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1. RESUMO

Muitas espécies de anfibios estdo entre as mais ameacados de extin¢do, e no
entanto, informagdes sobre a variabilidade genética e a estruturagdo genética das suas
populacdes sdo ainda limitadas. No presente trabalho, a variabilidade genética de
populacdes da espécie Physalaemus cuvieri foi analisada utilizando microssatélites
como marcadores moleculares. Considerando-se sua ampla distribui¢do geografica,
variagdo morfoldgica interpopulacional e variacdo intra- e interpopulacional em
algumas caracteristicas citogenéticas, espécimes de dez populacdes de P. cuvieri foram
amostradas, em Sdo Pedro da Agua Branca (MA), Urbano Santo (MA), Porto Nacional
(TO), Uberlandia (MG), Vitéria Brasil (SP), Palestina (SP), Nova Itapirema (SP),
Chapada dos Guimardes (MT), Vitéria da Conquista (BA) e Passo Fundo (RS). Dez
locos de microssatélites de P. cuvieri foram isolados a partir de uma biblioteca
enriquecida em repeticdes (CA)s e (GT)s. A amplificacdo desses locos em 160
individuos de P. cuvieri revelou uma média de 5,7 alelos por loco e uma
heterozigosidade esperada variando de 0,30 a 0,85. Embora a maior parte da variagdo
genética esteja dentro das populacgdes, o valor global do Fsr encontrado indica uma alta
diferenciacdo entre essas populacdes. O baixo fluxo génico encontrado sugere baixa
capacidade dispersiva, no padrdo de escala geografica usado neste trabalho, e condiz
com o comportamento filopatrico atribuido aos anuros. Nesse estudo foi ainda
verificado que ndo existe correlacdo entre distancia geografica e distdncia genética das
populacdes amostradas, sugerindo uma alta fidelidade dessa espécie aos seus locais de
desova. Os resultados indicam que a distancia geogrifica sozinha ndo explica a
variabilidade genética dessas populacdes. Duas populagdes, Sio Pedro da Agua Branca

(MA) e Nova Itapirema (SP), possivelmente passaram por efeito de gargalo
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populacional (bottleneck), que pode ser resultado, entre outros fatores, da destrui¢dao de
habitat levando a fragmentacido da populagao.

Dos dez locos de microssatélites desenvolvidos para P. cuvieri, nove foram
utilizados para verificar a possibilidade de amplificacdo e sua aplicabilidade no estudo
da estrutura genética de duas outras espécies do grupo cuvieri muito proximamente
relacionadas a P. cuvieri. Essas espécies sdo: P. ephippifer (15 individuos) e P.
albonotatus (11). As duas populacdes estudadas ficaram isoladas das cinco de P.
cuvieri, mostrando um alto grau de diferenciacdo genética, e indicando claramente sua
condicdo de espécie distinta de P. cuvieri. A populacdo de Crateis — CE agrupou com
Urbano Santos — MA (ambas P. cuvieri). Este resultado corrobora os resultados de
estudos citogenéticos. As populagdes de Porto Nacional (TO) e Passo Fundo (RS)
formaram dois grupos de individuos cada uma. Parte dos individuos de Porto Nacional
agrupou com a populagdo de Uberlandia (MG) de P. cuvieri, e o restante dos individuos
nio mostrou nenhum agrupamento com qualquer outra populacdo e espécies analisadas
neste trabalho. Resultados semelhantes foram obtidos com a populagdo de Passo Fundo,
que nao mostrou agrupamento com nenhuma outra populacdo analisada. Estudos
adicionais dessas populacdes serdo necessdrios para melhor compreender esses dados. O
conhecimento do padrdo de dispersdo da variabilidade genética de P. cuvieri, avaliada
por microssatélites, somado ao conhecimento acumulado, obtido por meio de outras
metodologias, poderd contribuir para a definicio de estratégias de conservagdo e

contribuir para o delineamento entre as fronteiras taxondmicas dessa espécie.
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2. ABSTRACT

Even though many amphibian species are among the most endangered animals,
the knowledge about their genetic variability and population genetic structure is still
limited. In the present work, natural populations of the barker frog Physalaemus cuvieri
were analyzed for genetic variability and differentiation using microsatellites,
considering its wide geographic distribution, interpopulational morphological variation
and cytogenetic intra- and interpopulational variation. Analyzes comprised specimens
from ten P. cuvieri populations sampled in the following regions of Brazil: Sdo Pedro
da Agua Branca (MA), Urbano Santo (MA), Porto Nacional (TO), Uberlandia (MG),
Vitéria Brasil (SP), Palestina (SP), Nova Itapirema (SP), Chapada dos Guimaraes (MT),
Vitéria da Conquista (BA) and Passo Fundo (RS). Ten microsatellite loci were isolated
for P. cuvieri from a library enriched in (CA)s and (GT)g repeats. In 160 P. cuvieri
individuals, the average number of alleles per locus was 5.7 and the expected
heterozygosity ranged from 0.30 to 0.85. Although most of the genetic variation was
found within populations, the overall Fsr value indicated high genetic differentiation
among the populations. The low gene flow among populations suggested low dispersion
capability within the geographic scale pattern used in this work, which is compatible
with the anuran philopatric behavior. In addition, there was no correlation between
geographic and genetic distances of these populations, suggesting fidelity of P. cuvieri
populations to their spawning place. These results indicated that the geographic distance
alone does not explain the genetic variability observed among these populations. The
data also indicated that the populations from Sdo Pedro da Agua Branca (MA) and
Nova Itapirema (SP), respectively in the Northeast and Southeast regions of Brazil,

have likely gone through a recent population bottleneck effect. Destruction of natural
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habitats leading to population fragmentation could be a major cause of this suggested
bottleneck effect.

Of the ten microsatellite loci developed for P. cuvieri, nine were used to
investigate cross-amplification and suitability for population genetic structure studies in
two other species of the cuvieri group closely related to P. cuvieri. These species are: P.
ephippifer (15 specimens) and P. albonotatus (11 specimens). These two populations
remained isolated from all populations of P. cuvieri, demonstrating its high genetic
differentiation, pointing that these two species are distinct from P. cuvieri. The Crateuds
(CE) population was grouped with Urbano Santos (MA) population (both P. cuvieri).
This result corroborated previous cytogenetic results. The Porto Nacional (TO) and
Passo Fundo (RS) populations were divided in two sets of individuals each one. Part of
Porto Nacional individuals were clustering with P. cuvieri from Uberlandia (MG), and
the remaining did not show any grouping with none of other analyzed species. Similar
results were found to Passo Fundo population, which also did not show any group with
the analyzed species.

The knowledge of the dispersion pattern of the P. cuvieri genetic variability
evaluated by microsatellites, in addition to the genetic variability data obtained using
other methodologies, will contribute for the development of future ecological and

conservation strategies and to improve the taxonomy of this species
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3.INTRODUCAO

3.1. Microssatélites como marcadores moleculares

Microssatélites sdo seqiiéncias simples repetidas (SSRs) in tandem, com
tamanho variando de 2 a 10 pares de bases (Bull et al. 1999), e de acordo com outros
autores, variando de 2 a 6 pares de bases (i.e. Li et al. 2002). De acordo com o trabalho
de Toth et al. (2000), que estudaram a distribuicdo das sequéncias repetitivas em
introns, éxons e regides intragénicas de muitos grupos taxondmicos de eucariotos, os
dinucleotideos com motivos de repeticdes AC,) sdo mais frequentes em vertebrados e
artropodes. Os trinucleotideos podem ser encontrados com uma frequéncia significante
e variavél nas regides gendmicas e entre os tixons, sendo que em primatas e roedores,
CCG constitui o segundo maior tipo de repeticdo em éxons. Nos vertebrados, as demais
repeticdes, como tetranucleotideos, sdo mais abundantes nos {introns e regides
intragénicas, sendo que em mamiferos, os pentanucleotideos sdo menos frequentes
nessas mesmas regides. Hexanucleotideos sdo mais frequentes depois dos
trinucleotideos em regides de éxons.

A importancia funcional dos microssatélites estd possivelmente ligada aos seus
efeitos sobre a organizacdo da cromatina, regulacdo da atividade gé€nica, recombinagio,
replicacdo de DNA, ciclo celular, sistema de reparo, entre outros (Li et al. 2002).

A abundancia de microssatélites genOmicos e suas vdrias funcdes e
consequéncias estdo associadas a sua taxa de mutagdo altamente elevada (102 a 10°
eventos por loco por geracdo) (Nielsen & Palsboll 1999). Os mecanismos envolvidos
ndo sdo muito conhecidos, mas estudos experimentais mostram que essas mutacdes nos
locos podem resultar em insersdes ou delecdes das repeticoes (Kimmel et al. 1996). O

modelo mais aceito € o slippage da DNA polimerase durante a replicagdo do DNA
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(Levinson & Gutman 1987; Schlétterer & Tautz 1992; Li et al. 2002; Zane et al. 2002).
Devido a homologia dentro das repeticdes dos microssatélites, as duas fitas de DNA
podem se alinhar incorretamente depois da dissociag@o, introduzindo um “loop” numa
das fitas resultando na expansdo/contracdo dos microssatélites. Entretanto, ha algumas
evidéncias mostrando que a formagdo dessas estruturas secundirias do DNA pode
ocorrer também durante a recombinacdo e reparo (Oliveira et al. 2006).

A taxa de mutagdo nos microssatélites depende em parte de caracteristicas
intrinsecas, como nimero de unidades repetitivas e comprimento (em pares de base).
Microssatélites com maior nimero de repeticdes sdo mais mutdveis devido ao aumento
da probabilidade de slippage e microssatélites com maior comprimento, sem restricao
no nimero de repeti¢cdes, sdo mais instdveis facilitando o slippage e assim elevando as
taxas de mutacdo (Katti et al. 2001; Kelkar et al. 2008).

A teoria do slippage ndo pode explicar sozinha a distribuicdo dos microssatélites
no genoma como um todo, uma vez que o potencial inerente de uma sequéncia formar
conformacdes alternativas no DNA pode ser importante para gerar os SSR mas nio para
as diferencas observadas ao longo dos tdxons. Enzimas e outras proteinas envolvidas em
replica¢do e reparo do DNA e remodelamento da cromatina podem ser responsiveis
pela taxon-especificidade dos SSR (T6th et al. 2000). Outras mudangas no nimero de
repeticdes dos microssatélites podem ser causadas pelo crossing-over desigual ou
conversdo génica durante recombinagéo entre os filamentos de DNA (Hancock 1999; Li
et al. 2002). Adicionalmente, tem-se associado os SSRs com uma Familia Alu, resultado
de uma interacdo de um elemento Alu dentro de uma repeticdo de microssatélite

preexistente. Erros introduzidos durante a transcri¢gdo dos derivados de um gene Alu ou
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ao acimulo de mutac¢des ao acaso em regides dos elementos Alu, podem resultar nas
repeti¢cdes dos microssatélites (Arcot et al. 1995).

