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Resumo

O anuro Engystomops petersi estd amplamente distribuido na bacia Amazonia,
compreendendo paises como o Brasil, Equador, Peru e Bolivia. Estudos prévios ja
descreveram variagdes no canto e também variacdes genéticas nesse anuro. NOs
apresentamos aqui uma andlise citogenética da populacdo de Puyo (Equador), um sitio que
inclui a regido descrita como sendo a localidade-tipo dessa espécie, duas outras populacdes
Equatorianas que apresentam isolamento pré-zigético (Yasuni e La Selva), e uma
populacdo Brasileira do Estado do Acre. Todos os espécimes analisados citogeneticamente
foram também incluidos em estudos filogenéticos utilizando seqiiéncias de DNA
mitocondrial. A sequéncia de parte de um gene nuclear (rodopsina) também foi utilizada
neste trabalho. Uma enorme variacdo citogenética foi encontrada e muitos padrdes
cariotipicos puderam ser observados, mesmo entre populacdes que ndo apresentam
isolamento pré-zigético. Este resultado nos permite sugerir que dados cariotipicos podem
ter participado no processo de especiacdao de Engystomops. Populacdes de Puyo e do Acre
apresentaram cromossomos sexuais heteromorficos compondo o sistema XX/XY, o que
nao foi identificado nas outras populagdes Equatorianas. J4 que as populagcdes Equatorianas
estdo localizadas em um clado separado das populacdes do Acre, nds sugerimos a hipdtese
de que a presenca dos cromossomos sexuais X € Y seja um cardter plesiomorfico neste
grupo. A andlise do gene nuclear permitiu ainda identificar seis SNPs (Polimorfismos de
simples nucleotideos) e alguns espécimes heterozigotos para esses sitios. As variagdes
cariotipicos € moleculares aqui apresentados, em conjunto com os dados previamente
descritos, corroboram a hipétese de que Engystomops petersi seja um complexo de espécies
e sugerem que eventos de hibridagdo e introgressdo possam ter ocorrido entre as

populacdes desse grupo.



Abstract

The frog Engystomops petersi is widely distributed in the Amazon basin. Genetic
divergence and speciation mechanisms of E. petersi populations have been inferred mainly
from mitochondria DNA (mtDNA) and microsatellite polymorphisms, male advertisement
call and sexual selection. In spite of the significant progress resulting from these studies,
many cytogenetic, taxonomic and evolutionary aspects of E. petersi populations remain
unclear. In the present study, cytogenetic analysis and nucleotide divergence in mtDNA and
in the rhodopsin nuclear gene of E. petersi populations are described in an attempt to
contribute to the understanding of this anuran. High cytogenetic variation distinguished
karyotypic patterns, which included two populations with no prezygotic isolation. The Puyo
and Acre populations showed heteromorphic sexual chromosomes (XX/XY), which were
not identified in the other Equatorial populations. Since all the Equatorial populations were
placed in a clade separated from the Acre populations, we hypothesize that the sex
chromosomes X and Y is a plesiomorphic condition in this group. The results from mtDNA
found here were very similar to those found in previous studies. In the rhodopsine
nucleotide sequences, 6 SNPs (Single Nucleotide Polymorphism) were identified and
various specimens were heterozygous for these nucleotide sites. The karyotypic and
molecular data presented herein, in conjunction with previously reported data, corroborate
the hypothesis that Engystomops petersi is a complex of distinct species and suggested
hybridization and introgression events between populations. Moreover, tha data indicated
that karyotypic evolution patterns may have played a substantial role in the Engystomops

speciation.



Introducao

Em geral, a andlise de anuros baseada estritamente em dados morfolégicos nao tem
revelado muitos caracteres informativos para estudos evolutivos, jad que muitos dos
caracteres morfoldgicos encontram-se conservados nesse grupo (Hillis, 1991; Ford &
Cannatella, 1993; Cannatella et al., 1998). Além disso, muitos caracteres morfolégicos sao
polimérficos e, portanto, de dificil interpretacdo nas andlises filogenéticas (ver Hoffman &
Blouin, 2000). Por essa razdo, cada vez mais, dados citogenéticos, moleculares e
comportamentais tém sido pesquisados nesse grupo. E interessante notar que estudos mais
conclusivos acerca de importantes questdes taxondmicas e evolutivas t€ém resultado da
combinacdo de caracteres de diversas naturezas (exemplos em Scott, 2005 e Faivovich et
al., 2005).

Estudos citogenéticos de anuros t€m descrito interessantes e diversos fendomenos
cromossOmicos. Enquanto alguns grupos apresentam evolugdo cariotipica bastante
conservativa, como € o caso de algumas espécies de Hypsiboas (=Hyla) com 24
cromossomos em seu complemento dipldide (Ananias et al., 2004), existem géneros
altamente varidveis, seja em relacdo ao numero dipldide [por exemplo, Pseudis (Busin et
al., 2001) e Megaelosia (Rosa et al., 2003)], em relacdo a morfologia dos cromossomos ou
a distribuicdo de regides organizadoras de nucléolo e da heterocromatina [como em
Epipedobates, (Aguiar-Jr. et al., 2002) ]. Em alguns grupos, a diversificagdo cariotipica
supera a morfoldgica, fazendo da andlise citogenética uma importante ferramenta para a
distin¢do de espécies morfologicamente muito parecidas, como € o caso de Dendropsophus
nanus (=Hyla nana) e Dendropsophus sanborni (=Hyla sanborni) (Medeiros, 2000) e de

duas espécies do género Scythrophrys (Lourengo et al., 2003a).



Em grupos mais estudados do ponto de vista citogenético, sinapomorfias
cromossOmicas sdo reconhecidas e permitem a elaboracdo de propostas para a evolugdo
cariotipica das espécies em estudo. Esse € o caso dos géneros Alsodes (Cuevas e Formas,
2003), Eupsophus (Iturra e Veloso, 1989; Cuevas e Formas, 1996; Veloso et al., 2005),
Mantella (Odierna et al., 2001) e das espécies de Paratelmatobius e Scythrophrys
(Lourenco et al., 2003a,b; 2007). Para as espécies do género Alsodes, por exemplo, foi
sugerido que 2n=26 com auséncia de cromossomos telocéntricos seria um carater primitivo.
A presencga de pares cromossdmicos telocéntricos ou cariétipo com nimero dipléide menor
(2n=22) em outras espécies do mesmo gé€nero seriam consideradas como sinapomorfias,
provavelmente relacionadas a translocagdes cromossomicas (Cuevas e Formas, 2003).
Entretanto, mesmo nesses casos, estudos utilizando outros marcadores citogenéticos ainda
sd0 necessdrios para o completo entendimento da evolucdo cariotipica nos grupos.

Atualmente, os marcadores citogenéticos mais utilizados no estudo de anuros sao as
regides organizadoras de nucléolos (NORs) e as bandas heterocromaticas. As regides de
heterocromatina tém recebido especial atencao. Inicialmente a heterocromatina foi descrita
como a regido do genoma de uma célula que estava em constante estado de condensacgdo
durante todo o ciclo celular e se comportava diferente da eucromatina. Posteriormente,
seqiiéncias repetitivas de DNA foram detectadas nessas regidoes de heterocromatina. Hoje,
j& se sabe que as regides heterocromdticas sdo formadas por vdrios componentes
especificos, inclusive protéicos e de RNA, que sdo classificados de acordo com suas
funcdes, dentre elas a metilagio do DNA, a metilacdo de histonas e a repressdao
transcricional, e atividades relativas a etapa de replicacdo do DNA (ver revisdo de Craig,
2004). As principais regides de concentracdo da heterocromatina s@o as regides

centroméricas e teloméricas dos cromossomos, que estdo arranjadas em “cromocentros”



durante a intérfase (para referéncias, ver revisdo de Grewal e Jia, 2007). Algumas das
caracteristicas dessas regides podem ser analisadas e utilizadas como marcadores
citogenéticos.

Uma andlise preliminar das seqiiéncias repetitivas de DNA presentes nas regides
heterocromdticas pode ser realizada pela coloracdo dos cromossomos por fluorocromos
base-especificos. A deteccdo das regides ricas em bases AT é realizada, por exemplo, por
meio da utilizagdo do fluorocromo DAPI (4,6-diamidino-2-fenilindole). Ja regides ricas em
bases GC podem ser detectadas pela cromomicina A3 (CMA3) ou mitramicina (MM).

O uso de corantes GC-especificos evidencia também as regides organizadoras do
nucléolo (NOR) em espécies de diferentes grupos, tais como peixes, anfibios e insetos. Ao
contrario da técnica de Ag-NOR, os fluorocromos identificam NORs mesmo que estas
estivessem inativas durante a interfase prévia e ainda identificam heteromorfismos de
NORs, como por exemplo, em peixes (Amemiya et al., 1986). No entanto, as técnicas mais
precisas e mais utilizadas para a detec¢do de NORs em estudos citogenéticos sdo a
impregnacdo por prata (método Ag-NOR) e a hibridacdo in situ (Lourengo et al., 1998;
Medeiros et al., 2003; Busin et al., 2006; Silva et al., 2006).

O uso seqiiencial desses fluorocromos na coloracdo de cromossomos foi
primeiramente descrito por Schweizer (1976) e representa uma interessante abordagem para
estudos cromossdmicos. Desde entdo vem sendo utilizado para caracterizagdo citogenética
em diferentes espécies desde vertebrados (Schmid, 1978; Schweizer, 1980; Amemiya et al.,
1986; Odierna et al., 1999; Kasahara et al., 2003) a insetos (Bione et al., 2005; Brito et
al.,2003; Golub et al., 2004) e plantas (Zoldos et al., 1999).

Marcadores citogenéticos ligados ao sexo podem vir a representar outra importante

ferramenta para estudos cariotipicos, embora ainda nio tenham sido devidamente isolados



para esse fim. Dentre as espécies de anuros citogeneticamente estudadas, apenas cerca de
10-15% que equivalem a aproximadamente 30 espécies apresentam cromossomos sexuais
heteromorficos e em vdrios desses casos, o heteromorfismo s6 € detectado em cari6tipos
submetidos a alguma técnica de bandamento cromossdmico (Chakrabarti et al., 1983;
Iturra, et al., 1989; Mahony, 1991; ver revisdo de Schmid et al., 1991; Schmid et al., 1992;
Nishioka et al., 1993; Miura, 1994a,b; Cuevas & Formas, 1996; Lourenco et al., 1999;
Ryuzaki et al., 1999; Hanada, 2002; Schmid et al., 2002, Schmid et al., 2003; Wiley, 2003;
Odierna, et al., 2007; Ananias et al., 2007, Busin et al., 2008). Tanto sistemas
cromossOmicos XX/XY, como ZZ/ZW (ver referéncias em Schmid et al., 1991) e também
sistemas multiplos, como o de Eleutherodactylus biporcatus (previamente descrito como E.
maussi; Schmid et al., 1992) ji foram descritos para anuros pertencentes a diversas
familias, o que evidencia que a diferenciacdo de cromossomos sexuais ocorreu diversas
vezes apds a origem dos anuros.

