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Assim como a fertilidade do solo no vale do Nilo criou o Egito; assim como a posi¢ao a beira do
Mediterraneo deu ocasido a soberania maritima dos fenicios; assim como as montanhas azuis da
Hélada se tornaram o berco da cultura helénica: da mesma maneira, a Campanha do sudoeste deu
origem a cultura rio-grandense. Em toda parte, o verdadeiro criador da cultura ndo é o ambiente
fisico, € o homem com seus valores indestrutiveis; mas a roupagem externa da cultura, sua

expresséo regional, esta sim, é determinada pela paisagem natural.

(Balduino Rambo)
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RESUMO

O tuco-tuco de colar, Ctenomys torquatus, possui uma das maiores distribuicdes geogréaficas entre
estes roedores, habitando os campos de baixa altitude em toda metade norte do Uruguai e na por¢éao
sul do estado do Rio Grande do Sul, Brasil. A variabilidade cromossémica, comum em espécies deste
roedor subterraneo, ocorre em apenas algumas populacdes periféricas de C. torquatus,
particularmente em regides na quais grandes cursos d’agua separam formas cromossOmicas
distintas.

Com os objetivos de descrever os padrdes filogeograficos de C. torquatus, bem como o efeito de
grandes rios na estruturacao de populacdes e diferentes caribtipos, o presente estudo fez uso de trés
marcadores mitocondriais (sequéncia hiper variavel 1 da regido controle e os genes citocromo-c
oxidase | e citocromo-b), além do desenvolvimento e aplicacdo de locos de microssatélites.

A filogenia obtida com o gene citocromo-b, juntamente com evidéncias morfologicas e cariotipicas,
claramente demonstraram a singularidade de uma nova espécie, denominada Ctenomys ibicuiensis.
Esta espécie possui apenas um cariétipo (2n = 50) e ndo compartilha um ancestral comum direto
recente com o tuco-tuco de colar, apesar da proximidade geografica. Este trabalho apresenta a
posicao filogenética da nova espécie e sua relacao filogeografica com o tuco-tuco de colar. Analises
filogenéticas também foram empregadas com o objetivo de estimar uma taxa de evolu¢do molecular
para o DNA mitocondrial dos ctenomideos, a qual foi posteriormente aplicada em inferéncias
demograficas considerando uma escala de tempo.

Associada a estreita area de ocorréncia e pequena amostragem, as populagées de C. ibicuiensis
apresentaram baixa variabilidade genética em comparac¢éo com as demais espécies do género
Ctenomys, embora ndo tenha havido evidéncias da ocorréncia de processos de reducgédo populacional
(bottleneck) nem indices de endogamia singificativos.

Analises de estruturacdo genética para dados de microssatélite e DNA mitocondrial revelaram
diferenciacéo significativa entre as populacdes, ndo havendo situacdes de clados ou grupos de
haplétipos altamente divergentes, relacionados a linhagens regionais, para nenhuma das espécies.
Testes de neutralidade, mismatch distribution e duas andlises demogréficas baseadas em

coalescéncia sinalizaram a ocorréncia de expanséo populacional recente para C. torquatus,



amplamente distribuida; ao passo que um padréo de estabilidade populacional foi observado para a
espécie C. ibicuiensis, geograficamente restrita.

A regido central do Rio Grande do Sul é a provavel origem da expanséo populacional recente
descrita para C. torquatus. O cari6tipo mais comum e amplamente distribuido 2n = 44, considerado
plesiomorfico, e os registros pontuais e periféricos de variagdes cariotipicas, corroboram este cenario
de expanséo.

AMOVA e outras analises de estruturagdo ndao demonstraram substancial particdo da variagao
genética associada a presenca dos rios. O efeito do rio atuando como barreira ao fluxo génico foi
verificado apenas pela comparacéo da baixa estruturacéo genética entre as localidades da nascente
em relacdo aos demais pontos do rio onde a largura e a vazao sao maiores. A expansao demografica
do tuco-tuco de colar e diversos eventos de dispersédo cruzando o rio, evidenciados pelo
compartilhamento de hapl6tipos em localidades de ambas as margens, podem estar vinculados as
condic@es de clima seco e frio durante o periodo glacial pleistocénico, caracterizado pelo dominio dos
campos, auséncia de mata ciliar e rios com cursos d’agua bastante reduzidos. Considerando as
condicdes de baixa vagilidade, territorialidade e organizacdo em pequenos demes, os efeitos de
isolamento pela distancia e deriva genética parecem prevalecer sobre as descontinuidades do

habitat, a exemplo da alta diferenciacdo populacional encontrada.
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ABSTRACT

The collared tuco-tuco, Ctenomys torquatus, has one of the widest ranges among tuco-tucos,
inhabiting the grassed lowlands from the half north of Uruguay to the southern part of the Rio Grande
do Sul State, Brazil. Chromosomic variability, common for these subterranean rodents, is showed in
punctual and peripherical populations of C. torquatus, with particular reference for two situations were
a great river separating distinct cariotipica forms.

With the aims of describing the phylogeographic patterns of C. torquatus, as well as the effects of
major rivers on structuration of its populations and karyomorphs, the present study made use of three
mitochondrial markers (the hyper variable sequence 1 of the control region, the cytochrome ¢ oxidase
| and the cytochrome b genes), besides the development and application of microsatellite loci.

Phylogeny of the cytochrome b gene, associated with morphological and karyotypic evidences,
unambiguously demonstrated the uniqueness of a new species, denominated Ctenomys ibicuiensis.
This species is karyotypicaly monomorphic (2n = 50) and do not share a direct and recent common
ancestor with the collared tuco-tuco, despite ranges neighborhood. The present work shows the
phylogenetic position of the new species and its phylogeographic relationships with the collared tuco-
tuco. Phylogenetic analysis was also approached in order to estimate molecular rates for the
mitochondrial DNA of tuco-tucos, which subsequently were applied for demographic inferences in a
timescale framework.

Associated with its small geographic range and sampling, C. ibicuiensis populations showed low
genetic variability in comparison with other tuco-tucos, but no evidences of bottlenecks or endogamy
were reported.

Analysis of genetic structure for microsatellite loci and mitochondrial DNA revealed strong
differentiation among populations, anyone deeply divergent clade associated with regional lineages
was found for both species. Neutrality tests, mismatch distributions and two demographic analyses
based in coalescence showed a pattern of recent population expansion for the widespread C.
torquatus, whereas a long time population stability was recovered for the highly restrict C. ibicuiensis.

The recently expanded populations of C. torquatus probably originated from the central region of

the Rio Grande do Sul State. The widespread karyotype 2n = 44, previously cited as plesiomorphic,



11

and the few chromosomic variations reported on the periphery of this species, are in agreement with
such scenery of expansion.

The AMOVA analyses, and other structuration assays, did not show a substantial relationship
between the genetic variation partitioning and the presence of great rivers. The effect of river as a
barrier to gene flow was reported only comparing the low genetic structuration between headwater
sites in comparison with all the other wider sites along the river. Expansion of the collared tuco-tuco
and several events of crossing the river, as indicated by haplotype sharing, can be related with dry
and cold climatic conditions during the glaciations of the Pleistocene, when grasslands dominated,
gallery forest did not occur and water courses probably were reduced. As a low vagile and territorial
subterranean rodent, living in small demes, geographic distances and genetic drift seem let a stronger

signature of population differentiation for tuco-tucos, rather than habitat discontinuities.
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INTRODUCAO

O bioma Pampa

De acordo com o Instituto Brasileiro de Geografia e Estatistica (IBGE, 2004), o Brasil possui seis
biomas continentais: Amazobnia, Caatinga, Cerrado, Mata Atlantica, Pampa e Pantanal (Figura 1). O
bioma Pampa é um dos menores em extensao, com uma area de aproximadamente 176 km?,
representando cerca de 2,07% do territorio nacional. Gramineas e ervas compdem a vegetacao
predominante, com ocorréncia esparsa de arbustos e formacdes arboéreas (IBGE, 2004).

Apesar da baixa representatividade em extensdo, em relacéo aos demais biomas brasileiros, o
Pampa representa 63% da area do estado do Rio Grande do Sul (RS) (IBGE, 2004) e, juntamente
com as areas campestres adjacentes do Uruguai e Argentina, compde a Provincia Pampeana, uma
das maiores areas de campo em clima subtropical (AABA, 2010; Cabrera e Willink, 1980).

Ao contrario de biomas florestais, 0 Pampa tem uma vocacao histérica para pastagens e producao
de gréos, sendo essas as principais atividades econdmicas desenvolvidas na regido. Entretanto, o
avanco da fronteira agricola nas Ultimas décadas, a pecuéria intensiva com substituicdo das
pastagens naturais por cultivadas, bem como o crescente cultivo de &rvores exéticas como Pinus sp.
e Eucalyptus sp. tem promovido o desgaste do solo e degradacédo ambiental (Overbeck e cols., 2007;
Roesch e cols., 2009). Além da perda de biodiversidade pela fragmentacdo de habitat, espécies
exoticas sdo introduzidas com o objetivo de aumentar a produtividade das pastagens. Carvalho e
Batello (2009) abordaram a questéo da produtividade nos campos sulinos, sugerindo acdes para
remediar o conflito entre a demanda mundial pela producéo de gréos e carne e a necessidade
emergente de medidas de conservac¢do dos campos nativos.

Esta preocupacao se deve a drastica reducdo de areas cobertas por vegetacdo nativa,
comprometendo uma das regifes mais ricas do mundo em gramineas. A diversidade da vegetacéo
campestre do RS é da ordem 2.200 espécies (Boldrini, 2009), sendo que ha um ndmero expressivo
de espécies citadas como ameacgadas ou com distribuicéo restrita (Deble, 2011).

Embora as condic¢des climaticas atuais sejam propicias a formacgdes florestais na regiéo sul do
Brasil, o estabelecimento e a diversificacao da vegetagdo campestre estao associados ao longo
periodo de clima seco e frio durante o Ultimo maximo glacial. Andlises de paleovegetacéo utilizando

gréos de polen confirmam o dominio de gramineas na metade sul do RS durante todo o dltimo
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periodo glacial. O surgimento e a expanséao de florestas de galeria aparecem nos registros apenas

nos ultimos 5.000 anos, refletindo a mudanga para um clima mais quente e imido no Holoceno, a

medida que o periodo glacial finalizava (Behling e cols., 2005).

PAMPA

Figura 1: Mapa do Brasil destacando os seis biomas, de
acordo com o IBGE, 2004. (Imagem modificada a partir do
site http://naturezaepaz.blogspot.com/2010/11/em-defesa-do-
bioma-pampa.html).

A retracdo das florestas e a expanséo da planicie costeira sdo eventos bem documentados de

comportamento da cobertura vegetal e do nivel dos oceanos frente as alteracdes climéticas drasticas

atribuidas ao periodo glacial no sul do Brasil (Behling e cols., 2004; 2005; Tomazelli e cols., 2000).

Em se tratando de sistemas extremamente dindmicos, € plausivel considerar também uma reducéo

significativa no volume de agua pertinente as bacias hidrograficas durante este periodo seco e frio.

Behling e cols. (2005) reportaram a ocorréncia de aguas rasas em tempos glaciais para a bacia do rio

Ibicui, no oeste do estado do RS.

A histéria geoldgica e climatica do bioma Pampa fornece um cenario ainda pouco explorado, mas

extremamente convidativo e promissor para estudos filogeograficos. A forma intensiva como esta

paisagem natural vem se modificando e se descaracterizando, torna ainda mais emergente a

necessidade deste tipo de estudo na regido. O conhecimento basico a respeito dos processos e

padrdes associados a biodiversidade de um bioma, sem dlvida sao as principais ferramentas

utilizadas para o planejamento de acdes conservacionistas.

O género Ctenomys

Roedores do género Ctenomys séo popularmente conhecidos como tuco-tucos, nome este que

representa uma aproximacgao onomatopéica da vocalizacéo deste pequeno mamifero em seu habitat
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subterréneo. Pertencentes a familia Ctenomyidae, subordem Hystricognathi, as cerca de 60 espécies
deste género representam uma das maiores taxas de especiacao e evolugao cromossdmica entre 0s
mamiferos, considerando a sua origem extremamente recente, datando do Plioceno (Verzi e cols.,
2010) e a extraordinaria diversidade cariotipica, com nimeros dipléides variando de 2n=10 a 2n=70
(Reig e cols., 1990). De acordo com Nevo (1979), a diversificagio de roedores fossoriais como 0s
tuco-tucos pode estar associada as condi¢des climaticas mais secas em meados do Cenozéico que
proporcionaram a retracéo das florestas e a expansédo de ambientes campestre, preferencialmente
habitados por estas espécies para escavarem seus sistemas de tdneis subterraneos.

O registro fossil mais antigo de um ctenomideo (~3,5 milhdes de anos) provém de sedimentos do
noroeste da Argentina (Verzi e cols., 2010) e atualmente as espécies de Ctenomys ocorrem em toda
a metade sul da América do Sul, desde a Terra do Fogo, na Argentina, até o sul da Bolivia e Peru
(Reig e cols., 1990).

A cladogénese recente e explosiva atribuida ao género Ctenomys se reflete em estudos
filogenéticos utilizando marcadores moleculares mitocondriais e nucleares, 0s quais costumam
resultar em uma politomia basal (D’Elia e cols., 1999; Castillo e cols., 2005; Lessa e Cook 1998;
Mascheretti e cols., 2000; Parada e cols., 2011; Slamovits e cols., 2001). O estudo filogenético mais
recente para o género Ctenomys é também o mais completo, considerando o maior nimero de
espécies reconhecidas e com ampla cobertura geogréfica (Parada e cols., 2011). Os resultados
permitiram o reconhecimento de 8 clados bem suportados, compondo grupos de espécies de tuco-
tucos, apesar de algumas espécies ndo pertencerem a nenhum grupo e as relacdes entre elas e os
demais grupos ndo estarem bem resolvidas na base da filogenia.

Entre os grupos de espécies recuperados pela analise filogenética de Parada e cols. (2011), o
grupo torquatus é composto por espécies de tuco-tuco que além de compartilharem um ancestral
comum, habitam a mesma regido no sul do Brasil, Uruguai e nordeste da Argentina (Figura 2). O
complexo de espécies deste roedor que habita as provincias de Corrientes e Entre Rios na Argentina
€ composta por populagfes de Ctenomys dorbignyi, C. roigi, C. perrensi e diversas formas de status
taxondmico indefinido, os quais apresentam uma dindmica de diferenciacédo e especiacao relacionada

a instabilidade do habitat, frequentemente inundével (Mirol e cols., 2010).
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No litoral dos estados do RS e parte de Santa Catarina, sul do Brasil, populacdes de C. minutus
ocorrem ao longo da planicie costeira, uma regido de evolugdo geoldgica dindmica, extremamente
afetada pelas transgress6es marinhas do Quaternario. Com um total de 45 cariétipos descritos até
entdo, C. minutus representa a espécie com maior variabilidade cromossdmica entre os roedores
subterréneos (Castilho, 2004; Freitas 1997; Freygang e cols., 2004; Gava e Freitas, 2002; 2003;
Lopes, 2011). A variagcdo genética do DNA mitocondrial (mtDNA) e as variagdes cariotipicas descritas
para esta espécie foram associados as descontinuidades do ambiente costeiro que habita, bem como
a caracteristicas intrinsecas dos ctenomideos, como baixa disperséo e distribuicdo em pequenos

demes isolados (Lopes, 2011).

O C. minutus
@® C. lami

@ C. torquatus
® C. pearsoni
@ C. perrensi
® C. dorbignyi
@® C. roigi
@C. sp

Figura 2: Areas de distribuicio das espécies de tuco-tuco do grupo torquatus no Uruguai, sul do Brasil e
nordeste da Argentina.

Ctenomys lami é outra espécie sul brasileira do grupo torquatus, cuja histéria evolutiva € mais um
exemplo de como altera¢Bes no ambiente afetam padrdes filogenéticos e filogeograficos,
especialmente relacionadas a hidrografia (dreas Umidas, inundaveis, rios) em se tratando de um
organismo que ocupa o nicho subterraneo e que, portanto, € extremamente vulneravel a instabilidade
de cursos e corpos d’agua. Além do expressivo polimorfismo cromossémico, com 25 cariotipos

diferentes, C. lami € intimamente relacionado geogréfica (Figura 2) e filogeneticamente com C.
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minutus (Freitas, 2001; 2006; Lopes, 2011). O processo de diferenciacdo recente entre ambas as
espécies era assegurado pela existéncia de um banhado (area Umida) atuando como barreira. Nas
ultimas décadas, a drenagem deste banhado em fungéo do cultivo de arroz acabou expondo uma
area de campo arenoso que permitiu o0 contato secundario entre populacées de C. lami e C. minutus,
propiciando a formagdo de uma zona hibrida interespecifica (Gava e Freitas, 2003) e com indicio de
introgresséo (Lopes, 2011).

Na planicie costeira do sul do Uruguai ocorre outra espécie cromossomicamente politipica do
grupo torquatus, C. pearsoni. Assim como C. minutus, a regido costeira habitada por C. pearsoni foi
exposta a transgressfes marinhas holocénicas. Embora um padréo de estabilidade demogréfica seja
descrito para a espécie em geral, a regido leste de sua distribui¢éo teria sido recentemente
colonizada, em concordancia com dados palegeograficos indicando que esta regido foi mais
intensamente afetada pelas perturbacdes do nivel do mar (Tomasco e Lessa, 2007).

Populaces de C. torquatus distribuem-se pelos campos de baixa altitude de toda a metade sul do
RS e norte do Uruguai, distante das planicies costeiras afetadas por transgressdes marinhas, bem
como de outras regides alagadas, exceto por uma pequena regidao ao sul de sua ampla distribuicéo
geografica (Figura 2). Esta espécie, popularmente conhecida como tuco-tuco de colar e que empresta
seu nome ao grupo torquatus, possui uma das maiores areas de ocorréncia entre 0s tuco-tucos
(Fernandes, 2008; Fernandes e cols., 2009; Freitas, 1995; Freitas e Lessa, 1984).

Apesar de sua ampla distribuicdo geografica e do histérico de polimorfismo cariotipico entre as
demais espécies do grupo torquatus, as populagdes do tuco-tuco de colar apresentam o cari6tipo
predominante 2n = 44 e apenas alguns registros de variacdo cromossémica em populacfes
periféricas.

O estudo de Kiblisky e cols. (1977) descreveu os primeiros cariétipos 2n = 44 de C. torquatus para
amostras uruguaias de El Aguila, Guabiyl e Salto Nuevo. Posteriormente, Freitas e Lessa (1984)
encontraram a mesma forma cromossdmica em popula¢@es do sul do RS, as margens do Canal S&o
Gongalo, um grande curso de agua que liga a Laguna dos Patos a Lagoa Mirim, no sul do RS. O
cariotipo 2n = 44 foi amostrado na margem norte do Canal, ampliando a ocorréncia desta forma
cariotipica para mais de 500 km a partir dos registros uruguaios de Kiblisky e cols. (1977). Outras
duas localidades, ao sul do referido Canal, apresentaram cariétipo 2n = 46. Estas duas localidades

encontram-se envoltas pelo oceano Atlantico a leste, areas alagadas ao sul, a Lagoa Mirim e o Canal
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Sao Gongalo a oeste e a Laguna dos Patos ao norte; constituindo uma variagao cariotipica periférico
ao restante da area de ocorréncia do tuco-tuco de colar (Figura 3). Ainda segundo Freitas e Lessa
(1984), a forma cariotipica 2n = 44 seria plesiomorfica, dada a sua ampla distribuicdo geogréfica, e o
Canal S&o Gongalo que divide as formas 2n = 44 e 2n = 46 teria surgido recentemente, a cerca de
2.600 anos (Jost e cols., 1975).

Em estudos posteriores de biomonitoramento de regides em torno de minas de extracdo de
carvao, novos registros de ocorréncia de C. torquatus foram mapeados para o estado do RS. No
municipio de Candiota, ainda no sul do estado, e em Butia, proximo a capital Porto Alegre, os
espécimes apresentaram o cariétipo predominante 2n = 44 (Silva e cols., 2000a, b).

No outro extremo de sua distribuicdo, no oeste do RS, Fernandes e cols. (2009) descreveram
outra variacao cariotipica para o tuco-tuco de colar associada a presenca de um curso de agua, o Rio
Ibicui. O cariétipo 2n = 44 foi encontrado em uma populagéo de C. torquatus na margem sul do rio
Ibicui, ao passo que ao cruza-lo, a populagédo cariotipada na margem norte apresentou 2n = 40
(Figura 3). Com excecao desta populacdo, muito proxima a desembocadura do rio Ibicui no rio
Uruguai, ndo ha nenhum outro registro de tuco-tuco de colar na margem norte, ao longo de toda a
extensdo do rio Ibicui deste a regido central do estado. Em contrapartida, espécimes de tuco-tuco
encontrados no municipio de Manoel Viana, proximos ao rio Ibicui (Figura 3), apresentaram
caracteristicas morfolégicas diferenciadas de C. torquatus, tamanho menor e nimero cromossémico
2n = 50 (Freitas, dados nao publicados), os quais provavelmente tratam-se de uma nova espécie do
género Ctenomys.

Ao contrario das duas situacdes de varia¢des cariotipicas periféricas associados a presenca de
um rio, citadas anteriormente para C. torquatus, populagdes com cariétipo 2n = 40 e 2n = 42 ocorrem
préximas a registros de 2n = 44 em Alegrete, no oeste do estado (Figura 3), aparentemente sem
nenhuma barreira geogréfica (Goncgalves e Freitas, 2009). Todas as demais localidades amostradas
para C. torquatus apresentaram o cariétipo mais freqiiente 2n = 44 (Fernandes, 2009), inclusive
populagBes ao longo do caudaloso rio Jacui (Figura 3).

Além da existéncia de uma espécie nova, todos esses registros revelam o cendrio de uma espécie
de mamifero de habito subterrdneo, amplamente distribuida pelos campos do bioma Pampa sul
brasileiro. A extensdo de sua distribuicdo é dissecada por grandes bacias hidrogréficas, entre elas as

dos rios Jacui e Ibicui. Descrever os padrdes filogeograficos desses roedores, bem como o papel
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desses rios em sua diversifica¢éo, contribuird ndo somente para a compreensao da histéria evolutiva

deste grupo taxonémico, como também para a histéria e a valorizagdo do bioma Pampa.

ARGENTINA
Corrientes

Uruguaiana

Alegreteoo i

URUGUAI

OceanoAtlantico

Figura 3: Mapa do estado do Rio Grande do Sul (Brasil) e Uruguai, indicando os registros de ocorréncia de
Ctenomys torquatus listados no texto. A coloragédo dos pontos refere-se ao nimero cromossdmico: rosa para
2n = 40, amarelo para 2n = 42, preto para 2n = 44 e verde para 2n = 46. Areas em cinza representam altitudes
acima de 200 m. *Primeiro registro de cariétipo 2n = 44. O asterisco em vermelho indica a ocorréncia da
espécie nova.

