mato Grosso state between 2012-2014 (Figure 1). Eight of them, five females and
three males, were sampled from the same reproductive site. All animals were caught
under collection permission of Instituto Chico Mendes de Conservagdo da
Biodiversidade (ICMBio - SISBIO authorizing 30202-2). The deep sedation
euthanasia by dermal absorption of chlorhydrate of lidocaine was in accordance with
the Ethical Committee in Animal Use (CEUA — permission 027/2011), UNESP, Rio
Claro, Brazil. Direct cytological preparations were obtained from bone marrow, liver,
and testis (Baldissera et al. 1993; Schmid, 1978), after a 4 hours in vivo colchicine

treatment. Conventional analysis were performed using Giemsa staining in all
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animals and some chromosomes preparations of distinct males and females were
submitted to C-banding according to Sumner et al. (1972) and used in Fluorescent in
situ hybridization (FISH) experiments according to Pinkel et al. (1986) using distinct
probes, such (GATA)8, telomeric repeat TTAGGG and major rDNA HM123 (Meunier-
Rotival et al., 1979). Finally, Comparative Genomic Hybridization (CGH) were
performed according to Abramyan et al. (2009) with modifications, as follows: 300ng
of female and male genomic DNA labelled with biotin and digoxigenin through nick-
translation, respectively, were co-precipitated with female unlabelled digested DNA
(100-500 bp). 3uL of probe were added in the mixture for hybridization, which was
performed separately in male and female chromosome preparations. The probes
labelled with biotin were detected with streptavidin-Alexa-488 (green spectrum) and
digoxigenin labelled DNA was detected using anti-digoxigenin-rhodamine (red
spectrum). Images were captured using the software DP Controller and a cooled
camera (DP71) associated to a fluorescence microscope Olympus BX51. Slight
uniform adjustments in contrast were carried using DP Manager software. Figures

were organized using Corel X6 Suit program.

Results

The karyotype of the analyzed specimens presented 2n = 22 and FN = 44 as
previously reported by Gazoni et al. (2012). Some chromosomes differed in
morphology between males and females. Here we proposed modifications regarding
to karyotypic description of Gazoni et al. (2012) considering the sizes of the
chromosomes in the ring. All females had eleven pairs of morphologically
homologous chromosomes. Chromosomes 1, 5 (X3), 6, 8, 9, 10 (X5) and 11 (X6) are
metacentric, 2, 3 (X1), and 7 (X4) are submetacentric and pair 4 (X2) is
subtelocentric. Nevertheless, males presented karyotype with at least one
chromosome homologous to that pairs found in females, but in these karyotypes
were present 12 translocated chromosomes, six of them characterizing Y
chromosomes, in wich three of these Y chromosomes are unpairable. The putative X
and Y chromosomes were identified in male (Figure 2 B) and female (Figure 2 A)
karyotypes. The analyses of meiotic cells, i.e. diakinesis/metaphase | revealed
additional translocated chromosomes forming a ring-shaped chromosomal chain
(Figure 3 A and B), harboring 12 elements that corresponds to
X1Y1X2Y2X3Y3X4Y4X5Y5X6Y6 in males (Figure 3 A and B). All meiotic



53

metaphases from the eight males studied presented the same chromosomal
constitution and ordering by size, of the elements in the multivalent ring.

FISH using as probe the (GATA)s microsatellite revealed signal exclusively in the
pericentromeric region of two small chromosomes in both sexe, corresponding in
males to a heteromorphic pair included in the meiotic ring (Figure 5 A-D). The
telomeric motif was exclusively mapped in the canonical telomeric regions and no
ITS (interstitial telomeric sites) were noticed, including the rearranged chromosomes
in the chain (Figure 5 D). The chromosomes belonging to meiotic chain are
associated by terminal contact, i.e. telomere-telomere (Figure 5 E and F). The 45S
(18S + 28S) HM123 rDNA probe was mapped in pair 8, which was out of the
chromosomal chain (Figure 5 G), as previously reported (Gazoni et al., 2012). The
CGH experiments did not produced differential results between males and females or
for the distinct probed used (male and female genomic DNA), being observed faint
signals for the two probes along entire euchromatin and strong signals placed in

centromeric heterochromatin and terminal regions (Figure 4).