Os mecanismos que levaram a diferenciacdo de cromossomos sexuais ainda sdo
pouco conhecidos em Anura. A heterocromatinizacdo como evento responsdvel pela
assincronia no padrao de replicacdo do DNA de dois cromossomos homologos, implicando
uma reducdo na freqiiéncia de recombinagdo entre esses, foi inicialmente sugerida por
Singh et al. (1976) como o primeiro passo para a diferenciacdo de cromossomos sexuais,
com base em observagdes em Ophidia. Dentre as espécies de Anura que apresentam
cromossomos sexuais diferenciados, apenas os cromossomos de Pyxicephalus adspersus
(Ranidae) (Schmid, 1980) e Gastrotheca riobambae (Hylidae) (Schmid et al., 1983) se
adequam a essa hipdtese. King (1991), analisando os dados de Green (1988a) sobre
Leiopelma hochstetteri (Leiopelmatidae), sugere que as variacdes na quantidade de

heterocromatina dos diferentes W encontrados nessa espécie constituem outro exemplo



inequivoco de transformacdo da eucromatina, embora Green ndo interprete seus dados
dessa maneira, se referindo apenas a uma variacdo geografica. Schempp & Schmid (1981),
em estudo com o ranideo Pelophylax ridibundus (= Rana esculenta), discutem a
possibilidade de haver uma concentracdo diferencial de DNA satélite entre 0s cromossomos
sexuais mesmo que o bandamento C ndo revele regides de heterocromatina sexo-
especificas.

Por outro lado, o ganho e a perda de heterocromatina, e a perda de DNA ribossomal
também ja foram considerados fendmenos desencadeadores da diferenciacio de
cromossomos sexuais em alguns grupos de anuros (Green, 1988b; Iturra & Veloso, 1989;
Mahony, 1991; Schmid et al., 1990; Schmid et al., 1993). Outros dois eventos considerados
por John (1988) como possiveis responsdveis pela reducdo de recombinacdo entre
cromossomos homomorficos ancestrais de cromossomos sexuais sdo: a localizacdo de
quiasma determinada genotipicamente e rearranjos estruturais, especialmente inversdao
pericéntrica. Em Anura, esses mecanismos ainda ndo foram demonstrados como eventos
iniciais na evoluc¢do de cromossomos sexuais.

A caracterizagcdo dos cromossomos sexuais em espécies proximamente relacionadas
podera auxiliar na inferéncia de possiveis fendmenos relevantes no processo de acimulo de
diferencas entre os cromossomos sexuais. Ja que a diferenciacdo de cromossomos sexuais €
um importante fendmeno na divergéncia cariotipica interespecifica de anuros, seu estudo
pode elucidar importantes eventos de evolugdo cromossomodmica, podendo representar
valiosos marcadores para estudos filogenéticos.

Em relacdo aos dados moleculares, embora estudos de alozimas e andlises de sitios
de restri¢do presentes em determinadas seqiiéncias dos genomas nuclear e mitocondrial ja

tenham sido utilizadas com sucesso em inferéncias filogenéticas de espécies de anuros



(exemplos em Cannatella et al., 1998, Macey et al., 2001; e Hillis & Davis, 1987, Sumida,
1997, respectivamente), a maioria das informacdes utilizadas em reconstrucdes
filogenéticas consiste em seqiiéncias de DNA, principalmente aquelas localizadas no
genoma mitocondrial (exemplos em Hay er al., 1995; Ruvinsky & Maxson, 1996; Lehr et
al., 2005; Crawford & Smith, 2005; Chen et al., 2005; Ron et al., 2006).

Algumas caracteristicas do genoma mitocondrial facilitam sua utilizacdo em estudos
filogenéticos e justificam a prevaléncia dessas inferéncias em relacdo aquelas feitas com
seqiiéncias do genoma nuclear. Uma delas refere-se a auséncia ou a baixa freqii€éncia de
eventos de recombinagdo no DNA mitocondrial (DNAmt). Embora vérias evidéncias da
ocorréncia de rearranjos na molécula de DNAmt ja tenham sido descritas para protistas,
fungos e plantas (ver revisdo de Gray, 1989), no reino animal tais rearranjos sdo
considerados pouco freqiientes, jd que a ordem dos genes mitocondriais ndo varia muito
dentro das grandes linhagens (ver revisdes de Boore, 1999, e Pereira, 2000). Tal fato
justifica a escassez de seqii€éncias pardlogas (pseudogenes, por exemplo) nesse genoma, o
que esta diretamente relacionado a uma menor producdo de possiveis ruidos em inferéncias
filogenéticas realizadas com DNAmt.

A presenca de multiplas copias do DNAmt por célula (Michaels et al., 1982; Robin
& Wong, 1988) € outra particularidade importante desse genoma, pois facilita sua
manipulacdo e a obtencao das seqiiéncias nucleotidicas utilizadas nos estudos.

A terceira relevante caracteristica do genoma mitocondrial é sua elevada taxa
evolutiva, estimada em 5-10 vezes maior do que a do genoma nuclear (Brown et al., 1979,
1982; Miyata et al., 1982). Isso possibilita a deteccdo de sinais filogenéticos mesmo em

estudos de tdxons menos abrangentes.



Alguns fatores que aparentemente contribuem para a rdpida taxa evolutiva
observada no genoma mitocondrial sdo mencionados a seguir: a) elevada exposi¢do a danos
oxidativos; b) sistema de replicacdo falho; c) auséncia ou deficiéncia de mecanismos de
reparo; d) eventos de recombinag@o pouco freqiientes e, portanto, menor chance de eliminar
mutacdes pouco deletérias; e) rapida renovagdo das moléculas de DNA mitocondrial
(revisao de Gray, 1989).

Assim como no genoma nuclear, diferentes regides do genoma mitocondrial
apresentam diferentes taxas evolutivas, sendo as seqii€éncias nao-codificadoras as que
apresentam maior variabilidade. No genoma mitocondrial animal existem dois genes que
codificam RNAs ribossomais, os genes 12S e 16S. Apenas uma cépia de cada um desses
genes estd presente em cada genoma e eles ndo contém regides espagadoras. Diferentes
taxas evolutivas podem ser observadas ao longo dos genes ribossomais, sendo 0s sitios
mais conservativos aqueles relacionados a associa¢do do ribossomo com proteinas, RNAm
e RNAt (Hillis & Dixon, 1991).

Em vertebrados estdo presentes 22 genes codificadores de RNAt no genoma
mitocondrial. Tais regides evoluem mais rapidamente do que os genes de RNAt nucleares.
Assim como ocorre com 0s genes ribossomais, as regioes codificadoras de RNAt também
apresentam diferentes graus de conservacdo intramoleculares. Em cada molécula de RNA,
a regido codificadora da al¢a portadora do anticédon é a mais conservada evolutivamente.
Alguns estudos sugerem, ainda, que a por¢do 3' desses genes tenha menor taxa evolutiva do
que a por¢ao 5' (revisdes de Simon et al., 1994; Pereira, 2000).

As variagdes intramoleculares da taxa de divergéncia dos nucleotideos ao longo do
tempo permitem que os genes ribossomais e aqueles codificadores de RNAt sejam capazes

de fornecer informacdes filogenéticas para diferentes categorias taxondmicas. Por isso,



esses genes mitocondriais sdo utilizados em inferéncias filogenéticas tanto de espécies
proximamente relacionadas (exemplos em Cannatella et al., 1998; Richards & Moore,
1998; Ron et al., 2006), como de grandes grupos taxondmicos (exemplos em Hay et al.,
1995, Ruvinsky & Maxson, 1996, Feller & Hedges, 1998, Emerson et al., 2000; Bossuyt &
Milinkovitch, 2000; Darst & Cannatella, 2004), embora nesse caso nem sempre 0s Sinais
filogenéticos sao facilmente recuperados (ver Hertwig et al., 2004).

Ao contrario dos genes mitocondriais, que apresentam heranca materna, os genes
nucleares apresentam heranca dupla, materna e paterna, e menor taxa de substitui¢do
nucleotidica (Springer et al., 2001). A utilizacdo de genes nucleares para andlises
moleculares e filogenéticas pode aumentar o desempenho das seqii€éncias mitocondriais em

reconstruir a relagdes antepassadas (Springer et al., 2001; Hoegg et al., 2004).

Engystomops da Amazonia - o objeto de estudo

O género Engystomops foi recentemente revalidado por Nascimento et al. (2005),
com base na andlise fenética de dados morfologicos, para abrigar as sete espécies
anteriormente reunidas no grupo Physalaemus pustulosus: E. coloradorum (Cannatella &
Duellman, 1984), E. guayaco (Ron et al., 2005), E montubio (Ron et al., 2004), E. petersi
Jiménez-de-la-Espada, 1872, E. pustulatus (Shreve, 1941), E. pustulosus (Cope, 1864) e E.
randi (Ron et al., 2004). Outras duas espécies ainda ndo descritas ja foram reconhecidas e
alocadas nesse género, que se mostrou monofilético em andlises conduzidas por Ron et al.
(2006), com base em aproximadamente 2,4kb de DNA mitocondrial, que abrangia os genes

ribossomais 12S e 16S e o gene codificador do RNAt-Val.
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No entanto, a revalida¢do de Engystomops é ainda motivo de controvérsia. Funk et
al. (2007) argumentaram que os dados apresentados por Nascimento et al. (2005) ndo
apdiam a revalidagdao desse género e defenderam o uso do nome genérico Physalaemus
para as espécies atribuidas a ele. Até o momento nao hd nenhuma anélise filogenética que
permita testar a hipétese de Nascimento et al. (2005). Optamos, no presente projeto, por
seguir a revalidac@o proposta por Nascimento et al. (2005), assim como Frost et al. (2007)
e Ron et al. (2006), embora acreditemos que novos estudos sejam necessarios para uma
reavaliacdo taxonOmica desse grupo.