Para o uso de dados de microssatélites na explicacdo de parimetros
populacionais como diferenciacdo genética e nimero de migrantes por geracdo faz-se
necessario assumir um modelo de mutagdo para esse marcador. O modelo mutacional,
denominado Infinite Allele Model (IAM) (Kimura & Crow 1964), considera que a
mutagdo envolve qualquer nimero de repeticdes in tandem e sempre resulta num estado
do alelo ndo previamente encontrado na populacio (Estoup & Cornuet 1999). O IAM
ndo permite homoplasia e assume que cada mutagdo resulta na criacdo de um novo alelo
(Dettman & Taylor 2004). Outro modelo, Stepwise Mutation Model (SMM), (Kimura &
Ohta 1978) descreve a mutagdo nos alelos dos microssatélites por perda ou ganho de
uma unica repeti¢do. Di Rienzo e colaboradores (1994) propuseram um novo modelo
mutacional, o Two Phase Model (TPM) que assume primeiramente mudangas em
repeticdes simples (single-step) no tamanho do alelo e também incluem raros, mas
importantes eventos de maiores magnitudes (como os crossing-over desiguais). No
TPM, existe a probabilidade p de ser uma mutacdo de uma Unica unidade e 1-p de
envolver mais de uma unidade de repeti¢do. Raramente citado na literatura, o modelo
chamado de K-alleles (KAM — K-Alleles Model), também pode ser considerado para os
microssatélites. Nesse modelo Crow & Kimura (1970) propuseram que existem K
possiveis alelos em determinado loco, e qualquer alelo tem uma probabilidade constante
[u/k — 1] de mutagdo, onde p € a taxa de mutagdo.

De modo geral ndo existe um modelo de mutago tnico e amplamente aceito, ja

que nenhum desses reflete a realidade dos microssatélites, porém, esses marcadores sao
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amplamente usados e tteis para acessar a diversidade genética de diversas populagdes
(Balloux & Moulin 2002).

Microssatélites como marcadores moleculares tém sido utilizados
principalmente para investigar a estruturacdo genética de populacdes naturais, em
genética forense, no estudo de mutacdes de doencas na pesquisa de tumores e canceres,
no mapeamento genético, entre outros (Lai & Sun 2003; Jones & Ardren 2003). Esse
amplo emprego dos microssatélites deve-se também ao fato deles permitirem
interpretacdo por uma simples reacdo de PCR, serem encontrados nos genomas de todos
os organismos eucariontes analisados até o momento e apresentarem altos niveis de
polimorfismo (Levinson & Gutman 1987; Schlotterer & Tautz 1992; Csink & Henikoff
1998; Katti et al. 2001; Li et al. 2002; Zane et al. 2002; Vicente et al. 2003; Kelkar et al.
2008). Sao co-dominantes e multi-alélicos (Torres 2006) e ainda s3o altamente
polimorficos e ideais para estudos de mapeamento e diversidade genética (Jarne &

Lagoda 1996).

Mais recentemente, esse marcador tem sido preferido para esse tipo de estudo
em detrimento ao tdo propagado estudo de DNAmt que oferece varias vantagens mas
que pode mostrar padrdes de diferenciacdo entre as populagdes que ndo refletem a
histéria de diferenciagdo do genoma nuclear, onde supostamente ocorrem os locos que
controlam os tragos de significado adaptativo (Monsen & Blouin 2003). Esses
pesquisadores mostraram a diferencas entre resultados obtidos a partir d¢ DNAmt e
nuclear em um estudo com Rana cascadae, em que os dados interpretados isoladamente
poderiam levar a recomendacdes de conservacdo muito diferentes.

Levando-se em conta que as espécies muitas vezes sdo distribuidas

geograficamente de modo desigual ou irregular, elas podem ser divididas dentro de
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numerosas populagdes que variam na razdo da troca de individuos com outras
populacdes. O padrdo de dispersao tem um papel na determinacido geogrifica da
espécie. Investigacdes de dispersdo e suas conseqiiéncias, juntamente com outros
processos relacionados a ecologia e evolucdo tém sido facilitadas pelo uso de
marcadores genéticos. Mesmo em pequenas escalas espaciais e temporais dos padrdes
atuais de movimento e de fluxo génico, esses marcadores moleculares t€ém permitido um
grande entendimento das interacdes entre as populagdes (Newman & Squire 2001).

O conhecimento de como a variacdo génica estd distribuida entre as populagdes
pode ter importante implicacdo tanto na biologia evolutiva e na ecologia, como também
na conservacao bioldgica, jd que as diferencas entre populagdes representam importante
ferramenta para se desenvolver estratégias de conservagdo (Balloux & Moulin 2002).
Os locos microssatélites permitem o entendimento da estrutura da populagdo em
questdo (Slatkin 1995) e, ainda, sdo sensiveis o suficiente para detectar eventos recentes
de fragmentagdo antropogénica (Storfer 2003).

Assim, os microssatélites sdo cada vez mais aceitos como marcadores em
andlises populacionais para genética de conservacdo animal e vegetal, e seu uso para
investigacdo de estrutura populacional de anfibios € mais recente (Burns et al. 2004;

Arens et al. 2006; Allentoft et al. 2008).

3.2. Microssatélites em anuros

O declinio das populagdes de anfibios em todo o mundo pode ser considerado
dramadtico de acordo com pesquisa recente, pois 32% das espécies foram colocadas na
lista de animais ameacgados de exting¢ao (Stuart et al. 2004; TUCN 2009). Os anfibios sdo
especialmente vulnerdveis as modificacdes e perdas de seus habitats, a introducdo de

espécies ndo nativas e devido, em parte, a sua pele permedvel (Alford & Richards
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1999), eles ainda sofrem com mudangas climdticas, raios ultravioletas e poluicdo
(Storfer 2003; Stuart et al. 2004). Assim, eles podem servir como espécies sentinelas
para esses distirbios em habitats especializados (Ficetola & De Bernardi 2004;
Gonzalez et al. 2004; Telles 2006), e esses casos de declinios de anfibios podem servir
como modelo de entendimento das crises da biodiversidade global em geral (Storfer
2003).

Estudos recentes relacionam o aquecimento global com a proliferagdo do fungo
Batrachochytrium dendrobatidis, que parasita a pele de algumas espécies de anuros
podendo leva-los a extingdo (Morehouse et al. 2003; Pounds et al. 2006; Toledo et al.
2006). Outro fator que ameaga populacdes de anfibios é a desconexdo de habitats
(habitat split). De acordo com Becker et al. (2007), essa desconexdo, de acdo antrdpica,
entre habitats que sdo usados por diferentes estidgios de vida de uma espécie, pode
contribuir para o declinio de anfibios, pois afeta diretamente a area de distribuicdo
geografica das espécies, reduzindo seus tamanhos populacionais, e ainda dificulta o
fluxo génico entre populagdes contribuindo para a perda de diversidade a longo prazo.

Ha4, no entanto, poucos estudos em populagdes de anfibios utilizando marcadores
microssatélites e a maioria dos estudos trata apenas da caracterizacdo de primers e da
obtencdo de bibliotecas gendmicas enriquecidas de microssatélites, principalmente em
espécies de Rana (Berlin et al. 2000; Zeisset et al. 2000; Prohl et al. 2002) e de Bufo
(Brede et al. 2001). Mesmo com o aumento no desenvolvimento de primers de
microssatélites para espécies de anfibios, sua aplicacdo na genética de populagdes e nos
estudos de conservagdo de anuros ainda permanece com muitas lacunas (Prohl et al.

2002).
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3.3. As espécies do grupo de Physalaemus cuvieri

O género Physalaemus, juntamente com Edalorhina, Eupemphix, Pleurodema,
Pseudopaludicola e Somuncuria, foi recentemente alocado na familia Leiuperidae
(Grant et al. 2006). Atualmente, o género € composto por 45 espécies (Frost 2009), e
tem ampla distribuicdo geografica na América do Sul, englobando as regides brasileiras,
Misiones e Entre Rios, Argentina, leste do Paraguai, Santa Cruz na Bolivia e
provavelmente nas planicies do sul da Venezuela.

As espécies desse género foram distribuidas por Nascimento et al. (2005) em sete
grupos fenéticos: “cuvieri”, “signifer”, “albifrons”, “deimaticus”, “gracilis”, “henseli” e
“olfersii”, mas as relagdes filogenéticas intragenéricas ainda permanecem pouco
conhecidas. Esse género apresenta grande quantidade de polimorfismos e algumas
espécies cripticas (Barrio 1965; Frost 2009), o que dificulta o reconhecimento de uma
dada populagdo baseado apenas em critérios morfoldgicos. Confusdes ocorrem, por
exemplo, com P. biligonigerus e P. fuscomaculatus, e com P. cuvieri, P. ephippifer, P.
centralis e P. albonotatus (Barrio 1965), entre outras.

O grupo cuvieri mostra uma vasta diversidade de formas e histéria de vida, e é
atualmente constituido por nove espécies, P. albonotatus, P. centralis, P. cicada, P.
cuqui, P. cuvieri, P. ephippifer, P. erikae, P. fischeri e P. kroyeri, de acordo com a
recente revisdo taxondmica realizada por Nascimento et al. (2005). As espécies do
grupo “cuvieri” apresentam ampla distribuicdo geogréfica, fazendo com que esse grupo
esteja representado do Norte ao Sul da América do Sul, a leste dos Andes, ocorrendo da

Venezuela a Argentina, em formagdes abertas do Cerrado, Caatinga, Chacos e em

regides de dominios planos (Nascimento et al. 2005).
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As espécies do grupo cuvieri caracterizam-se por apresentarem tamanhos
variando de 14 a 39mm de comprimento (rostro-anal; snout-vent lenght), pele lisa com
algumas verrugas, o primeiro dedo ndo é maior que o segundo, e os machos tém uma
vocalizagdo caracteristica, semelhante a um latido de cachorro, resultando no seu nome
popular, (rd-cachorro) (Cruz & Pimenta 2004). Os machos vocalizam as margens de
corpos de dgua temporarios ou permanentes (Barreto & Andrade 1995). O amplexo é
axilar e a desova consite em um ninho de espuma feito pelos machos durante o amplexo
(Wogel et al. 2002), como ocorre em outros grupos do género (Hodl 1990).

A espécie Physalaemus cuvieri é amplamente distribuida pela América do Sul,
em todo territério brasileiro, e ainda em Misiones e Corrientes na Argentina, oeste do
Paraguai, Santa Cruz na Bolivia e provavelmente no sul da Venezuela (Cei 1980; Frost
2009). No Brasil, foram descritas variagdes morfoldgicas intra-especificas. Barreto e
Andrade (1995) verificaram que populacdes do nordeste e do sudeste reproduzem em

épocas distintas, embora a biologia reprodutiva seja a mesma.

3.4. Physalaemus cuvieri e estrutura genética de populacoes

Uma populacdo pode ser definida como um grupo de individuos da mesma
espécie que se intercruzam (grupo panmitico) e que exibem um padrdo ndo aleatério de
estrutura geografica (Hartl & Clark 1997; Conner & Hartl 2004). Processos evolutivos
como variagdo genética, frequéncias alélicas e genotipicas, fluxo génico, selecdo
natural, migracdo, deriva genética, atuam primeiramente no contexto de cada espécie,
dentro de suas populagdes (Conner & Hartl 2004).

A estrutura genética de populagdes € mais comumente estudada a partir das
estatisticas F (Wright 1951), as quais proporcionam uma visdo integral da variacdo

genética em trés niveis da estrutura de populacdes: dentro (Fis) e entre (Fsy)
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subpopulagdes, e o total (Fir) de variagdo na metapopulagdo (Conner & Hartl 2004). O
uso do Fgr para calcular o fluxo génico é bastante controverso e ndo corresponde as
populacdes naturais (Whitlock & McCauley 1999; Neigel 2002). A estimativa de fluxo
génico baseado no Fsr assume modelo de ilha e estipula um ndmero infinito de
populacdes com troca de migrantes numa taxa constante, o que ndo se aplica aos dados
de populacdes reais. Porém, mesmo com essas limitagdes, Fst € uma medida indireta de
fluxo, sendo expressa pelo numero de migrantes Nm=% (1/Fst — 1) (Wright 1951),
permanece como uma medida util de fluxo génico e ainda é amplamente usado para
diferenciagdo entre populacdes. Uma estatistica usada como medida de diferenciagdo de
populacdes, andloga ao Fsr, € a estatistica proposta por Nei (1973), Gsr, € baseia-se na
quantidade de variacdo entre populacdes relativa a variacdo total e ndo especifica a
identidade dos alelos envolvidos (Hedrick 2005).