Figure 1. Locality of collection of specimens of Leptodactylus pentadactylus, in
Paranaita (9° 39'S ; 56° 28’'W), Mato Grosso state, in Brazil.
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Figure 2. Karyograms of L. pentadactylus stained with Giemsa. A. Female, showing

no heteromorphic chromosomes. B. Karyogram from male, with heteromorphic

chromosome pairs (X and Y chromosomes). Bar = 10 um
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Figure 4. Comparative genome hybridization (CGH) in mitotic metaphases of female
and male of L. pentadactylus. None sex-specific/differential hybridization was

detectable for both sexes. Bar = 10um
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Figure 5. FISH with different probes in L. pentadactylus. Microsatellite GATA(8): A.
mitotic female chromosomes with signals in a homomorphic pair. B. mitotic male
chromosomes with signals in a heteromorphic pair. The same signals from this
heteromorphic pair were detected in metaphase Il (C), and integrating the
chromosome chain in diakinesis (H). Telomeric TTAGGG(n) sequences showing only
terminal signals in mitotic metaphase (l), and in diakinesis (J). K. Ribossomal DNA

probe (HM123) hybridized in a bivalent. All the metaphases were counterstained with

DAPI, as showed unmerged exclusively in D-G.
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Discussion

These findings represents a new break of record for vertebrates, since the species
holding this position so far was the platypus, with ten XY chromosomes.

Interestingly, the relative number of sex chromosomes originated in L. pentadactylus
is much bigger in comparison with the platypus, wich has 10 sex chromosomes, in a
karyotype with 2n = 52, while L. pentadactylus achieved 12 sex chromosomes in a
karyotype with 2n = 22 chromosomes during its evoluition.

From the translocation steps that ocurred in several of the chromosomes and
isolated them from recombination events with the non-translocated autosomes, they
could evolve as sex chromosomes independently during generations.

The results presented here make clear that the sex-linked chromosomes are fixed in
this analysed population of L. pentadactylus (seven females and six males),
reinforcing so far, the occurrence of a seeming balanced proportion of males and
females that suggest no interference in male viability.

The detected telomere sequences, as showed before (Gazoni et al., 2012), did not
recognize ITS as remaining of the supposed translocations occurred in the
karyotype, and confirmed the presence of 12 chromosomes in the rings.

This is the first case of identification of heterologous sex chromosomes in the genus
Leptodactylus. Barale et al. (1990) suggested a first case of sex chromosomes (XY),
identified by heteromorphic C bands at chromosomes 1, for specimens of
Leptodactylus chaquensis collected in Argentina. Furthermore, the analyses of

individuals from Brazil (Gazoni et al., 2012) do not confirmed this observation.

Although meiotic chains with more than four chromosomes has been reported for the
anuran species Haddadus binotatus, Aplastodiscus albofrenatus, and A. arildae, for
these species the translocated chromosomes were not sex related/specific. These
multivalent associations were supposed to be formed by non-chiasmatic ectopic

pairing, due to heterocromatic sequences (Schmid, 2010).

The CGH analyses suggest that the absence of sex-specific signal was observed
could be suggestive of a relatively early origin to these multiple sex chromosome
system or that the pool of sequences hybridized is not specifically enough to show it.
CGH on amphibian chromosomes were restricted to Xenopus laevis and Xenopus

tropicalis (Uno et al., 2008) and to the cane toad (Bufo marinus) (Abramyan et al.
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2009). In the former study, as for L. pentadactylus, both males and females of
Xenopus species exhibited same hybridization signals, with no detectable sex-
specific signals, even between the known homomorphic sex chromosomes. To the
latter species, based in specific signals were found only in one of the chromosomes 7
in females, a zz/zw sex chromosome system involving the NOR-bearing

chromosomes could be confirmed.