Hip6tese de rios como barreiras

Grandes cursos d’agua séo descontinuidades do habitat apelativas como barreira ao fluxo génico
para espécies terrestres, especialmente em se tratando de roedores fossoriais como os tuco-tucos
gue além da especificidade do habitat possuem baixa vagilidade (Busch e cols., 2000).

A concepcgéo de rios atuando como barreira surgiu das observacdes de Alfred Russel Wallace
(1852) de que as fronteiras da distribuicdo de espécies de primatas intimamente relacionadas

geralmente coincidiam com os grandes rios da bacia amazo6nica.
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“Durante minha estadia no estado do Amazonas,
eu tive a oportunidade de determinar os limites das
espécies, e logo constatei que os rios Amazonas,
Negro e Madeira formavam limites além dos quais
certas espécies jamais ultrapassaram... A medida
que se aproxima das nascentes dos rios, eles
deixam de ser uma barreira e a maioria das
espécies € encontrada em ambas as margens dos
rios”. (Wallace, 1852).

Além de propor a hipétese de divergéncia causada por rios — Riverine barrier hypothesis (RBH) em
inglés, Wallace sugeriu também que a for¢a de um rio atuando como barreira diminui da foz em
direcdo a nascente, como consequéncia da diminuigcéo da largura do mesmo e do volume de agua.
As observacdes de Wallace foram posteriormente quantificadas e confirmadas por Ayres e Clutton-
Brock (1992) analisando comunidades de primatas de ambos os lados dos rios da bacia Amazénica.

As espécies de tuco-tuco que compdem o grupo torquatus, citadas anteriormente, constituem um
modelo interessante para avaliar a RBH, considerando o fato de compartilharem ancestralidade e
distribuirem-se as margens de grandes cursos d’agua como o Rio Uruguai e o Rio de La Plata.
Entretanto, uma das principais dificuldades em se testar a RBH ¢é distinguir o efeito do rio como
causador primario da divergéncia (efeito vicariante) ou apenas como um ponto de encontro
secundario entre linhagens ou espécies que divergiram por outra razdo, em outras regides (Patton e
cols., 2000). Outra questao é que, embora apelativos, mesmo os rios caudalosos sdo extremamente
dindmicos ao longo do tempo, podendo sofrer variacdes de volume de agua e até mesmo mudanga
de curso (Moritz e cols., 2000; Patton e cols., 2000).

Patton e cols. (2000) realizaram um amplo estudo de avaliacdo da RBH na bacia amazénica,
utilizando o rio Jurua como modelo de barreira para diversas espécies de mamiferos terrestres na
década de 90. Os autores ndo encontraram evidéncia de estruturacdo das comunidades analisadas
em funcgédo da presenca do rio. A grande motivacao do trabalho, no entanto, foi a abordagem
filogeografica utilizando marcadores moleculares em anélises em nivel de espécie. A estruturagdo de
comunidades avaliando composi¢éo de espécies foi adaptada para uma avaliagcao da estruturagéo de

populag@es — ou linhagens — utilizando sequéncias do gene citocromo-b.
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De acordo com Patton e cols. (2000), andlises filogeograficas podem distinguir hipéteses histdricas
alternativas que fundamentam diferentes padrdes de diversificacdo. A hipétese de Diversificacao
Priméria é a expressdo maxima do rio atuando como uma barreira. Neste caso, um curso d’agua &
imposto a distribuicdo de um taxon, dividindo-a em duas partes (Figura 4A). Se este rio passa a atuar
como uma barreira efetiva ao fluxo génico ao longo do tempo, havera monofilia reciproca entre as
linhagens de cada lado do rio que passardo a ser clados irm&o em relacdo qualquer linhagem fora
deste contexto.

Alternativamente, o efeito de um rio atuando como barreira pode ser caracterizado como um
Contato Secundario entre linhagens de um determinado taxon que divergiram em outros locais, e
por migrag&o ou expansdo populacional acabaram encontrando-se em margens opostas do rio. Neste
caso, espera-se encontrar monofilia reciproca entre os espécimes de cada margem do rio, mas as
linhagens dos lados opostos ndo formariam clados irméos entre si e provavelmente estariam mais
relacionados com diferentes linhagens (Figura 4B).

Andlises filogeogréaficas podem revelar também se houve um evento de Disperséo atraveés do rio.
Em algum momento, por algum motivo, linhagens que habitavam uma margem passaram a colonizar
a margem oposta apés um evento de cruzar o curso d’agua. Supondo que a colonizagao tenha se
dado da margem direita para a margem esquerda do rio, espera-se observar uma relacao parafilética

entre as linhagens da margem direita, em relacdo aquelas da margem esquerda do rio (Figura 4C).

L1 L2 Rt R2

L2 Figura 4: Trés hipdteses filogeograficas alternativas. A:

V*{v iy Diversificag8o Priméria: monofilia reciproca e clados irméos
,Lx ligados por um rio que se imp6s em meio a distribuicéo

B geografica de uma espécie. B: Contato Secundério:

monofilia reciproca, mas clados que ndo compartilham um

ancestral em comum, ligados por um rio que atua como um

i L2 R B2 ponto de encontro secundario destes clados que evoluiram

L2 N é « em outro local. C: Dispersdo: relacdes parafiléticas dos

3 haplétipos da margem direita (R1 e R2) em relagédo aos

gy X haplétipos da margem esquerda (L1 e L2) devido a um
R1

C episodio de cruzamento do rio. (Modificado da Figura 164
de Patton e cols., 2000)
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Além da abordagem filogeogréfica utilizando marcadores moleculares, os autores foram criteriosos
com o planejamento amostral, buscando pontos estratégicos de coleta em ambas as margens ao
longo de toda a extensao do rio Jurua, desde a nascente até a foz.

Das seis espécies para as quais a amostragem contemplou todos os pontos ao longo do rio,
apenas uma apresentou um padrdo de divergéncia de acordo com o esperado segundo a RBH. A
diferenciacdo molecular encontrada entre popula¢fes do sagui-de-cara-suja Saguinus fuscicollis foi
atribuida a presenca do rio, havendo compartilhamento de haplétipos apenas entre os pontos de
coleta préximos a nascente (Peres e cols., 1996). As outras cinco espécies de roedores
apresentaram varias situacfes de compartilhamento de haplétipos ao longo do rio, tanto entre sitios
da mesma margem quanto de margens opostas do rio. O padréo filogeografico do rato arbdreo
Mesomys hispidus foi inclusive considerado “nonriverine pattern”, ou seja, um padrao oposto ao
esperado de acordo com a RBH. Isso porque os dois clados divergentes reportados para as amostras
desta espécie separaram as localidades da parte alta do rio (nascente e regido central alta) das
localidades da parte baixa (regido central baixa e foz), e ndo as localidades das margens opostas do
rio Jurud (Patton e cols., 2000).

Os autores discutem a respeito de transi¢cdes fitogeogréaficas e eventos geoldgicos histdricos que
poderiam justificar o padréo de divergéncia filogeografica verificado ao longo do rio — e ndo em lados
opostos do rio — encontrado para a maioria dos mamiferos analisados. O histérico de retracédo e
expansdo da floresta, causadas pelas alteracdes climaticas, bem como os efeitos causados pela
elevacdo dos Andes, tornam extremamente dindmica a historia do bioma Amazénico. Os rios, em
Seus percursos e vazao contemporaneos, podem estar atuando como barreiras efetivas ao fluxo
génico entre determinadas linhagens, mas a estruturagdo verificada com os marcadores moleculares
reflete um contexto muito mais antigo na histéria evolutiva destas espécies.

Seja para avaliar a forga de um rio como barreira, ou para distinguir qual das trés hipéteses
sugeridas por Patton e cols. (2000) melhor explica 0 comportamento de um rio frente as linhagens de
uma espécie habitando seu entorno; a utilizacdo de marcadores moleculares em uma perspectiva
filogeografica e com planejamento amostral adequado, pode trazer importantes contribuicfes a
respeito do efeito dos rios como barreira.

O tuco-tuco de colar — Ctenomys torquatus, protagonista desta tese, contempla véarios atributos

gue o tornam um modelo convidativo ao estudo da RBH, entre eles: sua ampla distribui¢do
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geogréfica, abrangendo rios de grande porte, um bioma carente de estudos filogeograficos em grande

escala, além das variacdes cariotipicas periféricas associados ao Canal Sdo Gongalo e o rio Ibicui.
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OBJETIVOS

e Descrever a distribuicao, a estruturacao espacial e relagao histérica dos tuco-tucos com o

ambiente no bioma Pampa;

e Inferir os padr6es filogeograficos de C. torquatus;

e Caracterizar o efeito dos rios que separam populagdes de C. torquatus com variacdes

cariotipicas periféricas;

e Avaliar a for¢a do rio como barreira, utilizando como referéncia as localidades de ocorréncia de

C. torquatus ao longo do rio Jacui, dada a sua extensédo e a uniformidade cariotipica das populacdes;

e Avaliar o status de espécie plena dos espécimes com cariétipo e morfologia diferenciados

encontrados no municipio de Manoel Viana;

e Inferir os padrdes filogeogréficos da espécie nova, determinando os limites de sua distribuicdo

geografica e seu status de conservacao.
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Abstract Eleven microsatellite markers were isolated
from an enriched library developed specifically for the
tuco-tuco Ctenomys torquatus, using tri and tetranucleotide
probes. Ten of these were successfully amplified, and only
one was monomorphic for the populations that have so far
been analyzed. Analysis of two different populations
yielded a mean of 2.6 (Cachoeira do Sul—CAC) and 4.3
(Butia—BUT) alleles per locus, with a range from 1 to 6.
The means for observed and expected heterozygosity were
also lower in the CAC population (Ho = 0.37 and He =
0.39), but in BUT they were 0.63 and 0.61 respectively.
These are the first microsatellite markers reported for a
Brazilian species of tuco-tuco, and will be applied to
investigate the genetic structure of their populations in the
widely impacted Pampa Biome.

Keywords Fossorial rodent - Tetranucleotide -
Selective hybridization - Campos sulinos biome

Ctenomys torquatus Lichtenstein 1830 is a subterranean
rodent known as the collared tuco-tuco, which inhabits the
grasslands of southern Brazil (Fernandes et al. 2007). They
preferentially build their burrow systems in sandy soil. The
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Maria, Santa Maria, Rio Grande do Sul 97105-900, Brazil

patchy distribution, together with low vagility, generally
leads to the isolation of populations of tuco-tucos in small
demes (Reig et al. 1990).

This species occurs from the east coast of the state of
Rio Grande do Sul (RS) to the western Argentina-Brazil
border and northern Uruguay. Despite the broad distribu-
tion of the collared tuco-tuco, its habitat in the Pampa
biome has been impacted over wide areas. Natural grass-
lands in southern Brazil have decreased due to the expan-
sion of agricultural activities and silvicultural practices,
making them unsuitable for the fossorial rodents. Despite
its high floristic diversity, the southern Brazilian biome has
not received great attention or concern about its conser-
vation (Overbeck et al. 2007).

Moreover, the geographical distribution of this rodent in
RS coincides almost exactly with the distribution of coal
reserves. Studies using alkaline single-cell gel electropho-
resis (SCG) and micronucleus assays indicated DNA dam-
age induced by coal and coal byproducts in C. torquatus
specimens exposed to mining activities (Silva et al. 2000a;
Silva et al. 2000b). The authors suggested that this species
would be a good sentinel organism for coal-mining hazards.

Understanding the effects of habitat change on the col-
lared tuco-tuco in southern Brazilian grasslands requires a
detailed knowledge of how species biology and landscape
characteristics can structure populations. In order to
investigate gene flow and genetic variation in C. forquatus,
species-specific microsatellite loci were developed.

A sample of collared tuco-tuco (ear tip) was used for
DNA extraction following Medrano et al. (1990) and for
construction of a genomic library according to Refseth
et al. (1997), with modifications to avoid the generation of
chimeric sequences, as suggested by Roratto et al. (2008).

The DNA sample was digested with the restriction
enzyme Taql and ligated to adapters formed by the
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annealing of two oligonucleotides (Taql 20 Mer: 5'-
ATGAAGCCTTGGTACTGGAT-3' and Taql 22 Mer: 5
CGATCCAGTACCAAGGCTTCAT 3’). DNA fragments
were hybridized with the biotinylated probes (AAG)g and
(GATA)g and captured using streptavidin-coated magnetic
beads (DynaBeads® M-280). Selected DNA was eluted
from the beads as single strands and amplified in a poly-
merase chain reaction (PCR) using the oligonucleotide
Tagl 20 Mer as primer. PCR was carried out in a volume of
25 pl containing 1.25 U Taq DNA polymerase, 20 mM pH
8.4 Tris—HCI, 50 mM KCl, 4 mM MgCl,, 0.4 mM of each
dNTP and 5 uM of primer. The amplification conditions
were as follows: 95°C for 5 min, 27 cycles of 95°C for
1 min, 61°C for 30 s, 72°C for 2 min and a final extension
step of 8 min at 72°C. The PCR products were checked
on 0.8% agarose gel, cloned into a pCR®2.1 vector (TA
Cloning kit, Invitrogen) and transferred into competent
Escherichia coli cells by the CaCl, method (Sambrook and
Russel 2002).

Recombinant clones were sequenced with ABI 3700
(Applied Biosystems). Sequences with more than 6 repe-
tition units and enough flanking region were selected for
primer design using the software PRIMER 3 (Rozen and
Skaletsky 2000). The only eight clones from the (AAG)
library did not carry a repetitive sequence. A total of 99
clones from the (GATA) library were sequenced. Seventy-
six clones were not redundant and 11 sequences were
adequate for primer design (GenBank accession numbers
JF274995 to JF275005). Except for the Torl1 primer pair,
all the loci were successfully amplified. To assess the
polymorphism of the 10 microsatellite loci, primer pairs
were ordered with a fluorescent dye HEX and assayed in
two populations of C. torquatus: Butia (N = 17) and
Cachoeira do Sul (N = 20).

Alleles were identified through the software Peak
Scanner 1.0 (Applied Biosystems). The genotyping results
were analyzed using the software Micro-Checker (van
Oosterhout et al. 2004) for the presence of null alleles,
large allele drop out and stuttering. Arlequin 3.1 (Excoffier
and Schneider 2005) was used to perform Hardy—Weinberg
equilibrium and linkage disequilibrium tests, as well as to
calculate the observed and expected heterozygosities.

The Micro-Checker results showed no evidence for
scoring error due to stuttering, large allele dropout or null
alleles. Table 1 shows the summary statistics for the
markers.

These microsatellite loci are being applied to popula-
tions of the collared tuco-tuco throughout its distribution,

in order to evaluate the genetic structure and the impact
of habitat loss on this species. Although locus Torl0Q was
monomorphic for the Butia and Cachoeira do Sul samples,
it showed two alleles in other populations (data not shown).
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Short running head: Rivers’ effect on Ctenomys torquatus phylogeography.

ABSTRACT

Aim Rivers generally are appealing habitat discontinuities thought to promote diversification on
terrestrial species. In South America, subterranean rodents of the genus Ctenomys are widespread
throughtout open habitats, and the collared tuco-tuco C. torquatus has one of the widest ranges
among these species, which is dissected by great water courses. The aims of the present study are
describing the phylogeography of the collared tuco-tuco and evaluating the effect of main rivers
structuring their distribution and karyotypically distinct populations, on the basis of the riverine barrier
hypothesis.

Location Grasslands of the southern Brazil and northern Uruguay, known as Pampa biome.

Methods A broad sampling was performed, throughout the geographic range of C. torquatus,
especially around main rivers. Phylogeographic patterns were approached through mitochondrial DNA
hyper variable sequence (d-loop) and citochrome oxidase | gene. Additionally, 22 microsatellite loci
were surveyed in order to estimate the effect of rivers as geographic barrier to gene flow. Index of
genetic differentiation was calculated, beside approaches that take into account the spatial location of
populations through genetic landscape shape interpolation and clustering analysis that incorporate the
geographic coordinate. The effect of the geographic distance was evaluated with spatial

autocorrelation analysis. Demographic changes were also estimated in a timescale framework.
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Results This species showed a pattern of recent demographic expansion from the central region of
the Rio Grande do Sul State. No geographic neither karyotypic structuration was observed, despite
the wide range. Nevertheless, populations of the collared tuco-tuco were highly differentiated; except
too near localities or those where the river is very narrow (headwater). Great rivers structure
populations, but their effect was not proportionally higher from headwater to the mouth, as it is
expected following the riverine barrier hypothesis.

Main Conclusions Geographic distance and the organization of tuco-tucos in small demes seem to
promote the high population differentiation observed. The riverine hypothesis barrier was not fully
demonstrated, but it could be a result of the recent history of occupation of the C. torquatus in that
region. Our results showed that interpretation of demographic changes in a timescale, associated with
geological knowledge of the region, brings wealthy inferences on the role of rivers as barriers.
Keywords

Hystricognathy, Pampa biome, riverine barrier hypothesis, underground habitat, Pleistocene

INTRODUCTION

Species diversification is a broadly broached theme among biologists which seek to understand
the evolutionary process that generate and maintain the diversity of life. Among the biogeographical
processes underlying speciation, the river systems as barrier furthering diversification are appealing,
mainly because great rivers as boundaries of closely related species or subspecies is a commonly
observed pattern for several taxonomic groups. Based on his observations of primate species
composition of the Amazon, Wallace (1852) brought up the ‘Riverine Barrier Hypothesis’ (RBH). He
demonstrated that major Amazonian rivers limit different community of species from both sides.
Moreover, Wallace noted that the sharing of species in opposite banks raises next origins of the river,
and then he stated that the strength of a river as barrier decrease toward the headwaters where the
channel is narrower and, consequently, it should be easier to cross it. Wallace’s assumption was
guantified later by Ayres & Clutton-Brock (1992) for Amazonian primate communities around several
rivers, and they showed that opposite-banks similarity exhibited a significant decline as a function of
increasing river width. Nevertheless, such pattern was not observed for mammals and frogs species
diversity along both banks of the Juru& River, also in the Amazon Basin (Gascon et al., 2000; but see

the Colwell, 2000 commentary).



31

The riverine hypothesis considering species community, as proposed by Wallace, can be applied
in an intraspecific approach where phylogeographic patterns of differentiation are assayed for
populations of a widely spread species through a river system, in order to assess the strength of the
river as barrier. Patton et al. (2000) analyzed divergence patterns in mitochondrial cytochrome b
sequences for several wide range mammals of the Amazonia in the 1990s (Patton et al., 2000 and
references therein). Except the saddle-back tamarins Saguinus fuscicollis (Peres et al., 1996), for all
other taxa that exhibited a certain divergence pattern, the phylogeographic discontinuities were along
the river, not on opposite banks as suggest the RBH. Although riverine effect was not frequently
determinant on diversification, Patton et al. (2000) underlined the usefulness of phylogeographic
analysis to distinguish three different hypotheses for riverine divergence: (i) Primary diversification,
when a river is imposed on an existing taxon range (vicariant effect); (i) Secondary contact, range
expansion of different lineages where the river forms only a common meeting place; (iii) Dispersal,
over water transfer from established populations on the opposite banks of the river (see Figure 164 in
Patton et al., 2000).

An excellent mammal evolutionary model to verify these hypotheses is the South American tuco-
tucos (genus Ctenomys). These subterranean rodents have shown themselves an interesting model to
study evolutionary divergence of lineages because of their extraordinary chromosomic variability and
rate of speciation. Populations of tuco-tucos generally settle theirs burrow systems as small demes
that associated with limited dispersal and territoriality, results in low local genetic variation and high
population differentiation (Reig et al., 1990; Lacey et al., 2000). Speciation in ctenomyids is
considered a recent and burst event among mammalian lineages, as the record fossil point about 3.5
mya for the origin of the genus that has approximately 60 recognized species nowadays (Lessa &
Cook, 1998; Lacey et al., 2000; Verzi et al., 2010; Parada et al., 2011).

Phylogeographic studies with species of Ctenomys, regardless not explicitly broached the RBH,
had found that sometimes great rivers limit the range of species as well as karyomorphs or
phylogeographic groups on an intraspecific scale (Mora et al., 2007; Tomasco & Lessa, 2007; Mirol et
al., 2010; Lopes, 2011; Fernadndez-Stolz, 2006). As a subterranean rodent, it is suggestive that not
only rivers but also wetlands take action on evolutionary process of diversification for tuco-tucos, as it
was demonstrated for C. minutus and C. lami (Gava & Freitas, 2003; Lopes, 2011). Mirol et al.,

(2010) fascinatingly demonstrated the effect of rivers and dynamic water bodies of the Ibera wetland
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(Corrientes, Argentina) driving divergence of the called perrensi group (C. dorbignyi, C. roigi, C.
perrensi and several forms of uncertain taxonomic status). Besides the Parana and Uruguay Rivers
surround these Corrientes species range, the Santa Lucia River and Iber4 Basin play an important
role on the genetic structure, whether they are interspecific or intraspecific.

Phylogenetic approaches demonstrated that Corrientes species are a sister clade of the collared
tuco-tucos C. torquatus Lichtenstein 1830, which are just on the Brazilian bank of the Uruguay river
(Fernandes et al., 2009a; Parada et al., 2011). The Argentinean species show a diploid number range
of 40-70 (Ortells et al., 1990; Ortells, 1995; Garcia et al., 2000a; Giménez et al., 2002) among which
an undefined Ctenomys sp. has karyotype morphology similar to C. torquatus according to Ortells et
al. (1990). The study of Fernandes et al., (2009a) confirm such chromosomic similarity; nevertheless
they showed through cytochrome b gene analysis that the Corrientes Ctenomys sp. and the Brazilian
C. torquatus are clearly phylogenetically different and the Uruguay River is an effective barrier
detaching these sister monophyletic groups (see Fig. 1).

Well delimited on west by the Uruguay River, C. torquatus has one of the widest geographical
ranges among tuco-tucos, from the northern half of Uruguay to the southern half of the Rio Grande do
Sul (RS) State in Brazil (Freitas, 1995; Fernandes et al., 2009a). Despite its widespread distribution
(Fig. 1), karyotypic variations of C. torquatus are punctual and peripheral (Fernandes et al., 2009a;
Goncalves & Freitas, 2009), in a different way of the other specie belonging to the torquatus
phylogenetic group (Parada et al., 2011) as C. pearsoni (Tomasco & Lessa 2007), C. lami, C. minutus
(Freitas, 2006) and the perrensi complex of species (as cited above), which have wide intraspecific
chromosomal variation.