Outra informacdo taxondmica controversa na literatura refere-se ao tdxon E.
freibergi. Barros (1969) descreveu a espécie E. freibergi com base na andlise de espécimes
de Rurrenabaque (Rio Beni), Bolivia, mas esta foi sinonimizada a E. petersi por Cannatella
& Duellman (1984). O nome E. freibergi ressurgiu, no entanto, no trabalho de Cannatella et
al. (1998), identificando espécimes do sul do Peru. Na tltima revisdo sobre Egystomops
apresentada por Ron et al. (2006), os autores identificaram um espécime coletado no Rio
Tejo, na Reserva Extrativista do Alto Jurud, no Estado do Acre (Brasil) como E. cf.
freibergi, devido a proximidade geografica desta regido com a localidade-tipo de E.
freibergi e a divergéncia genética desse individuo em relacdo a populagdes proximas a
localidade-tipo de E. petersi (oriente do Equador, provavelmente Napo-Pastaza — ver
referéncia em Cannatella & Duellman, 1984). Funk et al. (2007), com base em andlises de
seqiiencias moleculares, novamente sugerem a possibilidade de revalidacdo de E. freibergi.
No entanto, nenhum estudo com espécimes da localidade-tipo de E. freibergi foi realizado e
a revalidacdo desse tdxon ainda nao foi formalmente proposta.

Apesar dos problemas taxondmicos mencionados, dois clados podem ser claramente

definidos dentre as espécies de Engystomops. Um deles é composto por E. coloradorum, E.
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guayaco, E. montubio, E. pustulatus, E. randi e as duas espécies ainda ndo descritas
identificadas por Ron et al. (2006), todas distribuidas em baixas altitudes a oeste da
Cordilheira dos Andes, no Equador e no norte do Peru. O segundo clado inclui E.
pustulosus, que ocorre na América Central e norte da América do Sul, e os anuros da
Amazodnia, E. petersi e E. cf. freibergi (Ron et al., 2006).

A andlise citogenética de espécimes coletados na mesma localidade do individuo
identificado como E. cf. freibergi por Ron et al. (2006) distinguiu facilmente dois citotipos
ocorrendo em simpatria, evidenciando a existéncia de espécies cripticas naquela regiao
(Lourengo et al., 1998, 1999). Além dessa importante implicacdo taxondmica, os estudos
citogenéticos citados revelaram fendmenos muito interessantes dentre os espécimes
portadores do citétipo I, como intenso polimorfismo de NORs e de blocos heterocromaticos
e a presenca de cromossomos sexuais heteromorficos (X e Y). Devido a ampla distribui¢dao
geografica de Engystomops (Figura 1), a andlise citogenética de um grande ndmero de
populacdes pode revelar outros fendmenos cromossdmicos e auxiliar na identificagdao

taxonOmica do género.
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Figura 1. Mapa parcial da América do Sul, com a indicag@o da possivel distribui¢do

geografica de  Engystomops  petersi  (extraido de  http://www.puce.edu.ec/

zoologia/vertebrados/amphibiawebec/especies/anura/leiuperidae/petersi/petersi).

O trabalho de Lourenco et al. (1998) foi a primeira descri¢do cariotipica para
Engystomops da Amazonia e a segunda disponivel para o género, uma vez que o nimero e
a morfologia dos cromossomos de E. pustulosus foram apresentados por Morescalchi &
Gargiulo (1968). No referido trabalho, no entanto, embora uma metafase mitética de E.
pustulosus corada com Giemsa tenha sido apresentada, ndo hd uma descri¢do cariotipica
minuciosa, o que impossibilita a andlise da presenga de cromossomos sexuais
heteromorficos. J4 que os autores ndo mencionam a existéncia de heteromorfismos,
considera-se que cromossomos sexuais nao tenham sido detectados. Recentemente, Rivera

(2006) caracterizou citogeneticamente mais uma espécie do género: Engystomops sp. D. De
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acordo com os autores, essa espécie apresentou 2n=20, diferindo das outras duas
anteriormente citadas (2n=22), a NOR se localizava no par 9 e também nenhum
polimorfismo em relagdo a cromossomos sexuais foi descrito. Além disso, dentre as
espécies de Physalaemus ja estudadas citogeneticamente, nenhum caso de heteromorfismo
de cromossomos sexuais foi detectado. Isso sugere que a diferenciacdo de cromossomos
sexuais seja um evento recente na histéria evolutiva desses anuros, uma vez que
Physalaemus é considerado proximamente relacionado a Engystomops (ver Nascimento et
al., 2005). Conseqiientemente, a andlise citogenética nos géneros citados pode revelar
caracteres informativos para estudos evolutivos.

Grande divergéncia também foi detectada entre as populacdes de E. petersi do
Equador, tanto em relacdo ao canto (Boul & Ryan, 2004; Boul et al., 2007) quanto em
andlises genéticas (Ron et al., 2006; Boul et al., 2007). Com base nessas variagdes, Ron et
al. (2006) sugeriram a existéncia de um complexo de espécies dentre os Engystomops da
Amazodnia. Ron et al., (2006), e Boul er al. (2007) atribuiram a sele¢do sexual por cantos
complexos a divergéncia observada em relacdo ao canto e consideraram que tal fendmeno
resultou no isolamento reprodutivo de diversas populag¢des, levando a um conseqiiente
processo de especiagdo incipiente. Com base em novos experimentos de fonotaxia, Guerra
& Ron (2008) corroboraram a proposta de envolvimento de sele¢do sexual na divergéncia
dos Engystomops da Amazodnia e sugeriram que outros fatores também estejam envolvidos
na divergéncia de caracteres relacionados ao reconhecimento e/ou preferéncia de parceiros
para cruzamento. Tal processo (denominado de “reinforcement”) resulta da selecao natural
contra hibridos e pode melhor explicar o fato de fémeas de Puyo discriminarem o canto de
machos de La Selva (isolamento pré-zigético), j4 que em ambas as populacdes 0 mesmo

tipo de canto simples € observado.
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Funk ef al. (2007) testaram a hipdtese de que barreiras impostas por rio € a de que
gradiente elevacional estejam envolvidos no surgimento da diversidade encontrada dentre
os anuros atualmente identificados como Engystomops petersi. Os autores encontraram
suporte apenas para a hipétese do rio Madre de Dios ter representado uma importante
barreira no surgimento de dois grupos de E. petersi no Peru. No entanto, nem mesmo nesse
caso os autores descartam a hipdtese de que a variacdo observada nessa regido seja
resultante de um contato secunddrio entre populagdes ja distintas. Dentre o que foi sugerido

pelos autores, a existéncia de um complexo de espécies € novamente colocada em questao.

Objetivos

Ja que conspicua variagdo cromossdmica foi encontrada dentre anuros do Acre
identificados como E. petersi (= E. cf. freibergi em Ron et al., 2006) (Lourengo et al.,
1998, 1999), a andlise citogenética de outras populacdes de Engystomops da AmazoOnia
parece representar valiosa ferramenta para o estudo desse grupo, que compreende espécies
cripticas e cuja taxonomia permanece pouco compreendida. Considerando ainda que a
identifica¢do desses exemplares do Acre permanece duvidosa (ver discussdo em Ron et al.,
2006), o presente trabalho tem como objetivos:

1. O estudo citogenético de espécimes provenientes de Puyo, localizado na
Provincia de Pastaza, sitio que provavelmente estd incluido na regido descrita como a
localidade-tipo de E. petersi (Napo-Pastaza; ver referéncia em Cannatella & Duellman,
1984).

2. O estudo citogenético de espécimes da Estacion Cientifica Yasuni, localizada no

oriente do Equador, proximo a Napo-Pastaza, e de La Selva, no Equador, populacdes que
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apresentam canto complexo e simples, respectivamente e que apresentam isolamento pré-
zigético.

3. O estudo citogenético da populacdo de Engystomops encontrada no Parque
Zoobotanico da Universidade Federal do Acre, localizado a cerca de 30 km da Reserva de
Humaitd, com o intuito de aumentar a amostra de populagdes dessa regido.

4. A andlise filogenética dos Engystomops da AmazoOnia, incluindo espécimes
analisados citogeneticamente, e exemplares do Parque Zoobotanico da Universidade
Federal do Acre, populagdo ndo amostrada na andlise conduzida por Funk et al. (2007).

5. Comparar os dados cromossomicos com os de canto disponiveis na literatura e

com as inferéncias filogenéticas.
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Abstract

The frog Engystomops petersi is widely distributed in the Amazon basin. Genetic
divergence and speciation mechanisms of E. petersi populations have been inferred mainly
from mitochondria DNA (mtDNA) and microsatellite polymorphisms, male advertisement
call and sexual selection. In spite of the significant progress resulting from these studies,
many cytogenetic, taxonomic and evolutionary aspects of E. petersi populations remain
unclear. In the present study, cytogenetic analysis and nucleotide divergence in mtDNA and
in the rhodopsin nuclear gene of E. petersi populations are described in an attempt to
contribute to the understanding of this anuran. High cytogenetic variation distinguished
karyotypic patterns, which included two populations with no prezygotic isolation. The Puyo
and Acre populations showed heteromorphic sexual chromosomes (XX/XY), which were
not identified in the other Equatorial populations. Since all the Equatorial populations were
placed in a clade separated from the Acre populations, we hypothesize that the sex
chromosomes X and Y is a plesiomorphic condition in this group. The results from mtDNA
found here were very similar to those found in previous studies. In the rhodopsine
nucleotide sequences, 6 SNPs (Single Nucleotide Polymorphism) were identified and
various specimens were heterozygous for these nucleotide sites. The karyotypic and
molecular data presented herein, in conjunction with previously reported data, corroborate
the hypothesis that Engystomops petersi is a complex of distinct species and suggested
hybridization and introgression events between populations. Moreover, tha data indicated
that karyotypic evolution patterns may have played a substantial role in the Engystomops

speciation.
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Introduction

The Engystomops petersi is an Amazonian frog considered particularly interesting
for speciation studies. The geographical distribution of E. petersi extends from the Andean
foothills of Ecuador, Peru, and Bolivia to the Colombian, Brazilian, and French Guianan
Amazon basin. The wide geographical distribution of this mainland frog in a region of
several rivers and Andean foothills allowed Funk et al. (2007) to test some rivers and
elevation gradient as barriers to gene flow. In that study, Funk ez al. (2007) provided some
support for the barrier hypothesis for the Madre de Dios River, but little evidence for the
elevational gradient hypothesis of barrier. Interestingly, the authors found three distinct and
well supported clades. The Ecuador and northern Peru populations composed one clade,
referred as ‘northwestern clade’. The second clade, referred as ‘southwestern clade’,
comprised the populations of Acre, southern Peru and Bolivia. A population sampled in the
state of Pard, Brazil, composed the third clade. The authors discussed the existence of a
complex of species being confused and put together in the same taxon (E. petersi). In
addition, Funk et al. (2007) suggested that E. petersi (named Physalaemus petersi by those
authors) encompass the northwestern clade while the southwestern Amazon clade would be
E. freibergi (named Physalaemus freibergi by them) corroborating the proposal of Ron et
al. (2006).