The accumulation of GATA() microsatellite in one chromosome pair participating of
the meiotic sex-ring suggest that this pair could have a special relationship with sex
chromosome differentiation in L. pentadactylus. Microsatellite motifs were common to
Y/W chromosomes in diverse sauropsid taxa, suggesting that these repetitive motifs
were commonly present on the sauropsid genomes at low copy number and
amplifications of these motifs might have a functional role in composing constitutive
heterochromatin of sex chromosomes (review in Matsubara et al., 2015). These
authors proposed that amplification of microsatellite repeats is tightly associated with
the differentiation and heterochromatinization of Y/W chromosomes in sauropsids, as
well as in other taxa. GATA and AGAT repeat motifs, considered equal, by same
hybridisation patterns (Matsubara et al., 2015), were amplified and hybridised to sex
chromosomes of Mus musculus (Mammalia, Muridae) (Singh et al., 1994), in the
Testudine Cheludina longicollis (Chelonidae), and in the Squamata species Notechis
scutatus (Elapidae), Bassiana duperreyi (Scincidae), Aprasia parapulchella
(Pygopodidae), and four species of Anolis (lguanidae) (O'Meally et al., 2010;
Matsubara et al., 2013; Gamble et al. 2014; Matsubara et al., 2015). However, no

data regarding to microsattelite on chromosomes of anurans are available so far.

In the Leptodactylus pentadactylus phenetic group (Heyer, 1972), most of the
species show sex dimorphism, but the specimens here analyzed did not show any
conspicuous external morphological feature, as presence os spines in males thumbs,
that could represent sex dimorphism. A revision about the taxonomic status of this
population of L. pentadactylus, face populations from other localities, including that in
wich the species was described by Laurenti, in 1768 (Frost, 2015), the type locality,
in Surinam, is necessary to verify the presence or absence of this complex sex-
determining system, once it can be indicative of the presence of more than one

species under synonymy.
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Simple cytogenetic approaches as well as standard staining are considered
sometimes as lagged, and less important than new and complex techniques, but
constitute the first, and more important step, to reveal and understand the complexity
and diversity of the genomes organization and evolution.

More technical approaches, as well as chromosome/gene mapping, should be helpful
to detail the segregation of the sex chromosomes and to improve knowledge about

the origin and evolution of this special sex determining system.
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Abstract

The African western clawed frog (Xenopus tropicalis, XTR), also known as tropical
clawed frog, is an important model organism for genetic and developmental studies.
This unique diploid species in the genus Xenopus has 10 chromosome pairs (2n =
20) and a small genome, of about 1.7 Gbp, while the majority of other diploid anurans
have genomes about two times bigger. These characteristics make X. fropicalis a
special candidate for obtaining DNA probes from whole chromosomes for cytogenetic
studies of amphibians. We generated chromosome-specific painting probes by flow-
sorted chromosomes obtained from fibroblast cell cultures of a previously established
Xenopus tropicalis cell line (SPEEDY cell line). Each chromosome sample was
amplified by degenerate oligonucleotide-primed PCR (DOP-PCR), and then biotin-
labeled by a new round of amplification. We discuss on the potential use of these

probes in studies involving comparative painting with other anuran species.
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Introduction

There are currently great expectations regarding the FISH technique, with the use of
parts or whole chromosomes as probes. Such experiments are termed chromosome
painting or FISH paint, when one or all chromosomes of different species are
compared with greater accuracy than the other types of banding. The partial or
whole-chromosome probes may be obtained by microdissection with microneedles or
laser, provided that the chromosomes are precisely recognizable using microscopic
observations. An alternative to sort chromosomes by their size and their base
composition is flow cytometry. Flow cytometry is a, safe and effective method to
produce improved probes for FISH starting from cultured cells. It has been an
important tool to obtain isolated chromosomes from plants and animals.

