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I Resumo

A proximidade entre Paratelmatobius e Scythrophrys é apontada por varios autores, embora esses
géneros estejam atualmente classificados em duas subfamilias de Leptodactylidae. No presente trabalho, as
espécies consideradas viventes de Paratelmatobius, P. cardosoi e P. poecilogaster, e do género monotipico
Scythrophrys, S. sawayae, foram analisadas citogeneticamente. Alguns sitios de restrigio do gene ribossomal
288 dessas espécies também foram investigados. A andlise cariotipica forneceu dados indicativos da
existéncia de uma nova especie de Paratelmatobius, Paratelmatobius sp. (aff. cardosoi), e de dois grupos de
Scythrophrys, propostas apoiadas também por dados anatdmicos ¢ relativos & vocalizagio desses anuros
obtidos por outros autores. O complemento dipléide de todas essas espécies e aquele ja descrito para P. futzii
apresentam 24 cromossomos, vérios deles com morfologia semelhante nesses diferentes caribtipos,
especialmente aqueles de P. poecilogaster, P. lutzii ¢ grupo II de Seythrophrys. Essa caracteristica pode ser
utilizada para agrupar os géneros em estudo, visto que o nimero dipléide 2n=24 ¢ raro dentre leptodactilideos
¢ os caridtipos das espécies com esse nimero diploide apresentam pouca semelhanca com aqueles de
Paratelmatobius e Scythrophrys. A analise das regides organizadoras de nucléolo (NORs) permitiu sugerir
que a presenga da NOR em um cromossomo metacéntrico pequeno, como observado em P. poecilogaster,
Paratelmatobius sp. (aff. cardosoi) e grupo I de Scythrophrys, representa um estado plesiomérfico de
localizagdo da NOR nesses géneros. O bandamento C permitiu sugerir algumas sinapomorfias de P. cardosoi
e Paratelmatobius sp. (aff. cardosoi) e outras que retnem os dois grupos de Scythrophrys. Esse método
revelou, ainda, a presenca de heterocromatina ndo-centromérica no brago curto dos cromossomos do par 1 de
todos os caridtipos em anlise, embora essa regido apresente variados tamanhos nas diferentes espécies. A
andlise molecular do DNA ribossomal mostrou um sitio Pvu II exclusivo das duas populages do grupo 1 de
Scythrophrys, corroborando a proposta da existéncia de dois grupos taxonfmicos nesse género. As espécies
de Parateimatobius e Scythrophrys, bem como Cycloramphus izeckshoni e Hylodes asper, nfio apresentam
um sitio Bst Ell considerado na literatura uma possivel sinapomorfia das subfamilias Leptodactylinae ¢
Telmatobiinae, langando questionamentos acerca daquela hipotese. Além disso, os mapas de restrigdo obtidos
para as espécies de Paratelmatobius e Scythrophrys mostraram variages interespecificas no tamanho de

alguns fragmentos, indicando que tais regides podem ser fteis em futuras analises moleculares.



II - Abstract

The proximity between Paratelmatobius and Scythrophrys has been suggested by several
authors, even though these genera are currently classified in two subfamilies of Leptodactylidae. In
the present work, the living species of Paratelmatobius, P. cardosoi and P. poecilogaster, and of
the monotypic genus Scythrophrys, S. sawayae, were studied cytogenetically. Some restriction
enzyme sites of ribosomal gene 28S were also analyzed. The karyotypic study indicated the
presence of a new species of Paratelmatobius, Paratelmatobius sp. (aff, cardosoi), and two groups
of Scythrophrys, a finding supported by some morphological and bioacoustical analyses carried out
by others. The diploid complement of all these species and that already described for P. Jutzii
consists of 24 chromosomes, several of which were similar in morphology, especially those of 7.
poecilogaster, P. Iutzii and group II of Scythrophrys. A diploid number of 2n=24 is rare among
leptodactylids and the karyotypes of species with this chromosome number share fewer similarities
with Paratelmatobius e Scythrophrys. Analysis of the nucleolus organizer regions (NORs)
suggested that the presence of an NOR in a short metacentric chromosome, as seen in P.
poecilogaster, Paratelmatobius sp. (aff. cardosoi) and group Il of Scythrophrys, is a plesiomorphic
state relative to the NOR location in these genera. The C-banding suggested possible
sinapomorphies between P. cardosoi and Paratelmatobius sp. (aff. cardosoi), and between the
groups of Scythrophrys. This technique also revealed non-centromeric heterochromatin in the short
arm of chromosome 1 in all the karyotypes, although this region showed interspecific variation in
size. Molecular analysis of ribossomal DNA revealed a Pvu II site exclusive to populations of group
I of Scythrophrys, which agrees with the proposal for two taxonomic groups in this genus. The
species of Paratelmatobius and Scythrophrys, as well as Cycloramphus izeckshoni and Hylodes
asper, failed to show a Bst EIl site considered by others to be indicative of possible synapomorphy
between the subfamilies Leptodactylinae and Telmatobiinae. The restriction maps for
Paratelmatobius and Scythrophrys showed interspecific variation in the size of some rDNA

fragments, indicating that such regions may be useful in future molecular studies.
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III - Introducéo

Os estudos citogenéticos ¢ moleculares tém fornecide importante contribuicio para as
investigagfes em  sisternatica de véarios grupos de organismos. A andlise das variacBes
cromossomicas e da seqliéncia do DNA permite s formulacio de hipbteses sobre a relacio
filogenética entre diferentes grupos taxondmicos ¢ sobre 05 fendmenos ecolégicos e os rearranjos
cromossdmicos envolvidos na evolugBio desses grupos. Embora muitas vezes a filogenia sugerida
pelos dados citogeneticos e pelos dados moleculares coincida com a proposta baseada em andlises
morfologicas anatdmicas, ecologicas e bioquimicas, existern casos de controvérsia ou diferentes
resolugbes entre esses fipos de analise. Isso pode ser resultado da superficialidade de alguma das
analises feitas, o que leva a interpretagfes incorretas, da ocorréncia de convergéneia durante a
evolugdo de algum desses grupos de caracteres ou da diferenca de taxa evolutiva de diferentes
conjuntos de caracteres (Futuyma, 1992). Essa variacdo na taxa evolutiva ¢ também responsavel
pela observagio de que a andlise isolada de um cardter sistematico nfo ¢ capaz de fornecer
mformagGes filogenéticas em todos os niveis taxondmicos. Algumas técnicas de estudo geralmente
permitem relacionar filogeneticamente espécies proximas, enquanto outras geralmente elucidam as
relagdes entre taxa mais elevados. Essa observaco também justifica a analise conjunta de dados de
diferentes naturezas para maximizar o entendimento correto da filogenia do grupo de interesse
(Hillis, 1987). Dessa forma, os estudos citogenéticos e moleculares fornecem novos dados que
devem ser analisados conjuntamente com os anatdmicos, ecoldgicos e bioquimicos para a escolha
da arvore filogenética mais provavel.

A Ordem Anura compde a Classe Amphibia juntamente com as ordens Urodela ¢
Gymnophiona. Os anuros so cosmopolitas, ndo ocorrendo apenas nas latitudes mais extremas ao
norte, na Antartida ¢ nas ilhas ocednicas. Atualmente, os anuros estio agrupados em 29 familias
(Frost, 2000). As investigages filogenéticas em Anura com base apenas em dados morfoldgicos
sdo de dificil interpretac@o, uma vez que, apesar do grande niimero de espécies e da diversidade de
habitats, os anuros sdo pouco variados morfologicamente (Hillis, 1991; Emerson e al., 2000).

Exceto pelas relagbes entre as familias basais (Cannatella, 1985, apud Hillis, 1991; Hillis, 1951),
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Introducdo

muito pouco ¢ conhecido sobre a filogenia dos Anura. A pequena divergéncia morfolégica entre os
Neobatrachia pode ser explicada, pelo menos em parte, pelo fato de 2 maioria das familias desse
grupo ter derivado do ancestral hd pouco tempo na escala evolutiva (Hillis, 1991). No entanto, isso
ndo impede que caracteres citogenéticos ¢ moleculares tenham sofride maior divergéneia do que os
morfolégicos (2 taxa evolutiva entre diferentes caracteres pode variar, como Ja mencionade), o que
justifica uma maior investigac@io dos Neobatrachia nesses niveis. Exemplos que corroboram essa
hipotese sfo encontrados em Bogart & Wasserman (1972), Batistic er /. (1975), Wiley et al.
(1989), Hillis er a/. (1993), Lourengo ¢ al. (1999), dentre outros.

1. A citogenstica como ferramenia de estudo em Anurs

Ate a década de 80, os estudos citogenéticos em Anura eram desenvolvidos com técnicas
simples ¢ a maior preocupagio dessas investigagBes era a caracterizacdo do numero cromossémico
de cada espécie. Esses estudos iniciais permitiram detectar a ocorréncia de certa variabilidade entre
0s anuros, que se mostrou grande em determinados géneros, como Elewtherodactylus (ver revisio
de Bogart & Hedges, 1995, para referéncias) e pequena em outros, como Bufo (Bogart, 1973),
embora Wilson ef al. (1974) e Bush ez al, (1977) tenham defendido a ocorréncia de pequena taxa de
evolugio em Anura.

Embora muitos mecanismos de evolugfo cariotipica em Anura tenham sido propostos com
base na analise de caridtipos corados convencionalmente com Giemsa (por exemplo, Morescaichi,
1967, ¢ Bogart, 1973}, melhor compreensio das relagdes filogenéticas entre os anuros e dos
mecanismos evolutivos envolvidos na diferenciagfio cariotipica desses animais passou a ocorrer
apds o uso de técnicas citogenéticas mais avancadas. Dentre essas, encontram-se o método Ag-
NOR, o bandamento C, os bandamentos obtidos com enzimas de restricdo, a coloragdo com
fluorocromos € a hibridagdio “in situ™, que possibilitam a melhor caracterizagdo dos Cromossomos
e, conseqientemente, facilitam o reconhecimento de homeoclogias cromossémicas.

O bandamento G e os bandamentos baseados na replicagio do DNA também Ja forneceram

resultados satisfatérios para algumas espécies de anuros {(Schempp & Schmid, 1981; Stock, 1984;
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Introducdo

Schmid & Steinlein, 1991; Nishioka ef @/, 1993; Schmid & Klett, 1994; Miura, 1995; Miura ef al.,
1993; Kasahara ef g/, 1996; Wiley & Little, 2000}, embora sejam metodologias cujo emprego ainda
ofersce dificuldades, especialmente o bandamento G. Segundo Sumner (1994), uma adequagio nas
técnicas pode acabar resultando na detecgfio dessas bandas, embora ele nfio descarte a possibilidade
de que 2 ndo visualizagfio de bandas seja devida a uma forte espiralizag3o dos cromossomos de
anfibios (como sugernido por Schmid, 1978ab). Por outro lade, Holmguist ef af. (1982) ¢ Bemardi
et al. (1983) defendem a hipétese de gue o genoma nuclear dos vertebrados de sangue frio nfo
apresenta "isocoros” {segmentos de DNA homogéneos na composicfio de bases ¢ com replicagfo na
mesma etapa da fase S), diferindo, assim, do genoma dos vertebrados de sangue quente. Segundo
esses autores, nos vertebrados inferiores, inclusive anfibios, o genoma estaria organizade em
"clusters” temporais, mas tais "clusters” nfo formariam segmentos homogéneos em relagBo 2
composico de bases nitrogenadas, o que justificaria a ndo-obtengfio de bandamento G nos
cromossomos desses animais. Essa hipétese, no entanto, nfo € aceita por Stock (1984) e King
{1988), gue apresentam exemplos de cromossomos de anuros com bandas longitudinais resultantes
do tratamento com fripsina {(bandamento G). Para Schmid & Almeida (1988), tanto a extrema
espiralizagio cromossémica como a auséneia de regides homogéneas na composigdo de base no
DNA ("isocoros") podem estar envolvidas na nfo-obtencfio de padrio de bandas de restricio
semelthante ao apresentado pelos mamiferos.

Nos casos em que o bandamento G e aqueles baseados na replicagdo do DNA promovem a
visualizagio de bandas transversais a0 longo de todo o comprimento dos cromossomos, uma methor
comparaglo de diferentes caridtipos, cromossomo a cCromossomo, se torna possivel e a
identificacfio de possiveis rearranjos ocorridos no processo de diferenciagdo dos caridtipos em
andlise fica mais eficiente.

Analisando as primeiras descrigdes cariotipicas de anuros, que consistiam na determinag@o
do nGmero cromossdmico, identificacio de constricdes secundérias, posigdes centromericas €
comprimento relativo dos cromossomos (para referéncias, ver Kuramoto, 1990, e King, 1990),
Morescalchi (1968, 1973) e Lynch (1971) sugeriram que anuros com caracteres morfoldgicos
primitivos t€m cariotipos com alto niimero cromossdmico e, conseqlientemente, 0s caridtipos com

poucos cromossomos das espécies mais derivadas sfio resultantes de um longo processo evolutivo.
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Ainda com base em dados dessa natureza, Bogart (1973) especulou que cariotipos de anuros
pertencentes a familias consideradas mais  derivadas (como Dendrobatidae, Hylidae,
Leptodactylidae, Microhylidae e Ranidae) possam ter originado a partir de um caridtipo ancestral
com 26 cromossomos do tipo de pelobatides. Segundo Bogart, cariétipo desse tipo é encontrado,
por exemplo, em géneros considerados primitivos dentro de Leptodactylidae, como Telmatobius e
Calyptocephala. Provavelmente, nessa familia o caridtipo ancestral com 2n=26 sofren redugiio
cromossémica, origmando caridtipos com 24 e 22 cromossomos, ¢ gue representa a maior
dicotomia ocorrida entre os Leptodactylidae (Bogart, 1973).

Um interessanie exemplo de redugfo do nimero dipléide de 2n=26 para 2n=24 foi
observado no género Rame (Ranidae). Analisando os padides de bandas de replicagio tardia
apresentados por diferentes espécies do grupo de sapos marrons {("brown frogs™), Miura ef ai.
(1995} sugerem que um Unico evento de fuso “in tandem” entre o5 cromossomos 11 e 13 de um
caridtipo ancestral com 2n=26 (do tipo dos cariétipos atuais de Rane com 2n=26) possa explicar a
origem dos caridtipos com 2n=24 em estudo. Embora a ocorréncia dessa fusio cromossdmica ja
tivesse sido uma das alternativas consideradas por Nishioka ef af. (1987, apud Miura et al., 1995),
as analises de caridtipos corados convencionalmente ou submetidos ac bandamento C realizadas
anteriormente ao estudo de Miura e colaboradores levaram alguns autores a interpretagdes
equivocadas acerca do rearranjo em questdo. Morescalchi (1967), por exempio, sugeriu uma fusio
entre cromossomos 6 € 10 ¢ uma possivel perda de material cromossdmico para explicar a
diminuig@o no nimero cromossémico dipldide nesse grupo. J4 Green (1983) supds que tal variacio
crorpossomica tivesse envolvido a produggo inicial de dois cromossomos telocéntricos através de
inversdes pericéntricas ¢ a subsequente fusio desses.

Homeologias cromossomicas também foram reconhecidas entre os padrBes de bandas de
replicagdo tardia de seis espécies e uma subespéeie de Rana, uma especie de Hyla e uma de Bufo.
Tal analise permitiu que Miura (1995) sugerisse que o baixo nimero cromossdmico (22-26) ¢ a
similaridade dos cari6tipos desses trés géneros (representantes de diferentes familias)
provavelmente ndo sejam resultantes de convergéncia, mas sim caracteristicas presentes em um
cari6tipo ancestral comum, conservados até entfio. Essa conclusio de Miura reforga a hipétese de

Bogart (1973) sobre a origem comum dos caridtipos de anurcs de familias mais derivadas,
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mencionada anteriormente. Miura compara, também, os padroes de bandas de replicagéo tardia de
Rana, Hyla e Bufo com o de Xenopus laevis (2n=36), descrito por Schmid & Steinlein (1991,
especie pertencente a familia Pipidae, considerada primitiva em Anuwra. O autor conchi que
cromossomos grandes de Rana, Hyla, Bufo e Xenopus laevis apresentam certa homeologia entre si,
sugerindo que o cariotipo ancestral desses taxa inclui tais cromossomos, Miura suspeita, ainda, que
outros géneros também primitivos e com numero cromossémico dipléide maior do que 26, como
Ascaphus e Alytes, apresentem homeologia com os cromossomos grandes dos quatro géneros
mencionados anteriormente. Portanto, segundo esse autor, 0s rearranjos cromossémicos ocorridos
durante a divergéneia dos Anura envolveram, principalmente, 0s cromossomos menores.

Além da fusdio "in tandem", cujo exemplo foi considerado anteriormente, eventos de fusio
céntrica também podem ter acarretado reducgio no nimero cromossémico dipidide ao longo do
processo evolutivo em Anura (Bogart, 1973; 1991; Becak er al, 1970; Morescalchi, 1973).
Morescalchi (1973) considera, ainda, que tais eventos de fusio cromossdmica possam ter
contribuido para a transformaciio de cariétipos assimétricos em cariGtipos simétricos. Por outro
lado, 0 aumento do numero cromossomico dipléide observado em alguns casos de anuros pode ser
explicado por eventos de fissdo céntrica, conforme descrito por Bogart (1973, 1991), Cole (1974),
Miura (1995) ¢ Busin er al. (2001). Diferente do que ocorre nos exemplos j4 citados, em alguns
casos ndo ¢ possivel apontar a polaridade da transformacfic cariotipica em andlise, sendo
mmpossivel a eleigdio da reducio ou do aumento de nimmero cromossémico como o evento que
resultou na situagdo atual. Exemplo disso ¢ o que ocorre com Eleutherodactilus glandulifer
{Bogart, 1991},

Translocagles, inversdes, adigBes, delecbes ¢ amplificagBes sfio também rearranjos que
devem ter importante participagdo na evolucdo cariotipica. Varios estudos supfem que eventos
como esses possam estar envolvidos, por exemplo, na diferenciacio de cromossomos sexuais em
diversos organismos, tendo, muitos deles, papel crucial no inicio desse processo (ver revisio de
John, 1988).