Based on analyses of male advertisement call, Ron et al. (2006), Boul et al. (2004,
2007) and Guerra & Ron (2008) proposed that sexual selection has played an important role
in divergence and speciation of the Amazonian Engystomops. Distinct calls were identified
among populations of diverse geographic Amazon region. For instance, an interesting
variation was found between La Selva and Yasuni, two populations in opposite sides of the

Napo River, in Ecuador (Boul & Ryan, 2004; Ron et al., 2006; Boul et al., 2007; Guerra &
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Ron, 2008). The females from La Selva and Yasuni show preference for calls from the
same population besides calls from foreign populations in crossing experiments made in
laboratory according to Boul et al. (2007). Also females from Puyo, other equatorian
locality, did not recognize the call from La Selva, although both populations had simple
calls. However, matting preference drived by call selection was not observed when
experiments were conducted with females from Puyo, which did not discriminate between
the local call and the call from Yasuni (Guerra & Ron, 2008).

Since sexual selection did not explain all the genetic variation observed, Guerra &
Ron (2008) suggested that additional factors are involved in the prezygotic isolation of
Engystomops populations. The authors consider that selection against hybridization
(reinforcement) can be involved in Engystomops speciation, favoring genetic divergence in
mate recognition traits and/or mate preferences and leading to reproductive isolation.

Cytogenetic analyses in three E. petersi populations from the Acre State, in the
Brazilian Amazon, revealed the sympatry of two distinct karyotypes (Lourenco et al., 1998,
1999). The studies revealed high variation in NOR and C-band sites among specimens
identified as cytotype I. Additionally, heteromorphic sex chromosomes, a rare condition in
anurans, were identified in this cytotype.

In spite of the recent substantial progress that resulted from recent investigations,
many cytogenetic, taxonomic and evolutionary aspects of E. petersi populations remain
unclear. To contribute to the understanding of this anuran, in the present work we described
cytogenetically the population of Engystomops petersi from Puyo, Ecuador, a site in the
region of Napo-Pastaza, considered to be the type-locality of this species (Cannatella &
Duellman, 1984). We also analyzed the populations from Yasuni and La Selva, two

populations from Ecuador that show prezygotic isolation (Guerra & Ron, 2008), and
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another population from the state of Acre, in Brazil. All the specimens analyzed
cytogenetically were included in a phylogenetic study using mtDNA sequences. In
addition, the nucleotide divergence in the rhodopsin nuclear gene was analyzed for the

same specimens.

Materials and methods

Specimen sampling for cytogenetic analysis

The cytogenetic analyses comprised six males and five females from Puyo (‘Puyo’
specimens), at the Provincia of Pastaza, Ecuador, a site within the region described as the
type-locality of this species; five males (“Yasuni’ specimens) from the Estacién Cientifica
Yasuni, Provincia of Orellana, Ecuador; one male (‘Yasuni km 26’ specimen) sampled
about 26 km distant from the Estacion Cientifica Yasuni; one juvenile (‘La Selva’
specimen) from La Selva, Provincia del Orellana, Ecuador; four males and four females
from the Parque Zoobotanico da Universidade Federal do Acre, Brazil, here referred as
‘UFAC’ specimens. Specimens sampled in Ecuador were deposited in Museo de Zoologia
de la Pontificia Universidad Catélica del Ecuador (QCAZ), Quito, Ecuador. The Brazilian
specimens were sampled under a permit issued by the Instituto Brasileiro do Meio
Ambiente e dos Recursos Naturais Renovaveis (IBAMA/10678-1) and Voucher specimens
were deposited in the Museu de Zoologia Prof. Addo José Cardoso (ZUEC), Universidade

Estadual de Campinas (UNICAMP), SP, Brazil.
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Chromosome preparation

Chromosomes were obtained from metaphasic cells from intestine and testes of
animals previously treated with colchicine, according to Schmid (1978) and Schmid et al.
(1979) with few modifications. Prior to the intestine and testes removal, the animals were
deeply anesthetized. Cell suspensions were dripped in clean plates and stored at -20°C.
Chromosomes were stained with Giemsa 10%, silver-stained by the Ag-NOR method
(Howell & Black, 1980) and submitted to C-banding (King, 1980). As for heterochromatin
characterization, the karyotypes were sequentially stained with the fluorochromes 4’-6-
diamidino-2-fenilidone (DAPI) and mytramycin (MM). Several plates were firstly
submitted to C-banding, without Giemsa treatment, and then stained with fluorochromes.
The NORs were also detected by in situ hybridization with the rDNA probe HM123
(Meunier-Rotival et al., 1979), according to the technique described by Viegas-Péquignot
(1992). Metaphases were photographed under an Olympus microscope and analyzed using
Image Pro-Plus version 4 (Media Cybernetics). Chromosomes were ordered and classified

according to Green and Sessions (1991).

Molecular analysis

The sequences used in the molecular analysis were obtained from specimens
collected at the same localities as the ones cytogenetically analyzed or from GenBank, as
shown in Figure 1 and Appendix 1. Specimens collected at Rio Tejo, Acre, Brazil,
population previously studied by Lourenco et al. (1998) were also included in the
molecular analysis.

Genomic DNA was extracted from liver or muscle tissues stored at -70°C in the

tissue bank at the Department of Cell Biology-Unicamp, Campinas-SP, Brazil, using the
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TNES method. Tissue samples were immersed in TNES buffer solution (250 mM Tris pH
7.5,2 M NaCl , 100 mM EDTA , 2.5% SDS. The solution was then supplemented with
proteinase K (100 pg/ml) and the samples were incubated for 5 hours at 55°C. NaCl was
added for protein precipitation. DNA was precipitated with isopropyl alcohol, washed with
ethanol (70%), resuspended in TE (10 mM Tris-HCI, 1 mM EDTA pH 8.0) and stored at -
20°C.

The sequences of the 12S, tRNA-val, 16S mitochondrial genes were PCR amplified
using the primers MVZ 59(L), MVZ 50(H), 12L13, Titus I (H), Hedgesl6L2a,
Hedges16H10, 16Sar-L and 16Sbr-H (for primer sequences, see Goebel et al., 1999). The
primers RhodlA and Rhod1C (Bossuyt and Milinkovitch, 2000) were used for PCR
amplification of the rhodopsin nuclear gene. The DNA segment from each specimen was
bi-directionally sequenced.

The PCR amplification products were purified with GFX PCR and Gel Band DNA
Purification kit (GE Healthcare) and directly used as templates for sequencing in an
automatic DNA sequencer ABI/Prism (Applied Biosystems, Inc.) using the BigDye
Terminator kit (Applyed Biosystems), as recommended by the manufacturer. DNA
sequences were edited using Bioedit version 7.0.1

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and aligned using Clustal W.

Phylogenetic relationships were inferred from mtDNA sequences by the Maximum
Parsimony (MP) (Camin & Sokal, 1965) and Maximum Likelihood (ML) methods, using
PAUP* 4.0B10 (Swofford, 2000). Transitions and transversions were considered to have

the same weight. The most appropriate evolution model for likelihood analyses was

selected by Modeltest 3.7 (Posada and Crandall, 1998). All the constant and non-
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informative characters were deleted in the ML analysis in order to make the analysis
feasible. The phylogenetic trees were searched using heuristic algorithm, with 10 random
addition-sequence replicates. Nodal support was assessed through nonparametric bootstrap
analysis (Felsenstein, 1985), with heuristic search based on 1000 pseudoreplicates.
Additional Engystomops species were used as outgroup in the parsimony analysis

(Appendix 1).

Results

Cytogenetics of the Puyo population

In all analyzed individuals, the chromosome diploid number was 22, except for one
female (QCAZ 34935) that was 2n=23. The karyotype of the 2n=22 karyotypes consisted
of 7 pairs of metacentric chromosomes (pairs 1, 2, 5, 6, 8, 9 and 10), 3 submetacentric
(pairs 3, 4 and 7) and one subtelocentric (pair 11), as shown in Figure 2. The 1" pair was
characterized as a sexual chromosome pair of the system XX/XY. The X chromosomes
were homomorphic in three females analysed and all the males showed a chromosome Y.
Two females showed a heteromorphic X pair, but the difference here was concerned the
terminal C-band, which in one chromosome was larger than the other (insights in Figure
2A, B, E).

Secondary constrictions were observed in the terminal region of the long arm of pair
8 and in the pericentromeric region of the long arm of the sex chromosome X (Figure 2A).
These regions were identified as NORs by the Ag-NOR method (Figure 2B) and in situ
hybridization (Figures 2C and 2D). In two specimens, one female and one male, an
additional NOR was observed in an interstitial region of the long arm of one homologue in

pair 9 (Figure 2D).
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Centromeric regions were identified by C-banding in all chromosomes, including
the sexual pair (Figure 2E), as well as the terminal region of both arms of chromosomes 8
and 9, and of the long arm of chromosomes 10 and X. Frequently, the terminal regions
were more bluish than the centromeric regions. In one specimen QCAZ 34937, one
homologue of pair 10 also had a terminal C-band in the short arm. The terminal C-band in
the long arm of chromosome 8 was apparently adjacent to the NOR (Figures 2B and 2C). In
the NOR-bearing homologue 9, the terminal C-band in the long arm was adjacent to the
NOR.

Chromosomes not submitted to C-banding were uniformly stained by DAPI, except
for the NORs, which were negatively stained. After MM staining, the chromosomes were
uniformly stained, but the terminal region of the short arm of chromosome 8 and of the
long arm of chromosome 9 remained unstained (Figure 2F). The centromeric regions were
not distinguishable by the fluorochrome staining. The previously C-banded plates showed a
different result, since they had the centromeric and terminal C-bands of the chromosomes
8,9, 10 and X brightly stained by DAPI. A heteromorphism in pair 10 for the presence of a
terminal C-band in the short arm, was also observed upon DAPI staining of C-banded
karyotypes (Figure 2G). Most likely, this heteromorphism justifies the differences found on
the morphology of the homologues of this pair (Figures 2A and 2G).