Several research groups used flow cytometry alone or in combination with banding
patterns to works has identify chromosomal rearrangements and study the evolution
of karyotypes. Probes obtained by flow sorting and chromosome painting are used in
the comparative analysis of karyotypes of most vertebrate groups, such as
innumerous mammals (Pieczarka et al., 2005; Ventura et al., 2009; Beklemisheva et
al., 2011; Romanenko et al., 2015), avian (Oliveira et al., 2005; Nie et al., 2009),
reptiles (Trifonov et al., 2011), and fishes (Nagamachi et al., 2010), as well as
comparative analyses among different vertebrates groups (Grutzner et al., 2004;
Pokorna et al., 2011; 2012). However, nobody reported the use of flow sorted

chromosomes to study the evolution of amphibian karyotypes.

Xenopus tropicalis has become an important model organism in genetic and
development studies of amphibians (Hellsten et al., 2010; Harland and Grainger,
2011). As the unique diploid species in the Xenopus genus so far, X. tropicalis
genome has 10 chromosome pairs (2n = 20) (Tymowska, 1973) and one of the
smallest genome among amphibians with 1.7 x 109 bp i.e. approximately half size
found for most other species diploid amphibians (Gregory, 2015). This feature
probably reduces the chances to suffer from of the non-specific hybridization signals
in FISH that would be due to conserved repetitive DNA sequences. Thus X. tropicalis
chromosomes are special candidates to obtaining DNA probes from whole

chromosomes and use them for cytogenetic studies in amphibians.
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One limitation to obtain sorted chromosomes from amphibian species remains the
development of cell cultures to provide enough metaphases, a fundamental condition
to isolate chromosomes by flow cytometry.

Sinzele et al. (2012) developed and characterized a new cell line characterized by a
short doubling time period of, between 24 to 48h in optimum conditions. This cell line
called SPEEDY has a chromosome 10 trisomy, but a stable genome with 2n = 21

chromosomes compared to the 20 chromosomes typically found in this species.

Thus, we considered SPEEDY cell line as ideal for the isolation for the first flow-

sorted amphibian chromosomes.

The obtained data show that flow cytometry was efficient to isolate individual
Xenopus tropicalis chromosomes. In the future, flow-sorted chromosomes could be
sequenced using the approach described by Seifertova et al. (2013), and this can be
a powerful strategy to map the problematic genome sequences in this model
organism. Moreover the whole chromosomes probes obtained from X. tropicalis can

be useful in karyotype evolution studies involving other amphibian groups.

Material and Methods

We obtained metaphases for slides preparation for flow sorting from Xenopus
tropicalis cells (SPEEDY cell line - Sinzele et al., 2012) following the protocols

described in that work.

Chromosome preparations

We prepared chromosome as previously described by Krylov et al., 2007 and applied
to SPEEDY cells by Sinzelle et al. (2012). Briefly, we added colcemid (Invitrogen) to
the culture medium at a final concentration of 0.6 pg/ml. We harvested cells by
centrifugation after 4-5 h incubation and treated them with a hypotonic solution for 20
min.

We fixed the cell suspension in methanol and acetic acid (3:1 v/v) and dropped it

onto microscopic slides to obtain metaphase spread.
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Flow sorting