Em Anura, a ocorréncia de hetermorfismos sexuais cromossémicos ¢ rara. Dentre as

espécies citogeneticamente estudadas até hoje, apenas cerca de 24 casos de cromossomos sexuais

heteromérficos sdo conhecidos e em varios desses casos o heteromorfismo s6 ¢ detectado em
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caridtipos submetidos a alguma técnica de bandamento cromossémico (ver revisdo de Schmid et o/,
1991, Nishioka ef al. 1993; Schmid ef al. 19972; Miura 1994a.b; Cuevas & Formas 1995; Lourengo
et al., 1999, Ryuzaki er of, 1999). Diversos mecanismos cromossémicos relacionados 2
determinagiio do sexo ocorrem em Anura, evidenciando a participagdo de diferentes processos
evelutivos na diferenciacfo de cromossomos sexuais nesse grupo. Tais processos sdo, portanto,
recentes © muitas vezes suas evidéncias podem ser reconhecidas no estudo de categorias
taxonOmicas pouco abrangentes, como géneros e espécies (exemplos em Iturra & Veloso, 1989;
Cuevas & Formas, 1996; Lourengo et af., 1999). Dessa forma, o estudo dos cromossomos sexuais
pode fornecer interessantes informacdes acerca de relacBes filogenéticas interespecificas, naqueles
grupos em que tais cromossomos sio facilmente reconhecidos através da analise citogenética.

Além dos rearranjos cromossdmicos mencionados anteriormente como responsaveis pela
giferenciagfio de cromossomos, os eventos de néo-reduglc meidtica e/ou de endomitose zigotica
também parecem ter exercido importante papel na evolugdo dos anuros. Viarios casos de
poliploidizagZo s#o observados em diferentes familias de Anura. Dentre os leptodactilideos, por
exemplo, sdo encontradas espécies poliploides nos géneros Odontophrynus (4n), Ceratophrys (8n),
Pleurodema (4n), Eleutherodactylus (8n) e Neobatrachus (4n) (revisio de Tymowska, 1991).
Exemplos de poliploidizagio sfo encontrados também em Bufonidae (revis@io de Tymowska, 1991;
Stock er al., 1999), em Hylidae (Phyllomedusa, 4n), em Ranidae (Pyxicephalus, 4n, ¢ Discoglossus,
4n), em Myobatrachidae (Neobatrachus, 4n), em Pipidae (Xenopus, 4n) (ver lista de Kuramoto,
1990 e revisdo de Tymowska, 1991) e em Microhylidae (Cophixalus, 4n, e Chiasmocleis, 4n)
(Kuramoto & Allison, 1989; Kasahara & Haddad, 1997).

A autopoliploidizagio, segundo Tymoswka (1991), é o mecanismo mais comum de
poliploidizagio em Anura. No entanto, Xenopus e Pleurodema oferecem evidentes exemplos de
alopoliploidizagio, fenémeno que envolve a formagdo de hibridos além dos eventos de nio-
disjuncio cromossdmica. A poliploidizagio é considerada um importante mecanismo de especiacgio
em Anura, como proposto por Bogart & Wasserman (1972), que discutem a existéncia de duas

espécies morfologicamente idénticas que apresentam, respectivamente, cariotipo diploide e

poliploide.
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1.1. As regiGes organizadoras de nucléoles (NORs) como caracteres citogenéticos

A eanalise das regides organizadoras de nucléolos (NORs) representz uma importante
ferramenta para ¢ estudo de caridtipos em anfibios. As NORs sfo sitios cromossémicos formados
por numerosas copias de genes que codificam os RNA ribossomais (RNAr) 185, 5,85 e 28S,
arranjadas "in tandem” e separadas por seqiéncias espagadoras (Long & Dawid, 1980; Miller,
1981). Além dessas seqiiéncias, cada unidade repetitiva dos “clusters™ de DNA ribossomal (DNAT)
apresenta um espagador transcrito externo, localizado a 5 do DNAr que codifica o0 RNAr 188 e
dois espagadores internos, posicionados entre os DNArs que codificam RNAr 185 e 5,85 ¢ entre
esse ¢ 0 que transcreve RNAr 288, Esses espagadores sfo removidos do transcrito primério {que é
um RNA 405 no caso dos anfibios) durante o processo de maturagiic desse tipo de RNA {(Long &
Dawid, 1980).

As NORs séo ricas em GC, principalmente nas regides que codificam os RNAs 185, 5,85 ¢
283 (Sumner, 1990) e geralmente sfo regiGes de constricdes secundérias, como inicialmente
observado por Henderson et al. (1972) e Hsu ef al. (1975). No entanto, algumas evidéncias mostram
que nem todas as NORs aparecem como constricdes secundérias e que em alguns casos elas contém
heterocromatina (Goessens, 1984; King, 1980; Schmid, 1982). Algumas observagdes sugerem,
ainda, a localizag8o adjacente de determinado tipo de heterocromatina em relaciio a algumas NORs
{Schmid 1978a; 1982; King, 1980).

As regibes espagadoras entre os cistrons 188+28S sio provavelmente compostas
parcialmenie ou inteiramente de seqiéncias repetitivas de DNA, o que justifica a detecciio dessa
regio pela técnica de bandamento C (ver revisdo de King, 1991). O papel dessa heterocromatina
em rearranjos envolvendo as NORs ja foi questionado em estudos com urodelos. De Lucchini ef al.
(1988) propuseram que a ocorréncia de seqiiéncias repetitivas nos espagadores intergénicos do
DNAr de Triturus vulgaris meridionalis provoque um aumento na fregiiéncia de recombinagiio e/ou
amplificacdo dessas regibes, acarretando a grande variabilidade de numero e tamanho apresentada
por “sitios adicionais” de DNAT.

A trapscrigdo das NORs na intérfase acarreta a formacio de nucléolos. Tais estrutaras sio

constituidas por proteinas relacionadas a esse processo de transcrigho e proteinas ribossomais (que
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representam cerca de 85% dessa estrutura), além de DNA e RNA ribossomais {que podem
represeniar até 17 ¢ 10% do nucléolo, respectivamente). Nos nucléolos ocorre ndo sé a sintese do
transcrito primario, mas também o seu processamento para a produgioc do RNAr 188, 5852285 ¢
a associagdo desses RNAr com proteinas ribossomais ¢ RNAr 58 (sintetizado fora do nucléoic e,
entfo, transportade para esse) para a formacio das subunidades ribossornais 408 e 608 O tipe, o
tamanho e o nimero de nucléolos existentes na célula também variam conforme o tipo celular
estudado, o estado fisiolégico da célula e o nimero de NORs existentes na céluia, Nucléolos em
forma de aneis, por exemplo, sdo encontrados em células com pequena sintese ribossomal, como
linfécitos pequencs € monécitos do sangue periférico. Nucléolos grandes e compactos ou
reticulados s3o observados em células muito ativas em relagio 2 biogénese ribossomal, como
células com alta velocidade de duplicacio e células secretoras. Provavelmente, a diferenga entre os
tipos compacto e reticulade representa pouca diferenca na atividade nucleolar. As diferencas
morfolégicas nucleolares que oferecem maiores informactes sobre as caracteristicas relativas as
NORs ¢ as suas atividades sfio tamanho e nimero. Um aumento na sintese de ribossomos, resultante
da ativagdo de mais NORs, acarreta uma fusfo entre elas e, conseqlientemente, entre os nucléolos.
Quando a célula entra em divisio, ocorre a dispersio do nucléolo, originando varios nucléolos
pequenos. Geralmente células que se dividem raramente ou nfio se dividem t8m um ou poucos
nucic¢olos (revisbes de Schwarzacher & Wachtler, 1993; Schwarzaker & Mosgoeller, 2000).

Além de ser o sitio de transcriciio de RNA ribossomal 188, 5,83 e 288, o nucléolo apresenta
proteinas nfo-ligadas & biogénese ribossomal que exercem importante papel no controle do cicle
celular. Nos dltimos anos, foram identificadas trés proteinas reguladoras do ciclo celular cujas
atividades sfo inibidas no nucléolo, Cdc 4, Mdm2 e Pch? (ver revisbes de Schwarzaker &
Mosgoeller, 2000; Visintin & Amon, 2000). O processamento de alguns RNAs transportadores de
fungos, a maturagio do RNA da particula de reconhecimento do sinal (RNA SRP) e outras
modifica¢Bes pés-transcricionais de pequenos RNAs nucleares (snRNA), como a metilagio do
RNA spliceossomal U6, sdo eventos que também ocorrem no nucléolo ¢ estio motivando varios
estudos (revisdo de Olson e al.,, 2000). No homem, o actmulo de alguns virus patogénicos no
nucléolo também j4 foi relatado e as implicacBes desse fato tém sido questionadas (ver revisio de
Schwarzaker & Mosgoeller, 2000).
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A detec¢lio das NORs para a andlise do nimero e da localizagdo cromossdmica dessas
regibes pode ser feita através de hibridagfio "in sitn” ou através de técnicas citoquimicas, como
coloragdo com mitramicing ou cromomicing, bandamento N ¢ impregnagio pelo lon prata. Dentre
esses métodos, a hibridacBo "in situ” € o mais especifico e evidencia todas as NORs, inclusive as
inafivas. A mitramicina € a cromomicina coram regifes gendmicas ricas em GC, podendo
evidenciar, portanto, ndc apenas as NORs, mas também muitos outros segmentos ricos em GC,
como certas regibes heterocromaticas. O bandamento N (propostc por Matsui & Sasaki, 1973)
envolve a extragio de 4cidos nucléicos ¢ histonas dos cromossomos, seguida pela coloragiio com
Giemsa ¢ evidencia NORs. Embora Faust & Vogel (1974) tenham sugerido que esse bandamento
evidencie heterocromatinas especificas adjacentes as NORs e nfio o DNAr dessas regies, a técnica
proposta em 1973 apos algumas modificagdes mosirou-se capaz de detectar NORs em muitas
espécies, como mencionado por Sumner (1990). A impregnacdo pelo fon prata ¢ o método mais
usado para a identificacfic de NORs, embora detecte apenas as NORs que estiveram ativas na
intérfase precedente. Essa técnica foi proposta inicialmente por Howell e al. (1975) e sofreu vérias
modificac¢es, sendo o procedimento sugerido por Howell & Black (1980) o mais utilizado para a
detecgio de NORSs e nucléolos.

O método de impregnagio por prata (método Ag-NOR) baseia-se na afinidade de proteinas
acidas associadas as NORs ativas na intérfase pelo ion prata. Essas proteinas argir6filas, também
conhecidas por proteinas Ag-NOR, permanecem associadas as NORs mesmo durante a mitose e até
o paguiteno da meiose. Varios estudos estdo sendo feitos na tentativa de descrever guais sio as
proteinas Ag-NOR ¢ algumas delas ja foram identificadas, como RNA polimerase 1 {Scheer &
Rose, 1984), nucleolina (Ochs er al., 1983), DNA topoisomerase I (Guldner er o, 1986), pl35
{Pleifle et al., 1986) ¢ UBF (Chan er ol., 1991; Hemandez-Verdun ef ol., 1993). Treré er al. (1989),
analisando o aumento da area nucleolar em células tumorais, sugerem que proteinas envolvidas no
preparo dos genes ribossomais para duplicagdio também sejam argiréfilas, O dominio protéico
responsave] pela impregnagfo da prata também estd sendo investigado. Alguns pesquisadores
acreditam que a afinidade da prata se dé pelo grapo fosfato (Satoh & Busch, 1981; Hubbell, 1985).
QOutros acreditam que os responsaveis sejam grupos carboxilas (Olert er al., 1979; Buys & Osinga,
1984). Uma outra possibilidade ¢ que o grupo argiréfilo seja o sulfidril (De Capoa er ol 1982),
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embora os resultados de Olert er o/, (1579), Buys & Osinga (1984) e Hubbeli (1985) nfio suportem
essa hipbtese. Hemandez-Verdun er al. (1993) propdem que a afinidade pela prata seja promovida
pelo dominio 4cido amino-terminal das protefnas Ag-NOR e que seja independente de fosforilacio.
No entanto, varios estudos ainda devem ser feitos para elucidar essa questio.

Embora seja um metodo largamente utilizado, a impregnacdo pela prata metdlica nio &
especifica para NORs, pois outras estruturas como heterocromatina, cinetocoro e “cores”
cromossdmicos também podem ser marcadas. No entanto, essas estruturas quando marcadas sio
facilmente distinguiveis das NORs pelas suas formas e colorages, pois geralmente as NORs
aparecem mais escuras e sio puntiformes (Sumner, 1990).

Apesar de varios estudos j4 terem mostrado que algumas NORs podem permanecer inativas
{ver revisGes de Schwarzaker & Wachtler, 1993, ¢ Schwarzaker & Mosgoeller, 2000), os
mecanismos de interacio entre as diferentes NORs ¢ aqueles de interagho entre as NORSs e outras
regides do genoma, que interferem na regulacdio da atividade dos cistrons de DNAr sdo pouco
conhecidos. Estudos realizados em espécies de gafanhoto evidenciaram que regifes de
heterocromatina supernumerdria podem acarretar a inativagiio de genes supressores de genes
ribossomais (Cabrero er al., 1986; Lopez-Leén ef al., 1993}, relacionando polimorfismo de bandas
heterocromaticas com variagio no padrio de NOR apresentado. Salcedo 7 al. (1988), também em
estudos com gafanhotos, relacionaram a ocorréncia de cromossomos B com o aumento da
dependéncia entre NORs, acarretando 0 aumento da atividade de algumas NORs e diminuicdo de
outras. O estagio do desenvolvimento fisiolégico também j4 foi relacionado com a regulagdo da
atividade de NORs em ervilhas {Waterhouse e al, 1986; Watson et al., 1987) e em gafanhoto
(Lopez & Leon et al., 1995). Viarios trabathos t&m mostrado, ainda, a interagfio entre NORs em
hibridos interespecificos, evidenciando um fendmeno de competi¢do entre as NORs provenientes
de diferentes especies, conhecido por anfiplastia, que resulta na domindncia de algumas NORs,
determinada em funcfio da combinagiio de NORs encontrada (Bicudo, 1981). Em nivel inter- e
intrapopulacional, o fenémeno de competigio ¢ dominéneia entre NORs também 4 foi observado
(Flavell & O’Dell, 1988; Santos ef al., 1990). Os estudos de Santos e colaboradores, realizados em
uma populagdo de trigo, mostraram que as NORs ativas dominantes sio mais metiladas do que as

demais e que, na auséncia das NORs dominantes, as outras NORs tém sua atividade aumentada.

18




Introducdo

Nz maioria dos anuros estudados, as regides evidenciadas pelo método Ag-NOR e por
hibridagio "in situ” com sondas de DNAr sfo coincidentes {(Schmid er al., 1986; King et al., 1990;
Foote ef al, 1991; Schmid ef al, 1993a; 1995; Lourengo ef al, 1998). Até hoje, em apenas quatro
espécies, Hyla chrysoscelis, Hyla versicolor (Wiley ef al., 1989), Hyla nana (Medeiros, 2000) e
Colostethus aff. marchesianus (Veiga, 2000}, o método de hibridagiio "in sity” revelou sitios
adicionais nfio detectados por impregnacio por prata, além das NORs evidenciadas por ambos os
métodos. Nesses casos, tais sitios de homologia com DNAr nunca foram evidenciados como NORs
ativas, 0 que torna a regulagho diferencial na expressfio dessa regifio uma hipétese pouco provavel
para a explicaglo do fendmeno observade. Por outro lado, a inativacio permanente dos genes
ribossomais presentes nesses sitios detectados exclusivamente pelo método de hibridagio "in situ” é
uma possivel explicaco para 2 situagio relatada.

A inativag@0 de genes ribossomais ja foi levantada para explicar 2 nfo-detecgio de NORs
em todos ©0s cromossomos homdlogos ac portador de NOR na espécie tetrapldide de
Odontophrynus americanus (Ruiz et al., 1981; Cortadas & Ruiz, 1988; Ruiz & Brison, 1989},
embora nesse caso a técnica de hibridacfio "in situ” nfo tenha sido utilizada para verificar a
existéncia desses sitios possivelmente inativos. J& em hibridos interespecificos de Xenopus laevis e
Xenopus mulleri, a regulagdo da atividade de transcrigio de DNAr foi claramente descrita (Honjo &
Reeder, 1973). Nesse estudo os autores mostraram a transcricfio preferencial do DNAr de X laevis
e a supressio da atividade do DNAr de X, mulleri.

O tamanho das diferentes NORs (mesmo que sejam homologas) também pode variar entre
diferentes individuos da mesma espécie, devido ao diferente nimero de cépias do gene ribossomal
presente em cada NOR (Suzuki er al., 1990; Leitch & Heslop-Harrison, 1992; Mellink er af., 1994).
Em anuros, esse fendmeno ¢ bastante comum e amplamente descrito (Schmid 1978a,b; 1980a,b;
1982; Silva ef al., 1999; Formas & Cuevas, 2000). Segundo Schmid (1982), NORs duplicadas ou
triplicadas ndo ocorrem em homozigose em populagdes selvagens, estando sempre associadas a
NORs de tamanho “normal”. A hipdtese levantada por aquele autor para explicar tal fendmeno ¢ a
de que a homozigose de seqiiéncias adjacentes 4s NORs, duplicadas juntamente com elas, tenha
efeito deleterio. Nesse caso, tais seqiiéncias duplicadas seriam as responsaveis pela selecdo sofrida

pelo morfo portador da duplicacio ¢ no a duplicacie da NOR propriamente dita, visto gue o
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excesso de DMNAr parece nfio ser prejudicial ao organismo. Na maioria dos casos de
heteromorfismos de tamanho de NORs descritos, nfo foi mencionada nenhums variagio
intraindividual no padrio de NORs detectadas nas metéfases. No entanto, King er al (1990)
relataram variag@o desse tipo entre diferentss células de um mesmo individuo em espécies de
Litoria e em Cyclorana novaehollandiae (Anura, Hylidae).