The MM staining revealed pericentromeric regions in some chromosomes pairs,
including the NOR-bearing X chromosome (Figure 2G). A large telomeric region,
coincident with a DAPI positive region, was strongly stained with the MM fluorochrome in
the X chromosome of the specimen QCAZ 34940. The same telomeric region was positive

for DAPI but negative for MM in the specimen QCAZ 34939 (Figure 2G).
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A pericentromeric region of the short arm of chromosome 1 was observed as a
secondary constriction after Giemsa or fluorochrome staining without previous treatment
(Figures 2A and 2F) and after silver staining (Figure 2B) or C-banding (Figure 2E). In C-
banded metaphases stained with MM and specially with DAPI, this pericentromeric region
seemed stained (Figure 2G), and that could represent some class of heterochromatin.

The extra chromosome found in all the 76 metaphases analyzed from the specimen
QCAZ 34935 was tentatively identified to be a chromosome 8, since it had a NOR at the
long arm and the terminal C-bands at both arms, but we do not discard the possibility of
being a chromosome 9 (Figure 2H).

The analysis of meiotic cells did not show multivalent configurations (data not

shown).

Cytogenetics of the Yasuni population

All specimens analyzed had the same diploid number (2n=22). The chromosomes
were classified as metacentric (pairs 1, 2, 3, 4, 6, 8, 9), submetacentric (pair 10) and
subtelocentric (pairs 5 and 11). The pair 11 was not heteromorphic in the five males
analyzed, in contrast with the observed in Puyo karyotype (Figure 3A).

Giemsa staining discriminated the chromosome pairs 3 and 8, with secondary
constrictions in their long arm (Figure 3A). The secondary constriction of the chromosome
3 was the only one recognized as NOR using the Ag-NOR technique (Figure 3B). This
secondary constriction showed a weird feature, characterising an intraindividual variation.
This secondary constriction was observed as a small constriction region in 39 of the 164
metaphases in the six specimens analyzed, but in 58 metaphases, it appeared as a large

chromosome distention. In 67 metaphases, the distended region could only be seen in one
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of the homologues (Figure 3A). All of those regions were also stained by Ag-NOR
technique (Figure 3B).

The centromere in all chromosome pairs was detected after C-banding (Figures 3C
and 3D). In addition, terminal C-bands were observed in both arms of the chromosomes 3
and 8, in the long arm of the chromosomes 4, 10 and 11, and in the short arm of
chromosome 6 were also seen. A weakly stained C-band could be distinguished at the short
arm of one homologue of the chromosome pair 10 (Figure 3C). In chromosome 3, there
were two consecutive C-bands in the short arm, as well as terminal and a small interstitial
C-band adjacent to the NOR in the long arm.

All chromosomes were homogeneously stained with DAPI, except for the NOR.
Some of the terminal heterochromatic regions stained slightly brighter. The MM
fluorochrome did not stain the terminal heterochromatic region of the chromosomes 3, 4, 8,
9 and 11 (Figure 3E). After C-banding, all centromeres and terminal C-bands of the
chromosomes 3, 4, and 8 were evidenced by DAPI (Figure 3F). The MM fluorochrome did
not evidence any of the telomeric regions, but some centromeres were weakly stained in
metaphases previously submitted to C-banding (Figure 3F).

The presence of NOR and terminal C-bands in both arms of the chromosome pair 9
distinguished the male QCAZ 34948 of the Yasuni population (Figure 3D). These
characteristics resembled the chromosome 3, but chromosome 9 is smaller and lacks the
consecutive C-bands observed in both arms of pair 3. In chromosome 9, only one large
block of C-band was observed in the terminal region of both arms. Another peculiar
characteristic of this E. petersi specimen is a slight heteromorphism in the chromosome

homologue morphology of the pairs 2, 3 and 6 (Figure 3D).
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The analysis of meiotic cells did not show multivalent configurations (data not

shown).

Karyotype of the specimen Yasuni-km 26

The karyotype of the Yasuni-km26 specimen (QCAZ 30826) was remarkably
distinct from the other analyzed E. petersi specimens of this geographic region (Figure 4A).
Interestingly, this karyotype was highly similar to the Puyo specimens, differing only in
NOR distribution (Figures 4B and 4C). In the Yasuni-km26 specimen metaphases that were
submitted to the Ag-NOR technique and in situ hybridization with the HM123 probe the
NORs were observed at the pericentromeric region in the short arm of chromosome 4, long-
arm of chromosome 6 and in a large extension of the long arm of the X chromosome. In
several metaphases, there were three blocks of NORs in the pericentromeric X region, in

association with heterocromatic regions (Figures 4D, 4E and 4F).

Karyotype of the juvenile La Selva specimen

This karyotype had a diploid complement of 22 chromosomes, with nine
metacentric chromosome pairs (1, 3, 4, 6, 7, 8, 9, 10, 11), one pair of submetacentric (pair
5) and one pair of subtelocentric (pair 2) (Figure 5). A secondary constriction was observed
in the short arm of the chromosome pair 6 (Figure SA), which was revealed as NOR by the
Ag-NOR method (Figure 5C). In the pair 6, a longer short arm characterized one of the
homologues. This heteromorphism was not due to the NOR size, but was indeed a size
difference related to a chromosome segment between the NOR and the telomere (Figure 5).

The C-banding revealed conspicuous centromeric heterochromatic regions in all

chromosomes (Figure 5B). In addition, terminal C-bands were observed at the telomeres of

34



both arms of the chromosomes 6, 7, 10 and 11. Telomeric bands could also be seen in the
long arm of the chromosome 3, and in the short arms of chromosomes 8 and 9. Two
additional C-bands were observed in interstitial regions of the long arm of chromosome 5
and of the short arm of chromosome 8.

After the C-banding treatment, the central area of all centromeric heterochromatin
was strongly stained with DAPI, and the pericentromeric regions were brightly stained with
MM. Terminal heterochromatic regions were simultaneously stained with both
fluorochromes. The interstitial C-band of the chromosome 5 was stained by DAPI and was
adjacent to the pericentromeric MM-positive band in the long arm of this chromosome. The
NOR was not stained with MM or DAPI, but the regions adjacent to the NOR were

strongly evidenced by these fluorochromes (Figures 5C-G).

Cytogenetics of the UFAC-Acre population

In all UFAC-Acre specimens the karyotype was 2n=22 and consisted of 6
metacentric chromosome pairs (1, 2, 5, 6, 7, 9), 3 submetacentric pairs (3, 10, 11) and 2
subtelocentric pairs (4 and 8) (Figure 6A). Because the chromosome pair 8 was
heteromorphic in all males and homomorphic in the females, it was classified as a sexual
chromosome pair (Figure 6). Another heteromorphic pair, which was observed in four
specimens, was present in both male and female specimens and so it was considered non-
related to sex determination (Figures 6 and 7).

NOR sites, in a total of five, were individually detected in the regions
pericentromeric of the long arm of the chromosome 3, distal of the long arm of
chromosome 7, distal of the long arm of chromosome 9, interstitial in the long arm of

chromosome 11 (Figures 6B and 7). The only apparently fixed NOR was observed in the
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chromosome 7. The remaining NOR sites were not always present, thus related to the NOR
polymorphism detected in this population (Figures 6B and 7). In the UFAC-Acre
specimens, a maximum of eight NOR-bearing chromosomes was observed (Figure 7C).

All the centromeres were C-banded and terminal C-bands were present in 4p, 7p,
79, 9p, 99, and Xq, while interstitial C-bands were seen in 11q and Xq. The terminal C-
bands in the chromosomes 7 and 9, and the interstitial C-band in 11q were adjacent to NOR
sites. The interstitial C-band in 11q was occasionally absent, similarly to its adjacent NOR,
which implied in a morphological chromosome difference (Figure 7). The sex chromosome
pair of the female ZUEC 14435 was heteromorphic according to its C-band pattern (Figure
TA).

All the centromeres were MM positive in the plates not treated with C-banding and
also in those previously C-banded (Figures 6D and 6E). Only the interstitial region of the X
chromosome was stained with DAPI before C-banding (Figure 6D), neither the NOR and
the terminal regions were stained by this fluorochrome before C-banding. In contrast, all
the non-centromeric heterochromatic regions in the X chromosome and in the
chromosomes 7, 9 and 11 were strongly stained with DAPI in C-banded metaphases
(Figure 6E). The NORs in pairs 7 and 9 could be detected by MM in the C-banded

metaphases (Figure 6E).

Chromosome Breaks

Chromosome breaks were observed in some of the metaphases. In the Puyo
population, there were three metaphases with breaks. Many chromosome breaks were
observed in the specimen QCAZ 34935 and, apparently, there were chromosomes with

more than one centromere as well (Figure 8A). The specimen QCAZ 34937 of the Puyo
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population showed a break in the short arm of chromosome 10 (Figure 8B). Chromosome
breaks were present in two metaphases of the Yasuni specimens QCAZ 34944 and QCAZ
34947. In the Yasuni QCAZ 34947, the break apparently occurred in the chromosome 3
(Figure 8C). The UFAC-Acre population showed four metaphases with breaks in the
specimens ZUEC 14455, 14432 and 14434. As for the ZUEC 14455 specimen, the break
probably occurred in the X chromosome (Figure 8D). Although these abnormal
chromosomes were present in quite low frequencies, it is conceivable that breaks indicate

fragile DNA regions involved in the karyotypic differentiation of these anurans.

Molecular Analysis

The ML analysis used a GTR+G+I model of sequence evolution. The search for the
best trees comprised 106 OTUs (Operational Taxonomic Units), without outgroups,
consisted of 258 nucleotides each. Of 2418 nucleotides in the MP analysis, 571 were
informative. A hundred of MPT (most parsimony trees) was generated, with 1474 steps.
The strict consensus of these MPT is shown in Figure 9. The ML tree (not shown) was
similar to the ML tree reported by Funk et al. (2007).

The Amazonian Engystomops were clustered in three major clades of the MP trees
(Figure 9). The first clade was composed by the Engystomops specimens from Pard, which
was supported by a high value of bootstrap (100%). The second major clade (southwestern
clade) was weakly supported by bootstrap analysis and comprised all the Brazilian
populations, the specimens from North bank of Madre De Dios River and South bank of
Madre de Dios River, in Peru, and the population from Bolivia. The remaining populations

were grouped in a third clade (northwestern clade), supported by 92% bootstrap value.
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Inside the southwestern clade, the Brazilian UFAC population, not sampled by Funk
et al. (2007), was clustered with a high bootstrap support (100%) together with the
population from Ronddnia and with the population from North bank of Madre De Dios
River (Peru).