Karyotype 2n=44 is the commoner and widespread throughout the geographic distribution of the
collared tuco-tuco, then considered plesiomorphic (Freitas & Lessa, 1984; Fernandes et al., 2009a). In
the south of the RS State, Freitas & Lessa (1984) described the restrict karyomorph 2n=46
surrounded by the Atlantic Ocean and wet lands, and isolated from the 2n=44 populations by the Séo
Goncalo Channel (Fig. 1), a water channel connecting the Patos and the Mirim Lagoons that arose
2,600 years ago (Jost et al., 1975). Likewise, on the western end of its geographical range, distinct
karyotypic populations of C. torquatus are apart by Ibicui River (Fig. 1). On its south bank, populations
have the common 2n=44 karyotype and there is no collared tuco-tucos on the north bank of Ibicui

River elsewhere, except the Itaqui population with 2n=40 (Fernandes et al., 2009a).
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Either on western end of the RS State, Gongalves & Freitas (2009) described the 2n=40 and the
2n=42 chromosomal variations in allopatry with 2n=44 populations, on the Alegrete municipality, which
was characterized as a high karyotypic polymorphism in a narrow range for C. torquatus. Despite this
study had demonstrated the occurrence of chromosomic distinct forms without apparent geographic
barrier, the peripheral karyotypic variations associated with great rivers for C. torquatus uncover an
inviting phylogeographic scenery to test the RBH.

Interestingly, the common 2n=44 karyotype was observed in four populations along both sides of
Vacacai and Jacui Rivers (Fig. 1), two of the greatest and oldest rivers crossing the range of the
collared tuco-tuco (Fernandes et al., 2009a). Widely distributed along Vacacai-Jacui extension (from
headwater to mouth) and without karyotypic variation, C. torquatus meet the requirements to test the
strength of these rivers as barrier.

Given the broad knowledge about geographic distribution and cytogenetic status of C. torquatus,
it is important the assessment of its phylogeography with special concerning on the role of those rivers
supra-cited. Therefore, the objectives of the present work are: (1) to describe the phylogeographic
patterns of the collared tuco-tuco C. torquatus; (2) evaluate the strength of the river as barrier
(headwater-outfall) using the Vacacai-Jacui Rivers as model, as there is no karyotypic polymorphism;
and (3) attempt to identify which of the three hypothesis for the riverine divergence could explain the

events of chromosomic divergence around the Ibicui River and Sdo Gong¢alo Channel.

MATERIAL AND METHODS

Study area

The southern half of RS State and adjacent areas of Uruguay and Argentina make up the
Pampean province, one of the biggest warm grassland areas in the world. Within its vast and
diversified landscape, elements from different origins influence each ecoregion (Cabrera & Willink,
1980). The Uruguayan portion contains a mosaic of savanas, gallery forests, palm savanas and
outcropings of submontane forests which differs physionomically form the Argentinean pampas and
show close affinities with either the Chaco and Paranaense provinces as well as punctual elements

from the Cerrado in Brazil (Grela, 2004).
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All collared tuco-tuco specimens in Brazil were collected in the lowlands of the southernmost
region of RS State characterized by subtropical grassland, named Pampa biome (IBGE, 2004).
Specimens in Uruguay inhabited the Uruguayan savanna ecoregion that extends from the extreme
southern part of the RS State to the entire country of Uruguay (Dinerstein et al., 1995). This grassland
biome of southernmost Brazil and Uruguay is strongly influenced by human activity. Transformations
of the landscape by agriculture and pasture have markedly changed the original vegetation (Behling,

2002).

Sample collection and cytogenetics

The specimens of C. torquatus were collected in 33 localities, all around southern, central and
western of the Rio Grande do Sul State, Brazil, besides collection sites sampled for previous studies
(Appendix S1 in Supporting Information). DNA samples of two Uruguayan sites were kindly provided
by Enrique Lessa and the revision of the collection from the Museo Nacional de Historia Natural
(MNHN), Montevideo, Uruguay, was also relevant to improve our knowledge. Henceforth we will refer
to abbreviations of the sample localities, see Appendix S1 for full names.

Sampling was intensified around Ibicui River and S&o Gongalo Channel. The Jacui was chosen
to test the strength of the river as barrier due the karyotypic monomorphism of populations around it,
counteracting a likely chromosomic effect. For this purpose, we looked for additional populations along
the river, from the headwater to the outfall. As the Jacui River headwater, on the Brazilian Meridional
Plateau, is out of the C. torquatus range (Fig. 1), its main tributary, the Vacacai River, was included in
the model. We collected two headwaters sites at Sao Gabriel municipality (SG1 and SG2), where the
stream is less than ten meters large (Fig. 1). On the basis of the two middle course sites of the
Vacacai (SM1) and Jacui (CS1) Rivers previously known (Fernandes et al., 2009a), we look for
another two middle course points on the opposite bank for each one of them. At SM1 locality, the
Vacacai River is roughly 80 meters large and we called it the upper-middle site. After soundly look for
another upper-middle site on the opposite bank of the SM1, we were not able to find it. We noted that
the right bank of the Vacacai river has not a sandy soil suitable for tuco-tucos burrowing, and we just
found another site at the left bank (SM2, see Fig. 1). SM2 is about 20 km apart from the SM1 locality
and, although both are at the left bank of the Vacacai River, they are on opposite sides of a tributary of

the Vacacai and then they were also analyzed. At CS1 locality, the Jacui River is roughly 180 meters
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large, so we call it the low-middle site of the Vacacai-Jacui system. We sampled the localities CS2
and CS3 on the south bank of the Jacui River, completing the low-middle site. The GC, ML1 and BU
localities previously described (see Appendix S1 for references) make up the outfall site of the Jacui
River, where the stream has a width about 300 meters and we also added the ML2 locality to this
outfall site (Fig. 1).

The rodents were caught alive through an Oneida Victor n° O traps with a rubber cover,
anaesthetized, measured and a little piece of theirs ear were cut off and stored in absolute ethanol
alcohol. At least three individuals of each new locality were killed to obtain karyotypes and specimen
vouchers. The femur marrows were obtained for cytogenetic analysis, following Ford & Hamerton
(1956). The tissues, skulls and skins were deposited in the Mammalian Collection of the
Departamento de Genética, Universidade Federal do Rio Grande do Sul, Brazil. All work with the
animals was done with the permission of Sisbio-IBAMA (the official Brazilian environment protection
agency) and following guidelines approved by the American Society of Mammalogists (Sikes et al.,

2011).

Molecular methods

The total DNA was extracted following Medrano et al., (1990). For the phylogeographic analysis,
two fragments of the mitochondrial DNA (mtDNA) were amplified through polymerase chain reaction
(PCR) for 294 specimens of C. torquatus: the hyper variable sequence 1 (HVS) from control region
(primers TucoPro, Tomasco & Lessa, 2007; and TDKD, Kocher et al., 1989) and the cytochrome ¢
oxidase | gene (COI) (primers LCO-1490 and HCO-2198, Folmer et al., 1994).

PCR amplifications were carried out in a reaction volume of 20 ul containing 20-80 ng of DNA, 0.2
UM of each primer, 0.2 mM dNTP, 1x PCR buffer, 4 mM MgCl, for HYS1 and 2.5 mM for COl and 1.0
unit of Taq DNA polymerase (Invitrogen). Cycling consist of 94°C for 1 min, followed by 35 cycles of
30s at 94°C, annealing (30s at 48°C for HVS and 1 min at 50°C for COI), 1 min at 72°C and a final
extension at 72°C for 5 min. Sample size per population ranges from two to 15 individuals (see
Appendix S1).

In order to infer substitution rates for estimate times of divergence and historical demography
(see below), the complete cytochrome b gene (cyt b) sequence was obtained for 16 samples of C.

torquatus and others tuco-tuco species included on these analyses as well as sequences got from
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Genbank (Appendix S2 and S3). Two partially overlapping fragments of the cyt b were amplified using
pairs primers MVZ05 — Tuco06 and TucoO7 — Tucol4 following Lessa and Cook (1998). PCR
products were checked on agarose gel stained with ethidium bromide, purified using Exonuclease |
and Shrimp Alkaline Phosphatase (GE Healthcare) performed following the guidelines of the suppliers
and sent for sequencing at Macrogen Inc. (Korea).

To improve evaluation of the RBH, we carried out fine spatial scale analyses using microsatellite
loci for samples of populations around the Jacui River, the Ibicui River and the Sdo Gongalo Channel
(n=254, see populations on Appendix S1). We surveyed 22 microsatellite loci isolated from the
Argentinean species C. haigi (Hai2, Hai 3, Hai4, Hai5, Hai6, Hai9, Hai10 and Hail2 — Lacey et al.,
1999), C. sociabilis (Socl, Soc2, Soc3, Soc4, Soc5 and Soc6 — Lacey, 2001) and from the own C.
torquatus (Torl, Tor2, Tor4, Tor5, Tor6, Tor7, Tor8 and Tor9 — Roratto et al., 2011). The polymerase
chain reaction amplifications were carried out in a volume of 20l following procedures of Wlasiuk et
al., (2003) for Hai and Soc loci and Roratto et al., (2011) for Tor loci. All forward primers were stained
with HEX or FAM fluorescence. PCR products were sent for genotyping at Macrogen Inc. (Korea) with

the GeneScan 400HD ROX size standard (Applied Biosystems).

Mitochondrial DNA data analysis

Sequence electropherograms of the mitochondrial DNA (mtDNA) were visually inspected using
Chromas 2.33 (Technelysium Pty Ltd), aligned and edited by eye using the Clustal W algorithm
implemented in Mega 5.0 (Tamura et al., 2011). All analyses described bellow were performed for
HVS and COI sequence data separately and for both concatenated (COI+HVS).

The software DNASP 5.0 (Librado & Rozas, 2009) was used to define haplotypes (H) as well as
to estimate nucleotide (11) and haplotype diversity (Hh) following Nei (1987). A median-joining network
(Bandelt et al., 1999) was computed in the Network 4.6.0.0 program (http://www.fluxux-
engineering.com). The program ARLEQUIN 3.11 (Excoffier & Schneider, 2005) was used to infer
departures from neutrality through Tajima’s D (Tajima, 1989) and Fu'’s Fs (Fu, 1997) statistics. The
software DNASP 5.0 was also used to detect occurrence of past events of population expansion or
decline, employing mismatch distribution analysis (Rogers and Harpending, 1992).

Spatial autocorrelation analysis was performed using the program Alleles in Space (Miller, 2005).

Geographic distances are calculated between pair of individuals on the basis of its geographic
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coordinate. The program uses an uncorrected proportional distance (p-distance) for DNA sequences
and, for codominant markers as microsatellites, a genetic distance measure applied to pairs of
individuals, identical to that used by Nei et al., (1983) for population frequency data. The measure of
autocorrelation used for analysis is quantified as the average genetic distance between pairs of
individuals (Ay) that fell into distance class (y). Five to ten distance classes were applied and 5000
random replicates were used to identify distance classes where average genetic distances were
significantly larger or smaller than random expectations.

An analysis of molecular variance (AMOVA) was implemented to estimates the partitioning of
genetic variation and to test whether geographic distances or distinct karyotypes provides a good
explanation for the genetic divergence observed in C. torquatus. By this reason, two analysis were
performed: (1) five geographical groups (South, East, Central, Frontier and West — see Fig. 1) — taking
into account the geographic distribution of the localities; and (2) four karyotypic groups (2n=40, 42, 44
and 46 — see Fig. 1) — considering localities according to theirs karyotype. Besides, separated
AMOVAs were also performed for data sets of localities grouped by banks of each river, which is the
same as groups of distinct karyotypes for Ibicui River and Sdo Goncgalo Channel (AMOVA [; see
Appendix S4). The effect of different geological barriers of the coastal plain formation was also tested
with populations of the Sdo Gonc¢alo Channel (AMOVA IlI; Appendix S4) considering that localities
RG2, TA1 and TA2 inhabit the IV barrier formed by the last Holocenic marine transgression (Villwock
& Tomagzelli, 1995). Localities along the Vacacai-Jacui Rivers were grouped in several ways to test
the influence of the river on differentiation: (1) groups along the river; (ll) localities on both banks of the
Jacui River; (1) localities on both banks of the low-middle site; (IV): localities on both banks of the
outfall site (Appendix S4). AMOVA and Fsy statistics for pairwise genetic differentiation between
localities were computed using ARLEQUIN with 10000 random permutations to test the values for

significance.

Molecular clock analysis and Phylogeny

Time estimates and calibration of molecular clock is often a hard task due the scarcity and
uncertainty of the fossil records for some taxa. As an approximation, we firstly estimate a substitution
rate for the cyt b gene of ctenomyids due large number of sequences for Ctenomys and other

Caviomorpha species available on Genbank that comprise the usable calibration points from data
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fossil. We use a total of 69 sequences, including representatives of the Caviomorpha families and one
sample of the infraorder Phiomorpha (Thryonomys swinderianus) that was used as outgroup for
Caviomorpha (Appendix S2). Three different calibration points were defined: the Caviomorpha
radiation (Wyss et al, 1993), the Ctenomyidae-Octodontidae divergence (Quintana, 1994; Vucetich et
al., 1999; Verzi, 2002) and the most recent common ancestor for Ctenomys at 3.5 mya (Verzi, 2008;
Verzi et al, 2010). Detailed information of priors is given in Table 1. The Bayesian Inference used
through program BEAST 1.6.1 (Drummond & Rambaut 2007) co-estimate divergence time and
phylogenetic relationships. We used the Yule process, SRDO06 substitution model (Shapiro et al.,
2006) and the relaxed molecular clock (uncorrelated lognormal). Afterward, the same phylogeny was
constructed adding 18 cyt b haplotypes of C. torquatus (Appendix S2), in order to estimate the time to
most recent common ancestor (tMRCA) of this species.

Then the substitution rate for HVS and COI segments were estimated relative to the previously
calculated rate for cyt b, which was employed as a normal prior, in a partitioned analysis using 38
specimens of Ctenomys that have sequences for the three DNA fragments, as discriminated on
Appendix S3. We ran the analyses using the Yule prior, a relaxed molecular clock model, with
uncorrelated rates, the Hasegawa-Kishino-Yano model (HKY) with a proportion of invariable sites (I)
and the correction gamma value (G) for the HVS and the Tamura-Nei model (TrN) + () for the COI
sequences, both selected by the Akaike Information Criterion (AIC) implemented in Modeltest version
3.7 (Posada and Candrall 1998).

Finally, we characterized past changes in the effective population size of C. torquatus testing the
Bayesian skyline (Drummond et al., 2005) and skyride plots (Minin et al., 2008), both implemented in
the software BEAST. These methods use a MCMC sampling procedure to obtain estimates of the
posterior distribution of the effective population size through time. The skyline method employ a piece-
wise constant model that allow abrupt changes between successive intervals, making it possible to
recover sudden population demographic changes. On the other hand, the skyride plot uses a
smoothing prior (the Gaussian Markov random field) that penalize effective population size changes
between consecutive coalescent intervals, taking into account the length of the intervals (Ho and
Shapiro, 2011). We used concatenate HVS and COI sequences for the whole 294 specimens, as well

as for the South haplotype groups (with karyotype 2n = 46) separately. We ran these analyses with a
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strict molecular clock, using the rates for COI and HVS estimated by us, drawn from a normal
distribution for the mean-rate prior.

All BEAST analyses were performed in two independent runs of 30 million iterations sampling
each 1,000 chains and the first 10% iterations were discarded as burn-in. We use the computational
resources of Bioportal from University of Oslo (https://www.bioportal.uio.no). The program TRACER
1.5 (http://tree.bio.ed.ac.uk/software/tracer/) was used to analyze the parameter distributions
estimated from BEAST and check for convergence of the chains, taking into account that all ESS
values be greater than 200. TRACER was also used for the skyline and skyride reconstructions. Runs
were summarized in TreeAnnotator 1.5.4 (Drummond & Rambaut 2007) and the inferred tree

visualized in FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

Microsatellite data analysis

To determine the allele’s size, electropherograms were imaged using the Peak scanner software
(Applied Biosystems). The data set generated was submitted to software CONVERT (Glaubitz, 2004)
to obtain input files for other analyses. The program MICROCHECKER 2.2.0 (Van Oosterhout et al.,
2004) was used to detect null alleles, any genotyping errors (including typing mistakes) and large
allele dropout. Genetic diversity measures, as well as deviations from Hardy—Weinberg equilibrium
(HWE) and inbreeding coefficient (F,s) for each sampling site and tests for linkage disequilibrium (LD)
across all pairs of loci were conducted using ARLEQUIN, with a strict Bonferroni correction applied for
multiple comparisons (Rice, 1989).

Population differentiation was assessed with pair-wise Fst (Weir & Cockerham, 1984) between
sampling sites. We also spatial autocorrelation analysis as described for mtDNA. Analyses of
molecular variance (AMOVA) were first computed for all microsatellite data set without a priori groups
and including the individual level (F7), and then separately for sets of localities around the Ibicui River,

the Sdo Gongalo Channel and the Jacui River as described for the mtDNA data (Appendix S4).

Population structure
An interpolation-based graphical method was implemented to represent the genetic distance
patterns across the landscape using the program Alleles in Space. This analysis provides a visual

perspective of the spatial distribution of genetic structure over landscapes, with peaks in areas where
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genetic distances between individuals are high, and valleys where genetic distances between
individuals are low (Miller et al., 2006). Georeferenced coordinates (Universal Transverse Mercator
system) were provided for each individual and the genetic distances were the same used in spatial
autocorrelation analysis described previously for microsatellite data and COI+HVS sequences. We
tested different grid size and distance weighting parameters which did not affect landscape shape, and
then we use a 50 x 100 grid and a distance weighting parameter of 0.25.

We also perform cluster analysis of microsatellite genotypes using the programs STRUCTURE
2.3.2 (Pritchard et al., 2000, http://pritch.bsd.uchicago.edu/structure.html) and GENELAND 3.3 (Guillot
et al., 2005). STRUCTURE uses an iterative approach to cluster microsatellite genotypes into K
populations without using the geographic locations of individuals, in a way that maximizes the Hardy—
Weinberg equilibrium and the linkage equilibrium within the resulting clusters. We ran ten independent
runs for each K, using 1 x 10° MCMC iterations, a burn-in of 5 x 10°, the independent allele
frequencies model and assuming admixture. Considering the data set of 21 localities (see Appendix
S1), analysis were performed with values for K range from 1 — 30. The optimal K was determined
based on the Pritchard et al., (2000) methodology, considering the highest mean value of estimated
logarithm of probability of the data [LnPr(X/K)], and the lowest standard deviation (SD) among the
independent runs for each K. The graphical display of the STRUCTURE results was generated
using DISTRUCT software (Rosenberg, 2004). GENELAND has the same assumptions of
STRUCTURE, but it incorporates the spatial coordinates of specimens as it takes into account the fact
that differentiated populations tend to be structured in spatially distinct areas. We first infer K (ranging
from 1-30) performing five independent runs of 1 x 10° iterations saved at every 100, uncorrelated
allele frequencies and the uncertainty attached to spatial coordinates fixed to 500 m (taking into
account the low vagility of tuco-tucos and the spatial scale of the burrow systems). We then infer the
assignment of individuals for the k fixed previously in a new round of five runs and the same
parameters above. The posterior probability of population membership for each pixel of the spatial
domain was computed for each run using a burn-in of 1000 iterations and following the manual

recommendations (http://www2.imm.dtu.dk/~gigu/Geneland/Geneland-Doc.pdf).
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RESULTS

Geographic distribution and karyotypes

The distributional limits of C. torquatus enclose localities in the eastern, central, western and
southern of Rio Grande do Sul State, in southern Brazil, and in western and northern Uruguay. Most of
the Brazilian populations of C. torquatus occur in open areas along the Depressao Central region (low
lands between the Brazilian Meridional Plateau and the Escudo Sul-Riograndense, Fig. 1) and
Planalto da Campanha, southwest of the RS State. The northernmost registered locality of occurrence
for C. torquatus is at Candelaria Municipality, in the Depresséo Central region border, where a skull
was collected in 1969 by A. Ximenez, and deposited at MUNHINA, in Uruguay. We did not find
records of tuco-tuco in the Brazilian Meridional and the Escudo Sul-Riograndense Plateaus (Fig. 1).

The revision of the MUNHINA mammals’ collection in Uruguay corroborated the occurrence of C.
torquatus in areas of savanna in northern Uruguay (Langguth & Abella, 1970; Kiblisky et al., 1977;
Freitas & Lessa, 1984; Novello et al., 1990; Novello et al., 1996; Villar, et al., 2005; Villar & Novello,
2006). Populations of C. torquatus occur in almost all the Departments from the northern and western
of Uruguay: Cerro Largo, Rivera, Tacuarembd, Salto, Paysandu and Rio Negro (Fig. 1).

New populations found beyond south bank of S&o Gongalo Channel and north bank of Ibicui
River showed 2n=46 and 40, respectively (Fig. 1, Appendix S1). All other populations have the most

common Karyotype 2n=44.

Phylogeographic structure and historical biogeography

We obtained 636 bp for the COI and 376 bp for HVS sequences that concatenated (1012 bp)
draw up 40 haplotypes defined by 48 variable positions (GenBank Accession in Appendix S5) in a
sample of 294 individuals. Haplotype diversity values were moderate to high, whereas nucleotide
diversity values were low (Table 2), indicating that this species is comprised of a relatively high
number of closely related haplotypes (diversity index for all localities are given on Appendix S1).
Despite COIl and HVS separately show less haplotypes than the concatenate data COI+HVS, the
general patterns were concordant. Then we will present and comment only the COI+HVS haplotype

network (Fig. 2 and Appendix S5).
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Few haplotypes were shared between several populations. There was a high number of unique
haplotypes that differed in one or very few nucleotide changes from the central and widespread H12
haplotype. This haplotype was represented since ML1 and BU localities on the east, SM1 on the
central region, RO on the west of the Rio Grande do Sul state, till Rio Negro on west of Uruguay (Figs.
1 & 2). Likewise, the haplotype (H10) of eastern samples (GC, BU, ML2) is also present in the
southern population (CA) and diverge in one mutation from the H29 of QU, on the west. These central
and widespread haplotypes H10 and H12 were found mainly in the Depresséo Central region of the
RS State. Two haplotype groups are slightly detached: the southern populations (H1-H9 and H11) and
the western populations (H33-H37). The widespread haplotypes H10 and H12 were absent in those
regions.

The Tajima’s D neutrality test was significant only for COl sequences, but the more sensitive Fu’s
FS test resulted in negative and significant values for the three dataset (Table 2). Additionally,
evidence of a recent history of population expansion comes from the analysis of mismatch distribution
that showed a typical unimodal distribution under the exponential population expansion model (Table
2; Appendix S6).

The spatial autocorrelation analysis demonstrated a spatial phylogeographic structure in C.
torquatus occurring until the order of approximately 200 km for all distance classes tested (Fig. 3), for
both microsatellite loci and mtDNA concatenate data. Despite the concordance of the geographic
distance threshold for both molecular markers, the mitochondrial data set yielded higher Ay value
(0.92) than microsatellite loci (0.65).