O nlmero ¢ a localizagio das NORs tendem a ser caracteristicos de cada populagéc ou
especie (para exemplos, Schmid, 1978ab), embora variages dessas naturezas ja tenham sido
relatadas nos anures Hyla chrysoscelis € Hyla versicolor (Wiley et al., 1989), Bufo terrestris (Foote
et al., 1991), Agalychnis callidryas (Schmid et al., 1995), Hyla ebraccata (Kaiser et al., 1996),
Physalaemus petersi (Lourengo et al., 1998), Physalaemus cuvieri (Silva et ol 1999) e Hyla nana
{Medeiros, 2000). No caso de Hyla ebraccata, variagiio encontrada ¢ interpopulacional e se refere
a localizacdo da NOR. Nas demais espécies citadas, puderam ser observados exemplos de variagio
intrapopulacional na ocomréncia de NORs. Em B. terrestris, A. callidryas e P. cuvieri, 3 variagio
intrapopulacional se da em relagio 2 NORSs que ocorrem adicionalmente a um par fixo de NORs. Ja
em H. chrysoscelis, H. versicolor e P. petersi, nenhuma NOR estd fixada nas populagfes
estudadas.

A maioria dos anuros apresenta um par de NORs por genoma dipléide, condigio obsevada
tanto em familias primitivas como derivadas (ver Kuramoto, 1990, e King, 1990, para referéncias).
Tal observaglio levou King er al. (1990) a sugerir que, em Anura, a presenga de apenas um par de
NORs por genoma dipldide seja uma condi¢io primitiva em relagio 4 ocorréncia de NORs
multiplas. Embora os eventos que levaram 2 dispersdo da NOR durante o processo evolutive nio
possam ser inequivocamente reconhecidos nos diferentes casos ja estudados, alguns mecanismos
possivelmente envolvidos nesse processo tém sido considerados por diversos autores {(Wiley et al.,
1989; King et al., 1990; Foote et al., 1991; Schmid ef al., 1995; Kaiser et al., 1996; Lourengo er al.,
1998; Silva ef al., 1999). Sio eles: translocagdes e/ou inversdes envolvendo segmentos portadores
de NOR, transposigdes acarretadas por elementos genéticos moveis ligados 4 NOR, amplificagtes
de cistrons 185+28S 6rfdos, e reinsergBes errdneas de DNA ribossomal durante a amplificacdo

extracromossomal de cistrons 185+288 observada na ovogénese de anfibios.
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Dessa forma, a anélise cuidadosa do ntimero e da localizag8o cromossdmica das NORs pode
permitir & identificagfo de homeologias entre diferentes populacfes e espécies, possibilitando, em
alguns casos, © reconhecimento de alguns rearranjos cromossdmicos que possivelments
diferenciaram cariotipicamente diversos grupos. Além disso, 2 andlise das NORs e dos nuciéolos
permite o estudo da atividade da célula durante o seu desenvolvimento, como no caso da

gametogénese. Esse tipo de analise também pode auxiliar os estudos filogenéticos.

1.2. Heterocromatina constitutiva e suas implicacBes evolutivas

O termo heterocromating foi atribuido por Heitz (1928) a segmentos cromossémicos gue
permanecem no estade condensade durante toda a intérfase, com base em observagBes
morfolégicas. Estudos autorradiograficos mostraram que a cromatina encontrada no estado
condensado € transcricionalmente inativa (Ris & Korenberg, 1979). Dependendo do tipo de
condensac@io envolvido, ¢ possivel distinguir trés classes de cromatina condensada no nicleo
interfésico: eucromatina condensada, heterocromatina facultativa € heterocromatina constitutiva,
No caso da condensac¢fo da eucromatina, a inativag8o € reversivel e ocorre em determinada geracgo
celular. A heterocromatina facultativa ¢ uma forma de eucromatina que sofreu inativagio e
condensa¢fo no inicio do desenvolvimento do organismo e permanece nesse estado por muitas
geragdes celulares em todos os tecidos somdticos. A heterocromatina constitutiva ¢ aquela
localizada em posigbes idénticas de cromossomos homélogos, em todas as células, como uma
entidade permanente. Foram segmentos de heterocromatina constitutiva que Heitz (1928) descreveu
¢ denominou de heterocromatina. Ao microscopio de luz essas classes podem ser diferenciadas; no
entanto, tais cromatinas apresentam a mesma densidade ao microscépio eletrdnico (ver revisdo de
John, 1988).

A heterocromatina constitutiva de diversos organismos j4 estudados € composta
predominantemente por seqii€ncias curtas de DNA, altamente repetitivas ¢ ndio codificadoras, como
confirmam as revisdes de John (1988) e Sumner (1994). A suposta inexisténcia de genes na

heterocromatina constitutiva ¢ a observagfio de que essa cromatina pode ser deliberadamente
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eliminada ou nfo amplificada enguanto o restante do DNA sofre politenizacdo em células
somaticas levou, no passado, alguns pesquisadores a considerarem 2 heterocromating um “lixo” do
nucleo. No entanto, atualmente jA se sabe que vérios genes funcionais sio encontrados na
heterocromatina de alguns organismos (ver revisbes de Weiler & Wakimoto, 1993) e muitas
fungBes ja foram atribuidas 2 heterocromatina (indicadas a seguir), embora o significade bioldgico
¢ evolutivo da heterocromatina ainda permanega pouce elucidado e motive varias investigacfes. A
heterocromatina deixa de ser o "lixo” do nicleo e é referida como collector’s item {item de
colecionador) (Pardue & Henning, 1990).

A 1nativag@o de genes localizados dentro ou proximos & heterocromatina foi um dos
primeiros efeitos atribuidos a heterocromatina (variegacio por efeito de posigio) e é um fenfmeno
amplamente estudade em Drosophila (Spofford, 1976; Reuter & Sprerer, 1992; Weiler &
Wakimoto, 1995). Por outro lado, segmentos heterocromaticos extras, nf#o necessariamente
adjacentes a NORs, tambem ja foram relacionados com a regulagio da expressdo dessas regides
organizadoras de nucléolos. Cabrero er al. (1986), em estudos com gafanhoto, relacionaram a
existéncia desses segmentos heterocromaticos extras a wm aumento na atividade de NORs
secundarias, sugerindo que esses blocos de heterocromatina possam inativar gENes supressores
dessas NORs, encontrados adjacentes a essa heterocromatina. Lopez-Le6n er al. (1995), também
em estudo com gafanhoto, evidenciaram a ocorréncia de varios tipos de dependéncia entre NORs
na presenga de heterocromatina supermumeraria.

Uma importante proteina relacionada 4 inativagfio génica em varios organismos € a HP1
(heterochromatin protein I) (Eissenberg et al., 1990). Originalmente descrita em Drosophila
(James & Elgin, 1986; James er al., 1989), a HP1 ¢ uma proteina niic-histbnica atualmente L]
descrita em fungo, insetos, peixe, anfibios € mamiferos (ver revisio de Eissenberg & Elgin, 2000).
Varios estudos tém sido realizados a fim de esclarecer o mecanismo pelo qual a HP1 (e suas
isoformas) reconhece € se liga 4 cromatina, para melhor entendimento do seu papel na repressio da
express#o génica (Minc et al., 2000; Zhao et al., 2000).

King (1991) discute outro importante efeito da heterocromatina, que se refere & proteciio de
sitios eucromaticos adjacentes a ela contra modificagdes estruturais acarretadas por recombinagio,

umna vez que a presenga de heterocromatina pode inibir a formagfo de quiasma. Essa situacdo nem
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sempre € observada em relagho a blocos de heterocromatina j4 fixados na populagfo, mas
mvariavelmente detectada em populacdes em que segmentos de heterocromatina encontram-se em
um estado polimdrfico (ver King, 1991, para referéncias; [fiigo e al., 1998; Lourenco ef a/., 1999).
Além disso, John (1988) afirma em sua revisio que algumas categorias de heterocromating
permitem recombinacfio enquanfo outras nfio, o que justificaria a observagio de diferentes
comportamentos meioticos em relagdo a presenga de blocos heterocromaticos. Os casos de
heteromorfismo de heterocromatina que acarretam 2 redugfio na taxa de recombinago podem ter
grande importéncia para ¢ inicio de diferenciag@o de cromossomos sexuais (Singh ef al., 1976;
Jones & Singh, 1981; Jones,1983; 1984).

Outra relevante observagfio relativa & hsterocromatia refere-se 4 capacidade de pareamento
ou associagio meldtica apresentada por seqiiéncias heterocromaticas encontradas em cromossomos
homélogos ou ndo, fenémene que exerce importante papel no pareamento cromossémico (Hawley
er al. 1993; Ifiigo er al, 1998; revisdes de John, 1988, Irick, 1994, Wolf, 1994}, Esse
comportamento da heterocromatina ¢ amplamente estudado, mas a natureza quiasmética ou
aquiasmatica desse pareamento/associacdo ¢ ainda motivo de controvérsias (John & King, 1985;
Jones, 1987, Wada & Imai, 1995).

A vparticipagio da heterocromatina vem sendo relatada, ainda, em vérios outros eventos,
como a condensagio cromossdmica (Cobb er a/., 1999), a organizacio tridimensional da cromatina
no nicleo, a coeslo entre cromatides-irmds (ver revisSes de John, 1988, e Zuckerkandl & Henning,
1995) e o fendbmenc de afinidade entre cromossomos de uma mesma espécie (Walker, 1971; Yunis
& Yasmineh, 1971). A heterocromatina constitutiva associada a NORs ja foi atribuido papel na
formagio de um tnico nucléolo durante a intérfase (Bickham & Rogers, 1985).

Varios elementos genéticos movets ja foram encontrados na heterocromatina constitutiva de
muitos 0rganismos, principalmente em insetos, envolvendo-a em outros processos celulares, ja que
tais elementos podem ser transcritos (Danilevskaya er al., 1993; Shevelyov, 1993; revisio de
Dimitri, 1997). Além disso, considerando que os elementos genéticos méveis podem induzir
rearranjos cromossdmicos, sua presenga na heterocromatina constitutiva pode acarretar alteragdes

na distribuicio da heterocromatina no genoma, constituindo, assim, uma possivel causa dos
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polimorfismos observados em relacio a heterocromatina constitutiva (ver revisdo de Dimitri, 1997,
para referéncias),

A heterocromating constitutiva é geralmente detectada citogeneticamente através da técnica
de bandamento C. As heterocromatinas com outras caracterfsticas sio evidenciadas por outros
métodos, como bandamento N e impregnagio por prata. A reac8o de Feulgen também & utilizada
para a detecglo de regifes cromossdmicas com maior ou menor condensagio (Sumner, 1990).

O bandamento C foi descoberto por Pardue & Gall (1970), que sugeriram que as regides
evidenciadas por esse método eram constituidas quase exclusivamente de DNA altamente
repetitivo, denominado de DNA satélite. Posteriormente, DNA altamente repetitive foi encontrado
nas regibes banda C-positivas em vérias espécies. Embora essa correlagio entre banda C-positiva e
DNA altamente repetitivo {reqlientemente ocorra, ha casos em que ndo foi detectado esse tipo de
DNA em regides evidenciadas pele bandamento C (Sumner, 1990). Bostock er o, (1972), Citoler ez
al. (1972) e Sperling & Rao (1974) observaram que as bandas C sio replicadas tardiamente durante
a fase S, o que € esperado uma vez que a heterocromatina tem replicagdo tardia (Schmid, 1967,
Lima-De-Faria & Joworska, 1968). Sumner (1990), ao analisar a presenga de genes na
heterocromatina, sugere que esses sejam componentes de uma regido eucromética pequena,
microscopicamente ndo detectada, localizada dentro de uma regifio heterocromaética.

O mecanismo bioguimico para explicar o bandamento C foi proposto por Holmquist (1979)
¢ apresenta , basicamente, tés etapas: um tratamento 4cido, que promove a remogdo de purinas das
moléculas de DNA; um tratamento alcalino, que provoca B-eliminagdo envolvendo a ribose do
nucleotideo que sofreu depurinagio e desnatura irreversivelmente o DNA; e um tratamento salino,
que remove segmentos de DNA quebrados. Acredita-se que a extracdo de DNA através desse
método ocorra mais lentamente nas regides de heterocromating constitutiva, embora nfo se conheca
exatamente o motivo dessa sensibilidade diferencial ao método.

Dos bandamentos conhecidos, o C € o principal nos estudos de Anura, uma vez que os
bandamentos G, R ¢ Q apresentam resultado satisfatério apenas em vertebrados superiores, como
relatado por Sumner (1990). A analise da localizagdo e do tamanho das bandas C, assim como das
marca¢es das NORs, permitern a identificacio de cromossomos. As bandas C podem ser

pericentromericas, intersticiais ou teloméricas. Em alguns organismos, como algumas espécies de

24




Introducdo

insetos, verificam-se bragos ou mesmo cromossomos inteiros heterocromaticos. Cromossomos que
nfio apresentam nenhuma regifio banda C-positiva so raros e provavelmente nio ocomem em
cariftipos normais. Freglientemente ¢ padrfio de bandas C varia entre diferentes espécies (Summer,
1990), podendo portanto ser um importante cardter sistematico, que permite, inclusive, a sugestio
de rearranjos genéticos ocorridos durante a evolugio do grupo em estudo.

Vérias especies de Archacobatrachia foram analisadas utilizando-se o bandamento C. Essas
analises permitiram concluir que uma quantidade relativamente pequena de heterocromatina
constitutiva ¢ encontrada nesse grupo de anuros (King, 1991). Por outro lado, apenas cerca de 15%
das espécies de Neobatrachia estudadas citogeneticamente foram analisadas através da técnica de
bandamento €. As andlises feitas nesse nivel mostram grande diferenca no padrio de bandas
apresentado por espeécies de diferentes familias, como Bufonidae, Hylidae, Leptodactylidas e
Myobatrachidae (King, 1991). Regibes banda C-positivas n#o-centroméricas sio comumente
encontradas nessas familias. '

Além das wvariagBes interespecificas, variagbes intraespecificas relativas a bandas
heterocromaticas também ja foram descritas em anuros, especialmente polimorfismos em relagio
a0 tamanho dessas regides (Schmid, 1978a,b; Schmid, 1980a,b; King, 1980, 1991; Schmid er a/.,
1983; 1987; 1989; 1990; 1993b; Miura et al., 1995). Variagiio interpopulacional no tamanho de
blocos heterocromaticos € rara, mas alguns casos ja foram descritos (Schmid er o/, 1987; Miura,
1995). Por outro lado, variagdes intraespecificas referentes ao ntmero e 2 localizacio de bandas
heterocromaticas s80 pouco comuns, embora alguns casos j4 tenham sido reportados (Schmid
1978b; 1980b; 1987, Miura et al., 1995; Lourengo et af., 1999; Silva er al., 1999; Formas &
Cuevas, 2000).

A variago na quantidade de heterocromatina banda C-positiva observada em Amphibia
levou King (1991) a propor o envolvimento de trés processos na evolucdo da heterocromatina
constitutiva nesse grupo: a adigfo de heterocromatina a sitios cromossdmicos especificos; a
transformacdo de regides cromossOmicas eucromaticas em regides de heterocromatina constitutiva;
€ a evolugdo em conjunto de multiplos sitios heterocromaticos. A adicfio de heterocromatinag é
resultante da amplificagio de seqiiéncias de DNA repetitivo e provavelmente esta correlacionada a

mudangas no comprimento dos cromossomos. Embora existam evidéncias que mostrem que a
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adigBo de heterocromatina € uma tendéncia em Amphibia, nada impede que delecfes de regies
heterocrométicas tenham ocorrido. O conceito de transformagfio das regifes sucromaticas em
heterocromaticas, resultando na heterocromatinizagio do genoma de anfibios, foi apresentade
onginalmente por King (1930). Esse processo nfio promove grandes alteragdes no comprimento do
cromossemo e, embora esse mecanismo de transforrnagio da cromatina ainda ndio seja bem
compreendide, existem duas teorias tentando explica-lo. Segundo uma delas, a amplificaclio de
seqiiéncias repetitivas especificas distribuidas de forma interespagada ao longe de uma regifio
eucromatica, acarretando uma modificagfio no estado de condensacio dessa regifio, que poderia,
inclusive, ser detectada por fluorocromos e pelo bandamento C. A segunda teoria sugere que essa
alteracio na condensacio cromossbmica (heterocromatinizaciio) seja resultado da incorporacio de
uma sequéncia de DNA repetitivo, originada a partir da amplificacdo de um sitio especifico, 2 uma
regido de DNA de seqiéncia dnica. Qualquer que seja a origem causal da heterocromatinizacio,
esse processo implica desativagdio génica, conforme se acredita desde White (1973).

Segundo King (1991), o aumento na quantidade de heterocromatina constitutiva € uma
tendéncia evolutiva em Amphibia, embora ndo descarte a possibilidade de ocorréncia de
diminui¢8o dessa cromatina em grupos isolados. Essa tendéncia evolutiva sugere algum papel
funcional para esse DNA ndo-codificador, contrariando a hipétese de que a heterocromatina
constitutiva seja um “lixo” sem fung#io. Dentre as possiveis fungdes dessa heterocromatina ja
mencionadas anteriormente, a que se refere ao envolvimento da heterocromatina constitutiva na
redug@o de recombinagio entre cromossomos sexuais em diferenciacio parece ter comprovagio em
Amphibia.