Populacdes de P. cuvieri ja foram estudadas por Telles et al. (2006), os quais
usaram marcadores do tipo RAPD (Random Amplified Polymorphic DNA) para analisar
a estrutura genética de 18 populagdes do Cerrado. Os autores encontraram uma
estruturacdo da variabilidade genética entre essas populagdes, apresentando valores em
torno de 0,10 para o componente interpopulacional da variabilidade genética, e um
restrito fluxo génico. Esses autores ainda analizaram a correlacdo entre distincia
genética e geogrifica a partir do correlograma espacial de Mantel e evidenciaram uma
correlacdo significativa entre as duas varidveis apenas entre pequenas distancias, o que é
esperado se os baixos niveis de diferenciagdo populacional sio combinados com maior
fluxo génico. Assim, os resultados que eles encontraram para a relacdo entre distancia
genética e geogrifica e padrdes de diferenciacdo populacional estariam dentro do

principio de modelo de ilhas de Wright.
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O género Physalaemus e populacdes de P. cuvieri também foram estudados
citogeneticamente por Becak et al. (1970), Amaral et al. (1999), Lourenco et al. (1999),
Silva et al. 1999, Quinderé et al. (2009) e Quinderé et al. (in prep.). At€ o momento,
esses estudos mostraram que o género Physalaemus apresenta um numero dipldide
conservado de 22 cromossomos que diferem muito pouco em sua morfologia entre as
espécies. Physalaemus cuvieri foi inicialmente descrito com técnicas convencionais por
Becak et al. (1970). Uma caracterizagdo citogenética detalhada foi realizada
posteriormente (Silva et al. 1999; Quinderé et al. 2009). em populacdes de P. cuvieri do
norte, nordeste, sul e sudeste do Brasil (Silva et al. 1999; Quinderé et al. 2009) que
mostraram uma grande e interessante variabilidade no padrio de NOR (Regido
Organizadora do Nucléolo) entre as populacdes, permitindo distinguir dois grupos, um
do nordeste/norte e outro do sul do Brasil e Argentina. O primeiro grupo engloba as
populacdes de Urbano Santos (MA), Cratets (CE), Sdo Pedro da Agua Branca (MA),
Palmeiras (BA) e Uberlandia (MG), todas com NOR no par 8 (algumas delas
apresentaram ainda variagdes interpopulacionais com NORs adicionais no par 7 ou nos
pares 7 € 9). O segundo grupo compreende as populacdes da Argentina (Quinderé et al.
2009) e de Boracéia (SP) e Santa Maria (RS) (Silva et al. 1999) que apresentaram NOR
no par 11. Porém, a populacdo de Porto Nacional (TO), estudada por Quinderé et al.
(2009), diferiu das demais populacdes de P. cuvieri analisadas até o momento, por
apresentar quatro pares de cromossomos portadores de NOR (1, 3, 4 e 10) e varias
bandas C pericentroméricas. Por outro lado, a espécie criptica P. ephippifer também
apresentou a NOR no par 8, porém com os homoélogos homomérficos nos machos e
heteromorficos nas fémeas, sugerindo um sistema de determinacdo do sexo do tipo

ZZ/ZW.
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Em estudos relacionando valores de Fsr e distancia geografica, Lampert et al.
(2003) usaram microssatélites para analisar 17 populacdes de Physalaemus pustulosus e
encontraram Fgy variando de 0,0 a 0,039, indicando um alto nivel de diferenciacéo
genética dentro das populacdes e pouca diversidade entre elas, numa pequena escala
geogréfica, variando de 0,26 a 11,8 km, apresentando correlacdo entre distancia
genética e geografica.

Os demais trabalhos disponiveis na literatura sobre estrutura genética de anfibios
anuros referem-se a outras espécies e géneros. Driscoll (1998a), usando alozimas para
estudo de Geocrinia alba e G. vitellina (Myobatrachidae), encontrou altos valores de
Fsr de 0,444 e de 0,302, respectivamente, indicando grande diferenciacdo entre as
populacdes destas espécies. Em outro estudo, Driscoll (1998b) encontrou Fst de 0,69 e
0,64 para Geocrinia rosea e G. lutea, respectivamente, indicando forte estruturacdo
entre as populacdes e confirmando a baixa dispersdo dessas espécies. Usando DNA
mitocondrial e SSCP, Shaffer et al. (2000) estudaram a espécie Bufo canorus
(Bufonidae), e encontraram Fgt 0,76 para todos os locais de desova, mostrando uma alta
variabilidade entre as populagdes estudadas. Rowe et al. (2000) usaram microssatélites
para estudo de Bufo calamita e encontraram um valor de Fsr 0,060 para uma regido com
distancia geogréfica pequena entre os locais de coleta, e valores mais altos de Fsr (0,224
e 0,111) nos locais que tinham maior distancia geografica. Existe variagdo nos valores
de Fgr independe, portanto, das escalas de anélise, e outros fatores devem ser levados
em consideracio, tais como ecolégicos, evolutivos e comportamentais (Telles 2005).

Barber (1999) usando DNA mitocondrial, encontrou um alto nivel de fluxo
génico, (estimado a partir dos valores de ®gr), entre subpopulacdes de Hyla arenicolor

(Hylidae) dentro de uma regifo, ndo exibindo um padrdo de isolamento por distincia,
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porém, entre outras trés regides estudadas nenhum fluxo foi observado, provavelmente
devido a barreira geografica.

Alguns estudos sobre estrutura genética de populagdes com o uso de marcadores
moleculares suportam a hip6tese de que uma dada populagdo de anfibios tende a estar
relativamente isolada das demais populacdes (Shaffer et al. 2000). Os anfibios muitas
vezes exibem forte fidelidade ao seu habitat e possuem baixa habilidade dispersiva, e
esse comportamento pode limitar a troca génica entre populagdes (Newman & Squire
2001; Burns et al. 2004; Funk et al. 2005). Seppé e Laurila (1999) mostraram que entre
os vertebrados, os anfibios sdo os animais que exibem baixa dispersdo sendo altamente
filopatricos, o que os torna mais vulnerdveis as degradagdes do meio ambiente e as
drésticas mudancas no tamanho da populacio (Ficetola & De Bernardi 2004), levando a
perda da variabilidade genética em populagdes pequenas e isoladas (Johansson et al.
2007). O baixo fluxo gé€nico somado com a pequena capacidade dispersiva e ainda
adicionando dados sobre o declinio de muitas espécies de anuros, contribui de maneira
negativa para a persisténcia das popual¢des. Assim, o conhecimento da dindmica
espacial-temporal relacionado com padrdes de diversidade genética entre populacdes é
critico para esforgos de conservacdo para manutencio de espécies vidveis (Avise 2004;

Telles et al. 2006; Morgan et al. 2008).

3.5. Objetivos

3.5.1. Gerais

Esse trabalho teve como objetivo isolar e caracterizar marcadores microssatélites
em Physalaemus cuvieri, visando a andlise da estrutura genética e ampliando o

conhecimento sobre a variabilidade genética de espécies do grupo de P. cuvieri.
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3.5.2. Especificos

i) Desenvolvimento de marcadores especificos do tipo microssatélites para P. cuvieri;
ii) Estudos da variabilidade genética intra- e interpopulacional de 10 populacdes de P.
cuvieri provenientes de diversas regides do Brasil;

iii) Testar a possibilidade de amplificacdo dos marcadores desenvolvidos para P. cuvieri
bem como sua aplicabilidade para estudo de espécies proximamente relacionadas e

morfologicamente muito semelhantes a P. cuvieri, como P. ephippifer e P. albonotatus.
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Abstract Ten polymorphic microsatellite loci
isolated for Physalaemus cuvieri Irom a GA—CA enriched
library. In 160 P, cuvieri individuals. the number of alleles
per locus ranged to 2-9 and the expected heterozygosity
ranged from 0.30 to (.85, The primers were successfully
cross-amplified in the congeneric species P. albonotatus,
P. ephippifer and Physalaemus cf. cuvieri, suggesting that
these loci are potentially useful for studies on population
genetic structure of Physalaemus sp.
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Amphibian populations have decreased in the entire world
te such a degree that 329 of the amphibian species are
presently listed as endangered; therefore they are consid-
ered wvulnerable w environmental changes (Stuart et al
2004 ). Certainly, knowledge about temporal and spatial
dynamics of amphibian populations is fundamental for
their effective conservation. However, in spite of their
importance these studies are still incipient in many anuran
taxa. Frogs of the genus Physalaemus are extensively dis-
tributed in the Neotropical region, This genus is considered
te be composed of polymorphic and cryptic species (Barrio
1965; Frost 2008), thus hindering proper identification of
populations. The Physalaemus was recently included in the
Leiuperidae family (Grant et al. 2006) and presently
comprises 42 species (Frost 2008). The species Physalae-
mus cuvieri is widely distributed in South America.
occurring in a large area in Brazil throughout the north-
eastern, central and southern regions. Several reports on
P. cuwvieri revealed intraspecific morphological variation
and cytogenetic analysis have demonstrated intra- and
interpopulational chromosome variation in the number and
localization of NOR (Silva et al. 1999; Y.R.S.D. Quinderé.
unpublished data). A few primers for microsatellite have
been developed for amphibians, but their use in swdies of
population genetic structure and of behavioral and con-
servation biology of anurans is still rare (Prohl et al. 2002).
Microsatellites could be greatly valuable to the under-
standing of the genetic structure of P. cuvieri populations.

Physalaemus cuvieri individuals (n = 160) were sam-
pled in ten regions of Brazil and comprised: three
populations from the northeast region. in Sao Pedro da
Agua Branca and Urbano Santos, both in Maranhio State,
with 13 and 15 individuals each, and in Vitoria da Con-
quista, Bahia State. with 16 individuals; one population
from the northern region, in Porto Nacional. Tocantins
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S & State, with 21 individuals; four populations tfrom the
: [z E = [E E southeastern region in Uberlindia, Minas Gerais State,
with 16 individuals, and in Vitdria Brasil, Palestina and
;51 Nova Itapirema, in Sio Paulo State, with 14, I7 and 12
e | B E E E = individuals, respectively: one population from the middle-
2 eastern region. in Chapada dos Guimardes, Mato Grosso
= 5 State, with 17 individuals; and one from the southern
E. G | = § § = region, in Passo Fundo, Rio Grande do Sul State, with 19
Byl |8 & - - < individuals. DNA  samples were exfracted using the
2 & T = Genomic Prep Cells and Tissues DNA Isolation Kit
S8 8 2 B = (Amersham Pharmacia Biotech), and the TNES method
B - B {Tris, NaCl, EDTA, SDS) (adapted by Martins and Bacci
;-E_,_' ~ = o ci -+ 2001).