In the two AMOVA tests performed, the highest percentages of genetic variation were found
among localities within groups (around 50%), but there were also a great percentage of variation
among the proposed groups, specially the geographic groups (Table 3). The low variation was always
found within populations as a result of the high number of localities with one or few exclusive
haplotypes. The low haplotype sharing among localities is also evident by the high and significant Fst
values. The Fsr pairwise estimates ranging from -0.3 to 1.00, but the lowest values were between
next localities and those ones that were not statistically significant refer mainly for comparisons of
localities with N < 6 individuals (Appendix S7).

The Bayesian tree of cyt b demonstrated a pattern among tuco-tucos species in accordance with

the recent phylogeny proposed by Parada et al., (2011) and shows the torquatus group species as a
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monophyletic clade (Appendix S8). Results of molecular clock analysis revealed a mean rate of
0.0208 substitutions/site/Myr (standard deviation 0.000067) for the cyt b gene. The Effective Sample
Size (ESS) values were >200 for all parameter estimates. A second bayesian phylogenetic analysis
was performed, including the cyt b haplotypes obtained for C. torquatus (Appendix S2), in order to
estimate the tMRCA of this species (see detail in Appendix S8), that was around 515000 yr before the
present (BP) (95%IC 275000 - 800000).

On the basis of the substitution rate estimated for cyt b, we co-estimated the substitution rates of
0.0198 (standard deviation 0.000033) and 0.0331 (standard deviation 0.000086) substitutions/site/Myr
for the COI gene and HVS1 control region, respectively.

For the whole C. torquatus sample (N = 294) concatenate COI+HVS data, we did not obtain
reliable Bayesian skyline plot results. Using the default number of intervals (parameter m = 10), the
MCMC chains did not stabilize and several parameters showed ESS values below 200 and even 100.
Tests with higher numbers of intervals (m = 12, 15 and 17) were worst and as the m values were
lowering (m =7, 5, 3 and 2), less parameters had bad ESS values, but the MCMC chains did not
stabilize even after very long runs. Although unreliable results, the Bayesian skyline reconstruction
showed a demographic population jump about 75000 yr BP and the estimated tMRCA for C. torquatus
dating from around 150000 yr BP (95%IC 66600 - 255400). These time estimatives
(treeModel.rooHeight statistic) showed good ESS values, convergent chains and recurrent values over
distinct runs.

The Bayesian skyride plot shows an ongoing population expansion for C. torquatus during the
last 25000 yr BP (Fig. 4a). For this analysis, MCMC chains stabilized and the ESS values were higher
than 200 for all parameters, except the treelikelihood. The tMRCA of the collared tuco-tuco was oddly
recent, dating from 24700 yr BP (95%IC 14700 - 36600) in comparison with the cyt b phylogeny and
skyline plot estimatives approximately in the Late Pleistocene (Fig. 4, Appendix S8).

As there were no detached haplotype groups, we performed the demographic analysis for the
whole data set, and for the south localities (RG1, RG2, TA1 and TA2) that has the 2n=46 karyotype
and occupy a geologically recent formed region. Results quality for skyline plot was better than those
for the whole data set. For these 2n=46 population’s data set, again both analysis estimated very
different tMRCA. Whilst the tMRCA was around 15000 yr BP (95%IC 3300 - 29000) for the Bayesian

skyride plot (Fig. 4b), it was about 40000 yr BP (95%IC 5000 - 95000) for the skyline reconstruction
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(Fig. 4c). Nevertheless, both plots showed a stressed demographic growth in the last 5000 yr for the

southernmost localities with 2n=46 karyotype of the collared tuco-tuco.

Microsatellite data analysis

Number of alleles per sampling site (and clusters), observed heterozygosity, deviations from
Hardy-Weinberg equilibrium, linkage disequilibrium and Fs values are presented in Appendix S1.
None locus was presumed to have null alleles or genotyping errors. After Bonferroni correction, four
loci showed isolated situations of departures from Hardy-Weinberg equilibrium for different localities.
All these deviations were caused by deficiency of heterozygotes, except locus Hai3 for TA1. Only four
sample collections present between one and three different pairwise loci with linkage disequilibrium,
even after the correction for multiple tests. The Fs index was positive and significant for localities
RG1, CS2 and GC, suggesting a deficiency of heterozygotes (Appendix S1).

Pairwise Fst comparisons showed high and significant differentiation among all pairs of localities,
except for comparisons involving ML1, which has few individuals (N = 4). The lowest comparison (Fst
= 0.10) was for UR1 and UR?2 localities and the greater was Fst = 0.74 between CS1 and TA2, distant
one another over 280 km (Appendix S7). High population differentiation was also achieved using
AMOVA. Considering all localities without groups, 47.09% of variation was a result of among-localities
differences (Fst = 0.47, P<0.0001). Only 3.67% of the variation was among individuals within localities
(Fis = 0.07, P < 0.0001) and the higher percentage of variation (49.24%, F = 0.50, P<0.0001) was at
individual level.

The estimated number of clusters for STRUCTURE and GENELAND programs was k=14 (Fig. 5).
For STRUCTURE, the mean logarithm of posterior probability increased until k=14 and reached a
plateau (Fig. 5b). In the first run, GENELAND results strongly supported the existence of 14 clusters
(Fig. 5¢). Further analyses using a fixed K of 14 were checked for consistency of results. The 14

inferred clusters corresponded to the cluster assignment obtained with STRUCTURE (Fig. 5a).

Sao Gongalo Channel
The six local of sampling around S&o Gongalo Channel formed four separated clusters for both
STRUCTURE and GENELAND approaches. Localities PE1 and PE2, as well as TAl1 and TA2

become clustered and were denominated cPE and cTA, respectively (Fig. 5a).
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The Fst values for microsatellite data were highly significant among all comparisons and the
lowest value was Fst = 0.15 for PE1-PE2. The Fst values for COI+HVS data were even higher and
significant among all comparisons, except pairs PE1-PE2 and TA1-TA2, both localities pairs that
shared haplotypes (Table 4 and Fig. 2).

AMOVA considering groups according to river banks (PE1,PE2 x RG1,RG2,TAL1,TA2) that is the
same as different Karyotypes (2n = 44 x 2n = 46), showed low percentage and non significant Fcr
value for variation among the suggested group, for both mitochondrial and microsatellite data
(Appendix S4).

The genetic landscape shape (GLS) interpolation analyses were roughly congruent for the spatial
distribution of COI+HVS haplotypes (Fig. 6a) and microsatellite genotypes (Fig. 6b). The lowest
genetic distances were observed between TA1-TA2 and PE1-PE2 localities pairs, and the highest
divergence peaks were for pairwise comparisons involving locality RG2. The detached peaks among
(PE1, PE2), RG1, RG2 and (TA1, TA2) agree with cluster analysis. The divergence peak between
PE2 and RG1, which correspond to the S&do Gongalo Channel, was less pronounced for mtDNA than

microsatellite GLS.

Ibicui River

The Bayesian analysis using STRUCTURE and GENELAND identified the presence of three
clusters for sampled sites around the Ibicui River. The three clusters represented localities IT1, T2
and (UR1 + UR2), so called cUR (Fig. 5a). The haplotype H33 was shared among localities UR1, UR2
and IT1. The northernmost locality IT2 show an exclusive and divergent haplotype H37 (Fig. 2).

The Fst values for microsatellite data were highly significant among all comparisons and the
lowest value was Fst = 0.10 for UR1-UR2. The Fst values for COI+HVS data were high and significant
for all comparisons involving locality IT2 (Table 4). We also performed Fst pairwise considering UR1
and UR2 as one locality (cUR) and the result were congruent for both molecular markers (see grey
cells on Table 4).

AMOVA considering groups according to river banks and karyotypes (IT1, IT2 x UR1, UR2), that
is the same as different Karyotypes (2n = 40 x 2n = 44), showed low percentage and non significant
Fcr value for variation among the suggested group, for both mitochondrial and microsatellite data

(Appendix S4).
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The genetic landscape results show that the lowest pairwise genetic distances for Ibicui localities
were found between UR1-UR2 for the microsatellite GLS, which also showed the higher pairwise
genetic distances between IT1 and UR1 localities that coincide with the presence of the Ibicui River
(Fig. 6d). The GLS for mtDNA showed high genetic divergence peaks between all site pairs, mainly for

IT1-IT2 (Fig. 6¢), which should be due the divergent H37 on IT2.

Jacui River

STRUCTURE and GENELAND programs inferred the presence of 7 clusters for the 11 localities
along the Vacacai and Jacui Rivers (Fig. 5a). These clusters correspond to four sampled sites SM1,
SM2, CS1 and GC, and three localities groups: ¢SG (localities SG1 and SG2), cCS (CS2 and CS3)
and cBU (BU, ML1 and ML2). These clustered localities represent the headwater points (cSG) and
sampled sites on the same bank of the low-middle (cCS) and outfall points (cBU; Fig. 1).

The Fst values for microsatellite data were highly significant (Table 5), except for comparisons
involving the locality ML1, which has few individuals (N = 4). The lowest values were Fsr = 0.13 for
SG1-SG2 (the headwater sites) and Fst = 0.18 for CS2-CS3 localities. The differentiation between
localities of opposite river banks on the Jacui outfall, CG and cBU (Fst = 0.28), was moderate in
comparison with localities of the low-middle river CS1 and cCS (Fst = 0.47). The same was noted for
the mtDNA data Fst (Table 5).

There was sharing of the haplotypes between the localities of the same bank river CS2 and CS3
(H17) and BU, ML1 and ML2 (H10, H12 and H14). However, there were also haplotype sharing
between localities of opposite river banks: the H26 on headwater sites (SG1 and SG2) and the H10 on
the outfall sites GC, BU and ML2 (Fig. 2). The Fst values for COI+HVS data were high and significant
for all comparisons, except for locality ML1 and pairs of sites that shared haplotypes (Table 5, Fig. 2).
Headwater sites shared the haplotype H26, but some individuals of SG2 had the differentiated H27.
The complete list of individuals from each site and their respective haplotypes is given in Appendix S5.

The only AMOVA grouping that showed significant F-statistic, for both microsatellite and
COI+HVS data, was for localities along the river (AMOVA group |, Appendix S4), where the presence
of the river was not considered as the factor of segregation, but the distances among the sampled
sites on headwater (SG1, SG2), upper-middle (SM1, SM2), low middle (CS1, CS2, CS3) and outfall

GC, BU, ML1, ML2). Despite non significant Fct value, the 100% percentage of variation amon
p g p g g
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groups (CS1) and (CS2, CS3) for mtDNA is evident by the fact that each group has fixed a different
haplotype of COI+HVS (Fig. 2). Although non significant, microsatellite data AMOVA results for
groups Il and 1V showed higher percentage of variation between banks of the low-middle (ll) than the
outfall river site (IV, Appendix S4) in agreement with Fst values (Table 5).

The mtDNA and microsatellite GLS graphs detached a high differentiation of the outfall localities
GC, BU, ML1 and ML2 from the others in general. There are peaks of divergence between all pairs of
localities on opposite banks of the river, except for headwater (SG1, SG2) localities (Fig. 7). For
microsatellite data, the divergence between CS1 and (CS2, CS3) localities on the low-middle Jacui

site was higher than the divergence between GC and (BU, ML1, ML2) sites on the outfall (Fig. 7b).

DISCUSSION

Geographic boundaries and interespecific relationships

Several factors affect a species’ geographical distribution. The suitable conditions may exist in
many regions, but other biological and historical realities typically prevent a species from existing
throughout its full potential geographical distribution (Anderson et al., 2002). Geographic factors,
vegetation structure and soils type has often acted to restrict a species’ distribution and also play an
important role on the populations’ ongoing and fragmentation, particularly in relation to tuco-tucos
(Busch et al., 2000; Lizarralde et al., 2001; Mirol et al., 2010; Mora et al., 2010).

The wide geographic distribution of C. torquatus has been reported previously (Freitas 1995,
2006; Fernandes et al., 2007; Fernandes et al., 2009a). The Brazilian Meridional Plateau, located at
the north and northeast of RS State, has Campos de altitude (high elevation grasslands), at
elevations above 1600 meters (Behling, 2002), but its hard soils must be a geographic barrier for the
occurrence of collared tuco-tuco. Though tuco-tucos can occur at altitudes up to 5000 meters
(Contreras & Bidau, 1999), Barlow (1969) suggested that C. torquatus prefers sandy, rock-free soils
in very dry areas, and occurs at low (0—200 m) elevations. This information was corroborated in this
study since the exclusive habitat of C. torquatus populations along their distribution was composed of
sand fields with less than 200 meters of altitude. The lowlands on northwest of the Rio Grande do Sul
State were also searched out but any record of tuco-tucos were found (Fig. 1), except a new species

on the Manoel Viana municipality (Freitas et al., in prep).
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The most important barrier on eastern is the Escudo Sul-Riograndense, where none C. torquatus
was found (Fig. 1). The lack of records could be due the higher altitudes and also the geomorphologic
source in this region, where 91% (40.000/44.000 Km2) are covered by granite soil (Rambo, 2000).
Moreover, the coastal system of lagoons partially may have limited the areas of occurrence of C.
torquatus, except for RGs and TAs localities beyond the S&do Gongalo Channel, as discussed below.

The western distribution is limited by the Uruguay River, one of the most important and abundant
rivers in South America, that probably arose during the Pliocene (Souza et al., 2005) and depart the
collared tuco-tuco from the Corrientes species of the Argentinean side. Despite karyotypic similarities
(Ortells et al., 1990) between C. sp. from Corrientes and C. torquatus, Fernandes et al., (2009a)
showed that they are clearly phylogenetically different. The same was demonstrated in the cyt b
phylogeny of the present work (Appendix S8) in relation to C. sp. from Contreras Cué and Tacuarita
(2n = 42, Mirol et al., 2010), which are not phylogenetically related with the 2n = 42 from Catimbau (C.
tor CAT in the Appendix S8, and see Goncalves & Freitas, 2009).

The Uruguayan species C. pearsoni occurs at the southern boundary of C. torquatus distribution
and have been phylogenetically related to them (D’Elia et al., 1999; Castillo et al., 2005). Remarkable
differences between skulls’ size and shape of C. torquatus and C. pearsoni were showed in a
morphometric geometric study (Fernandes et al., 2009b) and two putative barriers must be pointed
between both species in Uruguay: Cuchilla Grande and Rio Negro River (Fig. 1). Considering the
recent expansion evidences found for the collared tuco-tuco in the present study, with probable origin
on the central region of the RS State (as discussed below), those geographic barriers should consist
of secondary contact between C. torquatus and C. pearsoni, but only more studies and a detailed
sampling could provide the exact species delimitation, and the evolutionary and phylogeographic
process involved in that scenario. Furthermore, Garcia et al., (2000b) pointed out the cytogenetic
similarity between C. pearsoni and C. dorbignyi from Corrientes — Argentina; C. pearsoni was more
related with Corrientes species in the Parada et al., (2011) work, and it is closely related with C.
dorbignyi from Sarandicito in the present study (Appendix S8), which is the southernmost locality of
the Corrientes’ tuco-tucos (see Fig. 1 in Mirol et al., 2010).

For molecular clock analysis, the cyt b phylogenetic tree showed species assigned to torquatus
group as monophyletic including the new specie C. ibicuiensis (Appendix S8), and our estimatives for

the tMRCA of this group and the genus Ctenomys (Table 1) were more recent than those of Parada et
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al., (2011). It must be because we use the origin of Ctenomys as calibration point, besides the
Ctenomyidae-Octodontidae divergence. The prior tMRCA for Ctenomys had median age at 5 my (3.3 -
7.5) because fossil records of tuco-tucos supports the minimum age of 3.5 myr for the genus, but do
not allow estimate its origin (Verzi et al., 2010). Fernandéz (2006) also used the origin of Ctenomys,
among others, as calibration point and found the molecular rate 0.019 substitution/site/my very similar
of that we obtained, but theirs estimative for the divergence time of Ctenomys was more recent (3.3
my ago). It is important to keep in mind that these estimatives of divergence time are approximations,
given that the rate was estimated only for the cyt b gene (COI and HVS rates were co-estimated from
cyt b), the calibration points were external to the genus Ctenomys and age estimates yield large

confidence intervals.

Phylogeography

The geomorphological history of the Pampa biome domains was very intense. It was covered by
the ocean during the Paleozoic era, bedspread by a desert along the Triassic, suffered by the
Terciario’s sea ingression, and finally originated similarly as it seems nowadays after the sea
regression in the Quaternary beginning (Rambo, 2000). From the early Quaternary to now this region
seems to be more stable and the regressive and transgressive sea levels had affected only the
geographic variations of populations, particularly tuco-tucos species, living on the coastal plain as C.
australis (Mora et al., 2006), C. pearsoni (Tomasco & Lessa, 2007), C. rionegrensis (Kittlein &
Gaggiotti, 2008), C. flamarioni (Fernandez-Stolz, 2006) and C. minutus (Lopes, 2011). Palynological
researches indicate that grasslands dominated in the Pampa region from the late Pleistocene, about
42,000-10,000 yr BP, including the end of the last maximum glacial (Overbeck et al., 2007 and
references therein).

The historical demographic reconstruction for C. torquatus (Fig. 4a) suggests that this species
would have recently expanded in its area of distribution. Expansion inference is also supported by the
significant negative values of the Fu’s FS neutrality test and by the unimodal mismatch distribution
graphs (Table 2 and Appendix S6). Despite the population growth emphasized on the skyride plot, the
time estimated for the common ancestor of the C. torquatus lineages are about a hundred thousand
years younger than the results of cyt b phylogeny and the Bayesian skyline plot. The Bayesian skyride

method shrinks genealogies sometimes. It is not a case of bug, but it is possible that such shrinkage
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occurs when the alignments do not have enough mutations, so the genealogical reconstruction falls
back a little too much on the coalescent prior (Vladimir Minin, personal communication). Then, the
skyride’s historical demography of expansion is trustworthy, but the tMRCA is not.

The cyt b phylogenetic analysis suggested a tMRCA for C. torquatus dating from the middle to
late Pleistocene. Although the Bayesian skyline plot did not result convergent chains, its estimative of
tMRCA was reliable and fit the 95% IC of the cyt b phylogeny. Such estimatives suggest an
occupation — and expansion — of the collared tuco-tuco in southern RS State and northern Uruguay
from the middle Pleistocene, which may be associated with a cold and dry climate during the last
glacial maximum, when grasslands dominated in these regions (Behling et al., 2005). Mapelli et al.
(2012) assigned the high population stability inferred for C. porteousi to these severe climatic
conditions for the middle and late Pleistocene, when Argentinean Pampean region was covered by
sand dunes and sparse vegetation, the ideal habitat demonstrated previously for this species (Mapelli
& Kittlein, 2009). Such kind of habitat would be so crucial for C. porteousi survival that the population
decrease during the Holocene could be related with reduction in the suitable habitat, mainly by higher
vegetal cover, due changes to a warm and humid climate (Mapelli et al., 2012).

Ctenomys torquatus lacks a study detailing its habitat specificities as that of C. porteousi (Mapelli
& Kittlein, 2009), but some evidences allow to imply that they are distinct. First, all sites where C.
torquatus were collected are thickly covered by grass, whereas the porteou’s tuco-tuco inhabits
preferentially less vegetated areas (Mapelli & Kittlein, 2009). Second, it seems that climatic conditions
during the last maximum glacial brought on a more intense reduction of the vegetation cover in central
Argentina (see references in Mapelli et al., 2012) than in the south Brazil and north Uruguay (Behling
et al., 2005). These grasslands where the collared tuco-tuco inhabits are still predominant nowadays;
the main change regards Holocenic moister and warmer conditions was expansion of gallery forests
(Behling et al., 2005) and C. torquatus did not show evidence of population reduction related with it,
differently of C. porteousi (Mapelli et al., 2012). Then, the climate during the last glacial maximum in
the Pampean region could be related to the population stability of C. porteousi in central-west Buenos
Aires province and to the expansion of C. torquatus throughout grasslands of the Brazil-Uruguay
frontier.

Recent population expansion has been documented for C. australis (Mora et al., 2006) and C.

flamarioni (Fernandez-Stolz, 2006) that occur in Quaternary coastal dune systems, i.e. young habitat
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available for occupation since last sea level fluctuations in the middle Holocene. On the other hand,
tuco-tuco species habiting inland more stable regions like C. pearsoni, C. talarum, C. minutus and C.
lami had showed demographic inferences of long time population stability (Mora et al., 2007; Tomasco
& Lessa, 2007; Lopes, 2011). Ctenomys torquatus exhibits a different situation because its
populations had recently expanded in a relatively stable area since early Pleistocene. Such grasslands
were not flooded during the Holocene marine transgressions, but may be likewise affected by the dry
climatic conditions during the last glacial maximum.

The spatial autocorrelation results showed that the genetic differentiation increase is related to
the geographic distance up to 135km for mtDNA and 200km for microsatellite data. Values of Ay did
not change linearly with geographic distances above it, which means that beyond this threshold further
differentiation is unrelated to physical distance for C. torquatus. The lower geographic threshold value
for mtDNA, corresponding to a higher genetic differentiation (Ay = 0.92) in comparison with
microsatellites (Ay = 0.65), should be due the matrilinear inheritance of this marker and the female
phylopatry common for tuco-tucos (Lacey, 2001; Cutrera et al., 2005; Fernandez-Stolz et al., 2007,
Lopes, 2011). These results are in agreement with spatial autocorrelation analysis using allozyme loci
in Thomomys (Patton and Smith, 1990) and mtDNA sequences in C. minutus and C. lami (Lopes,
2011).

Neigel et al., (1991) suggested that the most geographically widespread haplotypes should be the
ancestral, under a limited gene flow model. On the other hand, haplotypes restricted to single
locations should be of more recent origin. Following this line of reasoning, all peripheral areas of the
C. torquatus distribution that presented unique haplotypes should be recently colonized, and the area
that comprised the central-northeast distribution of C. torquatus at the Depresséo Central could be
ancestral, given that it harbors the most frequent mitochondrial haplotypes H10 and H12. The H12 is
present, but not exclusively, in the eastern localities BU and ML1, besides CS1, SM1 and in the
western localities RO and RN. The southern locality of CA provided another evidence of the central-
northeast origin of the species because, besides its unique H9, this site shares the H10 with
easternmost localities (Figs 1 & 2).

Uruguayan populations analyzed had different haplotype for the concatenate COI+HVS (Fig. 2).
The H38 haplotype from TC is more related with southern haplotypes (H1 to H11) whilst RN locality

shared the most common H12 haplotype with Brazilian localities besides its exclusive haplotypes H39
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and H40. These differences are also noticeable on the cyt b phylogeny (Appendix S8). The
morphometric geometric study of Fernandes et al., (2009b) detected intraspecific differences in skull
shape between C. torquatus 2n=44 populations from Brazil and Uruguay, even thought a clear
effective geographic barrier, or ecological differences, are absent between these countries. Detailed
studies in skulls differentiation must be employed to test if Cuchilla Haeda (between 200 and 500
meters of altitude, see Fig. 1) can be a putative barrier for the skulls’ differentiation between samples

from Brazil and Uruguay and also between eastern and western Uruguayan populations.