O terceiro processo citado pelo autor refere-se 4 tendéncia de uma familia de seqiiéncias de
DNA repetitivo evoluir em harmonia, acarretando certa homogeneidade entre os membros dessa
familia, que ¢ maior dentro de uma mesma espécie do que entre especies relacionadas (John &
Miklos, 1988). Segundo Dover (1988), processos como "crossing-over" desigual, transposicio de
DNA, convers3o génica, amplificagdo génica e “slippage” na replicacdo estio envolvidos na
homogeneizagio dessas sequiéncias. Em Anura, a maioria das regides heterocromaticas
paracentromericas ¢ rica em GC, enquanto em Caudata ¢ rica em AT. Isso mostra uma distribuigfio

ndo-casual dessas regibes heterocromaticas nesses dois grupos € uma dicotomia entre eles. No
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entanto, a heterocromatina associada a NORs tanto em Anura com em Caudata ¢ rica em GC, niio
mostrando dicotomia. A razio dessa diferenca entre a heterocromatina paracentromérica ¢ a
associada 2 NORs ainda nfo € entendida (King, 1991), embora a proposta de King er al. (1990}, de
que a existéncia de seqii¥ncias altamente repetitivas nas regides intergénicas dos DNAr de Anura
estejam impedindo a formagio de quiasma nessas regides de NOR, possa estar envolvida nisso.
Essas caracteristicas da heterocromatina banda C-positiva mencionadas acima evidenciam

que o seu estudo pode fornecer importantes informagBes evolutivas, sendo, portanto, um importante

carter citogenético a ser analisado.

2. €3 sstudo do DNA ribossomal

Os genes nucleares que codificam os RNA ribossomais 188, 5,8S e 288 nos eucariotos estdo
repetides "in tandem" em longos sitios cromossdmicos denominados NORs. Dois espagadores
mternos (ITS) separam os genes 185 e 5,88 (ITS-1) e os genes 5,85 ¢ 28S (ITS-2). Além disso, um
espagador transcrito externo (ETS) ocorre "upstream” ao gene 18S e contém sinais para o
processamento da molécula de RNAr resultante da transcrigfio, evento que consiste na remocio dos
trancritos externo € internos. O tamanho da regifio transcrita varia entre diferentes espécies,
principalmente devido a variagbes no tamanho dos espacadores (Long & Dawid, 1980; Miller,
1981; Gerbi, 1986).

As unidades repetitivas adjacentes sfio separadas por um DNA espagador nfio transcrito
(NTS). Tais espagadores, também denominados espagadores intergénicos (IGS), variam
consideravelmente em tamanho entre diferentes organismos e até mesmo no mesmo individuo
(Miller, 1981). Essas regides intergénicas contém seqiiéncias repetitivas de elementos conhecidos
como “enbancers”, que otimizam a transcrigio dos genes de DNAr, provavelmente por atrairem os
fatores de transcri¢do envolvidos na sintese de RNAr (Flavell & ODell, 1979; Kohomn & Rae, 1982;
1983; Reeder er al., 1983; Reeder, 1984; Alvares ef al., 1998).

As varias copias desses genes ribossomais presentes no nicleo tendem a evoluir em

harmonia, como uma familia génica, gragas a eventos que acarretam a homogeneizaciio desses
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segmentos. Esse fendmeno foi denominado "concerted evolution” e descrito por vérios autores
(Amheim e of., 1980, Dover & Coen, 1981; Krystal ef al., 1981; Coen et al., 1982a b, Amheim,
1983). Dentre os eventos que possibilitam tal processo destacam-se o "crossing over” gesigual ¢ a
conversdo génica (ver revisfes de Hillis & Dixon, 1991, e Li & Graur, 1991, para referéncias),
Como resuitado desse processo, a variagio intraindividual e até mesmo intraespecifica do DNAr em
questdo ¢ pequena. As diferengas intraindividuais observadas referem-se basicamente a variagOes
de tamanho do espagador intergénico. Fssa baixa taxa de polimorfismo faz do DNAr um bom
marcador filogenético e permite, inclusive, a caracterizagdo de cada espécie com base em pequenas
amostras (ver revisdo de Hillis & Dixon, 1991).

Alem disso, outra importante vantagem que o DNAr apresenta para estudos filogenéticos
consiste na ocorréneia de diferentes regibes com diferentes taxas evolutivas aoe longo de cada
unidade repetitiva. Tal caracteristica permite a obtengiio de informages de parentesco evolutive
em diferentes niveis taxondmicos (ver revisio de Hillis & Dixon, 1991). Dessa forma, a subunidade
menor (188) apresenta baixa taxa evolutiva e oferece, portanto, informagbes sobre eventos
filogenéticos do Pre-cambriano. O gene 5,85 também possibilita algumas inferéncias acerca de
eventos anteriores ao periodo Paleozdico, embora seu reduzido tamanho dificulte a eficiéncia na
obtengdo de informag¢des (ver revisio de Hillis & Dixon, 1991). J4 a subunidade maior (285)
apresenta maior variagfo, contendo muitos dominios divergentes e segmentos de expansio
(Hassouna ef al., 1984; Hillis & Davis, 1987). Essa subunidade ¢ uma ferramenta il para analises
dos eventos evolutivos ocorridos no Paleczdico & Mesozéico, podendo, ainda, fornecer dados
relativos a divergéncias evolutivas mais recentes, ocorridas no Cenozdico {ver revisfo de Hillis &
Dixon, 1991; e exemplos em De 54 & Hillis, 1990, e Hillis er a/., 1993). Os segmentos espagadores,
principalmente os intergénicos, sfo as regides mais variaveis do DNAr e sfo utilizados para a
analise de taxa proximamente relacionados, sendo tteis inclusive na identificacfio de espéeies e
linhagens (ver Hillis & Dixon, 1991, para referéncias).

Dessa forma, a escolha do segmento do DNA ribossomal a ser utilizado no estudo deve
levar em considerago a proximidade dos taxa em analise. Uma vez definida a regifio, dois tipos de
analises podem ser feitas, sendo uma delas a anslise da seqiiéncia de mucleotideos e a outra, a

investigagdo dos fragmentos gerados por enzimas de restrigio no fragmento em estudo.
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3. Os anuros dos géneros Parateimatobius Lutz & Carvalhe, 1958, e Scythrophrys Lynch, 1971

Os géneros Paratelmaiobius e Scythrophrys s8c endémicos do Brasil e pertencem & familia
Leptodactylidae (Frost, 2000). O género Paraielmaiobius é composto por P. Jutzii, P. gaigeae, P.
poecilogaster, P. cardosoi (=P. gaigeae sensu Cardoso & Haddad, 1990) & P. mantigueira (ver
revisdo de Pombal Jr. & Haddad, 1999). Essas espécies sho raras, apresentam limitada distribuiciio e
ocorremn em microhabitats especificos na Mata Atlantica da Serra do Mar ¢ Serra da Mantigueira
(revis@o de Pombal Jr. & Haddad, 1999). De acordo com Pombal Jr. & Haddad (1999), as espécies
P. gaigece, P. lutzii ¢ P. mantiqueira podem ser consideradas desaparecidas. Baseados em dados
morfologicos € ecologicos, esses autores reconheceram dois grupos em Paratelmatobius, grupo P.
cardosol © grupo P. luizii. O primeiro deles compreende as espécies P. cardosoi and P. mantigueira
¢ o grupe P. lwzii abrange P. lwezii, P. poecilogaster e, provavelmenie, F. gaigeae, O género
Scythrophrys € monotipico e espécimes de Scythrophrys sawayae j4 foram encontrados na Serra do
Mar dos Estados do Parand e Santa Catarina (Frost, 2000).

As relagbes filogenéticas intergenéricas de Paratelmatobius e Scythrophrys permanecem
pouco esclarecidas. Embora estejam atualmente classificados em duas diferentes subfamilias
(Leptodactylinae e Telmatobiinae) (Frost, 2000), a proximidade entre esses géneros ja foi apontada
por varios autores. Com base na aparéncia externa de apenas um espécime de Scythrophrys
sawayae, Lynch (1971) reconheceu semelhancas entre Scythrophrys, Paratelmatobius e, em alguns
aspectos, Zachaenus. Embora esse autor tenha classificado Scythrophrys como pertencente 3
subfamilia Telmatobiinae, considerou os dados disponiveis insuficientes para a classificaciio desse
género em nivel de tribos. Heyer (1975) agrupou Scythrophrys e Paratelmatobius com
Craspedoglossa, Crossodactylus, Crossodactylodes, Cycloramphus, Hylodes, Megaelosia, Thoropa
e Zachaenus em uma categoria denominada de Grypiscines, embora tenha considerado prematuro o
reconhecimento desse grupo de leptodactilideos como uma unidade taxondmica. Analisando outros
3 especimes de Scythrophrys sawayae, Heyer (1983) concluiu que Sevthrophrys difere do grupo
Zachaenus-Cycloramphus-Craspedoglossa em relagdio a varios caracteres morfologicos. Esse autor
também consideron Scythrophrys, Physalaemus, Paratelmatobius e Zachaenus semelhantes,

concordando com a observagio prévia de Lynch (1971). No entanto, Heyer argumentou que
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Scythrophrys difere de Paratelmatobius quanto a4 musculatura da mandibuls ¢ 2 motfologia e
musculatura do hidide e difere de Physalaenms na morfologia do esternc. Perante tais conclusdes,
Heyer (1983} definiu Scythrophrys como um Leptodactylidae muito peculiar, com relagBes
filogeneticas ndo esclarecidas. Frost (2000), em sua revisfo, também considerou incertas as relacdes
filogenéticas de Scyrhrophrys, embora o classsifique como Telmatobiinae.

Mais recentemente, Garcia (1996) analisou exemplares de Pararelmatobius Jutzii (do Parque
Nacional do Itatiaia, R.J.), Paratelmatobius cardosoi (de Paranapiacaba, 8.P.) e Scythrophrys
sawayae (de Rancho Queimado, S.C.). Utilizando caracteres osteologicos, musculares e
comportamentais telativos 2 biologia reprodutiva, o autor discute gue P. cardosci mostra maior
semelhanca com Scythrophrys sawayae do que com P. lutzi, fazendo surgir novos questionamentos
acerca das relagdes filogenéticas das espécies reunidas nesses dois géneros.

Tais consideragbes tornam bastante interessante o estudo citogenético ¢ o molecular dos
géneros Paratelmaiobius e Scythrophrys, que podem fornecer caracteres ainda nio considerados nas
anélises anteriores, auxiliando, assim, na interpretacdio das relacdes de parentesco desses géneros.
Nesse contexto, a tnica informagéo disponivel para esses géneros consiste na descrigdo cariotipica

de P. luizi com base em metafases coradas convencionalmente com Giemsa (De Lucca er ai., 1974).

4. Objetivos

Este trabalho tem como objetivo analisar citogeneticamente as espécies viventes de
Paratelmatobius e Scythrophrys, a fim de reconhecer caracteres cromossdmicos gue possam
elucidar a evolugdo cariotipica nesse grupo e, desta forma, contribuir para a andlise filogenética
desses leptodactilideos.

O presente estudo objetiva, também, a investigagdo preliminar da organizacio molecular do
DNA ribossomal das espécies utilizadas no estudo citogenético, através da analise dos fragmentos
gerados por enzimas de restrigio nesse segmento de DNA. Além de fornecer alguns caracteres que
podem ser usados na andlise comparativa das espécies em questdio, tal mvestigacdc fornece

importantes subsidios para futuras andlises moleculares nesse grupo.
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Abstract

In this paper we provide a cytogenetic anmalysis of Paratelmarobius cordoesoi and
Paratelmatobius poecilogaster. The karyotypes of both species showed a diploid number of 24
chromosomes and shared some similarity in the morphology of some pairs. On the other hand, pairs
4 and 6 widely differed between these complements. These karyotypes also differed in their NOR
number and location. Size heteromorphism was seen in all NOR-bearing chromosomes of the two
karyotypes. In addition, both karyotypes showed small centromeric C-bands and a conspicuous
heterochromatic band in the short arm of chromosome 1, although with a different size in each
species. The P. cardosoi complement also showed other strongly stained non-centromeric C-bands,
with no counterparts in the P. poecilogaster karyotype. Chromosome staining with fluorochromes
revealed heterogeneity in the base composition of two of the non-centromeric C-bands of P.
cardosoi. Comparison of the chromosomal morphology of these Parareimatobius karyotypes with
that of P. lutzii showed that the P. poecilogasier karvotype is more similar to that of P. Jutzii than P.
cardosoi. These cytogenetic results agree with the proposed species arrangements in the P. cardosoi

and P. lutzii groups based on morphological and ecological data.

Introduction

The genus Paratelmatobius Lutz & Carvalho is endemic to Brazil and comprises the species P.
lutzii, P. gaigeae, P. poecilogaster, P. cardosoi, and P. mantiqueira (see review by Pombal Jr. &
Haddad, 1999). Paratelmatobius species are usually rare, and P. gaigeae, P. luizii, and P
mantiqueira may be considered as missing species (Pombal Jr. & Haddad, 1999). Based on
morphological and ecological data, Pombal Jr. & Haddad (1999) recognized two species groups, the
P. cardosoi group and the P. Juzzii group, in this genus. The former group contains P. cardosoi and

P. mantiqueira and the P. lutzii group encompasses P. lutzii, P. poecilogaster, and probably P.

Baigeae.
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The mtergeneric phylogenetic relationships of this group are not clear yet. Lynch (1971)
considered Paratelmatobius as a member of the subfamily Leptodactylinae and pointed out some
morphological similarities among Paratelmatobius, Scythrophrys, Physaloemus and, to a lesser
extent, Zachaenus. This classification was followed by Frost (1999). Heyer (1975) grouped
Paratelmatobius together with the genera Scythrophrys, Zachaenus, Thoropa, Megaelosia, Hviodes,
Cycloramphus, Crossodactylus, Crossodactylodes, and Craspedoglossa. The proximity between the
genera Paratelmarobius and Scythrophrys, suggested by Lynch (1971) and Hever {1975}, was also
indicated by Garcia (1996). Based on ecological and morphological characters, Garcia (1996)
suggested a closer relationship between Scythrophrys and P. gaigeae (= P. cardosoi sensu Pombal
Jr. & Haddad, 1999) than between this species of Pararelmatobius and P. lutzii, and suggested a
revision of both genera,

The cytogenetic information on Paratelmatobius is restricted to the chromosome number and
morphology of the karyotype of P. Jutzii (De Lucca et al., 1974). To provide more data for a
phylogenetic analysis of this group, we have done a cytogenetic study of the living species of
Paratelmatobius, P. cardosci Pombal Jr. & Haddad and P. poecilogaster Giaretta & Castanho (see
review by Pombal Jr. & Haddad, 1999).

Materials and Methods

Animals

Fifteen males of P. cardosoi and 21 specimens (3 males, 3 females, 11 tadpoles, and 4
juveniles) of P. poecilogaster from Paranapiacaba, Sfic Paulo State (Brazil) were studied. The 7.
cardosoi specimens were collected in November and December 1997 and the P. poecilogaster
individuals were collected in December 1994, March 1995, November and December 1997. All the
animals, except the tadpoles, one female and two juveniles of P, poecilogaster, were deposited in
ZUEC (Museu de Histéria Natural "Prof. Dr. Addo José Cardoso”, Universidade Estadual de
Campinas, Campinas, 3P, Brasil) or in CFBH (Célio F.B. Haddad collection, deposited in
Departamento de Zoologia, Universidade Estadual Paulista, Rio Claro, SP, Brasil).
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Chromosome preparation and techniques

Mitotic chromosomes were obtained from intestinal and testes cell suspensions as described by
Schmid (1978} and Schmid ef al. (1979). Conventional staining with a 10% Giemsa solution, the C-
banding technique (King, 1980), the Ag-NOR method (Howell & Black, 1980), staining with
distamycin A/DAPI (Schweizer, 1980), and fluorescence in sitw hybridization (FISH) with an TDNA
probe (Viegas-Péquignot, 1992) were performed in chromosomal preparations from both species.
The fDNA probe used in FISH experiments consisted in a mixture of two recombinant plasmids,
HM123 and HM456 (Meunier-Rotival ef al., 1979), which were biotin-labeled by a nick translation
reaction according to the GIBCO protocol. To investigate further the P. cardosoi heterochromatin,
metaphases from this species were stained with distamvein A/mithramycin A (Schweizer, 1980).
The shdes were examined on an Olympus microscope or on a BioRad MRC 1024 UV confocal
microscope. Some of the photographs were obtained using the software Image Pro-Plus, version 3
{(Media Cybernetics). Twenty-six metaphases from five specimens of P. cardosoi and 25 metaphases
from five specimens of P. poecilogaster were measured. The chromosome classification relative to

the centromeric position was done according to Green & Sessions (1991).

Results

Paratelmatobius cardosci

The full chromosomal complement of this species was 2n=24 and consisted of eight pairs of
metacentric chromosomes (1-3, 5,6, 9, 11, and 12), three submetacentric pairs (7, 8, and 10) and one
subtelocentric pair (4) (Figs. 1A, 1C, 2, and Table I). In all specimens analyzed, there was a
secondary constriction in the long arm of both homologues of chromosome 7 (Fig. 1A ), which were
detected as NORs by the Ag-NOR method (Fig. 2A, 2B) and in situ hybridization (Fig. 2C). These
techniques also identified a size heteromorphism between the homologous NORs in five of the
specimens studied (Figs. 2A,C; Table II). After distamycin A/mithramycin A staining, the NORs
showed a bright fluorescence (Fig. 3A) while in distamycin A/DAPI stained metaphases, they were
negatively stained (Fig. 3B).
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C-banding detected small amounts of constitutive heterochromatin in the centromeric region of
all the chromosomes of this karyotype. Dark blocks of constitutive heterochromatin were also
observed interstitially in both arms of chromosomes 1 and in the long arm of chromosomes 4, 5, and
9, and In the telomenic region of the long arm of chromosome 4. The whole short arm of
chromosome 4 and the long arm of chromosome 7, except for the NOR, were revealed by C-
banding. A heterogeneous intensity of staining was observed throughout this heterochromatic
segment in the long arm of chromosome 7. A faintly stained C-band was seen in the short arm of
chromosome 5 (Fig. 1C).