We performed the flow sorting experiments at the Department of Veterinary
Medicine, University of Cambridge, UK. We prepared chromosome-specific probes
using degenerate oligonucleotide primed PCR (DOP-PCR) on flow-sorted
chromosomes after previous treatments and procedures as reported in Telenius et al.
(1992), Yang et al. (1995), and Nagamachi et al. (2010). Sorted chromosomes were
prepared as described and were stained with Hoechst 33258 (2 mg/mL) and
Chromomycin A3 (40 mg/mL) in the presence of magnesium sulphate (2.5 mmol/L)
for 2 h. we added sodium sulphate (25 mmol/L) and sodium citrate (10 mmol/L) 15
min prior to flow sorting. We sorted chromosome sorting using a dual-laser cell sorter
(FACStar Plus; Becton Dickinson Immuno-Cytometry Systems). We sorted
approximately 400 chromosomes were sorted from each selected peak in the flow
karyotype. The chromosomes were sorted directly into PCR tubes containing 30 pL
distilled water. These samples were amplified by a first round of DOP-PCR using the
primer 6 MW (Telenius et al., 1992). We used one ul of this primary PCR product for
labelling with biotin-16-dUTP (Boehringer Mannheim), in a second round of DOP-
PCR using the same primer. We detected the biotin-labelled probes using avidin-
Cy3.

Fluorescence in situ hybridisation

We performed FISH experiments by combining the techniques described in Krylov et
al. (2010) and Rens et al. (1999; 2006). Approximately 10ul of metaphase
preparation were dropped onto a clean, dry slide. We then dehydrated slides at room
temperature by two minutes washes in ethanol 70% - 90% and then in 100% for 4
minutes. We then incubated the preparations in a pre-heated solution of 1% pepsin in
1M HCI at 37°C for five minutes. We washed the slides in 2xSSC twice, for five
minutes, and dehydrated them again in the same ethanol series for 5 minutes each.
We dried the slides for approximately 1 hour at 65°C in a oven before chromosomal
DNA denaturation in 70% formamide in 2xSSC at 70°C for two minutes. Immediately,
slides were immersed in ice-cold 70% ethanol for 4 minutes followed by new
dehydration in the same ethanol series. Hybridisation mixture contained 1.5 uL of

biotinylated probe and 7.5 pL of hybridisation buffer (40% deionized formamide (v/v),
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10% dextran sulphate, 2x SSC, 0.05 M phosphate buffer, pH 7.3), without addition of
competitor DNA. This mixture was denatured for 10 min at 65°C, pre-annealed at
37°C for 1 hour and applied to each slide, covering with a 22x22mm coverslip.
Hybridisation was carried out at 37°C for approximately 12 hours for same species
and 72 hours for cross-species experiments. Post-hybridisation washes were
performed in 50% formamide/1x SSC twice for 5 min each, followed by 2x SSC twice
for 5 min each, and 4x SSC with 0.05% Tween-20 (4xT), and then once for 4 min at
42°C. Probe detection was carried out using 200 uL per slide of diluted Cy3-
streptavidin antibody (Amersham) (1:500), in 4xT, at 37°C for 30 min. After detection,
slides were washed in 4xT three times for 3 min each at 42°C and mounted in
Vectashield mounting medium with 4',6-diamidino-2-phenylindole (DAPI; Vector
Laboratories) and sealed with nail varnish. Images were captured and processed
using the CytoVision Genus system (Applied Imaging, USA) and a Cohu CCD
camera mounted on an Olympus BX60 microscope. Brightness and contrast were
corrected with Corel Draw Suit X6.

The chromosome nomenclature adopted was that used by Khokha et al. (2009) in

wich the chromosomes were classified by decreasing size.

Results

Were isolated chromosomes from 12 peaks (A-J), recognized in the flow cytometry
karyotype (Figure 1). We were able to recognize eight chromosomes from these
peacks after FISH/painting assignment (Figures 2 and 3). We found that most of the
probes made from these sorted chromosomes hybridised to a single pair of
homologous chromosomes with relatively few nonspecific signals (Figure 2
A,B,C,D,D1,F,G,H,l1,J).

We observed that probes generated from peaks E and K produced some
hybridisation signals either on more than one chromosome pair (Figure 2E) or were

not specific at all (Figure 2K).