Rivers, peripheries and karyotypic polymorphisms

Since the expansion, subpopulations have differentiated essentially in isolation, under the
influence of genetic drift and mutation. Considering the central and northeast region as older and the
most common karyotype 2n = 44 as ancestral, peripheral karyotypic variations should be recent.
Hybrid zone was not found between distinct chromosomic forms of the collared tuco-tuco, even for the
Alegrete municipality where Gongalves & Freitas (2009) described three allopatric forms (2n = 40, 42
and 44) without any apparent geographic barrier. In spite of the habitat restriction (sandy soils), C.
torquatus occupy a geographic range nearly 600km from northeast to southwest. The recent process
of occupation on such broad area may not have allowed a contact between localities with different
karyotypes yet and it probably will be harder on the presence of a river detaching them (see below).

Genetic drift has been related as the main cause of chromosomic polymorphism fixation on
several tuco-tuco species, besides pelage color polymorphism for C. rionegrensis (Wlasiuk et al.,
2003) and C. torquatus (Goncgalves & Freitas, 2009). For all AMOVA tests with microsatellite data,
“within populations” level contained major percentage of variation (Appendix S4). The same was
observed for C. talarum (Cutrera et al., 2005) and C. lami (Lopes, 2011). It is interesting highlighted
that when AMOVA is performed considering the individual level, the minor level of variation “within
individuals” (F7) takes into account the differences between genes found within individuals (Excoffier
et al., 2006). Our data demonstrated that when including individual level, variation become far more
“within individuals” (49.21%; Fr = 0.50; P < 0.001) than “among individuals within population” (3.68%;
Fis = 0.07; P < 0.001). Therefore, the high percentage of variation that we observe within population
level using microsatellite loci is due the multiloci nature of the molecular marker. In fact, there is low

genetic variability among individuals within populations, as we observed for AMOVA performed with
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MtDNA data (Appendix S4). Both data sets bring forward the probable effect of the drift over genetic
variability, as a result of the territoriality, small demes, spatial isolation and restricted mobility of these
subterranean rodents.

As pointed out by D’Annato & D’Elia (2011) for C. pearsoni, great watercourses are suggestive to
promoting isolation and differentiation of karyomorphs, but there are evenly great rivers dissecting the
distributional range of populations that share the same karyotype. As the distinct karyotypic forms of
C. torquatus are due centric fusions/fissions (Freitas & Lessa, 1984; Fernandes et al., 2009a), they
probably were fixed with little or no negative heterosis by drift. Furthermore, the significant percentage
of variation among karyotypic groups found to mtDNA AMOVA (Table 3), which considered all C.
torquatus localities, should be reflecting the geographical structure, as AMOVAs performed for Ibicui
River and S&o Gongalo Channel localities in a smaller scale did not show significant genetic structure
explained by karyotypes (Appendix S4).

Major rivers appear to be associated with strong levels of genetic differentiation in C. talarum
(Mora et al., 2007) and C. minutus (Lopes, 2011), tuco-tuco species showing a long-time population
stability pattern. On the other hand, the effect of rivers as main promoters of genetic divergence was
not observed for species with a suggestive recent history of population expansion, like C. australis
(Mora et al., 2006). AMOVA performed on localitie’ sets separated by rivers did not bear significant
apportionment of the genetic diversity for this species and the authors argued that the lack of genetic
structure reflects the imprinting of historical population process rather than current gene flow.

Considering the RBH, dispersal (over water transfer) must be the main event among those
suggested by Patton et al., (2000), especially for a young genus as Ctenomys. Probably main rivers
already existed when tuco-tucos species colonized theirs actual geographic range and there was
Pleistocenic and Holocenic periods under arid climate conditions, in which the discharge of the most
important rivers could have been reached several times less than the present (Latrubesse et al., 2005;
Oliveira et al., 2005), making it possible these subterranean rodents “to cross” the river. Additionally,
the Secondary Contact hypothesis for riverine divergence (Patton et al., 2000) may be the case, for
example, for tuco-tuco species habiting coastal regions. When patrtially affected by sea level
transgressive-regressive events, coastal populations could had took refuge in inland areas and then

re-colonized shoreline, as it was shown for C. rionegrensis (Wlasiuk et al., 2003; Kittlein & Gaggiotti,
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2008). If the re-colonized area is dissected by rivers, they became an imposing barrier, as must be the
scenery for C. talarum (Mora et al., 2007) and C. minutus (Lopes, 2011).

An interesting example of Primary Diversification caused by river (vicariant effect) could be the
S&o Gongalo Channel, given its recent and known formation at about 2,600 years (Jost et al., 1975).
Southern populations of the collared tuco-tuco, mainly RG2, TA1 and TA2, should be established
during the last 5,000 yr on this region, when the most recent barrier-lagoon system of RS coastal plain
(Barrier IV) was formed, at the final stages of the Post-Glacial Marine transgression (Tomazelli et al.,
2000). The Bayesian skyline and skyride plot results for populations of south bank of the Sdo Goncalo
Channel corroborate this estimative of occupation (Figs 4b & 4c) by showing an event of demographic
expansion for the last 5,000 yr. Then, the Sdo Goncgalo Channel formation probably was posterior to
the collared tuco-tuco colonization of that area. Nevertheless, in spite of the fixed 2n = 46 karyotypic
form, it has not passed enough time since its formation, to the Sdo Gonc¢alo Channel assigns a
genetic structure pattern between populations on north and south banks (AMOVA S&o Gongalo (1)
Appendix S4; GLS plots Fig. 6). Instead, the AMOVA Sé&o Gongalo Il (Appendix S4) for mtDNA and
GLS plots for both molecular markers point out a more deep divergence between sites RG1 and RG2,
faraway 20 km each other; whilst RG2 is over 55 km distant from TA1 and TA2 but genetic
differentiation is not too high among them, mainly for mtDNA data (Fig. 6a). Landscape characteristics
as soil and wetlands may play an important role on such differentiation and should be further
investigated, but it seems to be an effect of the recent occupation of the RG2, TAL1 and TA2
populations on the last sandy dunes system formed in the southern Brazil coast. Distinct geological
formation of this region has played an important role on the phylogeographical structure for C. minutus
(Lopes, 2011).

According to Behling et al., (2005), southern Brazil grasslands were exposed to dry and too cold
climate during the full and late glacial periods (about 20 to 10 thousand years BP), a condition of
shallow waters and no formations of gallery forests along rivers, detected by the pollen core analysis.
Such permissive characteristic of the streams easily would allow tuco-tucos to crossed great rivers as
Jacui and especially the Ibicui River on the neighborhood of the sediment core studied by Behling et
al., (2005). Subtropical gallery forest only had developed during the last 5 thousand years BP,

reflecting a change to wetter conditions, and expanded after 1500 years BP.
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The C. torquatus establishment at westernmost end of the RS state suggests an event of
crossing Ibicui River, as indicated by sharing of haplotype (H33) among sites of both banks of the
river. Although site 1T2 has the differentiated haplotype H37, which causes the high divergence peak
in the GLS plot (Fig. 6¢), this haplotype has a common origin with H33 from UR1, and specimens from
IT2 shared the chromosomic mutation 2n = 40 with IT1, both sites in the Ibicui north bank (Fig. 1).
Therefore, these information support the scenery of an ancestral lineage coming from the central
region of the RS State (the probable origin of the collared tuco-tuco expansion), colonizing the south
bank of the Ibicui River and fixing the new karyomorph 2n = 40 after an overwater transference to
north bank. Microsatellite data, which account for a more recent population relationship, showed the
higher genetic divergence between sites IT1 and UR1 (Fig. 6d), indicating the going action of the
Ibicui River as barrier.

Despite the presence of sandy soil around all extension of the Ibicui River, we only found C.
torquatus populations on its south bank (DA, CQ, CAT, CAV, UR1 and UR2 sites), but IT1 and IT2
next its outfall on Uruguay River (Fig. 1). Nevertheless, our field work allowed the discovery of a new
species on the Manoel Viana municipality on the north bank of the Ibicui River (Freitas et al., in prep),
in allopatry with C. torquatus populations of Alegrete municipality (CAV, CAT and ALE). Phylogenetic
and phylogeographical relationships between these two species are been investigated (Freitas et al.,

in prep; Roratto et al., in prep).

The strength of river as barrier

Based on the Wallace’s assumption regards the strength of a river as barrier detaching distinct
species community, we adapt this model to the intraspecific level, surveying the strength of a river as
barrier through phylogeography of the collared tuco-tuco. The wide range of this specie along the
banks of Vacacai and Jacui Rivers would allow such approach; despite we did not find localities on
both banks of the upper-middle point (Santa Maria localities).

In general, we observed higher genetic similarity between localities on headwater point (SG1 and
SG2) in comparison with all the other sampled points where the river is broader, as it is expected
following the RBH. Sites SG1 and SG2 appeared as a unique cluster in the assignment analyses, they

had low genetic differentiation (Fst, GLS plots) and shared the haplotype H26.
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The higher genetic differentiation expected, nevertheless, was not found for the outfall points GC
— cBU. Instead, high Fsr values, diverging peaks on GLS plots and no haplotype sharing were
observed for the middle point. For the outfall sites, where the Jacui river is wider, there was sharing of
the haplotype H10 among GC, BU and ML2 localities and the Fst pairwise GC — cBU for microsatellite
and mtDNA data were lower than the those between CS1 — cCS and SM1 — SM2 (see Table 5).

Additionally, none AMOVA results for mtDNA data considering the Jacui River banks provided
significant genetic partition explained by groups (groups Il, Il and IV, Appendix S4). However, the
suggested group |, considering all sites along the Vacacai-Jacui Rivers, held on high and significant
percentage of variation (group I, Appendix S4). It demonstrates that the phylogeographic structure is
geographically perpendicular to the river, not on opposite banks of them. The same was observed for
the Echimyid rodents of the Amazon Jurua River. Silva and Patton (1993) demonstrated that related
haplotypes are patterned in a linear replacement from the headwaters to mouth, not along opposite
banks as would be expected if the river itself served as a primary isolation barrier.

According to the recent history of population expansion that our results suggested for C.
torquatus, we would expect that the colonization from the Depresséo Central of the RS State would
result in a migration along the Vacacai and Jacui Rivers. The Brazilian Meridional and Escudo Rio
Grandense Plateaus would not allow another course (Fig. 1). We are not able to distinguish whether
the CS1 and cCS populations independently colonized the opposite banks of the Jacui River
(Secondary Contact) or there were an event of crossing the river on the low-middle point. However,
considering the lower genetic differentiation and the H10 haplotype sharing among sites of the outfall,
dispersion over the Jacui River outfall (cBU and GC) seems more probable. It could also be explained
by the occurrence of a shifting of the mouth, allowing isolation of populations on opposite banks.
Changes of the Jacui course on its outfall could have happened due the marine transgression-
regression during the Quaternary, as this River flows into the Guaiba and Patos Lagoons, both
belonging to the coastal system of lagoons widely smitten by this sea level changes (Villwock &
Tomagzelli, 1995).

Therefore, except by comparison of the headwater site (narrow wide river associated with low
genetic differentiation between SG1 and SG2), with all other sites where the river are wider, we were
not able to demonstrated the strength of the river as barrier rising the genetic differentiation between

opposite banks from the headwater to the outfall, for C. torquatus. Instead, we showed that rivers may
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had been permeable to the collared tuco-tucos crossed them along their recent colonization process,

although nowadays the Jacui River acts as an important agent restrain gene flow.

Conclusion remarks

The riverine barrier hypothesis was born on the Amazon through Wallace’s work. Despite
recognized as harbouring the greatest biodiversity on Earth, phylogeographic information is
unsatisfactorily assayed for this and other biomes of the Southern Hemisphere, as highlighted by
Beheregaray (2008). The influence of global climate fluctuations on range shifts, extinctions, and
speciation are well known for Northern Hemisphere biotas and such knowledge is increasing for some
regions of the South Hemisphere. Despite the high biodiversity found in South American dry and
grasslands habitats and the increasing knowledge of geological and climatic events, they have been
much less studied than rainforests regions (Almeida et al., 2007; Speranza et al., 2007, but see Poljak
et al., 2010 and Chan & Hadly, 2011 as Argentinean Pampa examples). This study represents the first
wide phylogeographical investigation of a mammal species endemic to Pampa biome.

A perspective about the timescale of interest of phylogeographic studies allow make inferences
not only regards the polymorphism distributions, which is open to multiple interpretation. As shown in
the present work, account for the timescale and merge in geological knowledge greatly make wealthy
inferences on the past and current role of rivers as barriers, especially because it is well known that
drainage patterns are dynamic and change over evolutionary time. Ctenomys torquatus is one of the
most widely distributed among the genus Ctenomys, with a geographical range permeated by rivers.
Our phylogeographic data suggest that this species expanded into its current geographic range at a
relatively recent time in the past from the center of the Rio Grande do Sul State, the Depresséo
Central, throw the west and the southern Brazil and northern Uruguay, with the genetic signature of
expansion still evident.

In general, the present work dismissed the riverine hypothesis barrier (at species level) as the
primary cause of diversification for C. torquatus lineages and also do not completely noticed the
strength of the river as barrier. However, we demonstrated the importance of telling the history about
the riverine role in a timescale framework and, as argued by Colwell (2000) on Amazon Rivers, we let
our contribution to refine the question or, in the case of the poorly assayed Pampa Biome, we open

the discussion.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Appendix S1 Collections sites, karyotype number, geographic coordinate and summary of genetic
variability of the mitochondrial and microsatellite markers for Ctenomys torquatus.

Appendix S2 Species and Genbank accession numbers of cytochrome b sequences used in the
phylogenetic and molecular clock analysis.

Appendix S3 Specimens and Genbank accession numbers of cytochrome b, cytochrome c oxidase |
and hiper variable sequence 1 (d-loop) sequences used in molecular clock analysis.

Appendix S4 AMOVAS results.

Appendix S5 Distribution of each haplotype by localities and the GenBank accession numbers for
COlI and HVS of mitochondrial DNA of Ctenomys torquatus.

Appendix S6 Mismatch distribution graphs for cytochrome ¢ oxidase | and hiper variable sequence 1
(d-loop) data sets.

Appendix S7 Pairwise Fsr results for concatenate COI+HVS and microsatellite data for all localities.
Appendix S8 Bayesian time-calibrated tree of the cytochrome b gene from ctenomyids and other

caviomorph species.
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Table 1 Priors used as calibration points for the cytochrome b phylogeny and the estimated time to

most recent common ancestor (tMRCA) for some nodes. M is Mean for normal distribution and

Median for lognormal distribution; 95% HPD (high probability density). All values are expressed in

millions of years (my) ago.

Priors for calibration points tMRCA
Node
Distribution M (95% HPD) my Mean (95% HPD) my
Caviomorpha origin Normal 34 (31-37) 30.90 (27.26 — 34.48)
Octodontidae/Ctenomyidae Normal 10.65 (9.8 — 11.5) 11.17 (10.20 - 12.13)
Ctenomyidae origin Lognormal 5(3.3-7.5) 5.64 (4.38 — 6.98)

Ctenomys torquatus

0.51 (0.27 — 0.80)

Table 2 Genetic diversity estimatives for cytochrome ¢ oxidase | (COI), hyper variable sequence 1

(HVS) markers and for the concatenated data set (COI+HVS). Number of segregating sites (S),

nucleotide diversity (1), number of haplotypes (H), haplotype diversity (Hd), Tajima’s D and Fu's Fs

neutrality tests and graphic distribution of the mismatch analysis.

Mismatch

Data set S 'IT H Hd Tajima’s D* Fu's FS**
distribution
HVS 18 0.0062 25 0.91 NS -9.26 Unimodal
COl 30 0.0033 24 0.82 -1.51 -9.43 Unimodal
COI+HVS 48 0.0044 40 0.95 NS -13.7 Unimodal

*Significant values for P < 0.05; ** Significant values for P < 0.02; NS non significant value
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Table 3 Analysis of molecular variance for concatenated mtDNA (COI+HVS) data considering the
geographic regions of the Ctenomys torquatus range and the four distinct karyomorphs (see Appendix

S1). All F’s statistic values were significant (P < 0.0001)

Group SXCxExWxF Karyotypes
Among Groups 41.99 35.20
(Fer) (0.42) (0.35)
Among localities 49.44 57.20
within groups (Fsc) (0.85) (0.88)
Within localities 8.57 7.61
(FsT) (0.92) (0.92)

Letters refer to the geographic region of the grouped localities, as detached in Figure 1: (S) South, (C)

Central, (W) West, (E) East, (F) Frontier.
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Table 4 Genetic differentiation of localities and clusters of Ibicui River and Sdo Gongalo Channel. Fst
values of the COI+HVS mtDNA data are above diagonal and for microsatellite data are below

diagonal. Locality names follow Appendix S1.

River Fst values
Ibicui IT1 IT2 UR1 UR2 cUR
IT1 0.96 040 0.73 0.39
IT2 0.52 0.97 0.98 0.93
UR1 0.43 0.36 0.73 -

UR2 052 043 0.10 -

cUR 043 0.34 - -

S. Gongalo PEl PE2 <cPE RG1 RG2 TAl TA2 <CcTA

Channel PE1 0.21 = 091 09 100 1.00 -
PE2 0.15 = 078 0.88 081 0.80 -
cPE = = 0.85 0.91 = = 0.87
RG1 0.31 024 @ 0.23 089 084 083 0.89
RG2 0.44 035 035 043 092 092 | 0.95
TAl 0.33 0.27 = 0.33 0.44 0.00 =
TA2 0.43 0.37 = 038 056 0.33 -
cTA = = 026 0.29 043 - -

Fst bold values were significant after Bonferroni adjustments (a = 0.00023 for microsatellites, a =
0.00009 for COI+HVS). Grey cells refer to clustered localities: cUR (UR1+UR2), cPE (PE1+PE2) and

CTA (TA1+TA2).
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Table 5 Pairwise comparisons between localities and clusters of the Jacui River. Fsr values of mtDNA
data COI+HVS are above diagonal and for microsatellite data are below diagonal. Localities names

follow Appendix S1.

SM1 SM2 SGl1 SG2 c¢SG BU ML1LT ML2 cBU GC CS1 CS2 CS3 cCS

SM1 094 100 074 082 019 080 0.67 023 100 0.00 1.00 1.00 1.00
SM2  0.54 098 083 088 081 091 088 0.77 096 095 0.97 097 0.97
SG1 051 040 0.07 = 090 0.98 0.94 = 1.00 1.00 1.00 1.00 =
SG2 047 039 0.13 = 0.71 0.68 0.74 - 0.79 0.77 082 0.82 -
cSG 045 0.35 = = = = = 0.79 0.85 0.84 = = 0.90
BU 045 037 037 033 = 0.26 0.23 = 0.37 0.24 0.78 0.78 -
ML1 046 042 036 0.32 = 0.19 0.66 = 092 0.85 095 0.95 =
ML2 046 039 038 0.35 = 0.17 0.26 = 001 0.71 0.88 0.88 =
cBU  0.39 0.32 = = 0.28 = = = 0.19 0.26 = = 0.77
GC 054 049 045 041 039 030 047 036 0.28 1.00 1.00 1.00 1.00
CS1 068 063 057 057 050 055 065 056 046 0.57 1.00 1.00 @ 1.00
CcS2 053 043 037 037 = 030 041 0.35 = 0.38 0.57 0.00 =
CS3 047 043 038 0.35 = 028 036 031 = 0.36 054 0.18 =
cCS 045 0.38 = = 0.30 = = = 0.23 0.32 047 = =

Bold values were significant after Bonferroni adjustments (a = 0.00023 for microsatellites, a = 0.00009
for COI+HVS); Grey cells refer to clustered localities: ¢cSG (SG1+SG1), cBU (BU+ML1+ML2) and cCS

(CS2+CS3).
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FIGURE LEGENDS

Figure 1 Map of the Rio Grande do Sul State (Brazil) and Uruguay, indicating the geographical
placement of sampling sites for Ctenomys torquatus. Abbreviations used are as in Appendix S1.
Colors of points refer to karyotipe: pink for 2n = 40, purple for 2n = 42, black for 2n = 44 and green for
2n = 46. Gray areas represent elevations above 200 meters, named: (A) Brazilian Meridional Plateau,
(B) Escudo Sul-Riograndense, (C) Cuchilla de Haedo and (D) Cuchilla Grande. * Departments of
Uruguay where there were registers of the C. torquatus occurrence. Sites for AMOVA’s geographic

groups are surrounded by dotted lines. <4 Candelaria Municipality.

Figure 2 Topological relationship between the COI+HVS haplotypes of collared tuco-tuco Ctenomys
torquatus. Haplotypes are depicted according to sampled sites (localities names for code on Appendix
S1 and Figure 1) and areas are proportional to frequencies, cross hatches represent mutation steps
and red points represent medium vectors. Karyotypic variations are represented by vertical stripes (2n

= 46), horizontal stripes (2n = 42) and dots (2n = 40).

Figure 3 Results of spatial autocorrelation analysis of Ctenomys torquatus for microsatellite loci and
the concatenate HVS control region and cytochrome ¢ oxidase | mitochondrial sequences (mtDNA).
Analyses performed using five to ten distance classes showed similar results, and then the eight
distance classes’ results are presented. A, quantifies the average pairwise genetic distances that fall
within the boundaries specified for each distance class y. The horizontal line indicates the average

value of A, for a data set.

Figure 4 Bayesian demographic histories derived from concatenated COI+HVS mtDNA sequences.
(a) Bayesian skyride plot for the total Ctenomys torquatus sample (n = 294); (b) Bayesian skyline and
(c) skyride plots for the southernmost localities with karyotype 2n=46 (n = 41). The thin and the thick
dotted lines are the lower and the median estimated tMRCA, projected on the time line, and the blue

area overlay show the 95% highest posterior density (HPD) limits for the effective population size.
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Figure 5 Results of clustering analysis. (a) Posterior estimates of cluster membership for
STRUCTURE. Labels above the graph are the sampling sites (see hames for codes on Appendix S1).
Labels below graph are clusters that grouped more than one locality. (b) Mean value of estimated
logarithm of probability of the data (open circles) and the standard deviation (vertical bars) for ten
STRUCTURE runs with k ranging from 1 to 30. (c) Index of MCMC iterations along the whole chain
(left) and density of each number of clusters along the chain after a burning 10° iterations (right), from

GENELAND.

Figure 6 Graphical interpolation-based representation of the spatial patterns of the COI+HVS mtDNA
(a and c¢) and microsatellite (b and d) diversity for samples of the Sdo Gongalo Channel and Ibicui
River. X- and Y-axes represent geographic coordinates, while surface heights are proportionate to the
genetic distance of the population (Z axis). Peaks (dark blue) and valleys (yellow) are indicative of
areas with high or low pairwise genetic distance between individuals, respectively. The site codes on
the landscape plots are given in Appendix S1 and they represent approximately the geographic

localization of the sites.