Variation in size was seen in the dark C-band of the long arm of chromosome 5. In two
individuals, this band was smaller in both homologues (morph 58), while three other specimens
showed a bigger band (morph 5b) which was also homozygous. A heterozygous state for pair 5 was
seen in ope specimen. In Giemsa-stained metaphases, 2 secondary constriction was observed
mterstitially in the long arm of chromosome 5a (Fig. 1A). This constriction was also detected after
C-banding (Fig 1C). All of the seven specimens analyzed by C-banding showed size
heteromorphism for the interstitial band of pair 9 (Fig. 1C).

Fluorescent staining with distamycin A/mithramycin A and distamycin A/DAPI revealed some
heterochromatic blocks as bright segments in the P. cardosoi karyotype. The C-band in the long arm
of chromosome 1 was brightly fluorescent in mithramycin-stained metaphases. Additionally, the C-
band in the short arm of chromosome 1 showed a mithramycin-positive and DAPI-negative block
adjacent to a mithramycin-negative and DAPI-positive block. In chromosome 7, the interstitial dark
C-band adjacent to the NOR was more fluorescent after distamicyn A/DAPI staining than the
remaining heterochromatic arm. In contrast, the NOR was only slightly fluorescent after
mithramycin staining. Also, in one individual, a slightly brighter region coincident with a large C-
band block was detected by distamycin/mithramycin A staining in the long arm of chromosome 5.
No bright fluorescence was detected in any centromeric region or heterochromatic segments of

chromosome 4 (Fig. 3).

48




Artigo ]

FParatelmatobius poecilogaster

The P. poecilogasier karyotype consisted of metacentric, submetacentric and subtelocentric
chromosomes, and the diploid number was 2n=24 (Figs 1B, 1D; Table I). Two NOR-bearing
chromosomal pairs (8 and 10} were identified in all specimens examined by the Ag-NOR method
(Fig. 4A-D) and by fluorescence in siru hybridization (Fig. 4E-F). Variation in NOR size was
detected for both pairs of NOR-bearing chromosomes (Fig. 4). Four patterns of NOR distribution
were seen in the 12 specimens examined (Fig. 4A-D). The analysis of a considerable number of
metaphases (Tabie II) showed no intraindividual variation in the NOR pattern, although the smaller
NOR of the pair 8 of BC 33.09 (Fig. 4C) was hardly visualized in some metaphases. The NORs were
detected as secondary constrictions in Giemsa-stained and distamycin A/DAPI-stained metaphases
{Figs. 1B and 3).

C-banding revealed a small amount of centromeric heterochromatin in all chromosomes. A
dark interstitial C-band was identified in the short arm of chromosome 1 and a faint C-band was
observed interstitially in the long arm of chromosome 4. No interindividual variation was detected
among the five specimens analyzed by this technique (Fig. 1D). Fluorescent staining with DAPI did

not produce bright regions in P. peoecilogaster chromosomes.

Discussion

The Paratelmatobius karyotypes described here and that of P. Jutzii (De Lucca ef al., 1974)
have the same chromosome number (2n=24). Comparison of the relative length and the centromeric
position of the chromosomes of F. lwzii (De Lucca er al., 1974) and P. poecilogaster shows that
these karyotypes are very similar. The divergence between the arm ratio of chromosome pairs 3 and
4 of P. luzii and the corresponding pairs in P. poecilogaster may be an artifact. This apparent
divergence can be explained by an exchange between the arm ratios for pairs 3 and 4 of P. Jurzii in

the table reported by De Lucca er ol (1974), what can be supported by the figure of the
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chromosomes of this species shown in the same paper. Thus, chromosome pairs 3 and 4 of P. [utzii
can be considered to be homeologous to the corresponding pairs in P. poecilogaster.

Similarly, pairs 6 and 7 in P. Jutzii are probably homeologous to pairs 7 and 6 in P
poecilogaster, respectively, despite the different relative lengths atiributed to these pairs in these two
species. Such differential classification can be considered a technical artifact caused by divergent
methods of measurement adopted in these karyotypes descriptions, but may also reflect small
imterspecific variations in the relative length of these chromosomes. The same argument applies to
pairs 11 and 12 of these Parate/matobius species.

The P. fuzii and P. poecilogaster karyotypes actually differed in the morphology of
chromosome 8, which was metacentric in the P. /utzi/ and submetacentric in P, poecilogaster. In the
later species, pair 8 was one of the NOR-bearing chromosome pairs. The location of the NOR in the
FP. lutzii karyotype is unknown.

Based on chromosomal morphology, the P. cardosoi karyotype resembiled that of 2. Jurzii and
P. poecilogaster, but pairs 4 and 6 are widely divergent in the P. cardosoi complement (Fig. 6).
NOR analyses also showed large differences between the P. poecilogaster and P. cardesoi
karyotypes. While in P. cardosoi the NOR-bearing chromosome was a medium sized submetacentric
pair (pair 7), in P. poecilogaster NORs are observed in two smaller chromosome pairs (pairs 8 and
10).

Multiple NOR-bearing chromosome pairs have been considered a derived state in Anura (King
et al., 1990), and have been found in species from different families (Schmid, 1978b; Mahony &
Robinson, 1986; Wiley et al., 1989; Schmid ef al., 1995; Lourenco ef al., 1998a). The evolutionary
origin of multiple NORs in anurans probably includes events such as inversions, translocations,
transposition by mobile genetic elements, amplification of "orphan" {DNA cistrons, and reinsertion
errors during extrachromosomal amplification of ribosomal cistrons, as have been discussed by
several authors (Wiley er al., 1989; King er al., 1990; Foote et al., 1991; Schmid er al., 1995;
Lourengo er al., 1998a).

Although no intraspecific variation was seen in the localization of NOR in the two species
examined, size heteromorphism was detected in all NOR-bearing chromosome pairs in P. cardosoi

and P. poecilogaster. In situ hybridization experiments with tDNA probes and silver staining
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revealed the same regions in all metaphases, and both techniques were able to detect homologous
NOR size heteromorphism in some specimens. The coincident labeling suggested the absence of
sitent NOR in these karyotypes, and that the size heteromorphisms refiect different numbers of
tDNA genes in homologous NOR rather than a differential expression of these regions.

In anurans, size heteromorphism of homologous NORs has been described extensively
(8chmid, 1978a;b; 19802;b; 1982), with most cases being attributed to NOR amplification, although
deletion events have been reported (Schmid, 1982). The correlation between i# situ labeling and the
amount of IDNA genes has been noted by others (King, 1988; King ez a/., 1990). Additionally, the
existence of individuals with different amounts of fDNA has been shown by molecular analyses,
such as those performed by Knowland & Miller (1970a;b) which involved normal individuals and
mutants of Xenopus laevis with a partial nucleolus.

P, cardosoi and P. poecilogaster had a small amount of centromeric heterochromatin, but 7.
cardosoi showed a larger quantity of non-centromeric heterochromatin. The similar morphology of
chromosome pair 1 from both species allow the recognition of a probable homeology between the
interstitial C-band in the short arm of P. peecilogaster chromosome 1 with part of the interstitial C-
band in the short arm of P. cardosoi chromosome 1, since this band is bigger than in 7.
poecilogaster. The other non-centromeric C-bands of P. cardosoi have no counterparts in the P.
poecilogaster karyotype.

Fluorochrome staining of P. cardosoi metaphases revealed heterogeneity in two
heterochromatic blocks in this karvotype. One of the blocks corresponded to the C-band in the short
arm of chromosome 1, which showed an AT-rich region adjacent to a GC-rich one. The second
region corresponds to the heterochromatic block located between the NOR and the telomere in
chromosome 7. Only a small region adjacent to this NOR was AT-rich, as shown by
distamycin/DAPI staining. The remaining heterochromatic arm of this chromosome showed no
specific base-pair richness. This heterogeneity in the composition of chromosome 7 heterochromatin
may be responsible for the differential staining of this segment in some C-banded metaphases, in
which a darker region was seen between the NOR constriction and the remaining long arm of the

chromosome.
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The analysis of 7. cardesoi heterochromatin also revealed size varation in the interstitial
bands of the long amms of chromosomes 5 and 9. Two morphs of each pair were identified.
Interindividual variation in the C-banding pattern was observed, with three combinations of morphs
5a and 5b found in the specimens studies. In all C-banded specimens, chromosome pair 9 was
heteromorphic.

This comparative cytogenetic analysis of Paratelmarobius species indicates that the 7
poectlogaster Xaryotype is more similar to that of P. lwzii than to P. cardosoi This observation
agrees with the proposal of Pombal Jr. & Haddad (1999) concerming the P. Jutzii and P. cardosoi
groups.

The diploid number of 2n=24 seen in Pararelmatobius is rarely found in the family
Leptodactylidae (see King, 1990 and Kuramoto, 1990). Among the genera considered by Lynch
{1971} and Heyer (1975) 10 be closely related to FParatelmatobius, only one species of the genus
Hylodes, H. nasus (Bogart, 1991), and the monotypic genus Scythrophrys (Lourenco ef al, 1998b
and manuscript in preparation) have 24-chromosome karyotypes. However, based on the
chromosomal morphology, the H. nasus karyotype (Bogart, 1991) does not share many similarities
with those of Paratelmatobius described here. A complete chromosomal evaluation of
Paratelmatobius tequires a better characterization of the ¥, nasus karyotype and, specially, a
cytogenetic analysis of Scythrophrys. Other leptodactylid species with 24-chromosome karyotype is
Adenomera marmorata (Bogart, 1974), but this karyotype, with seven telocentric, two

subtelocentric, one submetacentric and 2 metacentric chromosome pairs, widely differs from those

described in the present paper.
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Figure legends

Figure 1. Karyotypes of Paratelmatobius cardosoi (A,C) and Paratelmatobius poecilogaster (B,
after Giemsa staining (A, B) and C-banding (C D). In A, the secondary consirictions corresponding
to homomorphic and heteromorphic NORs (pair 7 in the inset) are indicated by small arrows. The
large arrow indicates the secondary constriction in chromosome 5a (not equivalent 1o a NOR) in A
and C. In B, the arrows indicate secondary constrictions of NORs. In C, the arrrowhead indicates a
small C-band in chromosome 5a and a large one in 5b. The inset shows pair 7 from another
metaphase. Note that a heterochromatic block adjacent to the NOR {small arrow) can be
distinguished from the remaining arm. In D, the arrow indicates a faint band in the long arm of

chromosome 4. Bar =5 um (A, C) and 5.4 um (B, D).

Figure 2. Paratelmaiobius cardosoi chromosomes treated with the Ag-NOR method (A, B) and

FISH with tDNA probes (C). Note the size heteromorphism of the NORs detected in A and C. In B,
a pair of homomorphic NORs.

Figure 3. Karyotype of Paratelmatobius cardosoi stained with DA/mithramycin A (A) and
DA/DAFI (B). The arrows indicate positively stained regions and the arrowheads indicate negatively
stained segments. Note that the NOR is faintly stained in A and negatively stained in B. Bar = 5 um.

Figure 4. A-D. NOR-bearing chromosomes of Paratelmatobius poecilogaster stained with Giemsa
(left squares) and the Ag-NOR method (right squares). The four patterns of NOR distribution are
shown. In E, a metaphase with two pairs of homomorphic NORs after FISH with tDNA probes. In
¥, the same pattern shown in D, after hybridization with rDNA probes. Note the larger label seen in

the chromosome and nucleus (arrow).

Figure 5. Karyotype of Paratelmatobius poecilogaster stained with DA/DAPL The NORs are

negatively stamed (arrows). Bar =5 um.
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Figure 6. Idiograms of the Paratelmatobius cardosoi (A) and Paratelmatobius poecilogaster (B)
karyotypes. Solid blocks: dark C-bands. Dark gray block: C-band seen as a clearer region in some C-

banded metaphases. Light gray block: faint C-band Open regions: secondary constrictions.
Checkered cirgles: NORs.
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Table I. Morphometric parameters of the Paratelmatobius cardosoi and Paratelmatobius

poeciloguster kKaryotypes.

chromosomes
1 2 3 4 g & 7 8 8 9 10z 1Bh 18 11 12
P cardosoi ol 1242 1232 1138 983 930G 912 827 633 . 588 334 - - 438 408
ar 162 136 137 676 130 1235 217 200 . 118 186 . -~ 152 120
[ m el 1} st m m sm 5in - 3 Bt - = in m

P poecilogasier rd 1379 1180 10.96 1050 575 880 770 629 368 546 495 415 538 470 440
ar 131 206 234 143 110 303 233 267 233 14% 158 202 118 164 140
[el e m ixEs) 163 m m st sm sm s m jeid SIFI m m m

r L relative length (%), a0 arm ratio; c.c. centromeric classification; m: metacentric, sm submetacentric;

st subteloceniric
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Table II. Number of silver-stained and C-banded metaphases analyzed from each specimen. CFBH:
Prof. Celio ¥. B. Haddad collection. ZUEC: Museu de Histéria Natural "Prof. Dr. Adio José
Cardoso”. BC: symbol attributed in the Cytogenetic Laboratory of the Department of Cell Biology

for the identification of the specimens that were not deposited in museum.

Epecimen Metaphases analyzed by
Ag-NOR  C-banding

P. cardosoi
CFBH 3238 40 31
CFBH 3256 4 -
CFBH 3257 & 4
CFBH 32358 9 -
CFBH 3259 41* 37
CFBH 3260 i7 -
CFBH 3261 50 -
CFBH 3262 i5* 2
CFBH 3263 HY ]
CFBH 3264 24*% 61
CFBH 3265 i1 -
CFBH 3266 B3* 115
CFBH 3267 70% 44
CFBH 3268 13 5
CFBH 3269 24 29
P. poecilogaster
ZUEC 9599 12 -
BC33.09 111% 37
BC33.10 51 20
BC 3311 7* 3
BC33.13 o* 3
ZUEC 9747 11* 41
BC33.156 7* -
BC33.17 10* -
BC3318 15 -
CFBH 3251 5 7
CFBH 3253 31 -
CFBH 3254 61 -

*specimens with evident heteromorphic NORs
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Abstract

Three populations of Scythrophrys Lynch from Brazil were studied cvtogenetically. The
karyotype found in Piraquara (Parani State) and S50 Rento do Sul (Santa Catarina State) (karyotype
1) differed from that of Rancho Queimado (Santa Catarina State) (karyotype II) in NOR location and
in the occurrence of some C-bands. In karyotype I, pair 5 contains NOR-bearing chromosomes,
while in karyotype II the NOR oceurs in pair 10. This difference probably accounts for the inverted
classification of pairs 5 and 6 in these karyotypes, which appear to be homeologous, as suggested by
the presence of heterochromatic markers, These karyotypes also differ in the size of the non-
centromeric C-bands in pairs 1 and 8. Comparison of the Scythrophrys karyotypes with those of
FParatelmarobius revealed several similarities, especially between karyotype II of Scythrophrys and
that of 7. poecilogaster. Both karyotypes have a2 NOR in pair 10, so it was considered to be present
in the common ancestral for these genera. After this intergeneric comparison, the non-centromeric

C-bands of pairs 7, 10, and that of pair 5 in karyotype I and of pair 6 in karyotype II were considered
to be synapomorphies for Scythrophrys.

Introduction

The genus Scythrophrys Lynch, 1971, is endemic to Brazil (Frost, 2000) and contains only
one species, S. sawayae (Cochran, 1953). The phyiogenetic relationships of this leptodactylid genus
are not clear yet. Based on external morphology, Lynch (1971) recognized similarities between
Scythrophrys and Parateimatobius and, in some aspects, between Scythrophrys and Zachaenus.
Although this author classified Scythrophrys in the subfamily Telmatobiinae, the intergeneric
relationships of Scythrophrys were not clarified. Heyer (1983} considered that Scythrophrys
resembles Zachaenus, Paratelmatobius, and Physalaemus in external appearance, but reported
differences between Scythrophrys and Paratelmatobius in jaw musculature and in hyoid
morphology and musculature, and between Scythrohrys and Physalaemus in jaw musculature and
sternal morphology. Heyer (1983) also pointed out some morphological divergences between
Scythrophrys and the group Zachaenus-Cyclammphus—Cmspea‘og;’ossa and concluded that
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"Scythrophrys is a very distinctive leptodactylid genus with obscure phylogenetic relationships”.
More recently, based on ecological and morphological characters, Garcia (1996) corroborated the
close relationship between the genera Scythrophrys and Paratelmatobius and recognized more
similarity between Scythrophrys and Pararelmatobius cardosoi than between this species of
Paratelmatobius and Paratelmatobius lutzii. These findings raised new gquestions about the
relationships of the species assembled in these genera.

All the living species of Paratelmatobius described to date have been studied cytogenetically
{Lourengo er al., 2000). Additionally, the diploid number and the chromosome morphology of P.
futzii, considered a missed species by Pombal Jr. & Haddad (1999), have been described (De Lucca
et al., 1974). However, the lack of cytogenetic information about Scythrophrys precludes
cytogenetic comparnsons between these genera. In this work, we describe the karyotypes of three

populations of Saythrophrys, including one from the type-locality of S. sawayae.

Material and Methods

Specimens

Sixteen specimens of Scythrophrys were collected from three localities in south of Brazil
from October 1997 to November 1999. Five specimens (three males and two females) were obtained
from Piraquara, Parana State, the type-locality of S. sawayae, three males were collected from Rio
Vermelho, Sdo Bento do Sul, Santa Catarina State, and eight specimens (seven males and one
female) were obtained from Rancho Queimado, Santa Catarina State. All the specimens studied
were deposited in CFBH (Célio F. B. Haddad collection, Departamento de Zoologia, Universidade
Estadual Paulista, Rio Claro, SP, Brasil) and in ZUEC (Museu de Histéria Natural, Universidade
Estadual de Campinas, Campinas, SP, Brasil).