The chromosome 7 is heteromorphic by flow karyotype, since we recovered it from
three of the selected peaks (C, D and D1). This chromosome pair presented mainly
uniform hybridization throughout the chromosome, without preference for the

nucleolar organizer region at the long chromosome arm, which could be expected by
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the presence of high amount of repetitive sequences. Actually we could notice an
absence of hybridizaion signals in the nucleolar organizer region on some

metaphases spread.

Figure1. Bivariate flow karyotype of Xenopus tropicalis (SPEEDY cell line). The
peaks corresponding to the 12 obtained flow-sorted chromosomes (A-K) are shown.

The FISH-assigned chromosomes are detailed in the Figures 2 and 3.
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Figure 2. XTR probes from selected peaks hybridised in DAPI counterstained
metaphases of Xenopus tropicalis (SPEEDY Cell line), without the use of competitor
DNA. The chromosomes corresponding to peaks (A-K) and the respective marked
chromosome pairs are shown in each metaphase.




Figure 3. Assignment of the obtained probes in DAPI stained karyograms of

Xenopus tropicalis (SPEEDY Cell line). The hybridization signals were removed for

accurate identification of the marked chromosomes (insets).
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Figure 4. Cross-species painting of XTR 7 probe (peak C) on unidentified
Leptodactylus pentadactylus (LPE) chromosomes (above), and in two late leptotene

cells (below).

Xtr 7 on L. pentadactylus late leptotenes

Discussion

The results correspond to the first report of entire frog chromosomes isolated using
by flow cytometry. This result is a breakthrough that will enable significant advances
to be made on the cytogenetic and genome organization in amphibian. In a previous
study by Krylov et al. (2010), total chromosome probes were obtained by
microdissection of Xenopus tropicalis chromosomes. But we could obtain significantly
more sorted chromosomes by flow cytometry and obtain painting probes that have

higher efficiency in subsequent FISH hybridizations. Thus, cross-species
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chromosome painting experiments are more likely to succeed procedures that make
use of chromosome painting probes in amphibians. For exemple Krylov et al. (2010)
presented results on chromosome painting experiments, in which X. tropicalis probes
were hybridized to X. laevis chromosomes. Similarly, Gruber et al. (2014) studied the
B chromosome of one population of Hypsiboas albopunctatus (Hylidae), 2n = 22 + B.
Both studies used laser and glass needle microdissections results, respectively.
Krylov and collaborators have confirmed the allotetraploid origin of the X. laevis
karyotype based on rearrangements relative to the smallest chromosome (10) of X.
tropicalis. The segments of this chromosome were found in pericentric regions on

both arms of chromosomes 14 and 18 of Xenopus laevis.

Xenopus tropicalis chromosome pair 7 is of interest because it contain genes related
to sexual differentiation in this species. Seifertova et al., (2013) sequenced the laser-
microdissected short arms of this chromosome and they found more than 200
previously unmapped scaffolds on the analyzed chromosome arm, providing valuable
low-resolution physical map information for de novo genome assembly. The authors
used whole genome amplification method for 15 microdissected chromosome arms,
providing sufficient high-quality material for localizing previously unmapped scaffolds
and genes as well as recognizing mislocalized scaffolds.

In a very recent study, Uno et al. (2015) mapped sex linked genes revealing that
chromosome 7 correspond to Z and W sex chromosome in Xenopus tropicalis. They
comment however about no females specific structure differences detectable by
classic cytogenetic banding and comparative genomic hybridization and suggest that
the female specific region is very small, and that there just a few structure

differentiating Z and W chromosomes.

Xenopus tropicalis chromosome 7 is the NOR bearing chromosome and shows a
secondary constriction. We found three different peaks (C, D and D1) that
correspond to this chromosome pair 7 in the flow karyotype described here. The
peak C is in a different region compared to D and D1. Interestingly, the hybridizations
of the probes made from chromosome 7, did not label the constriction region.Yet this,
was expected for such a region rich in repetitive DNA sequences. This suggests that

DOP-PCR the amplification from flow-sorted chromosomes, in combination with
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probe renaturation could significantly reduce preferential hybridisation on these
repetitive regions.