‘: i é ﬁ E g A microsatellite-enriched library was obtained for
P. cuvieri, using protocols adapted (Billote et al. 1999).
g The genomic DNA was digested with RSA T and enriched
% = E § Ei E‘ g in (CTi; and (GT)g repeats. Enriched fragments were
T la = = = < = amplitied by polymerase chain reaction (PCR), ligated into
- “ " = - a p-Gem T Easy vector (Promega) and then transformed
g E = = g into competent XLI-blue Escherichia coli cells. The
& = = & = positive clones were selected using the fl—galactosidase
= =~ = F & gene and then grown overnight in an HM/EFM medium with
= = = = = ampicilin. After PCR, positive clones were sequenced in
A £ o = g both directions using the T7 and SP6 primers as well as the
= = = = = vi.l Big Dye terminator kit (PerkinElmer Applied Bio-

< - o =i = systems) with an ABI PRISM™ 377.
Twenty-four primer pairs complementary to sequences
% 2 = w 2 flanking the repeat motifs were designed using the DNA
— - o o o STAR software. PCR amplifications were performed in a

25 pl reaction volume using PTC-200 (MJ Research). Final
concentrations for optimizing reactions were lx PCR
buffer, 1.5 mM M Cl,. 0.3 mM of each dNTP (Invitrogen),

56.7
56.7
56.7
56.7
56.7
F. primer forward; R, primer reverse; T, optimized annealing temperamre; N,. number of alleles; H,,. observed heterozygosity; He. expected heterozy gosity; * depans significantly from HWE at

P < 0.005 after Bonferroni correction, © evidence of null alleles detected at P < 0.005; P. of. cuv, Physalaemies cf. cuvieri population with 14 individuals; P, ephi. Physalaemus ephippifer

population with 15 individuals and P. albo, Physalaemus albonoraties population with 11 individuals: NA, not amplification; N'T. not performed

E =0 (.3 mM of each primer, U Tag DNA polymerase (Invit-
= = 0 < 5 - - : A e e
E o :; i 0% = rogen) and 1) ng of genomic DNA. After an initial
E E = E :3: % E 5 ﬁ E denaturing step of 3 min at 94°C, PCR amplification was
o g = [E EE 3% Y % performed in 39 cycles of 30 s at 93°C, | min at the spe-
E Y E E é é § E S = cific annealing temperature of each primer pair (Table 1),
E E E L) é M3 o E E and I min at 72°C, followed by a final extension at 72°C for
e '%: E % g ff-‘ j L,::‘: é E 5 min. The PCR products were visualized on 3.0% agarose
o £ -
e "E G < é ; g Lg B0 gel electrophoresis. Ten polymorphic loci were success-
§ E E % c é = 5». S tully amplified. The PCR products were resolved on 6%
cUgog =8 x4 20 denaturing polyacrylamide gels and the alleles visualized
U028 2850 RYEnE Sl ;
o o = LU % vl by silver nifrate staining. using 10pb ladder (Invitrogen) as
BoELE Bl moRe A R size standard. The GDA software (Lewis and Zaykin 2000)
g ‘E‘* 5 ;j K was used to analyze the gametic-disequilibrium and to
c&' U = P! ) estimate the heterozy gosity for all loci and populations. The
= & & i, = number of alleles per locus ranged from 2 to 9 alleles per
- £ & & £ & locus, with expected heterozygosity (H, ranged to 0.30-
B S S = % 0.85) and observed heterozygosity (H, ranged to 0.22-0.98)
5 @ @ @ = B (Table 1). Null alleles frequencies among the loci and
=i o o5 = - across populations were estimated using Micro-Checker
= < & = a o 2.2.3 (Van Qosterhout et al. 2004). The Tools for Genetic
& A o E = : Population Analvsis (TFPGA) (Miller [997) software was
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used for the Hardy—W einberg proportions test regarding the
ten loci and the populations.

In eight of all loci, the observed and expected hetero-
zyveosity values did not conform to HW expectations after
Bonferroni correction (P < (0.005), and only the PITBIOD
and P20D4 loci reflected the adherence of HWE model.
Such deviations from Hardy—Weinberg proportions are
probably due to one or a combination of factors including
insufficient sample size, substructuring of the sample (i.e.,
Wahlund etfect), inbreeding or presence of sibling in the
sample. No significant gametic-disequilibrium  was
observed for pairs of loci after Bonferroni correction. The
Micro-Checker 2.2.3 software (Van Qosterhout et al. 2004)
wias used to test presence of null alleles, which was sug-
gested to occur In the loct PLALO and PI2D1. The level of
polymorphism for these ten loci indicated that, in combi-
nation, they should provide high resclution for assessing
the genetic structure of P. cuvieri.

In addition, to characterizing the variability of the ten
loci in P, cuvieri, cross-amplifications were done, using the
experimental protocols herein described, in order to test
their applicability in three other Phvsalaemus sp.: Phyvsa-
laemus cf. cuvieri population (from Crateis, Ceara State,
with 14 individuals); P. ephippifer (from Belém, Para
State, with 13 individuals); and P. albonoratus (from
Carceres, Mato Grosso State, with 11 individuals), Results
of the cross-amplification tests are shown in Table 1. The
ten characterized loci were usetul to study those sibling
species of the Physalaemus genus. The locus P22C9,
however, did not show amplification for the P. albonotatus
population under the experimental conditions of this work.
Data demonstrated that the microsatellite loci characterized
in this work are potentially useful as markers in studies on
population genetic structure of P. cuvieri as well as of other
Physalaemus sp. from diverse regions in Brazil.
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Abstract

The genetic structure of ten Brazilian natural populations of the Neotropical frog
Physalaemus cuvieri was investigated using ten polymorphic microsatellite loci. The
genetic variation was significant in most of the populations (Hg = 0.40 to 0.59 and
allelic richness = 2.07 to 3.54). Restricted overall gene flow among the P. cuvieri
populations (Nm<1.0) and Fsr=0.27 indicated high genetic structure among populations.
STRUCTURE analyses grouped the ten P. cuvieri populations in nine clusters and
indicated that only two of the populations were not genetically differentiated. A
population from the northeastern state of Maranhdao (MA1) and another from the
southeastern state of Sdo Paulo (SP7) have likely gone through a recent bottleneck
effect. Two populations, from Porto Nacional (TO) and Passo Fundo (RS) were divided
in two sets of individuals each one. Part of Porto Nacional individuals were clustering
with P. cuvieri from Uberlandia (MG), and the second part grouped with individuals
from Vitéria da Conquista (BA), indicating that these individuals have some similar
alleles. Part of RS10 individuals were clustered together with the Vitéria Brasil (SP)
population. The remaining RS10 specimens formed an isolated group, suggesting the
presence of private alleles, suggesting that these individuals may belong to different
species not analyzed here. The present data on genetic structure of P. cuvieri
populations contribute to improving knowledge on the genetic variability of this

species, as well as for future ecological and conservation guidelines.

Keywords: Physalaemus, barker frog, microsatellite, population structure
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Introduction

The Physalaemus genus was included in the Leiuperidae family by Grant et al.
(2006). Currently, there are 45 species in this genus, which are widely distributed in
South America. Physalaemus species are found from the central and northern regions of
Argentina to eastern Bolivia, Paraguay, Uruguay, Brazil and the Guyanas, lowlands in
southern Venezuela, llanos in southeastern Colombia and western Ecuador (Frost 2009).
The P. cuvieri group (senmsu Nascimento et al. 2005) comprises the species P.
albonotatus, P. centralis, P. cicada, P. cuqui, P. cuvieri, P. ephippifer, P. erikae, P.
fischeri and P. kroyeri (Frost 2009). P. cuvieri has been considered a sibling species of
Physalaemus albonotatus and Physalaemus centralis (Barrio 1965; Frost et al. 2009).

The species P. cuvieri is widely distributed in South America including all
regions of Brazil, Misiones in Argentina, eastern Paraguay, Departments of Beni and
Santa Cruz in Bolivia and possibly lowlands of southern Venezuela (Frost 2009). In
Brazil, P. cuvieri occurs in a large area (Global Amphibian Assessment 2009) and intra-
specific morphological variation has been reported in Brazilian populations
(Nascimento et al. 2005).

Physalaemus cuvieri populations have been studied by Telles (2005) and Telles
et al. (2006) using RAPD (Random Amplified Polymorphic DNA) and cytogenetically
by Silva et al. (1999) and Quinderé et al. (2009). These authors described intra- and
interpopulational chromosome variation for number and localization of nucleolar
organizer regions (NOR). The previously cytogenetic studied P. cuvieri populations
from the northeastern and southeastern regions of Brazil differ regarding their breeding
period, even though they share the same reproductive biology (Barreto and Andrade

1995). However, until now, do not exist any populations study involving this species
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using the microsatellites markers and consequently is lacking knowledge of genetic
structure to P. cuvieri species.

Knowledge on temporal and spatial dynamic of populations and the
understanding of magnitude and patterns of their genetic diversity are essential for
assisting efforts attempting to maintain evolutionarily viable species (Avise 2004;
Telles et al. 2006).

Some authors (Rowe et al. 2000; Silva et al. 2007) reported limited vagility to
amphibians and many species maintain high fidelity to the local breeding, thus
contributing to lowering gene flow among their populations. Hence, the low gene flow
due to habitat fragmentation coupled with low vagility and decline of anuran species
affects genetic diversity of these populations (Arens et al. 2006; Silva et al. 2007).

In P. cuvieri, ten polymorphic microsatellite loci were recently isolated from a
GA-CA enriched library (Conte et al. 2009), enabling studies on population genetic
structure of this species. In the present work, these polymorphic microsatellite loci were
used to assess the genetic diversity and genetic structure of ten P. cuvieri populations
from various regions of Brazil, and further to contribute to the knowledge on this anuran

species.

Materials and methods
Populations sampling and DNA extraction

Physalaemus cuvieri specimens (n=160) were sampled in ten diverse localities
of Brazil as shown in Figure 1 and Table 1. The ten populations were chosen in an
attempt to sample biggest number of Brazilian regions as much as possible, including

those that have previously shown cytogenetic variation. Genomic DNA samples (liver,
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heart and/or muscle) were extracted using the Genomic Prep Cells and Tissues DNA
Isolation Kit (Amersham Pharmacia Biotech), and TNES method (Tris, NaCl, EDTA

and SDS) following the protocol of Martins and Bacci-Jr (2001).

Microsatellite analysis

The ten P. cuvieri microsatellite loci described by Conte et al. (2009) were used
for genetic analyses of P. cuvieri populations. The microsatellite loci are named:
P1A10, P3A12, P6AS, PO9C1, P12D1, P13AS, P17B10, P20D4, P21D10 and P22C9.

PCR amplifications were performed according to Conte et al (2009). The PCR
products were visualized on 3% agarose gel electrophoresis. The amplification products
were separated by electrophoresis on 6% denatured polyacrylamide gels and silver
stained. Fragment sizes were determined by comparison with 10 bp ladder (Invitrogen)

as size standard (Creste et al. 2001).

Data analysis

Genetic differentiation among populations was estimated using the Fsr statistic
(Wright 1951). The gene flow was expressed by Nm=Y% (1/Fst — 1), (Wright 1951). The
Geographic Distance Matrix Generator
(http://biodiversityinformatics.amnh.org/open_source/gdmg/) was used to calculate all
pairwise distances among the 10 populations from a list of geographic coordinates. The
expected and observed heterozygosities, private alleles and Nei’s genetic distance (Nei
1978) were estimated using GDA (Lewis and Zakin 2000). The FSTAT software
(Goudet 1995) was used to calculate the Fst pairwise among the populations through

Nei's F-statistics and Weir and Cockerham’s estimator of Fis (f - inbreeding coefficient)
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in order to investigate possible deviations from the Hardy-Weinberg equilibrium and
allelic richness means.