Figure 7 Graphical interpolation-based representation of the spatial patterns of the COI+HVS mtDNA
(a) and microsatellite (b) diversity for samples of theVacacai- Jacui Rivers. X- and Y-axes represent
geographic coordinates, while surface heights are proportionate to the genetic distance of the
population (Z axis). Peaks (dark blue) and valleys (yellow) are indicative of areas with high or low
pairwise genetic distance between individuals, respectively. The site codes on the landscape plots are

given in Appendix S1 and they represent approximately the geographic localization of the sites.
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Appendix S1 Collection sites of Ctenomys torquatus, their geographic coordinate, diploid number (2n), estimatives of genetic diversity for the concatenated

mitochondrial data set (COIl and HVS) and for the 21 localities assayed with microsatellite loci. N number of individuals for each assay, H(Hd) number of

haplotypes (haplotypic diversity), T nucleotide diversity, A mean number of alleles per locus, LP number of polymorphic loci, Ho mean observed

heterozygosity, LHW loci that showed evidence for departure from Hardy-Weinberg equilibrium, DL number of pairwise loci that showed linkage

disequilibrium, Fs inbreeding coefficient values.

Geographic Karyotype mtDNA microsatellite
Locality
coordinate 2n N N H (Hd) ™ N A LP Ho LHW* DL*  Fig**
= ALE-Alegrete ® 29°53'41,7"S 40 5 = -
g 55°43'24,6"W
BU-Butia® 30°03'19,7"S 44 5 15 4(0.73) 0.0202 17 354 19 0.53
51°56'12,3"W
CA-Candiota ® 31°32'59,9"S 44 5 12 2(0.16) 0.0136 -
53°43'10,18"W
CAT-Catimbau ? 29°57'46,8"S 42 11 8 2(0.25) 0.0102 -
55°39'9,2"W
CAV-Cavera ® 30°06'47,2"S 44 5 8 1(0) 0 -



CG-Caboaté Grande

CQ-Cacequi

CS1-Cachoeira do Sul 1°

CS2-Cachoeira do Sul 2

CS3-Cachoeira do Sul 3

DA-Dilermando de

Aguiar

DP-Dom Pedrito®

GC-General Camara®

55°33'14,6"W
30°6'37,9"S
54°20'7,4"W
29°53'48"S
54°48'25,9"W
30°02'5"S
52°51'27,5"W
30°06'4,4"S
52°55'30,9"W
30°04'29,6"S
53°3'28,1"W
29°45'5"S
54°6'57,7"W
31°08'10,3"S
54°29'32"W
29°55'7,5"S

51°53'28,2"W

44

44

44

44

44

44

44

44

4  4(1.0) 00884 -
6 1(0) 0 -

13 1(0) 0 20 150 11 0.33

10 1(0) 0 11 291 21 0.36

10 1(0) 0 10 2.81 20 051

8 1(0) 0 -

4  2(066) 00136 -

10 1(0) 0 15 227 17 0.36  Soc4,

Tor6

81

0.25

2 0.26



IT1-Itaqui 1°

IT2-Itaqui 2

ML1-Minas do Ledo 1°

ML2-Minas do Le&o?2

PE1-Pelotas 1°

PE2-Pelotas 2

QU-Quarai®

RG1-Rio Grande 1°

RG2-Rio Grande 2

29°24'26,2"S
56°38'30,8"W
29°15'50,7"S
56°37'03,2"W
30°07'56"S
52°01'30,1"W
30°2'2,8"S
52°6'42,4"W
31°44'27,4"S
52°13'22,3"W
31°40'1,7"S
52°11'35,3"W
30°28'14,7"S
56°15'36,4"W
31°54'23,2"S
52°17'45,7"W

32°5'18,0"S

40

40

44

44

44

44

44

46

46

10

9

8

4

11

12

14

10

10

2(0.55)

1(0)

2(0.5)

3(0.34)

1(0)

2(0.44)

2(0.53)

3(0.38)

2(0.2)

0.0113

0.0102

0.0148

0.0089

0.0435

0.0081

0.0072

13

11

17

14

10

12

1.95

1.22

191

2.63

2.77

3.31

2.18

191

15

12

16

18

17

18

15

15

0.48

0.32

0.48

0.48

0.43

0.57

0.43

0.45
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0.26



RO-Roséario?

SG1-Sao Gabriel 1

SG2-Sao Gabriel 2

SL-Santana do

Livramento®

SM1-Santa Maria 1°

SM2-Santa Maria 2

TAl-Taim 1@

TA2-Taim 2

52°18'57,3"W
30°13'29,3"S
54°54'51,8"W
30°36'29,8"S
54°25'33,3"W
30°38'54,9"S
54°25'57,7"W
30°49'56,7"S
55°22'35,8"W
29°55'35,3"S
53°44'28,7"W
29°59'45,8"S
53°56'23,2"W
32°32'15,9"S
52°32'21,8"W
32°35'16,8"S

52°29'48,2"W

44

44

44

44

44

44

46

46

10

10

12

13

11

10

2(0.2)

1(0)

2(0.3)

1(0)

1(0)

2(0.28)

1(0)

1(0)

0.0040

0

0.0433

0

0

0.0057

11

11

12

13

11

11

2.95

3.18

2.18

2.09

2.09

1.54

20

21

19

19

16

13

0.46

0.51

0.39

0.47

0.47

0.31

Hai3
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—URl-Uruguaianala 29°28'57,4"S 44 10 2(0.2) 0.0072 13 3.81 22 0.58
56°38'15,6"W
UR2-Uruguaiana 2 29°32'14,4"S 44 9 2(0.22) 0.0045 10 259 19 0.48 Tor7
56°36'51,1"W
> RN- Rio Negro 32°40'S 44 3 3(1.0) 0.0272 -
S
:5; 57957'W
TC-Tacuarembd 31°42'S 44 3 1(0) 0 -
55058'W
Total 294 40(0.95) 0.0044 254

Collection sites sampled for previous studies *(Gongalves & Freitas, 2009), b(Silva et al, 2000a;b), °(Fernandes et al, 2009a), d(Frei'[as & Lessa, 1984)

* After applying the Bonferroni correction for multiple tests; **Only significant values (P<0.001)



Appendix S2 List of species and the Genbank accession number for the cytochrome b sequence

applied to phylogenetic and molecular clock analysis. Ctenomys species groups are detached.

Family Species Genbank number
Thryonomyidae Thryonomys swinderianus NC002658
Dasyproctidae Myoprocta acouchy AF437781
Dasyprocta leporina AF437808
Caviidae Galea musteloides GuU082485
Cavia aperea GU136759
Hydrochaeridae Hydrochaerus hydrachaeris GU136721
Erethizontidae Erethizon dorsatum FJ357428
Capromyidae Capromys pilorides AF422915
Echimyidae Dactylomys dactylinus L23335
Echimys didelphoides EU302705
Octodontidae Spalacopus cyanus AF007061
Octodontomys gliroides AF370706
Octodon degus AF007059
Tympanoctomys barrerae AF007060
Ctenomyidae C. sociabilis HM777495
C. leucodon AF007056
C. tuconax AF370693
C.sp. ITA AF007047
C. sp. MINUT AF007052
C. sp. MONTE AF007053
C. maulinus AF370703
frater group C. frater AF007046
C. conoveri AF007055
C. sp. LLATHU AF007048
C. lewisi AF007049
boliviensis group  C. boliviensis AF007040
C. goodfellowi AF007051



tucumanus group

magellanicus group

talarum group

mendocinus group

opimus group

O 0 0O 0 0O 0 o0 0 o0 0 o0 0 o0 0 0 0 0 0 o0 0 0 0 0 0 o0 0 o0 0 0 0

. hattereri

. sp. ROBO

. steinbachi

. tucumanus

. occultus

. latro

. argentinus

. magellanicus
. colburni

. haigi

. coyhaiquensis
. fodax

. sericeus

. sociabilis*

sp. 1
sp. 2
sp. 3
sp. 4
sp. 5
sp. 6

sp. 7

. talarum

. pundti

. mendocinus
. rionegrensis
. flamarioni

. australis

. porteousi

. opimus

. fulvus

HM777484

AF007039

AF007044

AF370694

HM777485

AF370705

AF370680

AF370690

HM777474

AF007063

AF119112

HM777475

HM777496

U34853

HM777500

HM777501

HM777502

HM777503

HM777504

HM777505

HM777506

AF370699

HM777490

AF007062

AF119114

AF119107

AF370697

AF370682

AF007042

AF370688
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C. saltarius HM777493
C. scagliai HM777494
torquatus group C. lami HM777477
C. minutus HM777481
C. ibicuiensis JQ389020
C. pearsoni AF119108
C. perrensi HM777487
C. roigi M777492
C. sp. Contreras Cue, Tacuaritas  JQ389032
C. dorbignyi Sarandicito JQ389030
C. dorbignyi Mbarigui JQ389031
C. torquatus (SM1) JQ389033
Additional sequences C. torquatus (CAV) EF372280
C. torquatus (ALE) EF372282
C. torquatus (ML2 - TR1382) JQ389042
C. torquatus (CS2) JQ389036
C. torquatus (ML2 - TR1387) JQ389040
C. torquatus (GC) JQ389035
C. torquatus (SG1) JQ389038
C. torquatus (RO, QU) EF372283
C. torquatus (CAT) EF372286
C. torquatus (RN - CAB655) JQ389043
C. torquatus (RN - CA654) AF119109
C. torquatus (UR1, IT1) JQ389034
C. torquatus (TC - CA743) AF119111
C. torquatus (TC - CA744) JQ389044
C. torquatus (DP) JQ389045
C. torquatus (PE2) JQ389041
C. torquatus (TA2) JQ389039
C. torquatus (IT2) JQ389037

*A probable C. haigi sequence, according to Parada et al

_(2011).
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Appendix S3 List of Ctenomys specimens, vouchers and the Genbank accession number for the
cytochrome b (cyt b), cytochrome c oxidase | (COIl) genes and hyper variable sequence 1 (HVS)

sequences used for the substitution rate estimatives.

Genbank accession numbers

Species voucher cytb CoOl HVS
C. australis UNMDP3* (C1) AF370697 JQ341043 JQ341032
C. azarae UNMDP7 JN791406 JQ341046 JQ341035
C. boliviensis NK15367 AF155869 JQ341048 JQ341037
C. flamarioni G118*(T29) AF119107 JQ341052 JQ341041
C. nattereri TR1110 AF144298 JQ389082 JQ389117
C. pearsoni CA369 AF500067 JQ341042 JQ341031
C. porteousi UNMDP10 AF370681 JQ341045 JQ341034
C. rionegrensis EV1043 AF119114 JQ341044 JQ341033
C. sociabilis MVZ166425 EU035177 JQ341051 JQ341040
C. steinbachi NK12133 JN791407 JQ341047 JQ341036
C. talarum IFO2 HM777498 JQ341049 JQ341038
C. torquatus CA743 AF119111 JQ389072 JQ389106
TR913 EF372287 HM443439 JQ389101
TR914 EF372285 JQ389066 JQ389088
TR917 EF372286 HM443439 JQ389102
TR1236 JQ389034 JQ389068 JQ389103
TR1255 JQ389035 JQ389062 JQ389095
TR1258 JQ389036 HM443439 JQ389090
TR1324 JQ389037 JQ389071 JQ389105
TR1332 JQ389038 JQ389064 JQ389099
TR1355 JQ389039 JQ389051 JQ389083
TR1387 JQ389040 HM443439 JQ389087
TR1422 JQ389041 JQ389051 JQ389084

C. minutus Cf02 JQ389046 HM237009 HM236969



Cf08
LO5
TR1122
TR1215
TR431
TR40
TRO2
C. lami TJ186
TJ115* (TR431)
C. ibicuiensis TR1066
TR1319
TR1372
TR1510

TR1515

JQ389047
JQ389048
JQ389049
JQ389050
HM777481
HM777482
HM777483
HM777477
HM777481
JQ389020
JQ389024
JQ389026
JQ389028

JQ389029

HM237011
HM237032
HM237039
HM237038
HM237028
HM237030
HM237040
JQ322899
JQ322900
JQ389075
JQ389078
JQ389079
JQ389079

JQ389079

HM236972
HM236997
HM237003
HM237002
HM236993
HM236995
HM237005
JQ322885
JQ322889
JQ389108
JQ389111
JQ389113
JQ389112

JQ389112
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Appendix S4 AMOVA considering groups as localities from different banks of the rivers or different
karyotypes for Ibicui River and S&o Goncalo Channel. Localities along the Vacacai-Jacui River were

tested for AMOVA in four ways (see text). Locality names follow Appendix S1.

Partition
Group/marker
AG (Fcr) APWG (Fsc) WP (Fsr)
Ibicuf (IT1, IT2) (UR1, UR2)
MS 19.3 (0.19) 24.9 (0.32) 55.8 (0.44)
mtDNA -5.46 (-0.05) 98.75 (0.93) 6.72 (0.93)
S&o Goncalo  (I): (PE1, PE2) (RG1, RG2, TAL, TA2)
MS 5.8 (0.05) 31.4 (0.33) 62.7 (0.37)
mtDNA 36.6 (0.36) 53.4 (0.83) 20.3 (0.89)
(I): (PE1, PE2, RG1) (RG2, TA1, TA2)
MS 6.2 (0.06) 31.1(0.33) 62.6 (0.37)
mtDNA 25.5 (0.25) 63.5 (0.89) 10.9 (0.85)
Jacui (): (SG1, sG2) (SM1, SM2) (CS1, CS2, CS3) (GC, BU, ML1, ML2)
MS 12.2 (0.12) 32.8 (0.37) 55.0 (0.45)
mtDNA 62.0 (0.62) 24.0 (0.63) 14.0 (0.86)
(I): (CS1, GC) (CS1, CS2, BU, ML1, ML2)
MS 10.1 (0.10) 33.44 (0.37) 56.44 (0.43)
mtDNA  -11.9 (-0.11) 83.8 (0.75) 28.1 (0.72)
(111): (CS1) (CS2, CS3)
MS 34.8 (0.34) 16.7 (0.25) 48.5 (0.51)
mtDNA 100.0 (1.0) 0 (0) 0(1.0)
(IV): (GC) (BU, ML1, ML2)
MS 17.0 (0.17) 16.4 (0.19) 66.6 (0.33)
mtDNA 17.3 (0.17) 3.1 (0.04) 79.6 (0.20)

Significant values (P < 0.05) for F-statistic from AMOVA are in bold. AG, Among groups; APWG,
Among populations within groups; WP, Within populations; MS microsatellite data; mtDNA

mitochondrial DNA concatenate COI+HVS data.
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Appendix S5 Haplotype number for the concatenate data, distribution of each haplotype by localities

and the GenBank accession numbers of the respective COl and HVS of mitochondrial DNA of

Ctenomys torquatus.

Concatenate Haplotype per marker
Concatenate haplotype per locality
Haplotype Col HVS

H1 TA1 (11), TA2 (10) H1 (JQ389051) H1 (JQ389083)
H2 PE1 (10), PE2 (10) H1 H2 (JQ389084)
H3 PE2 (4) H2 (JQ389052) H2

H4 RG1 (8) H2 H1

H5 RG1 (1) H3 (JQ389053) H1

H6 RG1 (1) H2 H3 (JQ389085)
H7 RG2 (8) H4 (JQ389054) H4 (JQ389086)
H8 RG2 (2) H5 (JQ389055) H4

H9 CA (11), DP (2) H6 (JQ389056) H1

H10 CA (1), GC (10), BU (5), ML2 (9) H7 (HM443439)  H5 (JQ389087)
H11 DP (2) H6 H2

H12 BU (6), ML1 (1), CS1 (13), SM1(9), H7 H6 (JQ389088)

RO (1), RN (1)

H13 BU (1) H7 H7 (JQ389089)
H14 BU (3), ML1 (3) H8 (JQ389057) H6

H15 ML2 (1) H9 (JQ389058) H6

H16 ML2 (1) H10 (JQ389059) H5

H17 CS2 (10), CS3(10) H7 H8 (JQ389090)
H18 SM2 (2) H11 (JQ389060) H9 (JQ389091)
H19 SM2 (11) H11 H10 (JQ389092)
H20 DA (8) H7 H11 (JQ389093)
H21 CQ (6) H12 (JQ389061) H12 (JQ389094)
H22 CG (1) H13 (JQ389062)  H13 (JQ389095)
H23 CG (1) H7 H14 (JQ389096)
H24 CG (1) H14 (JQ389063)  H15 (JQ389097)



H25

H26

H27

H28

H29

H30

H31

H32

H33

H34

H35

H36

H37

H38

H39

H40

CG (1)

SG1 (10), SG2 (9)
SG2 (2)

RO (9), SL (2)

QU (4)

QU (2

CAT (7)

CAT (1), CAV (8)
URL1 (8), UR2 (1), IT1 (4)
URL (2)

UR2 (8)

IT1 (5)

IT2 (8)

TC (3)

RN (1)

RN (1)

H7
H15 (JQ389064)
H16 (JQ389065)
H7

H7

H17 (JQ389066)
H7

H18 (JQ389067)
H19 (JQ389068)
H19

H20 (JQ389069)
H21 (JQ389070)
H22 (JQ389071)
H23 (JQ389072)
H24 (JQ389073)

H7

H16 (JQ389098)
H17 (JQ389099)
H12

H18 (JQ389100)
H19 (JQ389101)
H6

H20 (JQ389102)
H6

H21 (JQ389103)
H22 (JQ389104)
H21

H21

H23 (JQ389105)
H24 (JQ389106)
H25 (JQ389107)

H25
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Appendix S6 The observed (dashed line) and expected (solid line) mismatch distributions in an
expanding population model for HVS1 control region (a), for COI gene (b) and for the concatenate

HVS+COlI data (c).

20 30

20 30

20 30
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Appendix S7 Genetic differentiation results for populations of collared tuco-tuco Ctenomys torquatus. Values above the diagonal represent pairwise Fsr for

concatenate COI+HVS data, values below the diagonal represent pairwise Fst for microsatellite data.

TA1 TA2 PE1 PE2 RG1 RG2 SM1 SM2 SGl1 SG2 BU ML1T ML2 GC CS1 CS2 CS3 IT1  IT2 UR1 UR2
TAl 0.00 100 081 084 092 100 09 100 08 08 097 091 100 100 100 1.00 097 1.00 0.98 0.99
TA2 0.34 1.00 080 083 092 100 096 100 084 084 097 091 100 100 1.00 100 097 100 097 0.9
PE1 034 044 021 092 09 100 097 100 087 086 098 090 100 100 100 1.00 097 1.00 0.98 0.99
PE2 0.27 0.37 0.15 078 088 094 093 097 086 083 091 084 092 09 096 09 095 095 095 0.96
RG1 034 038 031 0.24 089 095 094 098 084 08 091 089 09 096 097 097 09 095 095 0.97
RG2 044 056 045 035 0.43 09 095 098 086 087 093 091 097 097 098 098 095 097 096 0.97
SM1 056 0.68 057 053 056 0.63 094 100 074 019 080 0.67 100 000 1.00 1.00 094 100 0.96 0.98
SM2 054 064 056 050 050 053 054 098 083 081 091 088 09 095 097 097 095 097 096 0.97
SG1 045 059 047 041 042 049 051 0.40 0.07 090 098 094 1.00 100 100 100 097 1.00 0.98 0.99
SG2 037 051 041 036 035 045 047 039 0.13 071 068 074 079 0.77 082 082 084 085 0.85 0.8
BU 0.41 052 044 039 038 045 045 037 037 0.33 0.26 0.23 037 024 078 0.78 0.84 0.86 0.85 0.87
ML1 046 064 051 042 043 056 046 042 036 0.32 0.19 066 092 085 095 095 090 0.97 092 0.95
ML2 045 057 049 044 044 052 046 039 038 035 0.17 0.26 0.01 071 0.88 088 089 092 0.9 0.92
GC 050 0.62 051 046 051 057 054 049 045 041 030 0.47 0.36 1.00 100 1.00 095 1.00 0.97 0.98
Csi1 066 074 065 059 065 068 068 063 057 057 055 065 056 0.57 1.00 1.00 095 1.00 0.96 0.98



CS2

CS3

IT1

T2

UR1

UR2

0.42

0.44

0.56

0.53

0.41

0.51

0.54

0.58

0.65

0.67

0.52

0.63

0.45

0.47

0.53

0.54

0.44

0.52

0.38

0.40

0.47

0.46

0.39

0.45

0.43

0.41

0.51

0.53

0.39

0.48

0.47

0.49

0.59

0.64

0.49

0.57

0.53

0.47

0.59

0.60

0.39

0.51

0.43

0.43

0.54

0.57

0.37

0.48

0.37

0.38

0.49

0.49

0.31

0.41

0.37

0.35

0.43

0.40

0.27

0.36

0.30

0.28

0.47

0.46

0.34

0.42

0.41

0.36

0.53

0.55

0.32

0.45

0.35

0.31

0.52

0.50

0.34

0.44

0.38

0.36

0.53

0.54

0.39

0.49

0.57

0.54

0.68

0.69

0.52

0.63

0.18

0.48

0.50

0.34

0.44

0.00

0.52

0.52

0.36

0.47

0.96

0.96

0.52

0.43

0.52

1.00

1.00

0.97

0.36

0.44

0.97

0.97

0.40

0.97

0.10

95

0.98

0.98

0.73

0.99

0.73

All significant estimates for multiple comparisons between populations are in bold, after Bonferroni adjustments (a = 0.00023 for microsatellites, a = 0.00009

for COI+HVS ); - Localities not analyzed with microsatellite data. Refer to Appendix S1 for population code definitions.



Continuation Appendix S7:.