Sub-groups were also observed inside the northwestern clade. The Yasuni and
Tiputini populations (Ecuador) remained together in a same sub-group with 100% bootstrap
value. The populations from Puyo, Jatun Sacha, Shell, Cando and Napo (Ecuador) were
grouped together with highly supported value (100%). Except for the Cando specimens, the
other specimens were not grouped according to their sampling locality. Loreto (Peru) and
Sucumbios (Ecuador) populations were paraphyletic in relation to the populations of the
northwestern clade (Figure 9).

The relationships among the populations from Puyo, La Selva and Estacion
Cientifica Yasuni are still unclear. The first ones were closely related in the MP analysis,
but with a low bootstrap support. In contrast, the La Selva and Estacién Cientifica Yasuni
populations showed high phylogenetic proximity in the ML analysis. In both MP and ML
analyses, the specimen QCAZ 30826 from the E. petersi ‘Yasuni km 26’ population was
grouped together with the specimens from Puyo, regardless of their geographical distance.

The variation in the rthodopsin gene was low among the haplotypes (Appendix 2).
Of 312 nucleotides analyzed, only six were variable. The Single Nucleotide Polymorphism
(SNP) identified as a C-T transition in the nucleotide site (nt) 17 clearly discriminated the
specimens of the three populations from Ecuador (Yasuni, Yasuni-26km and Puyo) from
the two Brazilian populations UFAC-Acre and Rio Tejo-Acre. The ntl4 was not
polymorphic in the Ecuador specimens and was equal to a few of the specimens from

Brazil. Intrapopulational polymorphism was found in five nucleotide sites within the
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Brazilian populations and four of the Ecuador populations. The typical sites of Puyo
specimens were also found in the specimen QCAZ 30826, Yasuni-26km specimen. It was
also interesting to note the presence of heterozygotes in the Puyo and Yasuni populations,
and specially in the UFAC-Acre population. In all the variable nucleotide sites, only two

different states (nucleotide types) were observed.

Discussion

Preliminar taxonomic considerations

The phylogenetic relationships between the Engystomops populations inferred in
our ML analysis were very similar to the ML inferences reported by Funk et al. (2007), but
differed in minor arrangements from our MP analysis. The principal differences referred to
the relatedness of the Yasuni, La Selva and Puyo populations. La Selva and Yasuni were
closely related in the ML analysis done in the present work and by Funk et al. (2007).
Nevertheless, such arrangement was not maintained in the MP analyses described herein,
such that the La Selva population was grouped in the same clade of the Puyo population,
although supported by low bootstrap value. The other inconsistecies between MP and ML
analysis did not affect the relevant groups in the Amazonian Engystomops.

In the MP tree and the ML tree, the UFAC-Acre population, which had not been
previously analyzed, was grouped together with the specimens from Guajard-Mirim
(Rondoénia, Brazil) and from Amazonian Cusco, in the north bank of the Madre De Dios
River (Peru), within a highly supported clade in the southwestern clade of the Amazonian
Engystomops. Therefore, according to the proposal of E. freibergi revalidation to allocate

the southwestern clade (Ron et al., 2006; Funk et al., 2007), the UFAC-Acre specimens
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would be E. freibergi representatives. However, the bootstrap support was low for the

southwestern clade in the MP analysis reported here.

The karyotypes found in Acre state of Brazil

The UFAC-Acre karyotypes shed new light on the previously described Rio Tejo-
Acre karyotypic data (Lourenco et al., 1998, 1999). In the Rio Tejo-Acre karyotype
referred to as type I, possibly the chromosome 8 is actually the X chromosome, as these
chromosomes were very similar in both morphology and C-banding pattern. This
equivocated chromosome pairwise could be due to the high polymorphism in the analyzed
sample, which comprised heteromorphic pairs. By increasing the Acre sample size and
including several females, the present work has contributed to the understanding of
chromosome variation in E. petersi. At least three of the six C-banded karyotypes (type 1)
described by Lourenco et al. (1999) could be reorganized according to the chromosome
classification of the karyotypes from the UFAC-Acre population.

However some of the karyotypes I previously described really differ from those
from UFAC. In the C-banded karyotype of the single specimen from the Tejo River Mouth
(in the REAJ) and of one of the specimens from the Humaitd Reserve (ZUEC 9620)
previously analyzed (Lourenco et al., 1999), the chromosome now classified as 7
(identified as chromosome 6 by Lourencgo et al., 1999) had no terminal heterochromatic
bands, in contrast with the chromosome 7 of the karyotypes from UFAC population.
Another difference observed between the karyotype I previously described and those
presented herein was noted in pair 10 of the former. This chromosome was very similar to
that chromosome 10 found in the Puyo karyotype, but differed from all the chromosomes in

the UFAC-Acre karyotype. Despite different, the chromosome 10 from the previously

40



described karyotype I reseamble the UFAC-Acre chromosome 9, differing from that only
by the absence of a terminal C-band in the short arm. These real differences represent some

interpopulational cytogenetic divergence between the acrean populations.

The interpopulational variations in the Engystomops from Ecuador

High cytogenetic variation was observed among the specimens from Puyo, Yasuni
and La Selva populations. Interestingly, each of karyotypic group was supported by high
bootstrap value in the MP analyses. The karyotype of the juvenile La Selva specimen was
the most distinct among the studied populations. In this specimen from La Selva there was
no chromosome similar to the X chromosome of Puyo population. High amounts of
heterochromatin specially in the centromeric regions and in the terminal regions of some
chromosomes characterized the La Selva specimen. The centromeric heterochromatin was
clearly heterogeneous with a DAPI-positive band near the centromere plus MM-positive
pericentromeric bands. In addition, the NOR site in the chromosome pair 6 was exclusive to
the La Selva specimen.

Fluorochrome staining has been widely used in cytogenetic analyses and it may
discriminate different heterochromatin classes in karyotypes from different species
(Odierna et al., 2001; Kasahara et al., 2003; Silva et al.,, 2006). Herein, it allowed us to
clearly discriminate the centromeric heterochromatin in the Engystomops karyotypes.
Besides La Selva karyotype, only the UFAC karyotype had MM positive heterochromatin
associated to the centromeres. The other populations had karyotypes with AT-rich
centromeric heterochromatin. Although helpful in discriminating the karyotypes, the
presence of CG-rich heterochromatin associated to the centromeres was not

phylogenetically informative, since La Selva and UFAC population are inside different
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clades. The presence of DAPI or MM positive heterochromatin may be a result of selective
amplification of different classes of repetitive sequences and it can vary between species of
the same genus. Such an interespecific variation was already seen for Mantella species by
Odierna et al. (2001), that also concluded for the limited phylogenetic relevance of the
heterochromatin classification in that genus.

The Puyo and Yasuni populations have no prezygotic isolation (Guerra and Ron,
2008). Even though, karyotype homologies between these two populations were not clear.
The most similar chromosome pairs between Puyo and Yasuni were the 8 and 10, specially
regarding terminal C-bands, but the pair 8 was NOR-bearing only in the Puyo karyotypes.

Interestingly, the karyotype of the Yasuni-26km specimen (QCAZ 30826) differed
from the geographically related Yasuni specimens. The Yasuni-26km karyotype was
similar to the Puyo karyotype and was included in the Puyo clade in the MP and ML
analyses. It suggested that this specimen is more related to Puyo specimens and this finding
is a clear evidence of the consistency of the karyotypic patterns proposed here.

Since the hybrid offspring of specimens with very distinct karyotypes may have
unbalanced genome, we hypothesize that a selective pressure against hybrids of diverse
karyotypic groups could have played a role in the differentiation of Engystomops. Hence,
karyological traits could be an important factor involved in the arisement of prezygotic
isolation independent of sexual selection driven by divergent calls. In spite of that, the
karyological traits would have been involved in the reinforcement phenomenon, previoulsy
proposed by Guerra & Ron (2008) to be an important process involved in Engystomops

evolution.
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The hybridization hypothesis

Guerra and Ron (2008) found that females from Puyo recognize the Yasuni calls
and consider them as much attractive as the local calls, and conclude that a prezygotic
isolation via mate choice is unlikely between these two populations. Even though, these
two populations were clearly distinguished in the cytogenetic analysis. Thus, it is
conceivable that rare events of hybridization and introgression could have occurred
between the Puyo and Yasuni populations. This hypothesis could explain the diverse
karyotype of the Yasuni QCAZ 34948 specimen, which contains heteromorphic
chromosome pairs and the chromosome pair 9 with terminal C-bands not observed in the
remaining Yasuni specimens. In addition, in the Yasuni QCAZ 34948 specimen, the NOR
was in the chromosome pair 9, whereas in the other specimens it was in the pair 3.

Most likely, the high polymorphism detected in the analyzed Brazilian Acre
populations, specially the Tejo River Mouth (in the REAJ), is a result of hybridization and
introgression events. In addition, the great difficult in pairwising the chromosomes of the
karyotypes of some specimens (like ZUEC 9620 and ZUEC 9625) described by Lourenco
et al. (1998, 1999), even after the correct identification of the X chromosome proposed
here, could be explained by these events. This hypothesis is corroborated by the presence of
multivalent meiotic configurations in the Acrean specimens from REAJ and Humaita
Reserve (Lourencgo et al., 2000).

The heterozygous nucleotide sites in the gene rhodopsin, a nuclear gene considered
highly conserved among Engystomops populations, support above proposed hybridization
hypothesis. However, these heterozygotes could as yet be explained by ancestral
polymorphisms, which might have occurred before population divergence and persisted in

these populations. The rhodopsin nucleotide polymorphism, although relatively low as is
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expected for this conserved gene, was substantial in distinguishing the diverse populations.
Further analysis increasing specimen numbers could verify if the nt17 rhodopsin SNP is
suitable to be a diagnostic marker capable of discriminating the geographically distant

Amazonian Engystomops populations from Ecuador and Brazil.

Sex chromosome divergence

Heteromorphic sexual chromosomes X and Y were observed in the specimens from
Puyo and Acre locations, but not in Yasuni and La Selva. The Yasuni male karyotypes
contained homomorphic chromosomes in the pair 11, which were quite similar to X
chromosome in the Puyo karyotypes. In the phylogenetic inferences reported herein and by
Funk et al. (2007), the Puyo, Yasuni and La Selva Ecuadorian populations were closer to
each other than to the Brazilian populations from Acre. If so, then the heteromorphic sex
chromosomes could be a plesiomorphic condition in this Amazonian anuran group.