Evidence for a possibility of recent population bottleneck was examined using
BOTTLENECK 1.2.02 (Cornuet and Luikart 1996). The bottlenecked allelic diversity is
lost faster than heterozygosity, resulting in the observed number of alleles being less
than the number expected from the observed Hardy-Weinberg heterozygosity (Cornuet
and Luikart 1996). Assuming mutation-drift equilibrium conditions, the significance of
heterozygosity excess was evaluated for each of 10 populations. The Wilcoxon test was
used to estimate the concordance of expected heterozygosity (H.) and expected
equilibrium heterozygosity (Heq). This test verifies if there was a recent reduction in
population effective size and exhibits a correlative reduction of allele numbers and gene
diversity at polymorphic loci using the two phase model, as recommended for
microsatellite loci with 30% infinite allele model and 70% stepwise mutation model.

The number of clusters was estimated using the software STRUCTURE
(Pritchard et al. 2000). STRUCTURE was performed with a burn-in length of 100,000
and MCMC repeats of 100,000, with 10 iterations for each K. The possible Ks ranged
from 2 to 10. The identification of distinct cluster number (K) was performed following
the procedure described by Evanno et al. (2005), which examines the second order rate
of change of the log probability of data with respect to the number of clusters. Possible
correlation between geographic and genetic distances was evaluated through a test for
isolation by distance (Isold) using GENEPOP 4.0, (Raymond and Rousset 1995), from

Fsr values and geographic distances (Km).
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Results
Genetic variation

The Hg per population ranged from 0.402 in SP7 to 0.597 in RS10. As for the
Hp mean per population, the range was from 0.417 in TO3 to 0.803 in MA1. Allelic
richness varied from 2.070 to 3.543 (Table 2). The overall inbreeding coefficient was
f= -0.11 (CI 95%). The dominance of negative f-values per populations (Table 2)
showed excess of heterozygotes due sampling (favorable heterozygotes selection) and
may indicate that there is no inbreeding. Private alleles were present in two loci of the

population RS10 and in one locus of SP5.

Genetic diversity and differentiation

The overall Fsy value indicated 27.1% of genetic variation among the populations.
Pairwise Fgsr values ranged from 0.076 between TO3 and BA9 up to 0.428 between
MA?2 and SP6 populations (Table 3). The overall gene flow, considering historical,
from the Fgr value was Nm= 0.675, which indicates restricted gene flow with no more
than one migrant for generation, admitting the island model. The estimate number of
migrants (Nm) varied from 0.33 between populations MA2 and SP6, up to 3.03 between
TO3 and BAO.

The STRUCTURE analysis revealed a AK max of 56.31 and K=9 (data not
shown), and clustered the 10 presents populations in 9 groups (Figure 2). The
population clustering probabilities are listed in Table 4 and letters A to I symbolize the
clusters. Of 160 individuals, 91 (56.8%) were assigned to a cluster with a probability
>0.90. In the SP5 and SP6 populations, 18 individuals out of 91 (19.7%) were grouped

in the same cluster. Only the SP7 population had all 12 individuals (100%) assigned to a

47



single cluster. The clustering of the 10 P. cuvieri populations is represented in Figure 2,
in which the groups are distinguished by colors.
The individuals of the other populations showed significant probabilities

assignment in the same STRUCTURE clusters, but not exclusively (data not shown).

Bottleneck and distances

The Wilcoxon test performed by BOTTLENECK 1.2.02 software revealed an
excess of heterozygosity compared to the expected equilibrium in the populations MA1
(P=0.018) and SP7 (P=0.097) indicating that two populations have been experimented a
recent reduction in number of individuals.

The test for isolation by distance showed not significant correlation between
genetic and geographic distances, as shown by r=0.20, with 1,000 permutations, using
the Spearman Rank correlation coefficient (Figure 3). Nei’s distance (Nei 1978) was
estimated as 0.092 between SP5 and SP6, and 0.8483 between SP6 and MT8. The
minor geographic distance was 99.41 km, between SP6 and SP7, and the major distance

was 2936.75 km between MA2 and RS10 (Table 5).

Discussion
Genetic variation and gene flow

The microsatellite markers used in this work were previously examined through
the number of alleles, null alleles, observed and expected heterozygosity and deviations
from the Hardy-Weinberg equilibrium (Conte et al. 2009). The dominance of negative f-
values, found in this present work is similar to others anuran studies. Schmeller and

Merild (2007) showed that some negative values of inbreeding index for Rana
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temporaria populations indicate a favorable heterozygote selection. Seppéd and Laurila
(1999) found average f-values equaled zero in Rana temporaria and Bufo bufo
populations showing that do not exist indication of inbreeding to these species. Thus, P.
cuvieri populations indicated an apparent excess of heterozygotes (probably due to
sampling) and do not showed inbreeding to the most of populations sampled indicating
to be a panmictic populations.

In the present work, the high global Fsr value (0.27) indicated an important
genetic differentiation among of P. cuvieri populations. As expect for this work, the
gene flow among P. cuvieri populations found (Nm=0.67) was restricted in a step-stone
model, probably due the geographic distance among the populations sampled. The data
demonstrated that this gene flow has not been enough to keep the cohesion of P. cuvieri
populations and the gene flow values found here were more significant in the analysis
of geographic pairwise population. Patterns of genetic variation reveal the events of the
past, like this, if gene flow and isolation by distance are not observed, it is more likely
that the observed patterns are results of historical processes involving gene flow.

Telles et al. (2006), using RAPD markers, described Fg1=0.101 for 18 P. cuvieri
populations from Central Brazil. In accordance with this results, they showed no
significant correlation between geographic and genetic distances (r=0.109) with
restricted gene flow among geographically close populations of P. cuvieri, and higher
Nm values in their stipulated geographic classes.

Several works of genetic structure of other anuran species, the high Fst values
indicated low gene flow (e.g. Driscoll 1998a; Driscoll 1998b; Barber 1999; Kraaijeveld-

Smit et al. 2005). As well as, lower Fsr values pointed more significative gene flow in
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various anuran species, as Bufo calamita (Rowe et al. 2000), Litoria aurea (Burns et al.
2004) and Rana arvalis studied by Arens et al. (2007).

As expected, the correlation between genetic and geographic distances was not
significant. The isolation by distance was estimated as r=0.2 and indicated that the
geographic distance by itself does not explain the observed genetic variability among
the P. cuvieri populations. The smallest geographic distance between populations
studied here was 99.41 Km, which is superior to the geographic scales usually reported
in studies of anuran (Kraaijeveld-Smit et al. 2005; Arens et al. 2006; Allentoft et al.
2008).

In general, for several species, studies on capture/recapture of animals uphold
the idea that neighboring amphibian populations can interact through migration and
gene flow (Berven and Grudzien 1990). However, amphibians exhibit strong fidelity to
their habitats and have low dispersive capability (Funk et al. 2005). This behavior can
contribute to restrict gene exchange among amphibian populations (Newman and Squire
2001; Burns et al. 2004).

To our knowledge, no other genetic study on P. cuvieri population is currently
available that could allow a comparison with these results. However, the data of Fst and
respective gene flow showed to others anuran species are in accordance with the result
found in this present work. The high variations levels to P. cuvieri populations
corroborate with restrict gene flow found in this analysis.

The private alleles identified in RS10 and SP5 may indicate higher isolation in
these populations. Of nineteen RS10 individuals, seven were sampled in 2006 and a few
of them were clustered together with the SP5 population (Figure 2). The remaining

twelve RS10 specimens were sampled in 2007, in the same pound and in the same
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breeding season of the first collect. However, these twelve RS10 individuals were
discriminated from five of the first specimens collected in 2006. They formed an
isolated group, suggesting the presence of private alleles or maybe have some

individuals from different species not analyzed here.

Genetic structure and bottleneck

The ten populations of P. cuveri were clustered in nine groups. In this way, the
populations SP5 and SP6 were grouped together in the STRUCTURE analyses. They
are from geographically closer (109.40 Km) regions in Sdo Paulo state than other. On
the other hand, even though SP7 is close to SP6 (99.4 Km distance), it was
discriminated from the SP6 and the other populations (See fig 1 and table 4). The
remaining populations were more highly structured, as MA1, MA2, MG4 and SP7. The
STRUCTURE analysis revealed that exist similar alleles frequencies among individuals
from TO3, MG4 and BA9 populations, as well as between individuals from BA9 and
MTS8 populations. The RS10 population (see figure 2) was separated in two sets of
individuals, which seven were sampled in 2006, and twelve in 2007; and some of its
individuals were grouped with the SP5 population, revealing that some individuals from
these populations share similar alleles. The TO3 also was divided in two sets of
individuals (see figure 2). Ten individuals were captured in 2004 in an open pasture area
and 11 in 2007 in a forest. The sampling places were apart 50 m from each other. The
first part of these individuals were grouped with P. cuvieri from Uberlandia (MG),
however, the second part grouped with individuals from Vitéria da Conquista (BA),

indicating that these individuals have some similar alleles.
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The data indicated that the MA1 and SP7 populations have likely gone through a
recent reduction in their populations number, however, do not exist previous data about
these two populations to confirm this result. Both populations were collected in
degraded area with several disturbances as roads, eucalyptus and corn plantation.
Additional studies on these populations and their environments will be helpful to
compare landscape changes with genetic structure fluctuations. Many natural
populations have experienced a bottleneck event resulting from over-exploitation,
habitat destruction and fragmentation. Evaluations of effective size reduction of
populations are necessary for the development conservation strategies, since drastic
reductions in number of individuals increase inbreeding and decrease genetic variation,
leading to extinction risks (Luikart et al. 1998; Williamson-Natesan 2005).

Several studies showed that amphibians are highly philopatric (i.e. Berven and
Grudzien 1990; Seppé and Laurila 1999; Manier and Arnold 2006) and some amphibian
populations tend to become isolated (Shaffer et al. 2000). Consequently, amphibians are
highly vulnerable to environmental degradation that can lead to menacing reduction of
their population sizes (Ficetola and De Bernardi 2004). Small and isolated populations
lose genetic variability (Johansson et al. 2007) and increased interpopulation distances
induce relative isolation among local populations (Rowe et al. 2000).

The data described in the present study revealed high fidelity of the P. cuvieri
populations to their breeding pond, based in the geographic scales used here, suggesting
that they must be strongly philopatric and low vagility. The majority of the previous
studies about population genetic structure of anurans addressed populations within fine-
scales or few kilometers apart. In large geographic scales, the genetic differentiation

among P. cuvieri populations was frequently high. In the present study, the ten
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polymorphic microsatellite loci showed genetic structuring in P. cuvieri natural
populations, which are from regions of Brazil apart from each other in a distance range
of 99.41 Km (Fs1=0.615) to 2.936 Km (with Fsr=0.552). The data presented herein
contribute to the knowledge on P. cuvieri genetic diversity and are potentially useful for
monitoring natural populations of this species, as well as for future ecological and

conservation guidelines for those living in degraded and fragmented areas.
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Table 1 P. cuvieri populations, sampling localities in Brazil (States) and voucher specimen identification. MA =
Maranhio; TO= Tocantins; MG = Minas Gerais; SP = Sdo Paulo; MT = Mato Grosso; BA = Bahia; RS = Rio
Grande do Sul. ZUEC= Museu de Zoologia “Prof. Dr. Addo José Cardoso”, State University of Campinas, SP,
Brazil; MNRJ=Museu Nacional do Rio de Janeiro, Federal University of Rio de Janeiro, SP, Brazil; BC=
Laboratory register number in the Department of Anatomy, Cell Biology and Physiology, State University of
Campinas, SP, Brazil.