Chromosome preparations and techniques

After a treatment iz vivo with colchicine, the specimens were killed and their intestines and
iestes were processed according to Schmid (1978a) and Schmid er ol (1979) for chromosomal
preparations. Giemsa staining, C-banding (King 1980), Ag-NOR method (Howell & Black, 1980)
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and fluorescence i situ hybridization (FISH) (Viegas-Péquignot, 1992) with an tDNA probe were
done. The probe used in FISH experiments consisted of the plasmid HM 123, which carries a
fragment containing the major part of 285 ribosomal gene of Xenopus laevis (Meunier-Rotival ef af,
1979). For FISH analysis, a BioRad MRC 1024 UV confocal microscope was used. The
morphometric analyses were done using Image Pro-Plus software, version 3 (Media Cybemetics).

The chromosomes were classified according to criterion proposed by Green & Sessions (1991).

Resulis

All the specimens analyzed showed Zn=24 chromosomes, but two distinct karyotypes were
observed. The specimens from Piraquara and S3o Bento do Sul showed the same karyotypic
complement (Figs. 1a, 2a, 3-5, 8a), which differ from that of the specimens from Rancho Queimado
(Figs. 1b, 2b, 6, 7, 8b). These karyotypes are described separately below.

Karyotype of specimens from Piraquara and Sac Bento do Sul

This karyotype consists of five pairs of metacentric chromosomes (4, 6,9, 10, and 12), six
submetacentric pairs (2, 3, 5, 7, 8, and 11) and one polymorphic pair (1) (Figs. 1a, 2a and 3: Table
1). Small amounts of heterochromatin were observed in the centromeric region of all chromosomes
(Fig. 2a). Other non-centromeric C-bands were also seen in pairs 3, 6, 7, 8, 9 and 10, and a faint
band was hardly seen in the short arm of pair 1 (Fig. 2a).

In all specimens from Piraquara, pair 5 carried 2 NOR adjacent to the centromere (morph
5a), as detected by silver staining (Fig. 3) and in situ hybridization (Fig. 5). Interindividual variation
in the NOR pattern was detected in specimens from S3o Bento do Sul using the same techniques. In
one specimen, an apparent inversion involving the NOR was observed as a heterozygous condition
in pair 5 (Figs. 3b, 4 and 5a). This chromosome morph, which differs from chromosome 5a in
specimens from Piraquara, was designated morph 5b. Morphs 5a and 5b do not differ in arm ratio or
chromosome length (Table 1). In another specimen from the same population, an extra NOR was
observed in one homologue of pair 1 (Figs. 3¢ and 5b). This additional NOR is coincident with g

heterochromatic band which is exclusive to this homologue of pair 1 (Fig. 2a). There was no
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intraindividual variation in the NOR pattern and all the NORs were seen as secondary constrictions
in Giemsa-stained metaphases (Fig. 1a).

A large block of heterochromatin was detected adjacent to the NOR site in both morphs of
pair 5. This heterochromatin is also involved in the inversion that differentiated morphs 5a and 5b
(Fig. 2a, 4). Thus, in morph 5a the heterochromatic block extends from the NOR. to the telomere,

and in morph 5b this heterochromatin is apparently continucus from the centromeric region to the
NOR.

Karyotype of population of Ranche Queimado

This complement consists of five metacentric pairs (1, 4, 5, 9, and 12), four submetacentric
pairs (2, 3, 7, and 11}, and three polymorphic pairs with a divergent centromeric classification (6, 8
and, 10} (Figs. 1b, 2Zb, and 6; Table 1), C-banded metaphases showed small bands in all the
centromeric regions. In pair 10, the centromeric heterochromatin is asymmetrically distributed (Fig.
2b). Additionally, the entire short arm of pairs 6 and 8 are heterochromatic and showed size
heteromorphism (Fig. 2b). In one specimen, two morphs {2 and b) were identified for each of these
pairs in all the metaphases analyzed. These heteromorphisms were also detected by morphometric
analysis, and resulted in distinct centromeric classifications (Table 1). The other specimens showed
the morphs 6a and 8a in a homozygous condition. Other non-centromeric C-bands were also
detected in pairs 1,4, 5,7, and 9 and in chromosome 10, adjacent to the NOR site (Fig. 2b).

Pair 10 1s the only NOR-bearing chromosome pair in all specimens from this population
(Figs. 6 and 7). Three different NOR sizes were observed in silver-stained metaphases (Fig. 6), two
of which were also analyzed by in situ hybridization (Fig. 7). Such heteromorphism accounts for the
variation in centromere classification in this pair and three morphs were recognized (10a, 10b, and
10c). In these cases, the NOR site was detected as secondary constrictions in Giemsa-stained
preparations, except for morph 10b, probably because of the very reduced size of the latter's NOR.

There was no variation in the NOR pattern within each specimen.
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Discussion

Although the diploid number of 24 chromosomes was observed in all specimens of
Seythrophrys analyzed, some conspicuous divergences were detected between the karyotype of
specimens from Piraquara and SZo Bento do Sul (karvotype I) and that of animals from Rancho
Queimado (karyotype I) (Fig. 8). The principal divergence is the different location of the fixed
NOR site, which occurs in pair 5 in karyotype I and in pair 10 in karyotype II. The presence of the
NOR 1s the only difference between pair 5 of karyotype I and pair 6 of karyotype II; the homeology
of these chromosomes is strongly suggested by the presence of a large heterochromatic block in
their short arms. The divergence in arm ratios and chromosome lengths and, consequently, the
differential ordination of these pairs in karyotypes I and 11 is attributable to the absence/presence of
the NOR site. This inversion suggested in the chromosome ordination of these karyotypes can also
be deduced by the conspicucus homeology detected between pair 6 of karyotype I and pair 5 of
karyotype I, which are metacentric chromosomes with typical interstitial C-bands in both arms.

Karyotypes I and II clearly differ in the amount of heterochromatin in the short arm of
chromosome 8. While only the telomeric region of this arm is heterochromatic in karyotype I, in
karyotype II the entire short arm consists of heterochromatin. Also, although an interstitial C-band is
present in the short arm of pair 1 in both karyotypes, in karyotype I the band is small and hard to
see. The faint band present in the long arm of chromosome 4 in karyotype II is not detected in
karyotype . However, this absence is not considered to indicate a clear divergence between these
two karyotypes since the band in question was actually difficult to see even in karyotype I

The chromosome morphs considered typical of each karyotype were never found in
specimens from the other karyotypic group. In the case of the NOR sites, the experiments in situ
revealed no “silent” NORs even in pair 10 in karyotype I or pair 6 {which corresponds to pair 5 of
karyotype I; see above) in karyotype II. These findings suggest the existence of a certain separation
between the two karyological groups described here.

Such interpopulational divergence in karyotype is not very common in anurans, In contrast to
intrapopulational variation, which has been widely described in amphibians (Schmid, 1978ab;
1980a,b; King, 1980, 1991; Schmid er o/, 1983, 1987, 1989, 1990, 1993; Miura e al., 1995),

interpopulational variation in C-band size is rare, although Miura (1995) recognized two groups
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among 11 populations of Bufo japonicus japonicus, based on their C-banding pattern. An unusual
case is that of Alyres obstetricans, in which two populations differed not only in the amount but also
in the position of a constitutive heterochromatic band in chromosome 1, probably because of a
paracentric inversion (Schrnid er a/., 1987). In relation to NOR location, intrapopulational variation
has been described for some species (Ruiz er of, 1981; Wiley ef of,, 1989; Foote er al., 1991;
Schmid er al., 1995; Lourenco ef ol., 1998; Silva ef o/, 1999), whereas interpopulational variation in
NOR position, in which each population has a fixed, typical NOR, has been reported only for Hyla
ebraccata (Kaiser ef al., 1996). Although in this case the external morphology and vocalizations of
these Hyla species did not separate the populations studied into two taxonomic units, the authors
considered possible that the cytogenetic findings may be indicative of an incipient speciation,

For the three populations of Scythrophrys studied here, the variation in morphological
characters and in vocalization allowed recognition of the same groups identified cytogenetically and
the geographical distribution of these populations also agrees with the existence of these groups
(Garcia er al., in preparation). Thereby, we suggest that the karyological groups I and I of
Scythrophrys may represent two distinct taxonomic units in the genus.

Despite the differences discussed above, the similarity in the morphology of most of the
chromosomal pairs and in the distribution of heterochromatin indicated that karyotypes I and II of
Scythrophrys are closely related. Both karyotypes have small amounts of centromeric
heterochromatin and similar non-centromeric bands in pairs 7, 9, and 10. Furthermore, the C-band in
the short arm and the asymmetric distribution of heterochromatin in the centromeric region of pair
10 serve as good markers for the homeology of pair 10 in both karyotypes, although in karyotype II
this pair also carries 2 NOR. The interstitial bands in pair 6 of karyotype I are also seen in pair 5 of
karyotype I1, and strongly suggest homeology between these pairs, as mentioned above.

Comparison of the karyotypes of Scythrophrys and of Parateimatobius (De Lucca ef al.,
1974; Lourengo ef al., 2000), two genera considered to be closely related morphologically (Lynch,
1971; Garcia, 1996), reveals several similarities. All karyotypes have 2 diploid complement of 24
chromosomes, with similar morphologies. This feature is indicative of the close relationship
between these genera, since no other leptodactylid with a 24-karyotype shows such morphological
relatedness {(see lists in King, 1990, and Kuramoto, 1990). To date, the only two leptodactylid
species with 2n=24 are Hylodes nasus (Bogart, 1991) and Adenomera marmoraia {Bogart, 1974),
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But these karyotypes share few morphological similarities with those of Paratelmatobius and
Scythrophrys, especially that of 4. marmorata, which has seven telocentric pairs (Bogart, 1974).

The similarities betwsen the karvotypes of Scythrophrys and  Paratelmasobius  are
particularly strong considering karvotype II of Scythrophrys and that of P. poecilogaster (Lourengo
et al., 2000). The morphology of most of their chromosomal pairs is similar, as shown by the arm
ratio values. Both karyotypes show also some similarities in C-banding pattern; however, pairs 3, 6,
7, 8, and 9 1n karyotype II of Scythrophrys possess non-centromeric C-bands, that are absent in P.
poecilogaster.

The karyotype II of Seythrophrys and that of P. poecilogaster have a similar NOR pattern.
The short arm of pair 10 carries a NOR in both karyotypes, although a second fixed NOR oceurs in
pair 8 in P. poecilogaster. Although pair 10 of both karyotypes seems to be homeologous, they
differ in the internal location of the NOR in the short arm (terminal in karyotype II of Scythrophrys
and proximal to the centromere in P. poecilogaster) and in the C-banding pattern. While in that
karyotype of Scythrophrys pair 10 shows the centromeric heterochromatin distributed
asymmetrically and an interstitial C-band adjacent to the NOR, in P. poecilogaster pair 16 shows
only the centromeric heterochromatin distributed symmetrically. One possible explanation for this
distinct distribution of NOR and heterochromatin in these karyotypes is the occurrence of some
internal rearrangements in this chromosome arm.

At this rate, since the short arm of pair 10 carries an NOR in one species of Paratelmatobius
and one of Scythrophrys, we hypothesize that a NOR-bearing chromosome like that was also present
in the ancestral of these genera. This proposal does not prevent that the presence of an NOR in a
small metacentric/submetacentric chromosome can be a synapomorphic character shared only by the
genera Scythrophrys and Paratelmatobius, although a cytogenetic study of other leptodactylid
species 1s necessary to test this hypothesis.

The NORs observed in the genera Scythrophrys (this paper) and Paratelmatobius {Lourenco,
et al., 2000), with the exception of the NOR in pair 8 of P, poecilogaster and that in pair 1 of
karyotype 1 of Scythrophrys, are flanked by large blocks of heterochromatin. Such an arrangement
has been described in other species (Schmid, 1978a, 1982; King, 1980; Schmid e o/, 1995), and a
possible involvement of this heterochromatin in NOR rearrangements has been considered in

amphibian analysis (Nardi e ol | 1977).
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The C-banding pattern of Seythrophrys and Paratelmatobius karyotypes revealed the
consistent presence of a C-band in the short arm of pair 1, although this band is much smaller in
karyotype II of Scythrophrys. Additional homeology among the species of these genera involves an
interstitial C-band in metacentric chromosome 9 present in the Scythrophrys karyotypes I and II and
in P. cardosoi. Although this band is located on the short arm in the Scythrophrys karyotypes and on
the long arm in F. cardosoi, they may be considered homeologous segments since pair 9 is a
metacentric chromosome. This divergence may reflect a methodological artifact or could represent a
real small divergence, that resulted in the inversion in the classification of the arms just because of
their similar lengths in this metacentric pair. It is also possible that a pericentric inversion could play
a role in the divergence of this pair in the evolution of these karvotypes. The faint C-band in the
long arm of pair 4 in P. poecilogaster and in karvotype II of Scythrophrys may also share the same
evolutionary origin. Similarly, the interstitial band in the long arm of pair 6 in P. cerdosoi and in
karyotype I of Scythrophrys and that in the long arm of pair 5 in karvotype II of Seythrophrys may
be homeologous.

Comparative analysis of Scythrophrys and Paratelmatobius is also useful for corroborating
the close relationship between the two karyotypes of Scythrophrys. By considering Paratelmatobius
as an out-group for the cytogenetic analysis of Scythrophrys, some synapomorphies for the two
groups of Scythrophrys are suggested: the C-bands of pairs 7, 10 and those of pair § of karyotype 1
and pair 6 of karyotype 1I.

Another interesting finding of the present analysis is the intrapopulational variation in the
two karyological groups recognized. In the specimens from Rancho Queimado, the variation was
restricted to the size of the NORs and of two C-bands. In anurans, such intrapopulational variation
in NOR size (Schmid, 1978ab, 1980ab, 1982; Silva et al, 1999) and heterochromatic bands
(Schmid, 1978a,b, 1980a,b; King, 1980; Schmid ef al., 1990, 1993; Miura et a/l., 1995) has been
extensively described. On the other hand, the specimens from S3o Bento do Sul showed variation in
pair 5 and in the occurrence of an additional NOR. The variation in pair 5 is suggested to be the
result of the occurrence of a paracentric inversion, since the arm ratio did not change between
morphs 5a and 5b. This event is probably not related to sex in group I of Seythrophrys, since while
one male from 380 Bento do Sul showed an heteromorphic pair 5, the two other males from this

population and the males from Piraquara showed homomorphic pair 5. Other interesting cases of
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inversion in amphibian autosomal chromosomes were reported in Alytes obstetricans (Schmid et 4l
1987), in Agalychnis callidryas (Schmid ez al., 1995) and in Leptodactylus ocellatus (Silva et al.,
2000) but, in the two latter species, involved pericentric inversion.

Extra NORs, in addition to a fixed NOR-bearing pair of chromosomes, such as observed in
one specimen of Scythrophrys from 830 Bento do Sul, have been found in some anuran species
(Foote er al,, 1991; Schmid er al., 1995). The coincident occurence of NOR and C-band, as
detected for this additional NOR, is zlso common in anurans (King, 1980; Schmid, 1982). An
interesting feature of the additional NOR found in S3o Bento do Sul is its absence i specimens
from Piraquara. This could represent interpopulational variation in group I of Scythrophrys,

although 2 greater number of specimens would be necessary 1o confirm this hypothesis,
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Figure legends

Figure 1. Giemsa-stained karyotypes I (a) and 11 (b) of Scythrophrys. The boxes show other morphs

of the polymorphic pairs. The arrows indicate the secondary constrictions of the NORs,

Figure 2. C-handed karyotypes ! (a) and 1 (b) of Seythrophrys. The boxes show other morphs of
the pe}ym{}rphéc pairs 5 and 10, The amows show faint C-bands and the arrowheads indicate the
secondary constrictions of NORs. Note in {a) a faint C-band that corresponds to the additional NOR
of chromosome 1 seen in Figure 3¢. An extra pair 10 1s shown for each karvotype. Note the

asymmetric gistribution of the centromeric heterochromatin of pair 10.

Figure 3. NOR distribution patterns (a, b, and ¢) observed among specimens of Scythrophrys with
karyotype I after silver staining. The NOR-bearing chromosome pairs are shown in boxes. Note in

(b) the inverted positioning of the homologous NORs in pair 5.

Figure 4. Chromosomes 5a and 5b after Giemsa-staining (G), silver-staining (A} and C-banding
(C). The arrows indicate the NOR. Note the inverted positions of the NOR and its adjacent C-band

hetween morphs a and b of this chromosome pair.

Figure 5. Metaphases from two specimens of Scythrophrys with karyotype 1 hybridized with
HMI123. Note the inverted positioning of NOR in pair 5 in (a) and the additional NOR in

chromosome 1 in (b} (arrow).

Figure 6. Silver-stained karvotype II of Scythrophrys. The box shows pair 10 from another

specimen. Note the variation in NOR size.

Figure 7. Metaphases from two specimens of Scythrophrys with karyotype II hybridized with
M 123. Note the variation in the size of NCR labeling,

Figure 8. Idiograms of karyotypes I (a) and Il (b) of Scythrophrys. Solid blocks: dark C-bands.