The sex chromosomes from Puyo and Acre were similar, but with a few different
characteristics. The X chromosome of the Brazilian Acre specimens contained interstitial
heterochromatic segments not observed in the Puyo karyotypes. As for the Y chromosome,
there was an additional variation in some of the Brazilian males from Acre consisting of a
terminal NOR in the long arm (Lourencgo et al., 1998).

In the sex chromosome differentiation hypotheses, the heterochromatinization of the
Y and W chromosomes is considered relevant. Apparently, heterochromatinization has
happened in diverse anuran species, such as Gastrotheca riobambae (Schmid et al., 1983),
Pyxecephalus adspersus (Schmid e Bachmann, 1980), Leiopelma hamiltoni (Green, 1988),
Crinia bilingua (Mahony, 1991), Hoplobatrachus tigerinus (= Rana tigrina) (Chakrabarti

et al., 1983), Pseudis tocantins (Busin et al., 2008), Pristimantis euphronides (=
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Eleutherodactylus euphronides), Pristimantis shrevei (= Eleutherodactylus shrever)
(Schmid et al., 2002) and Proceratophrys boiei (Ananias et al., 2007). Nevertheless, in the
Puyo and Acre Engystomops, a large amount of heterochromatin was present in the X
chromosome and was absent in the Y chromosome. Only the centromeric region was C-
banded in the chromosome Y. In Eupsophus migueli (Iturra & Veloso, 1989), the Y
chromosome did not show any heterochromatic region, whereas the X chromosome seemed
similar to the Engystomops from Puyo and Acre. In some Engystomops species, this
morphological differentiation of sex chromosomes may have involved similar
heterochromatinization of the X chromosome in a homomorphic ancestral pair. However,
further studies are needed towards a better understanding of the evolutionary pathway of

the Engystomops sex chromosomes.

Conclusions

The cytogenetic analysis revealed great similarity within each population and
allowed the recognition of diverse karyological groups in the Amazonian Engystomops.
The data suggested that karyological variation might be substantial in the speciation
mechanisms of this anuran group.

The intrapopulational polymorphisms, the presence of multivalent meiotic
configurations previously described (Lourenco et al., 2000), and the heterozygous
nucleotide sites in the rhodopsin gene suggested that hybridization and introgression might

have been relevant in the evolution of the Amazonian Engystomops.
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Legends

Figure 1. A. Partial South America map in small scale displaying the sampling locations
(yellow stars) in which Engystomops populations were surveyed. Geographical
distributions of the Engystomops northwestern and southwestern clades are indicated in

rectangles and shown in B and C large scales, respectively.

Figure 2. Karyotypes of male specimens of Engystomops petersi from Puyo (A) stained
with Giemsa, (B) submitted to the Ag-NOR technique, (E) C-banded, (F) DAPI-stained
(top) and MM-stained (bottom), (G) DAPI-stained (top) and MM-stained (bottom) after C-
banding technique. The insets in A, B and E show the homomorphic and the heteromorphic
pair XX from the females ZUEC 34939 (A;B), ZUEC 34935 (E) and ZUEC 34937,
respectively. C. NOR-bearing chromosomes of a female hybridized with the rDNA probe
HM 123. Note that some heterochromatic regions clearly evidenced by Ag-NOR in B are
not detected in C. D. NOR-bearing chromosomes of the male QCAZ 34940 after the Ag-
NOR technique (left) and hybridized with the rDNA probe HM 123 (right). Note the
additional NOR in one homologue 9. H. Giemsa-stained karyotype from the Puyo female
QCAZ 34935 with 2n=23. The arrow points the trissomic set. In the insets, the

chromosomes 8 after the Ag-NOR technique (left) and C-banding (right). Bar =2 pm.
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Figure 3. Karyotypes of the E. petersi Yasuni specimens QCAZ 34944, QCAZ 34947 and
QCAZ 34946 submitted to (A) Giemsa staining, (B) the Ag-NOR technique and (C) C-
banding, respectively. The arrowheads in C indicate the two heterochromatic bands
flanking the NOR. The insets in A and B show the chromosome pair 3 homomorphic (left)
and heteromorphic (right) for NOR distension. D. C-banded karyotype from the specimen
QCAZ 34948. The inset shows the NOR-bearing chromosome 9 after the Ag-NOR
technique. E. DAPI-stained (top) and MM-stained (bottom) karyotypes. F. DAPI-stained

(top) and MM -stained (bottom) after C-banding technique. Bar = 2 um.

Figure 4. Cytogenetics of the Yasuni specimen QCAZ 30826 A. Karyotype submitted to
C-banding. B. Karyotype after Ag-NOR staining. The NORs were pointed by arrows. C.
Mitotic metaphase hybridized with the rDNA probe HM 123 and stained with propidium
iodide. Note that some heterochromatic regions seen in A are clearly detected by the Ag-
NOR method. D. X chromosome hybridized with the HM123 probe and stained with DAPI
(left). In the right, only the DAPI stained. E. X chromosome after C-banding. F. X
chromosome after the Ag-NOR technique. Note the presence of three NOR blocks in B and

F, separated by heterochromatic regions (E).

Figure 5. Cytogenetics of the La Selva specimen A. Giemsa-stained karyotype. B. C-
banded karyotype C-E. The 6™ pair after Ag-NOR, DAPI and MM staining, respectively.
Note the heterochromatic blocks flanking the NOR. F-G. The same metaphase stained with
DAPI and MM, respectively, after C-banding. Note the different regions stained by these
fluorochromes. The arrow in F points an interstitial heterochromatic band in the

chromosome 5. The arrowheads in F and G indicate the NOR. Bar =2 pm.
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Figure 6. Giemsa-stained (A), silver stained (B) and C-banded (C) karyotypes from the
female ZUEC 14432 from UFAC population. The inset in A shows the heteromorphic pair
from a male. D-E. DAPI-stained (top) and MM-stained (bottom) karyotypes from the

female ZUEC 14432, after C-banding technique (E) or not (D). Bar = 2 um.

Figure 7. NOR-bearing chromosome pairs from seven different UFAC specimens (A-G)
stained by Ag-NOR (top) and hybridized with the rDNA probe HM 123 (middle). In the

bottom, the C-banded pairs 11 and sexual of the seven specimens. Bars =2 pum.

Figure 8. Mitotic metaphases with chromosome breaks. A-B. Puyo specimens QCAZ
34935 and QCAZ 34937 . C. Specimen QCAZ 34947 from Estacion Cientifica Yasuni. D.
UFAC specimen ZUEC 14455 . Arrowheads indicate the chromosome breaks. The arrows

in A indicate chromosomes that probably have 2 centromeres. Bars = 2 pm.

Figure 9. Strict consensus cladogram of Engystomops inferred by MP analysis using
sequences of the mitochondrial genes 12S rDNA, val-tRNA and 16S rDNA. Numbers
above the branches are bootstrap values. Branches without numbers had bootstrap <50. In
the parentheses, the specimens numbers as indicated in Appendix 1. Available data of vocal

calls (Boul et al., 2007) are indicated for the cytogenetically studied populations.
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Appendix 1. Specimens used for the phylogenetic analysis, their geographic procedence, and DNA sequences used.12S/16S: 12S

rDNA, val-tRNA and 16S rDNA mitochondrial sequences; Rhod: nuclear gene of rhodopsin

Species

Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi

Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi

Engystomops petersi
Engystomops petersi
Engystomops petersi
Engystomops petersi

Engystomops petersi

Engystomops petersi

Locality

Brazil: Rondonia: Parque Estadual Guajara-mirim
Brazil: Rondonia: Parque Estadual Guajara-mirim
Brazil: Rondonia: Parque Estadual Guajara-mirim
Brazil: Rondonia: Parque Estadual Guajara-mirim
Brazil: Rondonia: Parque Estadual Guajara-mirim
Brazil: Rondonia: Parque Estadual Guajara-mirim
Brazil: Acre: Porto Walter

Brazil: Acre: Porto Walter

Brazil: Para: Agropecudria Treviso

Brazil: Para: Agropecudria Treviso

Brazil: Para: Agropecudria Treviso

Brazil: Para: Agropecudria Treviso

Bolivia: La Paz: Chalalian Ecolodge

Bolivia: La Paz: Chalaldn Ecolodge

Bolivia: La Paz: Chalaldn Ecolodge

Peru: Madre de Dios: Trail between Madre de Dios and Lago
Sandoval

Peru: Madre de Dios: Cusco Amazénico

Peru: Loreto: Amazon Conservancy for Tropical Studies
Peru: Loreto: Amazon Conservancy for Tropical Studies
Peru: Loreto: Amazon Conservancy for Tropical Studies
Peru: Loreto: Amazon Conservancy for Tropical Studies
Peru: Loreto: San Jacinto

Peru: Loreto: San Jacinto

Peru: Loreto: San Jacinto

Ecuador: Pastaza: Shell

Ecuador: Pastaza: Shell

Ecuador: Pastaza: Puyo

Ecuador: Pastaza: Puyo

Ecuador: Sucumbios: Puerto Bolivar

Ecuador: Sucumbios: Puerto Bolivar

Ecuador: Sucumbios: Puerto Bolivar

Ecuador: Sucumbios: Puerto Bolivar

Ecuador: Sucumbios: Lumbaqui

Peru: Madre de Dios: south side of Tambopata River across from
Tambopata Research Center

Peru: Madre de Dios: south side of Tambopata River across from
Tambopata Research Center

Peru: Madre de Dios: south side of Tambopata River across from
Tambopata Research Center

Peru: Madre de Dios: south side of Tambopata River across from

Molecular
Reference

Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007

Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al.,
2007

Funk et al., 2007
Funk et al., 2007
Funk et al., 2007

Funk et al., 2007
Funk et al.,2007

Funk et al., 2007

GenBank
accession
number
EF470285
EF470284
EF470283
EF470282
EF470281
EF470280
EF470279
EF470278
EF470277
EF470276
EF470275
EF470274
EF470273
EF470272
EF470271
EF470270

EF470269
EF470268
EF470267
EF470266
EF470265
EF470264
EF470263
EF470262
EF470261
EF470260
EF470259
EF470258
EF470257
EF470256
EF470255