Population | Region Sampling Locality Sample| Latitude/Long Voucher accession
. itude number (ZUEC)
size
MA1 Northeast | Sdo Pedro da Agua 13 5°00’02.85"S, MNRJ 2425,
Branca. MA 48°17'26.97’'W 24256, 24259, 24261,
’ 24266, BC 92.13 to 92.20
MA2 Northeast | Urbano Santos, MA 15 3912°'30.07”’S, ZUEC13091, 13095,
43°24'16.27'W 13097, 13098, 13102,
13104,1315,
13106, 13107, 13108,
13110, 13111, 13124,
13126, 13127
TO3 North Porto Nacional, TO 21 10242'27.90'S, ZUEC 13374, 13376 to
48925'01.35’'W 13379, 13355 to 13359,
14691 to 14697, 14699 to
14702
MG4 Southeast| Uberlandia, MG 16 18254’39.99'S, ZUEC 13366 to 13372,
48°20'25.76’'W 14705 to 14713
SP5 Southeast| Vitéria Brasil, SP 14 20°11'49.65'S, ZUEC 14667 to 14680
50229'22.82’'W
SP6 Southeast| Palestina, SP 17 20223'29.69'S, ZUEC 14634 to 14642,
49925'5806"'W 14730 to 14732, 14643 to
14647
SP7 Southeast| Nova ltapirema, SP 12 21206’00.12'S, ZUEC 12355 to 12357,
49°31'59.92’'W 14681 to 14689
MT8 Middle Chapada dos 17 15227°10.24’S, ZUEC 14616, 14617,
West Guimaraes, MT 55244'20.94'W 14619 to 14633
BA9 Northeast | Vitéria da Conquista, BA 16 14°51°53.12'S, ZUEC 14714 t0 14729
40950°'05.82’'W
RS10 South Passo Fundo, RS 19 28°13'35.90"S, ZUEC 14648 to 14666

52928'42.71"W
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Table 2 Means of observed (Hp ) and expected (Hg ) heterozygosities, breeding index
(f) and allelic richness in P. cuvieri populations.

Population Ho He f Allelic
richness
MA1 0.803 0.481 -0.720 2.263
MA2 0.569 0.435 -0.322 2.707
TO3 0.417 0.571 0.273 3.543
MG4 0.505 0.484 -0.046 2.974
SP5 0.508 0.543 0.064 2.920
SP6 0.502 0.420 -0.200 2.583
SP7 0.616 0.402 -0.571 2.070
MT8 0.441 0.480 0.080 2.905
BA9 0.462 0.512 0.100 2.960
RS10 0.634 0.597 -0.063 3.327
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Table 3 Genetic differentiation measured by pairwise Fsr-values (lower triangle) and gene flow (Nm) values (upper triangle) of ten P. cuvieri
populations.

Populations MA1 MA2 TO3 MG4 SP5 SP6 SP7 MT8 BA9  RS10

MAT 0 0.618 1.332 0.649 0.556 0.464 0.46 0.615 0.70 0.726
MA2 0.288 0 0.809 0.523 0.464 0.334 0.367 0.47 0.586 0.63
TO3 0.158 0.236 0 1.04 0.85 0.66 0.88 1.92 3.03 0912
MG4 0.278 0.323 0.193 0 1.04 0.80 0.39 0.50 0.63 0.75
SP5 0.310 0.350 0.227 0.193 0 2.78 0.56 0.58 0.62 0.91
SP6 0.350 0.428 0.273 0.238 0.080 0 0.38 0.36 0.43 0.52
SP7 0.352 0.405 0.220 0.386 0.308 0.392 0 1.49 0.79 0.52
MT8 0.289 0.347 0.115 0.329 0.298 0.405 0.143 0 246 0.71
BA9 0.263 0.299 0.076 0.284 0.287 0.366 0.239 0.092 0 0.80

RS10 0.256 0.283 0.215 0.248 0.214 0.322 0.323 0.258 0237 0
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Table 4 Results of clustering analysis (STRUCTURE ) for K=9 (mean probabilities for each population) Numbers in bold refer to the number of individuals assigned to one
of the 9 clusters with probability >0.90. The last column refers to individuals below this assignment. Ne is sample size

Inferred clusters

Populations Ne A B C D E F G H I P<0.90
MA1 13 9/0.863  0.007 0.023 0.048 0.013 0.021 0.008 0.007 0.010 4
MA2 15  0.022 0.005 0.016 0.017 0.007 0.007 10/0.916  0.005 0.006 5
TOS3 21 0.054 0.056 1/0.249  0.010 0.041 3/0.454  0.111 0.008 0.018 17
MG4 16 0.014 0.108 9/0.767  0.012 0.011 0.027 0.006 0.051 0.005 7
SP5 14 0.006 6/0.551 0.009 0.005 0.008 0.010 0.035 2/0.351 0.026 6
SP6 17 0.024 12/0.863 0.006 0.007 0.013 0.006 0.007 0.027 0.046 5
SP7 12 0.005 0.006 0.004 0.003 0.006 0.006 0.004 0.005 12/0.961 -
MT8 17 0.022 0.005 0.009 0.011 1/0.468  0.085 0.009 0.060 2/0.329 14
BA9 16 0.009 0.031 0.017 0.010 6/0.485  3/0.374  0.012 0.007 0.056 7
RS10 19  0.008 0.008 0.008 10/0.596  0.007 0.008 0.018 5/0.334  0.013 4
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Table 5 Nei’s genetic distance (1978) among ten P. cuvieri populations (upper triangle) and geographic distances among these populations (lower triangle)

MA1 MA2 TO3 MG4 SP5 SP6 SP7 MT8 BA9 RS10

MA1 0 0.3992 0.2533 0.4410 0.6193 0.5538 0.5201 0.4668 0.4397 0.5171
MA2 587.19 0 0.3936 0.5181 0.7095 0.8065 0.6528 0.6054 0.4977 0.5528
TO3 673.75 992.89 0 0.3392 0.5031 0.4862 0.3308 0.1807 0.1275 0.5104
MG4 1564.29 1808.12  903.44 0 0.3115 0.3053 0.6961 0.6238 0.5237 0.5055
SP5 1769.00  2028.26 1052.03  289.21 0 0.0922 0.5080 0.6114 0.6319 0.4605
SP6 1746.03  2080.34 1045.33  203.19 109.40 0 0.6150 0.8483 0.7151 0.6612
SP7 1798.00  2098.46 1357.76  288.39 135.42 99.41 0 0.1492 0.3176 0.6677
MT8 1422.00 1899.97  942.42 874.35 766.32 861.79 904.81 0 0.1249 0.5395
BA9 1399.00 1316.18  928.77 906.29 1188.18 1103.55 1163.67 1560.70 O 0.5128
RS10 2631.85  2936.75 1956.25 1033.52  905.08 943.96 878.43 1437.55 1931.00 O
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Figure Captions

Fig. 1 Map of Brazil displaying the ten locations in which P. cuvieri natural populations
were surveyed. MA1 = Sdo Pedro da Agua Branca, MA; MA2 = Urbano Santos, MA; TO3
= Porto Nacional, TO; MG4 = Uberlandia, MG; SP5 = Vitéria Brasil, SP; SP6 = Palestina,
SP; SP7 = Nova Itapirema, SP; MT8 = Chapada dos Guimaraes, MT; BA9 = Vitéria da

Conquista, BA; RS10 = Passo Fundo, RS.
Fig. 2 Graphical output from the STRUCTURE software for K=9. Each vertical line
represents a P. cuvieri specimen and the color composition displays the probability of the

specimen to belong to each of the 9 clusters defined by this program.

Fig. 3 Isolation by distance among 10 P. cuvieri populations.
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Figure 1




Figure 2
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Figure 3
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Abstract

The genetic structure of natural populations of Physalaemus ephippifer and P. albonotatus
species was investigated and analyzed together with five previously studied populations of
P. cuvieri. Nine P. cuvieri microsatellite loci were used in the analyses. The overall Ggsr
value (0.46) revealed high genetic variation among populations, as expected for different
species. The Bayesian approach implemented by the STRUCTURE software clustered the
seven populations in seven groups (K=7). All the P. albonotatus and P. ephippifer
specimens were grouped in a single cluster each showing a clear differentiation with
respect to P. cuvieri. The different behavior of some P. cuvieri individuals from Porto
Nacional — TO and those of Passo Fundo — RS suggest they could be a new species and
indicate the necessity of a taxonomic reevaluation. Despite the intrinsic difficulties in
analyzing closely related species, the nine microsatellite loci were useful to study and

delimitate these three species of the P. cuvieri group and their populations.

Keywords: Related species, frogs, microsatellites, Physalaemus, population structure.
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Introduction
The Physalaemus anuran genus of the family Leiuperidae consists of 45 species

2 (13 " 13

(Frost 2009) distributed in seven groups: “albifrons”, “cuvieri”’, “deimaticus”, “gracilis”,
“henselii”, “olfersii” and “signifer” (Nascimento et al. 2005). Of those 45 species, nine
belong to the P. cuvieri group and are named P. albonotatus, P. centralis, P. cicada, P.
cuqui, P. cuvieri, P. ephippifer, P. erikae, P. fischeri and P. kroyeri. The P. cuvieri group is
widely distributed from southern to northern South America, in the east of Andes from
Argentina to Venezuela, in the open Cerrado, Caatinga, Chaco and Llanos Domains
(Nascimento et al. 2005).

The P. cuvieri group contains cryptic species with intraspecific morphological
variation. Therefore, the identification of species, as P. cuvieri, P. ephippifer P. albonotatus
(analyzed in this present work) and P. centralis, based exclusively on morphological
characteristics is not reliable (Barrio et al. 1965). In addition, new species are supposed to
occur and often their identification is difficult.

The correct species delimitation and identification is important for defining
diversity and conservation strategies. The speciation process is not always accompanied by
morphological changes, thus the true number of biological species is likely to be greater
than currently known as most of the species are delineated on purely morphological traits
(Bickford et al. 2006). Given the increasing worldwide destruction and disturbance of

natural ecosystems, adding that most species remain not described, efforts to catalogue and

explain biodiversity need to be prioritized.
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DNA markers have been proven useful for detecting and differentiating
morphologically similar species (Bickford et al. 2006), and have been used as molecular
markers mainly to investigate the genetic structure of natural populations (Jones and Ardren
2003; Lai and Sun 2003). Microsatellites as genetic markers can be species-specific, but
fortunately, the presence of highly conserved flanking regions has allowed cross-
amplifications in species that diverged as long as 470 million years ago (Zane et al. 2002).
They can be used as heterologous molecular markers in closely related species. These
markers offer great potential for studies on parentage (Myers and Zamudio 2004), gene
flow (Austin et al. 2004; Kraaijeveld-Smit et al. 2005; Arens et al. 2007), and maintenance
of genetic diversity (Funk et al. 2005; Wilkinson et al. 2007; Allentoft et al. 2008). High
degrees of conservation in primer-binding sites have occasionally been shown among
certain taxa (Hamill et al. 2007). Hence, microsatellites have been progressively accepted
as genetic markers in analysis of populations, plant and animal species conservation and,
they have been used to investigate population genetic structure in amphibians (Burns et al.
2004).