CA DP DA CQ CG RO SL QU CAT CAV TC RN

TA1 084 094 100 100 0.79 098 1.00 085 095 1.00 1.00 0.94
TA2 083 093 100 100 0.77 097 100 084 094 100 1.00 0.94
PE1 089 094 100 100 0.82 098 100 085 096 100 1.00 0.96
PE2 083 082 095 093 078 093 092 080 091 095 094 0.89
RG1 084 087 09 094 077 094 093 083 091 09 095 0.89
RG2 088 091 097 09 081 09 095 086 093 097 096 0.91
SM1 087 095 100 100 036 088 1.00 055 0.76 1.00 1.00 0.65
SM2 089 092 09 094 076 093 093 082 091 095 097 0.88
SG1 09 098 100 100 0.77 098 100 0.89 096 100 1.00 0.96
sSG2 080 0.77 077 0.77 047 077 067 067 074 077 0.83 0.65
BU 075 076 060 074 028 058 050 033 052 063 087 0.35

ML1 083 086 091 093 026 083 079 047 071 091 096 051
ML2 082 081 081 08 039 077 071 033 071 081 092 0.60
GC 090 095 100 100 052 09 100 047 089 1.00 1.00 0.86

Csi1 089 09 100 100 046 090 100 0.62 081 1.00 1.00 0.73
cs2 092 097 100 100 0.712 097 100 0.80 093 100 1.00 0.91
Ccs3 092 097 100 100 0.71 097 100 0.80 093 100 1.00 0.91
ITL 092 093 095 09 0.76 093 091 082 090 095 0.96 0.87

IT2 092 09 100 1.00 0.78 098 100 0.85 095 1.00 1.00 0.94

UR1L 092 094 096 09 0.78 095 094 0.84 092 096 0.97 0.89
UR2 094 096 098 098 080 096 097 086 094 098 0.98 0.92
CAN 0.11 090 085 068 088 085 075 084 090 089 0.79
DP - 095 093 057 093 089 068 088 095 093 0.79

DA - - 1.00 056 094 100 069 088 1.00 1.00 0.83

CQ - - - 061 096 100 0.73 090 1.00 1.00 0.87

CG - - - - 0.45 0.05 026 045 056 0.70 0.14

RO - - - - - -0.3 0.67 082 094 098 0.76
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SL
QU
CAT
CAV

uyT

046 0.79 1.00

0.59 0.69

- 0.86

1.00

0.82

0.95

1.00

0.57

0.38

0.63

0.83

0.90
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Appendix S8 Bayesian time-calibrated tree of the cytochrome b gene from ctenomyids and other

caviomorph species. Calibration points (Table 1) are indicated by yellow circles. The Bayesian posterior

probabilities were given for nodes of phylogenetic groups with values above 0.8. Sub-tree with haplotypes of

Ctenomys torquatus is also shown. Localities names for codes on Appendix S1 and Figure 1. Bottom rule is

the divergence dates (in million years before the present) from the relaxed uncorrelated lognormal clock

analysis. Group names are the same proposed by Parada et al. (2011).
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Continuation Appendix 8:

genus Ctenomys

)
hy

0.99 1 T. barrerae
S. cyanus

4‘_[ 0. degus
O. gliroides

D. dactylinus
i I E. didelphoides
L C. pilorides
E. dorsatum
1 1 [ C. aperea
—0) I L H. hydrochaeris

' G. musteloides

- 1y M. acouchy
L D. leporina
Thryonomys

-

-

30.0 25.0 20.0 15.0 10.0 5.0 0
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CAPITULO IlI

NOVELTY AND RARITY IN THE SOUTH BRAZIL PAMPA’S BIOME: THE SANDY LAND TUCO-TUCO

CTENOMYS IBICUIENSIS (RODENTIA) WAS DESCRIBED ALREADY ENDANGERED.

Paula Angélica Roratto, Fabiano Aradjo Fernandes, Thales Renato Ochotorena de Freitas

Manuscrito a ser submetido a revista Conservation Genetics.
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Novelty and rarity in the south Brazil Pampa’s biome: the sandy land tuco-tuco Ctenomys

ibicuiensis (Rodentia) was described already endangered.

Paula A. Roratto, Fabiano A. Fernandes, Thales R. O. de Freitas

T. R. O. de Freitas, P. A. Roratto

Departamento de Genética, Instituto de Biociéncias, Universidade Federal do Rio Grande do Sul,
Caixa Postal 15053, CEP 91501-970 Porto Alegre, RS.

F. A. Fernandes

Laboratorio de Eco-Epidemiologia da Doenca de Chagas, Instituto Oswaldo Cruz-Fiocruz, CEP

21045-900 Rio de Janeiro, RJ, Brazil.

P. A. Roratto (correponding author)

Email address p.angelica21@gmail.com, telephone number +55 51 33086733, fax +55 51 33087311

Abstract Very small population or very restricted geographic distribution is one of the five IUCN
criteria used to determine whether a taxon is threatened or not. Rarity can be a natural aspect of
species biology or caused by habitat reduction and loss, especially due anthropogenic actions. The
subterranean rodents of the genus Ctenomys are characterized by small effective population size,
habitat specialization due the underground life style and the majority of species have restricted
geographic distribution, which are the three main factors accounting for rarity. The recently described
tuco-tuco, C. ibicuiensis, is one of the most geographically restrict species of tuco-tucos, been
endemic to patches of sandy soil in an area around 540km? in southern Brazilian grassland. Habitat
loss and fragmentation due to silviculture, pastures and desertification are the most pervasive threats
to this region. Endemic species are commonly hypothesized to have little genetic variation because of
inbreeding, bottlenecks, besides the proneness to lose variability when submitted to stochastic events.
We investigated genetic variation in C. ibicuiensis through 14 microsatellite loci and two mitochondrial
DNA sequences in 34 individuals distributed along its geographic range. Overall, low nucleotide
diversity (11 = 0.0047) and mean number of microsatellite alleles per locus (3.26) were found, besides

high and significant values of population differentiation. There were no evidence of genetic bottlenecks
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and inbreeding. Nevertheless, the endemism and low dispersal ability of these rodents, associated
with the highly impacted grasslands of that region, suggest concerns about the conservation status

and the evolutionary destine of C. ibicuiensis.

Keywords subterranean rodent, endemism, Pampa biome, habitat specialization.

Introduction

Fragmentation and isolation due habitat reduction and modification has decreased the population size
of several species of flora and fauna throughout the world, especially as a consequence of human
civilization development and over exploration of the natural resources. In the remaining habitat
patches, gene flow can be hampered among isolated populations, which generally became highly
differentiated. However, the most worrying effects of habitat loss are those of stochastic nature, such
genetic drift and inbreeding, which can result in low genetic variability and reduce the evolutionary
potential of populations (Allendorf and Luikart 2007).

To the subterranean rodents of the genus Ctenomys (tuco-tucos), patchy distribution is a typical trait.
The burrow system habitat, associated to territoriality and the solitary behavior for most species, lead
to limited dispersal abilities, low genetic variation within populations and high inter-population
divergence (Lacey 2000). Under such circumstances, genetic drift is an important process shaping
populations and it has been particularly associated to the fixation of chromosomal rearrangements for
tuco-tucos, one of the most karyotypically diverse clades of mammals known, with diploid number
ranging from 2n = 10 in C. steinbachi to 2n = 70 in C. pearsoni, besides several cases of intraspecific
variation (Cook et al. 1990; Lopes 2011, Mirol et al 2010; Ortells 1995; Reig et al. 1990).

The particular fragmented distribution in small demes of these rodents seems not to be a constraint to
genus evolution as a whole. Instead, it is behind the mechanisms of speciation (Steinberg and Patton
2000). The genus Ctenomys has been considered an example of explosive speciation due the high
species richness (about 60 species, Parada et al. 2011; Reig et al. 1990) achieved since its origins
and diversification in the late Pliocene (Verzi 2010); and it is widely distributed throughout the southern
half of the South America, from the coastal of the Atlantic Ocean (sea level) to the Andes, where

elevation is above 4000m (Lacey et al 2000; Reig et al. 1990).
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Nowadays, nevertheless, these demographic attributes associated to the increasingly environmental
destruction by human impact may subject tuco-tuco species to population decline, mostly taking into
account endemic species with small geographic distributions as C. flamarioni (Fernandéz-Stolz et al.
2007), C. australis (Mora et al. 2006), C. sociabilis (Chan and Hardy 2011) and C. lami (Freitas 2001).
The sand-dune habitat occupied by C. flamarioni and C. australis constrains theirs distribution to a
narrow linear range along the Brazilian and Argentinean coasts, respectively, and have been affected
by urbanization (Fernandéz-Stolz et al. 2007; Mora et al. 2010). Both species are assigned as
“‘endangered” in the IUCN red list of threatened species and C. flamarioni have been included as
"vulnerable" in the National List of Endangered Species of the Brazilian Fauna (Machado et al. 2008)
and in the List of Endangered Fauna in Rio Grande do Sul State (Fontana et al. 2003).

Populations of C. lami are geographically restricted to an area of 78 x 12 km in the most inland region
of the southern Brazilian coastal plain, known as Coxilha das Lombas, which has been intensively
modified by agriculture, pastures and human occupation (Fernandes et al. 2007; Freitas 2001; Lopes
2011). This species was recently included as “vulnerable” in the IUCN red list of threatened species,
and Lopes and Freitas (in press) highlighted the vulnerability of C. lami, suggesting the designation of
an evolutionarily significant unit (ESU) for conservation purpose. Likewise, C. sociabilis is listed as
Critically Endangered in the IUCN Red list because actually all individuals are in one restrict area
(about 1400 km?) within the Reserva Nacional del Parque Nacional Nahuel Huap, Argentina, and it
has an historic of population declining (Bidau et al. 2008; Chan and Hadly 2011).

A new tuco-tuco species was recently described for the southern Brazil grasslands, the so called
Pampa biome. Ctenomys ibicuiensis has an impressive narrow geographic range, been restrict to 6
registered sites (Figure 1) on west of the Rio Grande do Sul (RS) State (Freitas et al. in press). Just
like Ctenomys species cited above, this tuco-tuco has its limited distribution threatened by human
impact, mainly associated with land use for cattle, agriculture and the replacement of the native
grassland landscape for exotic trees like Pinus sp. and Eucalyptus sp. (Overbeck et al. 2007; Roesch
et al. 2009). Moreover, there is an increase in the number of areas undergoing sandy patch process
nowadays in southwest of the RS State (Suertegaray et al. 2011), on the vicinity of the C. ibicuiensis
occurrence.

Endemic species are commonly hypothesized to have little genetic variation because of inbreeding,

bottlenecks and other factors that, associated with habitat fragmentation, could impair theirs
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evolutionary potential (Frankham et al. 1999; Lande 1995). In order to assess the variability of the
endemic C. ibicuiensis, the main goal of the present study was to estimate its genetic diversity and
structure through microsatellite loci and mitochondrial sequences analysis, in a comparative
framework with the allopatric and widespread species C. torquatus. We also argued about the
ecological and historical factors accounting for its rarity and how to ensure the maintenance of this

species regarding threats of environmental changes.

Material and Methods

Sample collection

Samples used here were the same applied for the C. ibicuiensis description work (Freitas et al. in
press). The sampling period was between 2007 and 2011, when the westernmost region of the Pampa
was searched out in order to delimit the geographic range of the new specie (Figure 1). Individuals
were caught with Oneida Victor N° 0 shap trap protected with rubber strips to avoid injury. Samples
were obtained as freshly preserved (96% ethanol) amounts of tissue, being liver from sacrificed
individuals and ear-skin from those released. All procedures with animals followed the American
Society of Mammalogists guidelines (Sikes et al. 2011). The geographic coordinate of each individual

burrow was taken.

Laboratory procedures

Total DNA was extracted from each sample following the protocol of Medrano et al. (1990). On the
basis of the microsatellite assay for C. torquatus (Roratto et al. in prep), the 14 most polymorphic
microsatellite loci were applied for C. ibicuiensis populations. They were previously described for
species C. haigi (Hai 3 and Hail2 — Lacey et al. 1999), C. sociabilis (Socl, Soc2, Soc4 and Soc5 —
Lacey 2001) and C. torquatus (Torl, Tor2, Tor4, Tor5, Tor6, Tor7, Tor8 and Tor9 — Roratto et al.
2011). The PCRs were carried out in a volume of 20ul following procedures of Wlasiuk et al. (2003) for
Hai and Soc loci and Roratto et al. (2011) for Tor loci. All forward primers were stained with HEX or
FAM fluorescence. PCR products were sent for genotyping at Macrogen Inc. (Korea) with the

GeneScan 400HD ROX size standard (Applied Biosystems).
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Phylogeographic analysis were based on the hyper variable sequence 1 (HVS) from control region
using primers TucoPro (Tomasco and Lessa 2007) and TDKD (Kocher et al. 1989) and the
cytochrome c oxidase | (COI) gene of the mitochondrial DNA (mtDNA) using LCO-1490 and HCO-
2198 primers (Folmer et al. 1994). Polymerase Chain Reactions (PCR) for the whole C. ibicuiensis
sample (N = 34) were performed in a reaction volume of 20 pl containing 20-80 ng of DNA, 0.2 uM of
each primer, 0.2 mM dNTP, 1x PCR buffer, 4 mM MgCI2 for HVS1 and 2.5 mM for COI and 1.0 unit of
Taqg DNA polymerase (Invitrogen). Cycling consist of 94°C for 1 min, followed by 35 cycles of 30 s at
94°C, annealing (30 s at 48°C for HVS and 1 min at 50°C for COI), 1 min at 72°C and a final extension
at 72°C for 5 min. PCR products were checked on agarose gel stained with ethidium bromide, purified
using Exonuclease | and Shrimp Alkaline Phosphatase (GE Healthcare) performed following the
guidelines of the suppliers and sent for sequencing at Macrogen Inc. (Korea), using the forward

primer.

Microsatellite loci statistical analysis

Electropherograms were analyzed with Peak scanner software (Applied Biosystems) to define the
allele’s size. The program MICROCHECKER version 2.2.0 (Van Oosterhout et al. 2004) was used to
detect null alleles, any genotyping errors (including typing mistakes) and large allele dropout.

Two Bayesian MCMC approaches were used in order to find the distinctiveness of populations
through clustering of individual genotypes. For the program Structure 2.3.2 (Pritchard et al. 2000), ten
independent runs without the locality information were performed for each K, which ranges from 1 — 8,
considering the 5 sampled localities. Runs were performed with 1 x 10° MCMC iterations, a burn-in of
5 x 10°, the independent allele frequencies model and assuming admixture. The optimal K was
determined based on the Pritchard et al. (2000) methodology, considering the highest mean value of
estimated logarithm of probability of the data [LnPr(X/K)], and the lowest standard deviation (SD)
among the independent runs for each K. The graphical display of the STRUCTURE results was
generated using DISTRUCT software (Rosenberg 2004). The GENELAND 3.3 (Guillot et al. 2005)
software incorporates the spatial coordinates of specimens, besides the genotypic data, as it takes
into account the fact that differentiated populations tend to be structured in spatially distinct areas. We
first infer K (ranging from 1 — 8) performing five independent runs of 1 x 10° iterations saved at every

100, uncorrelated allele frequencies and the uncertainty attached to spatial coordinates fixed to 500 m
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(taking into account the low vagility of tuco-tucos and the spatial scale of the burrow systems). We
then infer the assignment of individuals for the k fixed previously in a new round of five runs and the
same parameters above. The posterior probability of population membership for each pixel of the
spatial domain was computed for each run using a burnin of 1000 iterations and following the manual
recommendations (http://www2.imm.dtu.dk/~gigu/Geneland/Geneland-Doc.pdf).

On the basis of the genetic clusters results, diversity measures as well as deviations from Hardy—
Weinberg equilibrium (HWE) and inbreeding coefficient (F,s) for each population and tests for linkage
disequilibrium (LD) across all pairs of loci were conducted using ARLEQUIN 3.1 (Excoffier and
Schneider 2005), with a strict Bonferroni correction applied for multiple comparisons (Rice 1989).
Population differentiation was assessed with pair-wise Fst (Weir and Cockerham 1984) and the
effective numbers of migrants per generation according to Slatkin (1995). Analyses of molecular
variance (AMOVA) were first computed for all microsatellite data set without a priori groups and
including the individual level (Fi7), and then separately for sets of localities on both banks of the Itu
River, being (L1, L2 and L3) from south bank and (L5 and L6) from north bank (see Figure 1),
considering that this River seems the only great watercourse crossing the C. ibicuiensis range. The
gene flow, Fsr estimates and AMOVA were performed in ARLEQUIN 3.1 (Excoffier and Schneider
2005) with 10000 random permutations to test the values for significance.

The program Alleles in Space (Miller 2005) was used to perform spatial autocorrelation analyses.
Geographic distances are calculated between pair of individuals on the basis of its geographic
coordinate. The measure of autocorrelation used for analysis (Ay) was quantified as the average
genetic distance between pairs of individuals that fell into distance class y. Five and ten distance
classes were applied and 5000 random replicates were used to identify distance classes where
average genetic distances were significantly larger or smaller than random expectations.

In order to compare the indexes of genetic diversity for C. ibicuiensis and the allopatric species C.
torquatus, the original genotypic data set of this species, containing 22 microsatellite loci from Roratto

et al. (in prep), was re analyzed using the samel4 microsatellite loci surveyed for C. ibicuiensis.

MtDNA statistical analysis
Sequence electropherogram were visually inspected using CHROMAS 2.33 (Technelysium Pty Ltd),

aligned and edited using the CLUSTALW algorithm implemented in MEGA 5.0 (Tamura et al. 2011).
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The genetic diversity at the mtDNA level was calculated as the number of polymorphic sites, the
number of haplotypes, haplotype diversity and the nucleotide diversity (1T) as the average number of
nucleotide differences per site between two sequences (Nei 1987), which were calculated with
DNASP 5.0 (Librado and Rozas 2009). We also calculated Fst, gene flow and performed the AMOVA
as described for microsatellite loci, considering groups of populations separated by the Itu River.
Three haplotype networks were constructed (HVS, COI and the both data set concatenated) to
examine the evolutionary relationships between mtDNA haplotypes, and theirs geographic
localization. The phylogenetic relationships between the mtDNA haplotypes were calculated by the
median-joining method using the program NETWORK 4.6.0.0 (http://www.fluxux-engineering.com).
Spatial autocorrelation analysis was performed for the concatenate mtDNA as described for the

microsatellite data.

Demographic history inferences

Bottlenecks leave a genetic signature in populations noticed by the loss of low-frequency alleles and
an increase in relative abundance of intermediate and high-frequency alleles. In order to infer the
occurrence of a recent bottleneck event, the microsatellite data set was submitted to the program
BOTTLENECK (Cornuet and Luikart 1996), using only samples of localities L1 and L5+L6 that have
more than 10 individuals. The two-phase model (TPM) (DiRienzo et al. 1994) and the stepwise
mutation model (SMM) (Kimura and Ohta 1978) of microsatellite evolution were tested. Parameters for
the TPM were firstly tested with the default set at 70% single step mutations and then at 90%, as
suggested for microsatellite data (Cornuet and Luikart 1996). Only the Wilcoxon sign-rank test of
heterozygote excess provides sufficient power for our number of loci and individuals.

To test for deviation of the mtDNA sequence variation from evolutionary neutrality, the Tajima’s D
(Tajima 1989) and Fu’s Fs (Fu 1997) statistics were performed using ARLEQUIN 3.11 (Excoffier and
Schneider 2005). Negative values of these statistics can be attributed to positive selective sweeps,
recent population growth, or background selection. Besides, the software DNASP 5.0 (Librado and
Rozas 2009) was used to detect occurrence of past events of population expansion, employing
mismatch distribution analysis (Rogers and Harpending 1992).

Two Bayesian coalescence frameworks were also used to simulate the demographic history of the C.

ibicuiensis populations. The Bayesian skyline (Drummond et al., 2005) and skyride plots (Minin et al.


http://mbe.oxfordjournals.org/content/27/4/811.full#ref-17
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2008), as implemented in the software BEAST 1.6.1 (Drummond & Rambaut 2007), recover the
effective population size dynamics over time in a coalescence-based estimative. Analyzes were
performed employing a strict molecular clock with the substitution rates for COI and HVS sequences
estimated by Roratto et al. (in prep) as normal priors. Models of molecular evolution were the
Hasegawa-Kishino-Yano model (HKY) with a proportion of invariable sites () and the correction
gamma value (G) for the HVS and the Tamura-Nei model (TrN) + (I) for the COI sequences, all
selected by the Akaike Information Criterion (AIC) implemented in Modeltest version 3.7 (Posada and
Candrall 1998). Chain length for MCMC sampling was 30 million generations, sampling every 1,000
generations and the first 10% was discarded as burning. We use the computational resources of
Bioportal from University of Oslo (https://www.bioportal.uio.no). The program TRACER 1.5
(http://tree.bio.ed.ac.uk/software/tracer/) was used for the skyline and skyride reconstructions, to
analyze the parameter distributions estimated from BEAST and check for convergence of the chains,
taking into account that the Effective Sample Size (ESS) values for all parameters be greater than
200. Runs were summarized in TreeAnnotator 1.5.4 (Drummond & Rambaut 2007).

The time to most recent common ancestor (tMRCA) of C. ibicuiensis was estimated through
Bayesian phylogenetic analysis that co-estimate divergence time. The phylogeny using cytochrome b
(cyt b) sequences of C. ibicuiensis and other ctenomyids in Freitas et al. (in press) was reconstructed
incorporating the molecular rate for this gene, estimated by Roratto et al. (in prep). The same
sequences data set, evolutive model and parameters of Freitas et al. (in press) were used with
program BEAST. Molecular rate 0.0208 substitutions/site/my (standard deviation 0.000067) for the cyt

b gene (Roratto et al., in prep) was used as normal prior.

Results

No evidence for scoring error due to stuttering, large allele dropout or null alleles was reported for the
14 microsatellite loci surveyed. All of them were polymorphic (Table 1) and the total number of alleles
per locus range from 4 (loci Tor6 and Soc 1) to 13 (locus Tor8). Exact tests of genotypic linkage
disequilibrium yielded no significant values (P > 0.0005, after Bonferroni correction), suggesting that
loci are independent. Significant positive departures from Hardy—Weinberg equilibrium was found only
to locus Tor8 for the cluster L5+L6 (P = 0.015), but it was not significant after Bonferroni Correction

(corrected P-value = 0.0035).


http://www.bioportal.uio.no/
http://tree.bio.ed.ac.uk/software/tracer/

109

The Bayesian analysis using Structure and Geneland clearly identified the presence of four clusters
(Figure 2) that correspond to sample collections L1, L2, L3 and the northernmost localities L5 and L6
clustered together. Individual assignment did not vary among 10 independent simulations of Structure
and the results were also concordant for the 5 independent Geneland runs. The proportion of
individual genotypes (q) belonging to each of the respective inferred cluster was always high (q >
0.91). On the basis of the genotypic assign results, the L5 and L6 sites were considered as one
population for all the other analysis, represented as L5+L6.

The concatenate mtDNA sequences for C. ibicuiensis presented a total of 21 variable sites, which
define 12 haplotypes (see Appendix S1 in Supporting Information; GenBank accession numbers
JQ389074-JQ389081 for COI and JQ389108-JQ389116 for HVS). Values of haplotype diversity were
moderate to high, but the nucleotide diversity was low for the two mitochondrial markers and the
concatenate data set (Table 2). Genealogical relationships among haplotypes were concordant for the
distinct markers and the concatenate data and showed spatial structure (Figure 3 and Appendix S2).
In general, all haplotypes were limited to single populations, except H5,ys and H6¢o, which were
shared between localities L3 and L5+L6. The four individuals of site L2 had always the same
haplotype whilst the five individuals of site L3 were polymorphic for HVS (Appendix S1 and S2).
Distinct haplotypes from the same locality diverged by low mutational steps, except the H4 of the
concatenate data, from L1 (Figure 3). This haplotype was found for individual TR1075 that showed the
divergent H3,ys and the H4co,. However, this sample had the H4 for cyt b (Freitas et al. in press) that
was not so divergent from the others of the same locality (Appendix S2). The Appendix S1 in the
Supporting Information shows the complete list of HVS and COl for each locality.