Gray blocks: faint C-bands. Open regions: secondary constrictions. Checkered circles: NORs.
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Table I. Morphometric data based on the measurement of 23 metaphases of karyotypes I and 40
metaphases of I of Scythrophrys.

chromosomes

i ib z 3 4 52 Sb 6a 6b T 8z B8 9 10s 10k 10c 11 12

i{arygtypei ol 1268 1373 11306 1087 1018 976 927 009 . 7456 643 - 606 548 - “ 209 208
ar 134 172 202 226 129 213 194 123 - 203 267 - 1723 :18% . - 199 128

c.c. m M Sm s m sm osmom - sm sm - m m = - smoom

Karvotype Hl » /1 1305 - 1194 11171053 936 - 818 870 794 6453 700 578 332 51 611 493 486
ar 1531 - 200 233 132 114 - 402 294205383293 109 216 234 132 179 120

[ m - SiT SI7: s i1 - g sm osm st smoom s sm m smom

r.1: refative length (%) ar - arm ratio; .o centromeric classification; m: metacenttic; sm: submetacentric:
st: subtelocentric
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Abstract

The karyotype of a new species of Paratelmatobius from the P. cardosoi group is described.
As with other Paratelmatobius and Scythrophrys karyotypes, Paratelmatobius sp. (aff. cardosod)
shows a diploid number of 24 chromosomes, in addition to other similarities with the former
karyotypes. The Paratelmatobius sp. (aff. cardosoi) karvotype differs from that of £. cardosoi in the
morphology of pair 4, the NOR location and the C-bands in pairs 3 and & (exclusive to
Paratelmatobius sp) and those of pairs 7 and 9 (exclusive to P. cardosof). Both karyotypes also
differ in the amount of heterochromatin in pair 1. The presence of interstitial heterochromatin in the
leng arm of pair 1 and the interstitial C-bands in both arms of chromosome 5 are apparently
synapomorphic characters of P. cardosoi and Paratelmarobius sp. (aff. cardosoi), since they are
absent in the other Paratelmarobius and Scythrophrys karyotypes. In Paratelmatobius sp. (aff,
cardosoi), the nucleolus organizer region is on the short arm of a small metacentric chromosome
(pair 9), an arrangement similar to the NOR-bearing chromosome pair in the karyotype of P.
poecilogaster and in Karyotype 11 of Scythrophrys. A conspicuous heteromorphism unrelated to the

sex determining mechanism was also observed and probably arose from a pericentric inversion.

Introduction

The genus Paratelmatobius Lutz & Carvalho comprises five species placed in two groups
(Pombal Jr. & Haddad, 1999). The P. cardosoi group includes P. cardosoi and P. mantigqueira while
the P. fuizii group contains P. [uizii, P. poecilogaster, and probably P. gaigeae. All Parateimatobius
species are endemic to Brazil and P. mantiqueira, P. Jutzii and P. gaigeae were considered as
missing species by those authors.

Comparative cytogenetic analyses of living species of Paratelmatobius (Lourengo et al.,
2000), P. futzii (De Lucca et al., 1974) and genus Scythrophrys (Lourengo et al., in preparation)
have shown several similarities between these genera and have allowed the evolutionary study of

some chromosomal characters in this group.
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In the present paper, we describe the karyotype of a new species of Paratelmatobius in the P.
cardosoi group and reassert the evolutionary hypothesis proposed in our previous studies of
Paraielmatobius and Scythrophrys (Lourengo ef af., 2000, and manuscript in preparation). An
interesting case of an autossomal inversion is also described. This new species, here called

Paratelmatobius sp. (aff. cardosor) (Figare 1), was found in the Serra do Mar in the State of Parana,

Brazil, and differs from P. cardosoi by its advertisement call.

Materials and methods

Six males and two females of Paratelmatobius sp. (aff. cardosoi) (Figure 1) collected from
Piraquara, Parand, Brazil, in October 1999 were studied cytogenetically. Chromosome preparations
were obtained from intestinal and testes cell suspensions, as described by Schmid (1978) and
Schmid ef al. (1979). Conventional staining with a 10% Giemsa solution, the C-banding technique
(King, 1980) and the Ag-NOR method (Howell & Black, 1980) were done. Chromosomes were
classified according to Green & Sessions (1991). All the specimens were deposited in Célio F. B.
Haddad collection (CFBH), Departamento de Zoologia, Universidade Estadual Paulista, Rio Claro,
SP, Brasil and in the Museu de Histdria Natural "Prof Dr. Adio José Cardoso” (ZUEC),
Universidade Estadual de Campinas, Campinas, SP, Brasil.

Results

The diploid complement of Paratelmatobius sp. (aff. cardosoi) consists of 24 chromosomes,
with six pairs of metacentric chromosomes and six of submetacentric chromosomes (Figures 2-4, 6;
Table I). In all the specimens analyzed, a conspicuous secondary constriction was observed in the
short arm of homologue 9 in Giemsa-stained metaphases (Figure 2) and was identified as an NOR
site in silver-stained preparations (Figure 3). Additionally, a smaller secondary constriction was
observed interstitially in the long arm of chromosome 5 in more decondensed metaphases (Figure

2a). All the centromeric regions of the Paratelmatobius sp. (aff. cardosoi) karyotype showed a small
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amount of constitutive heterochromatin (Figure 4). Non-centromeric heterochromatic bands were
easily visualized in pairs 1, 3, 5, and adjacent to the NOR in pair 9 (Figure 4). In some metaphases, 2
small telomeric C-band was observed in the short arm of pair 8 (Figure 4). Considering the small
size of this band, it was probably not detected in all the metaphases because of technical problems in
performing C-banding.

An interesting dimorphism was noted for pair 1 in one of the females. In this specimen, pair
1 was deeply heteromorphic in all metaphases analyzed (Figures 2-4). While one homologue (1a)
was a submetacentric chromosome with an arm ratio of 1.72, the other homologue (1b) could almost
be considered a subtelocentric chromosome since its arm ratio was 2.88 and, according to the
classification system of Green & Sessions (1991), the arm ratio of g subtelocentric chromosome is
3.01-7.00. These morphs of pair 1 also differed in their C-banding pattern. Thus, while morph la
showed interstitial heterochromatin in its long arm and nearly all its short arm was heterochromatic,
in morph 1b, the long arm was heterochromatic and no heterochromatin was detected in the short
arm (Figure 4). Intercellular variation was observed in the size of chromosome 1b relative to its
homologous chromosome 1a. While in some metaphases morphs 1a and 1b showed almost the same
size, in others, chromosome 1b was clearly smaller than 1a (Figure 2b).

The meiotic analysis of four males showed that, in 92% of 119 diakineses, the homomorphic
pair 1 had a clear rod-like configuration, probably the result of a terminal association of the long
arms (Figure 5). Such an association was particularly identifiable in C-banded diakinesis in which
the heterochromatic markers of chromosome 1 (almost the whole arm and an interstitial band in the

long arm) could be seen (Figure 5b).

Discussion

Interspecific analysis
The diploid number of Paratelmatobius sp. (aff cardosoi) is the same as in P. cardosoi, P.

poecilogaster (Lourengo et al., 2000), and P. luzzii (De Lucca ef al., 1974). The morphology of

several chromosome pairs is also very similar among these species. The Paratelmatobius sp. (aff.
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cardosoi) karyotype differs from those of P. poecilogaster and P. lutzii especially in pair 6, which is
metacentric in Paratelmatobius sp. (aff. cardosoi) and subtelocentric in 2. poecilogaster and P,
lutzii. On the other hand, pair 4 of Paratelmatobius sp. {aff. cardosoi) differs morphologically from
that pair of P. cardosoi. The location of the NCR also distinguishes Paratelmarobius sp. (aff.
cardosoi) from P. cardosoi, since in P. cardosoi pair 7 is the NOR-bearing chromosome pair. Apart
from the heterochromatic bands of pair 4 of P. cardosoi, which are characteristic of this species, the
non-centromeric bands of pairs 7 and 9 of 7. cardosoi are also not found in the Paratelmarobius sp.
(aff. cardosoi) karyotype. The interstitial band in pair 3 and the telomeric band in pair 8 that are
present in Paratelmatobius sp. (aff. cardoso?) do not occur in P. cardosoi. Additionally, while in P.
cardosoi the short arm of chromosome 1 has an interstitial C-band, neatly all the short arm of
chromosome 1a in Paratelmatobius sp. (aff. cardosoi) is heterochromatic. All of these differences
provide a clear karyological distinction between the specimens studied here and P. cardosoi, and
corroborate that P. aff. cardosoi is an undescribed species.

Both karyotypes have interstitial heterochromatin in the long arm of pair 1 (morph 1z in
Paratelmatobius sp), although the amount of this heterochromatin is greater in Paratelmatobius sp.
(aff. cardosoi) than in P. cardosoi. In addition, pair 5 of Paratelmatobius sp. (aff. cardosoi) strongly
resembles pair 5 (especially morph 5b) of P. cardosoi. The similar morphology and C-banding
pattern in both arms of these chromosomes is a further evidence of their homeology. The long arm
of both these chromosomes also has a secondary constriction. Interstitial heterochromatin in the long
arm of chromosome 1 and the C-banding pattern of chromosome 5 mentioned above were not found
in Paratelmatobius poecilogaster (Lourenco et al., 2000). Also, such characteristics were not seen in
the genus Scythrophrys, (Lourengo e al, manuscript in preparation), which is closely related to
Paratelmatobius (Lynch, 1971; Heyer, 1975; Garcia, 1996: Lourengo er al., in preparation).
Although one specimen of Scythrophrys showed a faint C-band in the long arm of one homologue of
pair 1, it differed from the interstitial heterochromatin in the long arm of pair 1 of 7. cardosoi and
Paratelmatobius sp. (aff. cardosoi) also because it was associated with a NOR in that Scythrophrys.
So, we conclude that those characteristics of pairs 1 and 5 of P. cardosoi and Paratelmatobius sp.
(aff. cardosoi) can be synapomorphic characters that assemble these species.

The NOR-bearing chromosome pair of Parateimatobius sp. (aff. cardosoi) is probably

homeologous to pair 10 of P. poecilogaster and to pair 10 of karyotype II of Scythrophrys, both of
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which carry a NOR (Lourengo ef al., 2000, and manuscript in preparation). The classification of this
pair as 9 in the Paraielmatobius sp. (aff. cardosoi) karvotype and not as pair 10 (as in the other
karyotypes) is probably because of a conspicuous C-band between the NOR and the telomere of the
short arm of this chromosome, which is absent in pair 10 of 2. poecilogaster and of karyotype II in
Scythrophrys. This heterochromatic band is apparently responsible for the greater size of the short
arm of that chromosome in Parateimatobius sp. (aff. cardosoi).

The intrachromosomal location of the NOR. in pair 10 of karyotype 11 of Scythrophrys differs
slightly from that in pair 10 of P. poecilogaster and pair 9 of Paratelmaiobius sp. (aff. cardosoi). In
Scythrophrys, the NOR is more terminal, while in Paratelmatobius sp. (aff. cardosoi) and in P.
poecilogaster 1t is proximal o the centromere. This variation may have been generated by a
hypothetical paracentric inversion. Anyway, the location of a NOR in a small
metacentric/submetacentric chromosome is an ancestral characteristic relative to the other NOR site
present in Paratelmatobius (in pairs 7 and 8; Lourengo et al., 2000) and Scythrophrys (in pairs 1 and
5), as proposed elsewhere (Lourengo ef al., in preparation). Thus, the location of the NOR in pair 10
of P. poecilogaster and in the homeologous pair 9 of Paratelmatobius sp. (aff. cardosoi) cannot be
used to group these species separately from P. cardosoi, which does not have this NOR.

The comparison between the Paratelmatobius sp. (aff. cardosoi) and Scythrophrys
karyotypes also showed that, as in Paratelmatobius sp. (aff. cardosoi), karytoype 1 of Scythrophrys
has a telomeric C-band in the short arm of pair 8, whereas in karyotype II the entire arm of this
chromosome is heterochromatic. If the presence of heterochromatin in this region is considered a
homeologous charactenstic, then the common ancestor of Paratelmarobius and Scythrophrys must
have this heterochromatin before being lost in P. poecilogaster and P. cardosoi. An alternative
hypothesis is that the telomeric C-band in pair 8 of Paratelmatobius sp. (aff. cardosoi) is not
homeologous to the non-centromeric heterochromatin of the Scythrophrys karyotypes so that these
heterochromatin arose independently in these genera.

Overall, these cytogenetic data agree with the two groups of Paratelmarobius proposed by
Pombal Jr. & Haddad (1999), and allow the inclusion of Paratelmatobius sp. (aff. cardosoi) in the

P. cardosoi group.
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Intraspecific variation in chromosome pair 1

Of the eight specimens of Pararelmatobius sp. (aff cardosoil) examined, one female showed
heteromorphism in pair 1 that was easily detected in all preparations. While chromosome 1a of
Paratelmatobius sp. (aff. cardosoi) was similar in morphology o chromosome 1 of the other
Paratelmatobius and Scythrophrys species (see above), the unusual morph 1b of the karyotype
described here was observed only in Paratelmatobius sp. (aff, cardosei). One possible mechanism
to explain the appearance of morph 1b could be a pericentric inversion in morph la. This hypothesis
is supported by the variation in the arm ratios of the morphs and by their distinct patterns of
heterochromatin distribution. However, this mechanism cannot fully explain the decrease in the
amount of euchromatin in morph 1b compared 1o 1a, particularly since this decrease may have
arisen from a deletion or heterochromatinization,

The influence of this heteromorphism on the meiotic pairing/crossing of pair 1 was not
evaluated because this phenomenon was seen in only one female. However, the meiotic analysis of
homomorphic pairs of chromosome 1 suggested that the large amount of heterochromatin present
impaired correct pairing/crossing and prevented the ring configuration. Such an influence of
heterochromatin has been reported for several organisms (see review by John, 1988).

The heteromorphism in pair 1 of Paratelmatobius sp. (aff. cardosoi) was not related to the
sex determining mechanism since in another female examined the morphs were homomorphic, as

was the case for males,

Acknowledgements

This work was supported by the Brazilian agency FAPESP {Fundagéo de Amparo a Pesquisa
do Estado de S#o Paulo, grants n® 97/00459-9 and n® 98/06087-9).

98




Artigo 3

References

De Lucca, E.J., Jim, J,, Foresti, F. Chromosomal studies in twelve species of Leptodactylidas and
one Brachycephalidae. Carvelogia 27: 183-191, 1974.

Garcia, P.C.A  Recaracterizacio de Scythrophrys sawayae {Cochran, 1953) baseada em
morfologia, osteologia e aspectos da miologia e histéria natural (Amphibia: Leptodactylidae).
Dissertac8o de mestrado - PUCRS, pp. 1-78, 1996.

Green, D.M., Sessions, S.K. Nomenclature for chromosomes. In Amphibian cytogenetics and

evolution (Green DM and Sessions SK, eds). San Diego. Academic Press, pp. 431-432, 1991.

Heyer, W.R. A preliminary analysis of the intergeneric relationships of the frog family

Leptodactylidac.. Smithson. Contr. Zeol 199 1-55, 1975.

Howell, W.M., Black, D.A. Controlied silver staining of nucleolus organizer regions with a
protective colloidal developer: a 1-step method. Experientia 36: 1014-1015, 1980,

John, B. The biology of heterochromatin. In: Verma R.S,, ed. Heterochromatin: Moleculor and

Structural Aspects. Cambridge. Cambridge Univ. Press, pp. 1-147, 1988.

King, M. C-banding studies on Australian hylid frogs: secondary constriction structure and the
concept of euchromatin transformation. Chromoesoma 80: 191-217, 1980,

Lourengo, LB., Garcia, P.C A, Recco-Pimentel, S.M. Cytogenetics of two species of
Paratelmatobius (Anura: Leptodactylidae), with phylogenetic comments. Hereditas, 2000 (in
press).

Lynch, J.D. Evolutionary relationships, osteology, and zoogeography of leptodactyloid frogs. Univ.

Kans. Mus. Nat. Hist., Misc. Publ. 53: 1-238, 1971.

Pombal Jr., J.P., Haddad, CF.B. Frogs of the genus Paratelmarobius { Anura: Leptodactylidae) with
descriptions of two new species. Copeia 1999: 1014-1026, 1999.

Schmid, M. Chromosome banding in Amphibia. 1. Constitutive heterochromatin and nucleolus
organizer regions in Bufo and Hvia. Chromosoma 66: 361-388, 1978.

Schmid, M., Olert, J., Klett, C. Chromosome banding in Amphibia. III. Sex chromosomes in

Triturus, Chromosoma 71: 29-55, 19796,

9G




Artigo 3

Figure legends

Figure 1. A male Paratelmatobius sp. (aff. cardosoi) from Firaguara, Parana, Brazil. a. Dorsal

view. b. Ventral view.

Figure 2. Paratelmatobius sp. (aff. cardosoi) karyotype. In a, a specimen with 2 homomorphic pair
1. The inset shows a secondary constriction in pair 5 with {arrow). In b, a specimen with a
heteromorphic pair 1. The inset shows another pair 1 of the same specimen. Note the variabie size of
morph 1b relative to la. The secondary constriction of the NOR in pair 9 is also shown in & and b

(arrow).

Figure 3. Silver-stained karyotype. Note the active NOR in pair 9. The inset shows the

heteromorphic pair 1 in one female specimen.

Figure 4. C-banded karyotype. The insets show a homomorphic pair 1, and a pair 8 with a clear

telomeric C-band in the short arm. The small interstitial bands of pair 5 are indicated by arrows.
Figure 5. Giemsa-stained (a) and C-banded (b) diakineses from a specimen with homomeorphic pair
1. Note the rod-like configuration of this pair and the position of the short arms. The terminal

association of the long arms is indicated (arrow).

Figure 6. Idiogram of the Paratelmatobius sp. (aff. cardosoi) karyotype. Solid blocks: dark C-
bands. Gray blocks: faint C-bands. Open regions: secondary constrictions, Checkered circles: NORs.
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Table 1. Morphometric data based on measurements from 39 metaphases of Paratelmatobius sp.

(aff. cardosoi).

chiromasemes
i ib 2 3 4 5 & 7 8 2 1% i1 i2
r.i. 1444 1196 1147 1066 1042 S40 869 6598 372 554 532 494 477

ar 172 288 138 230 1% 125 115 18 191 108 126 171 132

f£.  SHI St n 377 S n " S sm 7 77 m bl

r.1.: relative length (%5); a.r.: arm ratio; c.c.: centromeric classification; m; metacentric;
sm: submetacentric; st; subtelocentric
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Abstract

Physical maps of the 285 ribosomal RNA gene of species belonging to the genem
Paratelmatobius and Scythrophrys were constructed using five restriction endonucleases. There was
no intraindividual or intrapopulational variation in the number of restriction sites or in the size of the
resulting fragments. The extra Bst EII site considered in the literature to be a synapomorphy for the
subfamilies Leptodactylinae and Telmatobiinae was not observed in the genera Paratelmatobius and
Scythrophrys, which suggests that this hypothesis may not be valid. An additional Pvu 1I site was
found only in specimens of Scythrophrys from Piraguara (Parana State, Brazil} and Séo Bento do
Sul (Santa Catarina State, Brazil). This finding agrees with the karyological data which differentiate
the population of Scythrophrys from Rancho Queimado from the others studied here. The size of the
digested fragments differed among the species and, in the case of Scythrophrys from group I, there
was also variation between the two populations. Sequencing of the rDNA seginents studied here
may be useful in phylogenetic studies of the genera Pararelmatobius and Scythrophrys.