In this work, we report comparison among two species of the P. cuvieri group (P.
ephippifer and P. albonotatus, one population each) along with five populations P. cuvieri
using microsatellite markers, and like wise, to permit inferred analyses of population

genetic structure from these closely related species of the Physalaemus genus.
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Material and methods

Populations sampling and DNA extraction

The specimens analyzed in this work were sampled in seven localities of Brazil
(Figure 1). In total, 111 individuals were collected in breeding season under a permit issued
by the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis
(IBAMA, Proc. 02010.002895/03-84). One population of each species, P. ephippifer
(PA12) and P. albonotatus (MT13) (Table 1) were analyzed together with five populations
of P. cuvieri from Urbano Santos — Maranhdo state (MA?2), Porto Nacional — Tocantins
state (TO3), Uberlandia — Minas Gerais state (MG4), Passo Fundo — Rio Grande do Sul
state (RS10) and Crateus — Ceara state (CE11). The populations MA2, TO3 and MG4 were
previously analyzed by Conte et al. (2009) and also, these three populations plus CEI1
(P.cuvieri), PA12 (P. ephippifer) and MT13 (P. albonotatus) were cytogenetically studied
by Quinderé et al. (2009). In special, TO3 showed several remarkable chromosomal
differences among P. cuvieri populations. To complete the sampling in this work, we added
the RS10 population (analyzed by Conte et al. 2009, unpublished data). These authors
showed that TO3 and RS10 populations were divided in two sets of individuals each,
representing different sampled season. The accession numbers of voucher specimens are
shown in Table 1.

Genomic DNA was extracted from liver, muscle and heart tissues of the
Physalaemus specimens using the Genomic Prep Cells and Tissues DNA Isolation Kit
(Amersham Pharmacia Biotech), and the TNES method (Tris, NaCl, EDTA, SDS) adapted

by Martins and Bacci 2001.
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Microsatellite analysis

Nine specific microsatellite loci, previously developed for P. cuvieri and named
P1A10, P3A12, P6AS, P9CI1, P12D1, P13AS, P17B10, P20D4 and P21D10 (Conte et al.
2009), were used to genotype the individuals in the present work. The choice of the nine
microsatellite markers used was based on data from previous analyses regarding number of
alleles, null alleles, observed and expected heterozygosities, and deviation from the Hardy-
Weinberg equilibrium (Conte et al. 2009).

PCR amplifications were performed according with Conte et al. (2009). PCR
products were visualized on 3% agarose gel. Amplified DNA fragments were separated by
electrophoresis on 6% denatured polyacrylamide gel using 10 pb ladder (Invitrogen) as size

standard, and silver stained according to Creste et al. (2001).

Data analysis

The FSTAT software (Goudet, 1995) was used to estimate overall Gsr, Gsr
pairwise (Nei 1973) and Cockerham’s estimator of Fis (f - inbreeding coefficient) in order
to investigate possible deviations from the Hardy-Weinberg equilibrium. Means of
expected and observed heterozygosities and Nei’s genetic distances (Nei 1978) were
calculated using GDA (Lewis and Zakin 2000).

The Bayesian approach has been extensively used in populations analyses. In the
STRUCTURE software (Pritchard et al. 2000), K populations were assumed and each
population is characterized by allelic frequency group in each loci. This software is able to

cluster the individuals in populations that are as close as possible of the Hardy-Weinberg
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equilibrium, without a priori information about sampling sites. This feature is important to
recognize cryptic species (Falush et al. 2007). The STRUCTURE software was used to
group the individuals in clusters. The analysis uses Bayesian model-based clustering
algorithm and attempts to identify genetically distinct populations on the basis of patterns
of allele frequencies. The allele frequencies correlated among populations were used and
the STRUCTURE was applied in overlapping subsets of seven populations at a time. Runs
were performed with a burn-in length of 100,000 and MCMC repeats of 100.000, with 10
iterations for each K. The range of possible Ks was from 2 to 7. Identification of number of
distinct clusters (K) was performed following the procedure described by Evanno et al.
(2005). In order to define the genetic relationships among populations, the neighbor-joining
analysis (Saitou and Nei (1987) was performed using the DARwin 5.0 software (Perrier and

Jacquemoud-Collet 2006).

Results

Of ten microsatellite loci previously developed for P. cuvieri (Conte at al. 2009),
nine cross-amplified and were suitable for assessing genetic variability and genetic
structure among the analyzed populations of P. cuvieri, P. albonotatus and P. ephippifer.

The overall Hg mean per population ranged from 0.09 in MT13 (P. albonotatus) to
0.58 in RS10 (P. cuvieri) populations. The Hp varied in a range of 0.15 in MT13 and 0.59
in RS10 (P. cuvieri), as shown in Table 2. The inbreeding coefficient (f) measures the
correlation of genes among individuals belonging to a same population and it verifies

random mating within the samples. The overall f-value was -0.12 (95% C.1.). The
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predominance of negative f-values, calculated by each population (Table 2) suggests this
was largely due to heterozygote excess.

The clustering analysis using STRUCTURE revealed K=7, indicating that the
dataset contained 7 distinct genetic units (Figure 2). The population clustering probabilities
(p>0.90) are listed in Table 3 and letters A to G symbolize the clusters. The close related
species P. ephippifer (PA12) and P. albonotatus (MT13) were assigned in a single cluster
each, cluster A and G, respectively (Table 3). The P. cuvieri populations grouping was:
MAZ2 had 11 of 15 individuals assigned with all 14 individuals from CE11 in the cluster C;
TO3 was divided in two sets, with 9 individuals assigned in the cluster E and 6 in the
cluster F together with 11 individuals from MG4. Moreover, RS10 had two distinct sets:
cluster B with 10 individuals and cluster D with 6 individuals. The clustering of the 7
Physalaemus populations is represented in Figure 2, in which the groups are distinguished
by colors.

The overall Ggr value of 0.46 (95% C.1.) indicated a high genetic differentiation
among sampled populations and in the Ggr pairwise, the values ranged from 0.17 between
TO3 and PA12, to 0.77, between PA12 and MT13 (Table 4).

The Neighbor-Joining tree (10,000 bootstrap) generated by the DARwin software
(Figure 3) revealed that the clustering was similar to the STRUCTURE (Figure 2). The first
clade in the Figure 3 representation contained individuals from the populations PA12 (P.
ephippifer). The next clade has part of TO3 individuals, followed by a set of individuals
from RS10. The most apart clade has individuals from MT13. Subsequently, there is a

clade consisted of a set of individuals from the RS10 population and lower there is other
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branch composed of MA2 and CEI11 individuals. Ultimately, the lowest positioned clade

shows individuals from MG4 population and part of TO3.

Discussion

The results described herein demonstrated that the nine microsatellite loci
described by Conte at al. (2009) are suitable to separate the closely related species studied
in this analysis, besides, these markers were useful to accesses the genetic structure of these
closely related Physalaemus species. Besides, these markers allowed to discriminate two
populations (TO3 and RS10) of P. cuvieri.

The negative f-values found in six populations suggested an excess of heterozygote
within these populations, probably due favorable heterozygote selection or an effect of
sampling. Still, this negative values show that these populations are panmictic. Some
authors found similar results for this coefficient (i.e. Schmeller and Merild 2007; Allentoft
et al. 2008).

In accordance to our expectative, the overall Ggy value (0.46) was high and
indicated high genetic differentiation among populations. A smaller Fsr value (0.27) was
recently estimated for ten P. cuvieri populations (Conte et al. unpublished data). This
Fs1=0.27 in P. cuvieri is coherent when compared with the Gs1=0.46 reported in the present
work for distinct yet closely related species analyzed together. In a previous study, Chiari et
al. (2006) reported microsatellite and cytocrome b analyses of Dyscophus antongilii and
Dyscophus guineti, in which the values of Fst and Rgr were 0.606 and 0.546, respectively.
These results suggested a clear genetic differentiation between the two Dyscophus species.

Morgan et al. (2008), using microsatellite and DNA mitochondrial data, analyzed two
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species of frogs, Pseudophryne pengilleyi and P. corroboree, from distinct localities. The
authors reported Fst values more significant between geographically more distant
populations, and the global ®sr showed that 18.7% of the molecular variation was
partitioned among these populations. The present data of Physalaemus reflect a strong
genetic differentiation among the sampling localities, showing that the microsatellites
clearly distinguished the species involved in the present analysis.

The cytogenetic analysis of populations analyzed here (MA2, TO3, MG4 and CEl11
- P. cuvieri, PA12 - P. ephippifer and MT13 - P. albonotatus) found a NOR (Nucleolar
Organizer Region) pattern that allowed the clustering of the populations from MA2, CE11
and MG4, but the TO3 did not group with any other population. The PA12 NOR was
located in the same chromosome of these four P. cuvieri populations, but in a distinct
region of pair 8. Physalaemus ephippifer (PA12) differed also by the presence of
heteromorphic ZZ/ZW sex chromosomes. Ultimately, the P. albonotatus (MT13) karyotype
clearly distinguished this species from other species of the P. cuvieri group. For the RS10
population there are not any cytogenetic data.

The neighbor-joining tree obtained from the analysis with the DARwin software,
similar to the clustering obtained by the STRUCTURE, were also useful to discriminate
species of the cuvieri group. In the present work, these analysis discriminated PA12 and
MT13 from each other and from other P. cuvieri populations analyzed. Even though they
have been considered sibling species (Frost 2009), they were clearly separated in all the
genetic analyses, including the STRUCTURE.

These two analyses clearly also separated the TO3 and RS10 (both P. cuvieri)

populations in two groups each. Interesting, even though all TO3 specimens were collected
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in the same locality, ten individuals were captured from February to April 2004, in an open
pasture area, and 11 were sampled in a forest, in April 2007. The former sample of TO3
population clustered with MG4, suggesting that set of individuals could really be P. cuvieri,
since MG4 behavior similarly to other populations of this species studied by Conte et al (in
preparation). The second part did not show any grouping with the populations here
analyzed, suggesting that these individuals probably belong to other species. Similar results
were found for RS10 population. Seven individuals were sampled in 2006 and twelve
specimens were collected in 2007. These specimens were also divided in two sets of
individuals by Bayesian analysis, and none of these sets have shown any group with the
Physalaemus species and populations analyzed here. The previous cytogenetic data
(Quinderé et al., 2009) and the microsatellite analysis of the TO3 population (Porto
Nacional county, TO) indicate that these individuals may probably belong to other species,
although the individuals are morphologically identical to and identified as P. cuvieri. We
suggest a taxonomic review of this population, as well as the individuals from RS10
population. These results reinforce that microsatellite analysis can be useful to detect
problems in the species delimitation.

One crucial point in delimiting cryptic species is to distinguish between broad
admixture and narrow contact zone or yet a restrict hybridization (Fouquet et al. 2007).
There are several but perhaps incorrect assumptions about cryptic species, indicating that
their speciation was so recent that morphological or other diagnosable trait have not yet
evolved. Strong divergent natural or sexual selections are thought to be primary drivers
behind rapid morphological divergence with little accompanying genetic differentiation

(Bickford et al. 2006). Then, it is difficult to explain or identify the mechanisms involved in
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the cryptic species differentiation. There are few studies on population genetic structure of
related species (Rosenberg et al. 2001; Parker et al. 2004; Engel et al. 2005; Ellis et al.
2006; Chiari et al. 2006), but they are rare for anuran sibling species.

The difficult of morphological distinction among individuals from P. cuvieri
demonstrates that closely related species may persist undetected in suitable habitats for
decades or longer, even when those areas have been extensively studied. According to
Luhring (2008), management decisions dependent on the perceived absence of a cryptic
species should be made with the utmost caution, a high volume of targeted survey efforts
and long-term data sets because hidden biodiversity can remain obscure to the most
qualified of experts.