EF470254
EF470253
EF011554
EF011553
EF011552

EF011551

Voucher number

LSUMZ 17523
LSUMZ 17489
LSUMZ 17467
LSUMZ 17459
LSUMZ 17427
LSUMZ 17422
LSUMZ 13687
LSUMZ 13649
LSMUZ 18731
LSMUZ 18730
LSMUZ 18729
LSMUZ 18728
MNCN/ADN 2846
MNCN/ADN 2845
MNCN/ADN 2823
KUNHM 215133

KUNHM 215534
MUSM 21564
MUSM 21562
MUSM 21556
MUSM 21546
KUNHM 222071
KUNHM 222070
KUNHM 222069
QCAZ 25039
QCAZ 25038
QCAZ 28857
QCAZ 26211
QCAZ 28178
QCAZ 28172
QCAZ 28169

QCAZ 27813
QCAZ 25790
MUSM 19382
MUSM 19380
MUSM 19381

MUSM 19348

Cytogenetic
Reference

Genes

12S/16S
125/16S
128/16S
125/16S
12S/16S
128/16S
125/16S
12S/16S
125/16S
12S/16S
125/16S
125/16S
125/16S
125/16S
125/16S
125/16S

125/16S
125/16S
125/16S
12S/16S
125/16S
125/16S
12S/16S
125/16S
125/16S
125/16S
125/16S
125/16S
12S/16S
125/16S
125/16S

125/16S
125/16S
125/16S
125/16S
125/16S

125/16S
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Engystomops petersi
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Engystomops petersi
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Tambopata Research Center

Peru: Madre de Dios
Peru: Madre de Dios
Peru: Madre de Dios
Peru: Madre de Dios
Peru: Madre de Dios
Peru: Madre de Dios

: Tambopata Research Center
: Tambopata Research Center
: Tambopata Research Center
: Tambopata Research Center

: Explorer’s Inn
: Explorer’s Inn

Brazil: Acre: Restauragio

Ecuador: Orellana: Estacion Cientifica Yasuni
Ecuador: Orellana: Estacion Cientifica Yasuni

Ecuador: Yasuni
Ecuador: Yasuni
Ecuador: Yasuni
Ecuador: Tiputini
Ecuador: Tiputini
Ecuador: Tiputini
Ecuador: Tiputini
Ecuador: Tiputini
Ecuador: Tiputini
Ecuador: La Selva
Ecuador: La Selva
Ecuador: La Selva
Ecuador: La Selva
Ecuador: La Selva
Ecuador: La Selva

Ecuador: Jatun Sacha

Ecuador: Jatun Sacha
Ecuador: Jatun Sacha
Ecuador: Jatun Sacha
Ecuador: Jatun Sacha
Ecuador: Jatun Sacha
Ecuador: Cando
Ecuador: Cando
Ecuador: Cando
Ecuador: Cando
Ecuador: Cando

Ecquador: Sucumbios: La Selva

Ecuador: Yasuni

Ecuador: Napo: Napo-Galeras, Ishquinambi

Ecuador: Cando

Ecuador: Pastaza: E1 Puyo
Ecuador: 26 Km Estagdo Cientifica Yasuni

Ecuador: Puyo
Ecuador: Puyo
Ecuador: Puyo
Ecuador: Puyo
Ecuador: Puyo
Ecuador: Puyo
Ecuador: Puyo

Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Funk et al.,2007
Funk et al., 2007
Funk et al., 2007
Funk et al., 2007
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
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Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Boul et al., 2006
Ron et al., 2006
Boul et al., 2006
Ron et al., 2006
Boul et al., 2006
Ron et al., 2006
This work

This work

This work

This work

This work

This work

This work

EF011550
EF011549
EF011548
EF011547
EF011546
EF011545
EF011544
EF011543
EF011542
EF011541
EF011540
EF011539
EF011538
EF011537
EF011536
EF011535
EF011534
EF011533
EF011532
EF011531
EF011530
EF011529
EF011528
EF011527
EF011526
EF011525
EF011524
EF011523
EF011522
EF011521
EF011520
EF011519
EF011518
EF011517
EF011516
DQ337234
DQ337233
DQ337232
DQ337231
DQ337230

MUSM 19363
MUSM 19404
MUSM 19403
MUSM 19368
USNM 343260
USNM 343264
ZUEC 9523
QCAZ 15136
QCAZ 15138
DCC 3682
DCC 3685
QCAZ 11863
QCAZ 28612
QCAZ 28607
QCAZ 28608
QCAZ 28610
QCAZ 28611
QCAZ 28620
DCC 3705
QCAZ 24029
QCAZ 23975
QCAZ 28576
QCAZ 28577
QCAZ 28578
MIR 001
MIR 008
MIR 006
MIR 005
MIR 004
QCAZ 24045
DCC 3712
DCC 3711
DCC 3710
DCC 3701
DCC 3699
QCAZ 23976
QCAZ 12128
QCAZ 14723
QCAZ 11965
QCAZ 26210
QCAZ 30826
QCAZ 34926
QCAZ 34927
QCAZ 34929
QCAZ 34924
QCAZ 34928
QCAZ 34932
QCAZ 34933

This work

12S5/16S
12S/16S
125/16S
12S5/16S
12S5/16S
12S/16S
12S/16S
125/16S
12S/16S
12S/16S
125/16S
12S/16S
12S/16S
125/16S
12S/16S
12S/16S
12S5/16S
12S/16S
12S/16S
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12S/16S
12S/16S
125/16S
12S/16S
12S/16S
12S5/16S
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12S/16S
125/16S
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12S/16S
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Rhod/125/16S
Rhod
Rhod
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Rhod
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Estacdo Cientifica Yasuni, Provincia de Orellana
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: Estacdo Cientifica Yasuni, Provincia de Orellana

Estacdo Cientifica Yasuni, Provincia de Orellana
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Brazil: Acre: Rio Tejo
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ZUEC 9621
ZUEC 9651
ZUEC 9652
ZUEC 9624
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Appendix 2. SNPs sites of the rhodopsin gene. M refers to cytosine or adenine; Y refers to
thymine or cytosine; W refers to thymine or adenine. In the side, electropherograms from
rhodopsin sequences of different specimens from UFAC showing double peaks at the SNP

site.

Specimens SNPs sites
14 17 23 91
31.41 Rio Tejo, Acre C T C T
31.42 Rio Tejo, Acre
31.44 Rio Tejo, Acre . . . .
31.45 Rio Tejo, Acre M . . w
31.46 Rio Tejo, Acre
31.47 Rio Tejo, Acre . . .
31.49 Rio Tejo, Acre . . Y
31.51 Rio Tejo, Acre
31.52 Rio Tejo, Acre
31.53 Rio Tejo, Acre
31.54 Rio Tejo, Acre . . . . .
31.56 Rio Tejo, Acre . . Y . Y
31.57 Rio Tejo, Acre
31.58 Rio Tejo, Acre
31.62 UFAC, Acre
31.63 UFAC, Acre .
31.64 UFAC, Acre A
31.65 UFAC, Acre
31.66 UFAC, Acre
31.70 UFAC, Acre
31.71 UFAC, Acre
31.79 UFAC, Acre
31.81 UFAC, Acre
31.82 UFAC, Acre .
31.83 UFAC, Acre A
31.86 UFAC, Acre
31.92 UFAC, Acre
31.110 UFAC, Acre
31.116 UFAC, Acre
250.04 26Km Yasuni, Ecuador
250.15 Yasuni, Ecuador
250.16 Yasuni, Ecuador
250.17 Yasuni, Ecuador
250.18 Yasuni, Ecuador
250.19 Yasuni, Ecuador
250.07 Puyo, Ecuador
250.08 Puyo, Ecuador
250.09 Puyo, Ecuador
250.10 Puyo, Ecuador
250.11 Puyo, Ecuador
250.13 Puyo, Ecuador
250.22 Puyo, Ecuador
250.23 Puyo, Ecuador
250.24 Puyo, Ecuador
250.25 Puyo, Ecuador
250.26 Puyo, Ecuador
250.28 Puyo, Ecuador
250.30 Puyo, Ecuador
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Consideracoes Finais

Cada populagdo de Engystomops aqui analisada possuiu um padrdo cariotipico
diferente, inclusive as populagdes de Puyo e Yasuni, que ndo apresentam
isolamento pré-zigético. Esse fato permitiu sugerir que a diferenciagio citogenética
possa exercer algum papel no isolamento de populacdes e, conseqiientemente, nos
processos de especiagcdo desses anuros.

A andlise citogenética da populagdo de UFAC (Acre, Brasil) permitiu uma nova
interpretacdo dos dados cariotipicos antes descritos para outras populagdes do Acre
e uma re-descri¢do daqueles caridtipos foi apresentada.

As populagdes de Puyo e do Acre possuiram um par de cromossomos sexuais
heteromorficos do sistema XX/XY, uma caracteristica rara em anuros. As
populacdes de Yasuni e de La Selva ndo apresentaram essa caracteristica. A andlise
comparativa desses dados com as inferéncias filogenéticas permitiu sugerir que a
presenca de cromossomos sexuais heteromorficos seja uma condi¢do plesiomorfica
para esse grupo de Engystomops amazOonicos.

A presenga de heterozigotos para nucleotideos simples no gene da rodopsina pode
ser interpretada como resultante de uma possivel ocorréncia de eventos de
hibridacdo e introgressdo entre as populacdes. Esses eventos podem favorecer a
grande variacao cariotipica encontrada inter e intra-populacionais e sua ocorréncia é
corroborada pela identificacdo de individuos com caridtipos em que o
reconhecimento inequivoco de alguns pares cromossdmicos ndo € possivel e pela

ocorréncia de configuracdes meidticas multivalentes em alguns espécimes.
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Os resultados da filogenia utilizando DNA mitocondrial corroboraram o trabalho de
Funk et al. (2007). Trés grandes clados foram reconhecidos dentre os Engystomops
da Amazoénia: o clado com espécimes do Pard, o clado referente as populacdes do
Equador e norte do Peru (denominado de clado noroeste), e o clado que inclui as
populacdes do Acre, sul do Peru e Bolivia (denominado de clado sudoeste). A
populacao da UFAC, ndo incluida nas andlises de Funk et al. (2008), pertence a esse
ultimo clado.

Os resultados moleculares e citogenéticos obtidos corroboram a presenca de um
complexo de espécies dentre os Engystomops amazOnicos, mas sugerem a
possibilidade de ocorréncia de hibridos e introgressao entre espécies cripticas dessa

regido.
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