Introduction

The nuclear ribosomal DNA (rDNA) in the NOR (nucleolar orgamzer regions) of eukaryotes
consists of tandemly repeated copies of the transcriptional unit for the precursor of 188, 5.88, and
28S ribosomal RNA (1RNA), separated by an intergenic spacers (IGS). Two internal transcribed
spacers, known as ITS 1 and ITS 2, are located between the coding regions for 18S and 5.88 IRNA,
and between the latter and the 288 coding region. In addition, an external transcribed spacer (ETS)
occurs upstream to the 135 gene (Long & Dawid, 1980; Miller, 1981). The copies of IDNA genes in
a species evolve in concert through coordinated mechanisms {(Arnheim et al., 1980; Dover & Coen,
1981; Krystal er al., 1981; Coen et al., 1982ab; Arnheim, 1983). As a result, intra- and
interindividual variations in rDNA are small and, when present, affect particularly the intergenic
spacer (see Hillis & Dixon 1991 for a review).

The low rate of polymorphism in the rDNA transcription unit allows characterization of the

IDNA of each species using only a few specimens and makes this DNA useful for mterspecific
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comparisons, In addition, the different coding regions of the rDNA repeats show usually distinet
rates of evolution. As a result, this DNA can provide information gbout almost any systematic level
{see review of Hillis & Dixon 1991).

In Anura, restriction mapping of the 28S gene in 54 species identified regions of variability
that could be useful in phylogenetic studies (Hillis & Davis, 1986). Additionally, an interesting Bst
EIl site was reported as a possible synapomorphy for the Leptodactylinae and Telmatobiinae, two of
the three subfamilies of Leptodactylidae (Hillis & Davis, 1986).

The leptodactylid genera Paratelmatobius and Scythrophrys are closely related, as suggested
by morphological, ecological (Lynch, 1971; Heyer, 1975, Garcia, 1996), and cytogenetical
(Lourengo ef al., in preparation) data, even though currently allocated in the Leptodactylinae and
Telmatobiinae, respectively {Frost, 2000). The taxonomic relationships of these genera to other
leptodactylids are still not clear (see Lynch, 1971, Heyer, 1975, 1983).

An analysis of three karyotypes of Paratelmarobius (Lourengo et al., 2000; Lourengo ef al.,
in preparation) and two of Scythrophrys (Lourengo et al., in preparation) revealed interspecific
variation in the NOR location. However, there is no information on the organization of the rDNA

genes in these genera.

In this paper, we describe a preliminary analysis of the 28S ribosomal RNA gene in
Paratelmatobius and Scythrophrys.

Materials and Methods

Specimens

Three specimens of Paratelmatobius poecilogaster, 4 of Paratelmatobius cardosoi, 4 of
Paratelmatobius sp. (aff. cardosoi) (see Lourengo et al., in preparation), 8 of Scythrophrys from
karyotypic group I (5 from Piraquara, Parana State, Brazil and 3 from Sfo Bento do Sul, Santa
Catarina State, Brazil), and 6 specimens of Scythrophrys from karyotypic group I (from Rancho
Queimado, in Santa Catarina State, Brazil) (see Lourengo et al., in preparation) were studied. The
specimens of P. poecilogaster and P. cardesoi were collected from Paranapiacaba (S0 Paulo State,

Brazil) and those of Paratelmatobius sp. (aff. cardosoi) were from Piraquara (Parana State, Brazil).
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For comparison, the leptodactylid Cycloramphus izecksohni (subfamily Telmatobiinag) (one
specimen from Corupa, Santa Catarina State, Brazil) and Hylodes asper (subfamily Hylodinae) (one
specimen from Paranapiacaba) were also used. All the specimens studied were deposited in Célio .
B. Haddad collection (CFBH), Departamento de Zoologia, Universidade Estadual Paulista, Rio
Claro, SP, Brasil, and in the Museu de Histéria Natural "Prof Addo Jose Cardoso" (ZUEC),
Universidade Estadual de Campinas, Campinas, SP, Brasil,

Southern blots

Genomic DNA was extracted from fresh or frozen liver and muscle using a standard
phenol/chloroform method (Sambrook e al., 1989). About 1-2 ug of genomic DNA from each
specimen was digested with the restriction enzymes Eco RI, Bam HI, Bgl II, Bst EIL and Pvy i,
used singly or in combination. The resulting fragments were separated on 1.2% agarose gels at about

1.5 V/em in 1x TBE and transferred to positively charged nylon membranes (Hybond) (Sambrook er
al., 1989).

285 tDNA probe

An Eco RI-Bam HI fragment of the Xenopus laevis 28S gene extracted from the plasmid HM
123 (Meunier-Rotival er al., 1979) was subcloned into the phagemid pBlueScript (Figs. 1 and 2).
After labeling with digoxigenin by the random primer method, according to the manufacturer's

instructions {Boehringer Mannheim), the recombinant phagemid (pBS 28) was used as a probe in
the hybridization experiments.

Hybridization

The membranes were pre-hybridized in 5x SSC, 50% formamide, 0.1% lauroyisarcosine,
0.02% SDS, and 2% blocking reagent (Boehringer Mannheim) for 2-3 hs and then hybridized with
the pBS 28 probe overnight at 42°C in pre-hybridization solution under the same conditions. After
hybridization, the membranes were washed twice in 2x SSC and 0.1% SDS solution at room
temperature, and twice in 0.1x SSC and 0.1% SDS solution at 60°C. Each wash lasted 15 min. The
probe was detected using the chemiluminescence system from Boehringer Mannheim, with CSPD as

the chemiluminescent substrate. After the incubation with substrate, the membranes were exposed to
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x-ray films (Hyperfilm ECL, Amersham) and the bands then documented using a Kodak Digital

Science Svstem.

Results

There was no intraindividual or intrapopulational variation in the number or size of the
fragments geperated in any of the experiments (Figs. 3-7 and data not shown). In contrast,
interpopulational variation was observed in the size of the digested fragments in group I of
Sevthrophrys (Figs. 4-6).

The restriction sites for Eco RI, Bam HI, and Bgl II were the same in all species, although
there were some interspecific differences in the size of the restriction fragments obtained (Figs. 3-5).
The digestions using Pvu II showed that two populations of group I of Scythrophrys had an extra site
for this enzyme, which was absent in specimens of Scythrophrys from Rancho Queimado and in the
other species analyzed. Hylodes asper had three Pvu II sites (Figs. 6 and 7).

Weak bands were detected in a double digestion with Bgl I and Pvu II and were considered
to be the products of partial digestions (Fig. 6). This conclusion agreed with the pattern obtained in
other experiments and with some single digestions not shown here. Comparison of these data with
the restriction sites in the TDNA sequence of Xenopus laevis (GenBank/X02995) indicated that the
~1 kb fragment in lanes 1 and 5 of Figure 6 was a Bgl II-Pvu II segment derived from partial
digestion of Pvu II since this hypothetical site is present in X. Jaevis. The total digestion of this
fragment probably gave rise to fragments of ~900 bp and another of about 100 bp, which were not
detected in our hybridization experiments. Since partial digestions were not done for all of the

species studied, the Pvu I site deduced above was not considered in interspecific comparisons.
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Discussion

The absence of intraindividual variability in P. poecilogaster showed that there was no
divergence between the two NORs of this karyotype (one in chromosome pair 8 and another in pair
10; Lourengo ef al., 2600) for the rDNA segments studied here,

The lack of intraindividual and intrapopulational variations in the species studied allowed
interspecific comparisons. Thus, the species of Paratelmatobius and Scythrophrys did not have the
extra Bst EIl site found in the leptodactiline Leptodactyius wagneri and in the telmatobine
Teimatobius niger (Hillis & Davis, 1986). This site was considered 1o be a possible synapomorphy
for the subfamilies Leptodactylinae and Telmatobiinae, since it was absent in the other anurans
stadied by Hillis & Davis. However, our results refute this hypothesis since Scythrophrys is
currently classified in the Telmatobiinae and Paratelmatobius in the Leptodactylinae (Frost, 2000).

The intergeneric relationships in these two subfamilies are still not fully understood. Lynch
(1971) pointed out some similarities among Scythrophrys the leptodactylines Paratelmatobius and
Physalaemus and, to a lesser extent, the telmatobine Zachaenus. Heyer (1975) suggested that
Craspedoglossa, Crossodactylodes, Crossodactylus, Cycloramphus, Hylodes, Megaelosia,
Paratelmatobius, Scythrophrys, Thoropa, and Zachaenus constitute a distinct group in the family
Leptodactylidae, but subsequently abandoned this proposal and considered Scythrophrys to be “a
very distinctive leptodactylid genus with obscure phylogenetic relationships” (Heyer, 1983). Thus,
an investigation of the Bst EIl site in the 28S gene of other leptodactylid genera may provide useful
data for studying Leptodactylinae and Telmatobiinae.

The other informative region was the additional Pvu II site found in the two populations of
Scythrophrys from group I, which was absent in Scythrophrys from Rancho Queimado, in the
species of Paratelmatobius {present study) and in other anurans studied here or by others (Hillis &
Davis, 1986). This finding agrees with the karyological data (Lourengo et al., in preparation) that
differentiate the Scythrophrys of Rancho Queimado from other Scythrophrys.

All the species studied, as well as the two populations of Scythrophrys from group I, counld
be distinguished each other by the size of the digested fragments. This finding and the restriction site
variation discussed above suggest that sequencing the TDNA segment studied here could provide

useful data for phylogenetic studies of Paratelmatobius and Scythrophrys.
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Figure legends

Figare 1. Representation of the Xenopus laevis tDNA fragment in the plasmid HM 123 (Meunier-
Rotival ef al., 1979). The arrows and the arrowheads indicate the restriction sites of Eco R and Bam

HI, respectively. The solid block represents the fragment of about 2.5 kb subcloned in pBlueScript.

Figure 2. pBS 288 (1), HM 123 (2), and pBlueScript (3) after double digestion with Eco RI and
Bam HI. Lane 1 shows the fragment of about 2.5 kb that was subcloned (arrow). Lane 4 contains
lambda-Hind I and ¢X-Hae fragments.

Figure 3. Restriction sites of EcoRI, BamHI, Bglll, BstEIl and Pvu I in the tDNA of the species of
Paratelmatobius and Scythrophrys. The presumed Pvu II site in Scythrophrys from group 11

experiments is not shown,

Figure 4. Fragments of genomic DNA obtained after digestion with EcoRI (1-6) and EcoRI-BstEll
(7-12) and hybridization with the pBS 28 probe. 1-2, 7. Paratelmatobius poecilogaster. Lanes 1 and
2 contain DNA from two individuals, both of which showed the same pattern. 3, 8. P. cardosoi. 4, 9.
Paratelmarobius sp. (aff. cardosoi). 5, 11. Scythrophrys of group I from Piraquara. 6, 12.
Scythrophrys of group 1 from S#io Bento do Sul. 10. Scythrophrys of group II from Rancho

Queimado.

Figure 3. Fragments of genomic DNA from, Hylodes asper (1), Cycloramphus izechsoni (2),
Paratelmatobius poecilogaster (3), P. cardosoi (4), Paratelmatobius sp. (aff cardosoi) (),
Scythrophrys from Rancho Queimado (6), Scythrophrys of group I from Piraquara (7), and group I
from SZo Bento do Sul (8) hybridized with the pBS 28 probe, after digestion with EcoRI-BamHI-
Bglll.

Figure 6. Southern blotting of the genomic DNA of Hylodes asper (1), Poratelmatobius
poecilogaster (2}, F. cardosoi (3), Paratelmatobius sp. (aff. cardosoi) (4), Scythrophrys from

Rancho Queimado (5), Scythrophrys of group I from Piraquara (6), and Scyrhrophrys of group I
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from S0 Bento do Sul (7) with the pBS 28 probe, after digestion with Bgl 11 and Pvu 1. The arrows
indicate partially digested fragments.

Figure 7. Genomic DNA of Hylodes asper (1), Paratelmatobius poecilogaster (2), P. cardosoi (3),

Paratelmatobius sp. (aff. cardosoi} (4), Scythrophrys from Rancho Queimade {8), and Scythrophrys
of group I from Piraquara (6), digested with Pvu If and hybridized with the pBS 28 probe,
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P

VI - Conclusbes gerais

A analise citogenctica do género Pararelmatobius permitiu corroborar a existéneia de uma nova
espécie no grupo cardosol, Paratelmatobius sp. {aff. cardosor), conforme previamente sugerido

por andlises anatdmicas ¢ de vocalizag3es.

No género Scythrophrys, o estudo cromossdmico identificou dois citétipos. A principal
diferenca entre eles consiste na localizagdo da NOR. Visto que os animais com diferentes
citotipos tambeém apresentam divergéncias em relagfio 2 vocalizagio, sugerimos que tal variacio

citogenetica seja uma evidéncia da presenga de duas unidades taxondmicas em Scythrophrys.

Todas as espécies de Paratelmatobius ¢ Scythrophrys apresentam complemento cromossdmico
dipléide com 24 cromossomos. Véarias semelhancas morfoldgicas podem ser identificadas
dentre tais cariotipos, distingliindo-os dos cariétipos de Adenomera marmorata e Hylodes nasus,
outros dois fnicos leptodactilideos com ntmero dipléide igual a 24. Dessa forma, aquele
caridtipo com 24 cromossomos pode representar uma sinapomorfia para Paratelmatobius e

Scythrophrys.

No cariotipo Il de Scythrophrys e em Paratelmatobius poecilogaster, o par 10 ¢ portador da
NOR. No cari6tipo de Paratelmatobius sp. {aff. cardosoi), a NOR encontra-se no par 9, que
difere do par 10 de P. poecilogaster por apresentar um conspicuo bloco heterocromatico
telomérico adjacente a NOR. Assim, esses pares 9 & 10 nos caridtipos em questdo sdo
homedlogos e a presenga de NOR no brago curto desse cromossomo parece representar uma
condigdo plesiomortica da localizagio da NOR no grupo Paratelmatobius-Scythrophrys, ja que
essa situaglio ocorre em representantes desses dois géneros. Essa observacdo, no entanto, no
descarta a possibilidade de que a presenga da NOR npaquele cromossomo
metacéntrico/submetacéntrico pequeno possa ser caracteristica exclusiva dos leptodactilideos 2.

poecilogaster, Paratelmatobius sp. (aff. cardosoi) e grupo 11 de Seythrophrys, nio ocorrendo em
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nenhuma outra espécie dessa familia. Nesse caso, essa localizacio da NOR seria uma
sinapomorfia que agruparia Paratelmatobius e Scythrophrys. Ainda em relacio 4 NOR,
heteromorfismos de tamanho foram encontrados em P. poecilogaster, P. cardosei € no caridtipo

1 de Scythrophrys.

A analise do padro de distribuigfo da heterocromatina constitutiva revelou a presenga de um
segmento heterocromatico no brago curto do par 1 de todos os caridtipos descritos neste estudo,

embora 0 tamanho desse segmento varie entre as diferentes espécies tratadas.

A presenga de heterocromatina intersticial ndo-associada 2 NOR no brago longo do par 1 e o
padrdo de distribuig8o de heterocromatina no par 5 de P. cardosoi e Paratelmaiobius sp. (aff.

cardosoi) slo caracteristicas exclusivas dessas espécies.

Algumas bandas cromossOmicas heterocromaticas foram sugeridas como sinapomorfias dos
dois grupos de Scythrophrys identificados no presente trabalho. Sdo elas, as bandas nio-

centroméricas dos pares 7, 10 ¢ aquela do par 5 do caridtipo I € sua correspondente no par 6 do

cariétipo 1.

Em P. cardosci, a andlise citogenética com fluorocromos mostrou heterogeneidade em dois

blocos heterocromaticos, um localizado no brago curto do par 1 e outro no brago longo do par 7.

Um caso de inversdo paracéntrica foi facilmente reconhecido no caridtipo I de Scythrophrys,
visto que envolvia um segmenfo cromossOmico portador da NOR e um forte bloco
heterocromatico adjacente a ela. Em Paratelmatobius sp. (aff. cardosoi), um caso aparente de
inversdio pericéntrica foi detectado no par 1. Esse evento explicaria a alteracfio tanto da
morfologia cromossémica como do padriio de distribui¢do da heterocromatina verificada nesse

par.
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10. A analise do mapa de restricdo da regifio codificadora do RNA. ribossomal 288 detectou dois

[

interessantes sitios. Um deles consiste em um sitio extra de restrigio para Bst EIl observado em
alguns leptodactilideos e sugerido na literatura como uma possivel sinapomorfia de
Leptadactylinae ¢ Telmatobiinae. A ausénecia desse sitio nas éspécies de Poratelmatobius e
Scythrophrys discorda dessa proposta, tornando o sitio Bst EIl um importante sitio de restrigio
na analise dos leptodactilideos. Outro dado relevante refere-se a um sitio Pvu I encontrado
exclusivamente nas duas populagbes de Scythrophrys que apresentaram caridtipo I Esse
resultado corrobora o agrupamento proposto com base em dados citogenéticos, anatdmicos e
dados relativos & vocalizagfio, que sugere a existéncia de duas unidades taxondmicas no género

Scythrophrys.

A anglise molecular do DNA ribossomal das espécies de Pararelmarobius e Scythrophrys
mostrou aigumas diferengas interespecificas em relagio ao tamanho de alguns fragmentos de
restrigho. Tal resultado indica que o seqiienciamento dessas regiGes pode fornecer interessantes

mformagdes para o estudo desses leptodactilideos.
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