The results found here showed that microsatellites markers were useful to access the
genetic structure of three related species from Physalaemus genus. The levels of
interspecific variation detected among these species, make microsatellites markers suitable
for studies of population differentiation of this anuran species. The separation occurred
between TO3 and RS10 deserve a special attention and additional works should be done to

better understanding these results.
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Table 1 Sampling localities of Physalaemus populations and total number of analyzed specimens. MNRJ - National Museum of Rio de Janeiro; ZUEC -
Zoology Museum of the State University of Campinas; and UFMT — Museum of the Federal University of Mato Grosso

Population Region of No. of
Species symbol Sampling localities Brazil Biome Specimens Museum accession number
Urbano Santos, ZUEC 13091; 13095; 13097; 13098;
MA2 Maranh&o 13102;13104;1315; 13106; 13107;
(3912'30.07"W; Northeast Cerrado 15 13108: 13110; 13111: 13124: 13126
43°24'16.27”S) and 13127
Porto Nacional, Tocantins ZUEC 13374; 13376 to 13379;
TO3 (10°42°27.90”W; North Cerrado 1 13355 a 13359; 14691 to 14697
48°25°01.35”S) and14699 to14702
Uberlandia, Minas Gerais
P. cuvieri MG4 (18954°39.99"W; Southeast Cerrado 16 ZUEC 13366 to 13372; 14705 to
48°20'25.76"S) 14713
Passo Fundo, Rio Grande
RS10 do Sul
(28°13'35.90” W; South Pampas 19 ZUEC 14648 to 14666
52928'42.71” S)
(%f_,?t1e,zg’_(§32?a\;€. | " ZUEC 13077 to 13079; 13081 to
CE11 40°40'10.52" S) Northeast Caatinga 13083 and 13085 to 13090
Belém, Para
o ’ ZUEC 13703 to 13705; 13708;
P. ephippifer PA12 (1927°14.24” W; . 15 ) ’
48°30'28.99" S) North Amazonia 13709 and 13730 to 13739
Lambari d’'Oeste, Mato
P. albonotatus | MT13 Grosso Pantanal/ 11
’ (15°50' 00" W; Middle-east Cerrado UFMT 4462 to 4472
57°35' 00" S)
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Table 2 Physalaemus populations analyzed with microsatellites. PA12 = P. ephippifer;
MT13 = P. albonotatus; other five populations (MA2, TO3, MG4, RS10, CE11) = P.
cuvieri; Hg = expected heterozygosity; Ho = observed heterozygosity; f = breeding index

Population He Ho f
MA2 0.41 0.56 -0.38
TO3 0.54 0.45 0.18
MG4 0.46 0.53 -0.14
RS10 0.58 0.59 -0.03
CEM1 0.30 0.31 -0.05
PA12 0.34 0.47 -0.37
MT13 0.09 0.15 -0.61
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Table 3 Results of STRUCTURE analysis for thirteen Physalaemus populations (K=7) showing mean probabilities for
each population to belong a cluster. Numbers in bold refer to the individuals assigned to one of the 7 clusters, with
probability >0.90. The last column at the right side refers to the remaining individuals assigned to other clusters.
PA12 = P. ephippifer; MT13 = P. albonotatus; other five populations (MA2, TO3, MG4, RS10, CE11l) = P.
cuvieri. Ne is sample size

Inferred cluster by STRUCTURE

Populations sampled Ne A B C D E F G P<0.90
MA2 15  0.006 0.023 11/0.933  0.005 0.008 0.023 0.002 4
TO3 21 0.018 0.012 1/0.1 0.009 9/0.498 6/0.361 0.002 5
MG4 16  0.005 0.011 0.007 0.059 0.016 11/0.9 0.002 5
RS10 19 0.006 10/0.599 0.026 6/0.353  0.006 0.007 0.003 3
CE11 14 0.004 0.005 14/0.964  0.004 0.013 0.006 0.004 -
PA12 15  13/0.95 0.012 0.004 0.015 0.014 0.004 0.002 2
MT13 11 0.002 0.002 0.002 0.002 0.002 0.002  11/0.989 -
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Table 4 Genetic differentiation among populations measured as pairwise Gsr
values (lower)

us2 TO3 MG4 RS10 CE11 PA12 MT13

us2 0

TO3 0.24 0

MG4 0.36 0.20 0

RS10 0.31 0.23 0.28 0

CE11 0.34 0.30 0.37 0.40 0

PA12 0.45 0.17 0.44 0.35 0.54 0

MT13 0.72 0.64 0.68 0.63 0.74 0.77 0




Figure Captions

Figure 1 Map of Brazil displaying the sampling localities of Physalaemus populations.
PA12 = P. ephippifer; MT13 = P. albonotatus; the five remaining populations = P.

cuvieri.

Figure 2 Colours scheme: graphical output from STRUCTURE for K=7. Clustering of
Physalaemus populations, with K=7. The color composition displays the probability of

belonging to each of the seven clusters defined by STRUCTURE.

Figure 3 Neighbor-joining dendrogram. Numbers in the dendrogram indicate bootstrap
probability (%) based on 100,000 replicates. Only probabilities over 50% were
represented. Color representation of the five clusters and identification of specimens are
as following: Red= PA12; Pink= part of TO3; Yellow= part of RS10; Orange= MT13;

Green=remain of RS10; Dark Blue= CE11 and MA2; Pale Blue= remain of TO3.
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5. CONCLUSOES

O presente trabalho ampliou o conhecimento sobre a estruturacdo e variacio
genética entre e dentro de populagdes de P. cuvieri e de espécies do grupo de P. cuvieri,
utilizando a andlise de microssatélites. Os principais aspectos e as conclusdes desse
estudo foram:

- 0 isolamento e caracterizagdo de 10 locos de microssatélites para estudo da estrutura
genética de populagdes de P. cuvieri;

- a andlise de 10 populagdes de P. cuvieri mostrou uma grande variabilidade genética
entre essas populacgdes;

- 0s dados apontaram para a baixa dispersao dos individuos de P. cuvieri, o que condiz
com o comportamento filopatrico atribuido aos anuros, conforme ji mostrado em
diversos estudos envolvendo a investigacdo da estrutura genética de populagdes;

- a alta filopatria de P. cuvieri estd de acordo com o valor de fluxo génico encontrado
neste trabalho — restrito e histérico - com menos de um migrante por geracao, admitindo
modelo de ilha; esse resultado pode ser devido a escala geogrifica muito ampla
utilizada neste trabalho;

- os dados que relacionam distincia genética e distancia geografica, também mostraram
alta fidelidade de P. cuvieri aos seus locais de desova, ji que populagdes
geograficamente proximas ndo se mostraram necessariamente mais semelhantes
geneticamente do que com as distantes, ou seja, a distdncia geografica sozinha ndo
explica a variabilidade genética detectada entre essas populacdes;

- as dez populagbdes amostradas agruparam em nove clusters distintos porque duas

populacdes do estado de Sdo Paulo (Vitdria Brasil e Palestina) agruparam em um tnico
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cluster, mostrando que essas duas populagdes tém grande similaridade nas frequéncias
de seus alelos;

- parte dos individuos de Porto Nacional - TO (TO3) agrupou com individuos de
Uberlandia (MG) e parte com Vitdéria da Conquista — BA (BA9). Porto Nacional e
Vitdria da Conquista apresentaram uma baixa distancia genética e um alto valor de
fluxo génico, o que pode explicar tal agrupamento e sugerir que esses individuos
possuem um pool génico mais semelhante entre elas que entre as demais populacdes
analisadas nesse estudo;
- duas populacdes, Sdo Pedro da Agua Branca — MA (MA1) e Nova Itapirema — SP
(SP7), mostraram estar sob efeito de gargalo populacional (bottleneck), que pode ser
resultado da destruicdo do hébitat e fragmentacdo da populacdo, ji que essas duas
populacdes estdo em dreas com diversos distirbios como estradas e plantagcdes. Como
ndo se t€ém dados sobre o tamanho efetivo dessas populagcdes no passado, ndo se pode
afirmar que de fato tiveram reducdo em seus tamanhos populacionais. No entanto, a
informag@o do gargalo populacional atual € importante para o desenvolvimento de
estratégias de conservacdo, jd que populacdes nessas condi¢des sofrem com perda de
sua variabilidade genética aumentando a chance de extingéo;
- a andlise Bayesiana permitiu discriminar dois conjuntos de individuos na populagéo de
Passo Fundo (RS10), oriundos de duas coletas efetuadas em anos distintos, € um desses
conjuntos de individuos se diferenciaram das demais populagdes estudadas; o que pode
ser explicado pelo aparecimento de provaveis alelos privados para dois locos nessa
populacdo, sugerindo que esses individuos de Passo Fundo possam pertencer a outra

espécie;
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- populacdes de P. cuvieri de Urbano Santos — MA (MA2), Porto Nacional — TO (TO3)
e Uberlandia — MG (MG4), e de Crateis — CE (CEl1l), todas ja analisadas
citogeneticamente, e ainda de Passo Fundo — RS (RS10) foram analisadas em conjunto
com duas espécies cripticas, P. ephippifer e P. albonotatus. Foram utilizados nove
marcadores microssatélites de P. cuvieri, 0s quais permitiram mostrar que P. ephippifer
e P. albonotatus ndo agrupam com nenhuma outra populacdo ou espécie indicando
claramente a condicdo de espécies distintas de P. cuvieri;

- os individuos de P. cuvieri de Crateis — CE (CE11),que inicialmente foram nominados
P. cf. cuvieri, agruparam com individuos da populag¢do de Urbano Santos — MA (MA2),
corroborando os estudos citogenéticos que mostraram que se trata de uma populacgdo de
P. cuviert,

- a divisdo obtida dentro da populacdo de Porto Nacional (TO), pela andlise Bayesiana,
coincide com os dois grupos coletados em épocas (2004 e 2007) e habitat (pastagem e
arvores) distintos na mesma regido; o primeiro conjunto de individuos de Porto
Nacional agrupou com P. cuvieri de Uberlandia — MG (MG4), indicando que os
individuos dessa primeira coleta realmente sejam P. cuvieri. O segundo conjunto de
individuos ndo mostrou agrupamento com nenhuma outra popualagdo, indicando que
podem pertencer a outra espécie ndo analisada neste trabalho;

- os microssatélites previamente desenvolvidos para P. cuvieri permitiram acessar a
estrutura genética de duas espécies proximamente relacionadas a P. cuvieri, P.
albonotatus e P. ephippifer, e o nivel de variacdo interespecifica, o que faz esse
marcador ser util para estudos de diferenciagio genética dessas espécies. Esses
marcadores mostraram uma separacio clara de P. cuvieri em relagdo as demais espécies

cripticas analisadas neste trabalho;
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- os dados desse trabalho apontam para a necessidade de estudos adicionais com outros
métodos de andlise para investigar algumas populacdes atribuidas a P. cuvieri, como as
de Tocantins e de Passo Fundo, que apresentaram indicios de que possam se tratar de

outra espécie.
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6. APENDICE
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1. Gifico gerado pelo programa STRUCTURE para run79 e K=9, para as 10 populag¢des de P. cuvieri, mostrando a ordem original distribuido em multiplas linhas. Cada barra se
refere a um individuo analisado, e os niimeros entre parénteses referem-se a populagio que esse individuo pertence.
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2. Géfico gerado pelo programa STRUCTURE para run 54 e K=7, para as 5 populagdes de P. cuvieri, mais uma de P. ephippifer e uma de P. albonotatus, mostrando a
ordem original distribuido em muiltiplas linhas. Cada barra se refere a um individuo analisado, e os nimeros entre parénteses referem-se a populacio que esse individuo
pertence.
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