The flow cytometry heteromorphism relative to chromosome 7 could represent a
measurable NOR polymorphism or even difference on the molecular content
between Z and W chromosomes, including the number of rDNA in the nucleolar

region in this chromosome.

Moreover, if the proposal above is correct, this data about the chromosome pair 7
can reveal that the SPEEDY cell line population has been derived from a female
tadpole.

The specific signals to single chromosome pairs reinforce the genome stability in the
Xenopus tropicalis SPEEDY cell line, at least by absence of gross translocations,

being suitable for experiments that require this condition.

In preliminary painting experiments on chromosomes of Leptodactylus pentadactylus
(Anura, Leptodactylidae) (Figure 4) we found that the X. fropicalis whole
chromosome probes obtained by flow sorting is useful to study karyotype evolution in
more phylogenetically distant amphibians. Considering this, we believe that this
probes generated by flow-sorted chromosomes will be extremely useful for
comparative evolutionary studies in amphibian species, specially that belonging to

the genus Xenopus, as well as other genera in the family Pipidae.
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8. CONSIDERAGOES FINAIS E PERSPECTIVAS

Os resultados aqui apresentados reforcam a importdncia do uso da
citogenética como ferramenta adicional, principalmente quando aliada a analise de
sequéncia de genes e utilizando-se de espécimes coletados de suas respectivas
localidades tipo, nos estudos em anfibios do género Leptodactylus que visem a
resolucdo de problemas taxondmicos e de sistematica, como naqueles relativos a
complexos de espécies, comuns ndo apenas para o género, mas também para a
ordem anura em geral. Exemplos claros podem ser destacados aqui com a
revalidacdo de Leptodactylus brevipes e L. intermedius, bem como o0
estabelecimento de um mapa preliminar de distribuicdo de algumas das espécies do
grupo L. melanonotus.

O caridtipo de L. pentadactylus coletado no sul da Amazénia evidencia um
raro sistema de multiplos cromossomos sexuais, surpreendente para vertebrados em
geral, ndo apenas pelo numero de elementos sexo-especificos, mas também por
apresentar um cariétipo com mais cromossomos sexuais do que autossomos. Novas
abordagens metodoldgicas poderdo esclarecer os mecanismos que levaram a
origem deste sistema, bem como a identificagcdo e mapeamento do conteudo génico
determinante a diferenciagdo de gbnadas nesta espécies, o que podera aumentar o
conhecimento sobre a evolugdo de cromossomos sexuais multiplos e convencionais
em anfibios. A ampliagdo dos estudos em espécimes de outras populagdes,
atualmente designados L. pentadactylus, incluindo espéciemes da localidade tipo, no
Suriname ou adjacéncias, € necessaria para a verificagdo da possibilidade de haver
mais de um taxon em sinonimia, visto que exemplares identificados como L.
pentadactylus de outras localidades, como aqueles coletados no Peru, nao
apresentaram 0s rearranjos cromossOmicos evidenciados aqui. Finalmente,
experimentos preliminares de pintura cromosémica com uso de sondas obtidas por
citometria de fluxo da espécie Xenopus (Silurana) tropicalis sugerem, ndao somente a
possibilidade de uso destas sondas em estudos de evolugdo cromossdémica entre
espécies filogeneticamente distantes, como também indicam provavel homeologia
do cromossomo 7 de Xenopus tropicalis, considerado sexual nesta espécie, com
elementos segmentos de dois cromossomos, possivelmente translocados, e,

portanto, participantes da cadeia meidtica de cromossomos sexuais em L.
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pentadactylus, devendo ser melhor explorada a possivel agdo determinante do sexo

destes segmentos nesta espécie.
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