The differentiation analysis among populations pair by pair indicates high and significant Fst values for
microsatellite data, ranging from 0.24 to 0.42, and over 0.39 for the concatenate mtDNA data (Table
3). Pairwise estimates of gene flow based on sequence data showed lower values than those of
microsatellite data (Table 3). A hierarchical analysis of variance (AMOVA) showed substantial
subdivision among C. ibicuiensis populations, mostly for the mtDNA concatenate data. Regions
separated by the Itu River did not provide significant source of variation for both molecular markers
(Table 4). Spatial autocorrelation analysis confirm the high population differentiation, suggesting that
the extent of spatial phylogeographic structure in C. ibicuiensis occurs in the order of approximately 15

km considering five distance classes (Figure 4a) and 10 km for ten distance classes (Figure 4b), for
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both microsatellite loci and mtDNA concatenate data. Despite the concordance of the geographic
distance threshold for both molecular markers, the mitochondrial data set yielded higher Ay value
(0.94) than microsatellite loci (0.64).

Genetic signatures of bottlenecks for L1 and L5+L6 localities were not observed for any of the models
of mutation analyzed. The distribution of allele frequencies for C. ibicuiensis was clearly L-shaped,
with the largest proportion of alleles at low frequencies (0.01-0.20) for both localities tested. Estimates
of intrapopulation structure calculated using the inbreeding coefficient (F,s) indicated low and no
significant values for all localities (Table 1).

The Tajima’s D and the Fu'Fs tests performed did not show departures from strict neutrality (Table 2),
as well as the multimodal mismatch distribution graphs for the two mtDNA markers (Figure 5), which
supports a population equilibrium scenario. Likewise, the Bayesian skyline and skyride plots showed
little change in effective population size for C. ibicuiensis over time (Figure 6) since its origins. The
estimated time to most recent common ancestor (tMRCA, in million years) revealed divergence times
of 0.15 mya (95%CIl: 0.08 — 0.22) and 0.11 mya (95%CI: 0.06 — 0.16) for the modern C. ibicuiensis
MtDNA lineages, from the skyline and the skyride analysis, respectively. The ESS values were over
700 for all parameters estimated and convergence chains were reached for both approaches.

The cyt b phylogenetic tree showed the same relationships among species showed in Freitas et al., in
press (data not shown). The estimated tMRCA of C. ibicuiensis was 0.31 mya (95%CI: 0.14 — 0.53)

and the divergence between C. ibicuiensis and C. torquatus was 1.6 mya (95%CI: 1.08 — 2.33).

Discussion

Range restriction

Rabinowitz (1981) proposed a model to explain rarity of species based on three characteristics: the
local population density, the area of the species range and the number of different kinds of habitats
that species occupy, known as Rabinowitz’s ‘7 forms of rarity’.

Yu et al. (2000) adapted such model to examine rarity and commonness of a large sample of species
from the mammalian fauna of the world and found that this group exhibits a strong bimodal pattern of
many relatively common and rare species. In spite of the macroecological framework (considering that

“kinds of habitats” where generalized to forest, woodland, scrub, savanna, steppe, desert, and
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aquatic), authors considered the ‘niche-based’ hypothesis (Brown 1984; 1995) to explain such bimodal
patterns. The Brown’s hypothesis suggest that generalist species should be widespread and abundant
because of the environmental flexibility, whilst the specialists ones should be geographically restricts
because their narrow conditions of suitable habitat generally are thinly spread in nature.

When thinking about the subterranean niche, crucial characteristics such as the soil porosity, drainage
and vegetation impose selective pressures on herbivorous mammalian like tuco-tucos (Busch et al.
2000). Underground rodents hardly subdivide their subterranean niche. Except few situations of
marginally overlapping range, it is found one species of subterranean rodent in a given area of
habitable soil (Lessa 2000; Pearson 1959).

Brown et al. (1996) invoked two classes of processes, not mutually exclusive, shaping the geographic
range of species. Besides the niche limitations by environmental variables, they suggest dynamic
processes of colonization and extinction (and sometimes speciation) accounting for patterns of range
size. Such processes are common to subterranean rodents due their metapopulation model of
geographic structure (Steinberg and Patton 2000).

Thus, underground life style naturally provides demographic and ecological characteristics that
constrain geographic range of species. Variation of these factors or combination of them can explain
rarity of tuco-tuco species as those previously cited and the new endemic C. ibicuiensis, that has a

range around 540 km? restrict to sandy soils in the southwestern grasslands of the RS State.

Genetic variability and demography

As it was expected due small geographic range and, consequently, the reduced sampling of C.
ibicuiensis, levels of microsatellite and mtDNA variability found in the present work were low. Twelve
haplotypes, with a diversity of 0.88, was found for the concatenated mtDNA data, but the nucleotide
diversity was low (0.0047). When we compare the nucleotide and haplotype diversity index only for the
control region, which has been data published for other ctenomyids in the literature, values for C.
ibicuiensis are as low as those of tuco-tuco species with restrict geographic range, like C. lami, C.
sociabilis and C. australis (Table 5). Ctenomys flamarioni, besides restrict and linear range, has the
lowest values due habitat instability and bottleneck effects (Fernandez-Stolz et al. 2007). On the other

hand, despite its wide geographic range, large sampling and high haplotype diversity, the low
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nucleotide diversity of C. torquatus probably concerns the recent population expansion described for
this species (Roratto et al. in prep).

The mean numbers of microsatellite alleles per locus (3.26) of C. ibicuiensis was inferior to most other
ctenomyid species, been comparable with values for C. sociabilis, C. roigi and C. torquatus (Table 5).
The low variability found in C. sociabilis may be due social behavior and historical population reduction
whereas C. roigi sample constitute a single population (see references in Table 5); but these should
not be the cases for C. torquatus. Nevertheless, even with low mean number of alleles per locus, the
microsatellite data set was enough to discriminate 14 clusters for this widespread tuco-tuco (Roratto et
al. in prep). Likewise, four clusters where found for C. ibicuiensis that closely fit the geographical
distribution of the localities (Figure 2). Only individuals of localities L5 and L6 clustered together, which
was expected considering their geographical closeness (Figure 1). Moreover, a significant proportion
of the variability was explained by the among-population comparison in AMOVA (35.12%, P < 0.001)
performed with microsatellite data. The higher source of variation was at the individual level and the
Itu River did not significantly structure the molecular variation for both microsatellite loci and mtDNA
markers (Table 4).

The inter population differentiation was even further glaring with the mtDNA concatenate AMOVA
(Table 4), low haplotype sharing (Figure 3), high genetic distances measured by pairwise Fsr values
and consequently low estimative of gene flow (Table 3). Although both haplotype and allele
frequencies data results showed strong genetic structure among C. ibicuiensis populations, the higher
differentiation provided by mtDNA sequences can be attributed to the matrilineal heritance of this
marker associated with evidences of female phylopatry in ctenomyids (Cutrera et al. 2005; Fernandez
et al. 2007; Lacey 2001; Lopes 2011). The spatial autocorrelation analysis clearly indicated the
presence of strong phylogeographic structure between sampled sites, which reflects the influence of
relatively short geographic distances (between 10 and 15 km) structuring populations of these
subterranean rodents (Figure 4).

Low genetic variability within populations and high genetic differentiation among tuco-tuco populations
is recurrently observed and it is expected due the propensity of these species to be distributed into
many, relatively small and no continuously distributed demes (Lacey et al. 2000; see references in
Table 5). In addition, historical demographic events such as recent colonization, population expansion

or reduction (bottleneck), behavior (solitary versus social) and habitat instability has been reported to



113

shape spatial and temporal variability for tuco-tuco species (Chan and Hadly 2011; Fernandez-Stolz et
al. 2007; Lacey 2001; Lopes 2011; Mirol et al. 2010; Mora et al. 2006).

Results of the present study did not find a signature of population bottleneck for C. ibicuiensis, on the
basis of changes in microsatellite allele frequencies, neither indication of recent expansion according
to the multimodal mismatch distribution analysis (Figure 5) and non significant neutrality tests (Table
2). The tMRCA of the present lineages of C. ibicuiensis was relatively recent, dating from the mid to
late Pleistocene, but a pattern of population stability was recovered from the Bayesian skyline and
skyride plots, showing little changes in the effective population size over time, despite large
confidence intervals (Figure 6). Therefore, C. ibicuiensis is a geographically restrict tuco-tuco species
and its rarity apparently could not be attributed to any historical demographic event.

That was not the situation for widespread and neighboring collared tuco-tuco, C. torquatus. The
tMRCA for this species was dated around 0.51 mya (95%IC 0.27 — 0.80 mya) and it exhibits an
historic of recent population expansion throughout the half south of the RS State and north Uruguay
(Roratto et al. in prep), surrounding the C. ibicuiensis range. Both species belongs to the same
phylogenetic group (the torquatus group, following Parada et al. 2011) but they diverged early,
approximately 1.6 mya (see Figure S2 in Roratto et al., in prep).

Considering the ancient divergence between these species and the probable phylogeographic origin
of the C. torquatus mtDNA lineages from the central region of the RS State (Roratto et al. in prep),
their neighboring around the Ibicui River seems rather a secondary contact zone or proximity than a
primary resource for allopatric vicariance or peripheral isolation in a process of speciation.

The contrasting patterns of range and demography lead us to discuss about which intrinsic
characteristics and evolutionary factors would be shaping the trajectory of these species up to now, as
well as how it can influence the existence and survival of the rare C. ibicuiensis facing the present and

future environmental changes and threat.

Phylogeographic history of tuco-tucos in Pampa’s biome

Before try to explain such differences, it is important to keep in mind that a single measurement of the
present genetic diversity would not accurately reflect the variability over longer time periods, as it was
demonstrated for C. sociabilis using fossil records haplotypes (Chan and Hadly 2011). Unfortunately,

we do not have knowledge about any archaeological site harboring Ctenomys samples in south Brazil
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up to now. Anyway, the Chan and Hadly (2011) study provide a comparative framework about
differences in rarity and behavior of two parapatric species — C. sociabilis and C. haigi, and the way
these specific characteristics result in contrasting demographic histories.

Both, C. torquatus and C. ibicuiensis are solitary species. Then, sociality is not a determining factor
explain their differences as it was for C. sociabilis and C. haigi (Chan and Hardy 2011; Lacey 2001). In
spite of C. torquatus has a bigger body size than C. ibicuiensis (Freitas et al. in press) the hypothesis
of competition between both species seems not probable, mainly because without having fossil
evidences we are not able to infer whether both species had contact. If so, it probably would be at the
moment that C. torquatus expansion reached surrounds of the C. ibicuiensis range, but still there is
the Ibicui River detaching the occurrence of these species nowadays. Moreover, we did not find
evidence of population decline in C. ibicuiensis.

Past environmental changes in the Pampean region could not have influenced demography and
genetic variability of C. torquatus and C. ibicuiensis. Both species inhabit the grasslands of the
southern half of the RS State in Brazil, the so-called Pampa Biome in the Brazilian biome classification
(IBGE 2004). After the extensive marine transgressions of the Tertiary (Rambo 2005), this region got
through cold and dry climatic conditions during the ice age, which allowed the grassland
predominance since the Pleistocene (Behling 2002). As suggested for the Argentinean armadillo
Chaetophractus villosus in southern Patagonia (Poljak et al. 2010), the fossorial habit, that enable
thermal regulation, would allow survive and extend of individuals in areas with adverse climatic
conditions, mainly a grassland recovered region ideal for tuco-tucos such as these southern Brazilian
open areas inhabit by C. ibicuiensis and C. torquatus. Pollen analysis performed through peat deposit
core in the city of Sdo Francisco de Assis (see Figure 1), 5 km north from the Ibicui River, showed
high abundance of grass pollen (over 90%) since the full-glacial age in this region, with subtropical
gallery forests developed along rivers only since mid Holocene times and expanded during the last
1500 ya, reflecting a change to wetter conditions (Behling et al. 2005).

Thus, the predominant grassland and probably suitable habitat for the underground life style, even
during the cold and dry periods, may have been the ideal conditions for the expansion of the collared
tuco-tuco throughout its wide geographic range in the Pampean region. The contrasting scenery of
demographic stability for the endemic and highly differentiated C. ibicuiensis populations should be

related with other evolutionary factors.
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An important ecological aspect of subterranean rodents is the habitat specialization, mainly regards
kind of soil (Busch et al. 2000). The grater preference of C. sociabilis for the wet meadows habitats
was suggested to cause the high genetic structuring of its populations and restrict geographic range,
as a consequence of its reduced ability to deal with environmental changes through time such as
volcanic eruptions and shifting of steppe habitat during the last glacial maximun (Chan and Hardy
2011). A broader field knowledge is needed in order to infer whether the high structuring and rarity of
C. ibicuiensis is related with habitat specialization, particularly considering that the few sampling sites
recorded for this sandy soil tuco-tuco were exactly sandy land sites (Freitas et al. in press), while the
widespread C. torquatus was sampled in a great variety of sandy-like soils, with different degrees of
hardness (personal communication).

A demographic pattern of long time stability was recovered for populations of C. porteousi, occuping a
restrict area in central west Buenos Aires province — Argentina, during the cold and dry climatic
conditions of the last glacial maximum (Mapelli et al. 2012b). The highly specific habitat requirements
of this species, consisting of reduced vegetation cover on sand dunes (Mapelli and Kittlein 2009),
would have been larger and less fragmented during this period. Porteous tuco-tuco’s habitat
specialization is so crucial that shrinkin of this typical habitat during the moister and warmer Holocenic
climate would be responsible for its population decrease (Mapelli et al. 2012b). Ctenomys ibicuiensis
seems likewise highly associated with sand soils, but widely covered by grass. Considering that
vegetal coverage did not change substantially in this region since C. ibicuiensis origins in the middle
Pleistocene (Behling et al. 2005), we could suppose the restrict habitat requirements associated with
the grassed sandy lands as justification for the rarity and stability of C. ibicuiensis.

Unlike historic perturbation events suffered by C. sociabilis (Chan and Hardy 2011), there is no
register of drastic geological events for the lowlands inhabit by C. ibicuiensis and C. torquatus since
the Brazilian Plateau formation in the Mesozoic (Rambo 2005). In order to evaluate whether the
recent lineages of both species show distinct geographic and demographic patterns due niche
specialization, a refinement of the Pampa’s habitat changes, in response to Quaternary oscillating
climate, is needed to be merged in ecological niche modeling approach. Such approach has wisely
shedding light on environmental changes effects over range and niche of species (e.g. Jezkova et al.

2011).
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Implications for conservation

The south Brazilian Pampa biome and adjacent areas of Uruguay and Argentina are a mosaic
vegetation of shrubland and different forest types, dominated by a high diversity of grass species,
underestimated and neglected under current conservation policies as pointed out by Overbeck et al.
2007. According to Bolzon et al. (2002), the higher floristic diversity found in open areas than in sparse
forests is due the relatively recent gallery forests expansion associated with the Holocenic warmer and
wetter climatic conditions. The grasslands established earlier in dry and cold climate and had larger
evolution time to differentiate and speciate. It is reflected also in the higher number of endemic, rare,
and actually threat, species (Deble 2011). The dwarf palm Butia lallemantii is an interesting example
of endemism for the sandy soil grasslands of the southwest RS State. It is a palm species lacking
stem and its distribution almost coincides with the C. ibicuiensis occurrence (Deble and Marchiori,
2006). As well this endemic tuco-tuco has the related widespread species C. torquatus surrounding its
range; the dwarf palm has the related and widespread B. paraguayensis species (Deble 2011), native
to Brazil, Argentina, Uruguay and Paraguay. The critically endangered fish Austrolebias ibicuiensis is
another example of a threat species endemic of the Ibicui River basin (Machado et al. 2008).
Independently of the environmental and ecological factors that lead to C. ibicuiensis rarity, the path
distribution in small demes, low vagility and effective population size — characteristic of subterranean
rodents — seems not to be a concern for the maintenance of its restrict geographic range, considering
that the southwest grasslands of the RS State appeared stable since Pliocene (Behling et al. 2005).
However, these fragile conditions, intrinsic to tuco-tuco populations, certainly will be endangered as
human activities fragment landscape and reduce the suitability of the habitat, as it has been
demonstrated for C. flamarioni (Fernandez-Stolz et al. 2007). Despite not shown evidences of
population reduction and inbreeding, C. ibicuiensis meet the Endangered threatened category
following the IUCN criteria (IUCN Standards and Petitions Subcommittee 2011) due the small extent
of occurrence and low number of locations (Bla criteria). Thus, we recommend the inclusion of C.
ibicuiensis as threatened in the IUCN red list, the national and regional Brazilian red lists of
endangered fauna.

This mammal species, added to others fauna and flora species evenly endemic and threat (Deble
2011; Pillar et al. 2009), are appealing evidences of the critical need of conservation actions of the

Pampa biome in order to preserve its peculiar biodiversity and safeguard its evolution fate.
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TABLES
Table 1 Summary of the microsatellite variation in Ctenomys ibicuiensis sampled localities. Site L5

and L6 were clustered. All F,s values were no significant.

Locality/Cluster N A NLP  Ho Fis

L1 12 3.83 12 0.56 0.05
L2 4 2.45 11  0.45 0.06
L3 5 3.00 14 0.65 -0.09
L5+L6 13 4.85 14 0.64 0.01

Total/mean 34 3.26 14 -

N, number of specimens; A, mean number of alleles per locus; NLP, number of polymorphic loci; Ho,

mean observed heterozygosity; Fs, inbreeding coefficient.

Table 2 Summary of the diversity and neutrality tests for the control region (HVS), cytochrome ¢

oxidase | (CQl), and the concatenate mitochondrial data set in Ctenomys ibicuiensis.

S H(Hd) i Tajima’s Fu's FS
Ns L(bp)
D
HVS 34 425 9 9 (0.83) 0.0056 0.28 -1.19
COl 30 650 12 8(0.72) 0.0039 -0.53 -0.49
Concatenate 21 12 0.0047 -0.14 -0.89
30 1075
(0.88)

Ns number of samples sequenced; L(pb) length of the sequence in base pairs; S number of
polymorphic sites; H(Hd) number of haplotypes and haplotype diversity in parenthesis; 1T nucleotide
diversity. All values of neutrality tests were no significant, p>0.05 for Tajima’s D and p>0.02 for Fu’s

FS.
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Table 3 Genetic differentiation of Ctenomys ibicuiensis populations. Fst values for pairwise

comparisons of microsatellite loci are above diagonal and for concatenate mtDNA are below diagonal.

The effective numbers of migrants per generation are also reported in parentheses.

Locality L1 L2 L3 L5+L6
0.42 0.30 0.27
L1 ;
034 (058 (065
0.62 0.38 0.36
L2 ;
(0.15) ©40) (043
0.67 0.88 0.24
L3 ;
0.12)  (0.03) (0.79)
0.71 0.91 0.39
L5+L6 -
(0.10)  (0.02)  (0.38)

All values were significant after Bonferroni Correction (corrected P-value < 0.008), except the bold

value.
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Table 4 Hierarchical analysis of molecular variance (AMOVA), considering groups of populations from
both sides of the Itu River, using microsatellite and mitochondrial concatenate data sets. The fixation

indices (F-statistics) are shown in parentheses. Significant values are in bold.

Hierarchical level Microsatellite Concatenate mtDNA
Among Groups (Fcr) -5.02 (-0.05) -22.97 (-0.22)
Among Populations Within Groups 35.12 (0.33) 94.11 (0.76)

(Fsc)

Within Population (Fsr) 69.90 (0.30) 28.87 (0.71)
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Table 5 Comparative table of indexes of genetic diversity for ctenomyid species, for microsatellite or

MtDNA control region. N: number of specimens analyzed; nL: number of loci analyzed; nAL: range

number of alleles per locus; A: mean number of alleles per locus; nH(Hd): overall number of

haplotypes, and haplotype diversity; and 1: nucleotide diversity.

Marker Microsatellite Control region
Reference
Specie N nL nAL A N nH (Hd) o
C. sociabilis 35 15 1-3 2.29 - - Lacey 2001
C. rionegrensis 142 11 6-14 8.3 - - Wiasiuk et al. 2003
C. haigi 35 15 3-13 7.5 - - Lacey 2001
perrensi group 169 16 5-19 13 - - Mirol et al. 2010
C. roigi 12 16 1-7 3.31 - - Mirol et al. 2010
C. perrensi 21 16 2-12 6.75 - - Mirol et al. 2010
C. dorbignyi 26 16 5-11 7.13 - - Mirol et al. 2010
Fernandez-Stolz et
C. flamarioni 85 9 3-8 5.3 89 7 (0.790) 0.0030
al. 2007
Cutrera et al. 2006;
C. talarum 134 12 2-9 6.17 71 32 (0.93) 0.0220
Mora et al. 2007
C. minutus 340 14 7-16 13 276 40 (0.961) 0.0236 Lopes 2011.
C. lami 178 14 2-13 8.57 178 14 (0.871) 0.0059 Lopes et al. in press.
C. australis - - - 70 24 (0.83) 0.0055 Mora et al. 2006
Tomasco and Lessa.
C. pearsoni - - - 98 21 0.0186**
2007
C. torquatus 254  14* 6-15 3.08 294 25 (0.91) 0.0062 Roratto et al. in prep
C. ibicuiensis 34 14 4-13 3.26 34 9 (0.83) 0.0056 This study

* Data modified from Roratto et al. (in prep), with a reduced number of loci. **Overall nucleotide

diversity estimated by us from the control region sequences downloaded from genbank.
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LEGEND TO FIGURES

Fig. 1 Detail of western Rio Grande do Sul State (Brazil), indicating the geographical placement of
sampling sites for Ctenomys ibicuiensis (black points) and neighboring C. torquatus localities (black
squares). Gray areas represent elevations above 200 meters of Brazilian Meridional Plateau,

emphasizing the Serra do lguariagd mountain range.

Fig. 2 Results of clustering analysis. (a) Index of MCMC iterations along the whole chain (left) and
density of each number of clusters along the chain after a burning of 10 iterations (right), from
GENELAND. (b) Mean value of estimated logarithm of probability of the data (open circles) and the
standard deviation (vertical bars) for ten STRUCTURE runs with k ranging from 1 to 8. (c) Posterior
estimates of cluster membership for STRUCTURE. Labels below the graph are the sampling sites

(see Fig. 1).

Fig. 3 Median-joining network of concatenate (cytochrome c¢ oxidase | and hyper variable sequence 1)
mitochondrial DNA sequences of Ctenomys ibicuiensis. Circle size reflects the number of individuals
exhibiting each haplotype (smallest = 1, largest = 7). Cross hatches represent mutation steps and red

points represent medium vectors.

Fig. 4 Results of spatial autocorrelation analysis of Ctenomys ibicuiensis using fourteen microsatellite
loci (squares) and the concatenate HVS control region and cytochrome ¢ oxidase | mitochondrial
sequences (circles). Analyses were performed using five (a) and teen (b) distance classes. A,
guantifies the average pairwise genetic distances that fall within the boundaries specified for each

distance class y. The horizontal line indicates the average value of A, for a data set.

Fig. 5 The observed and expected mismatch distributions in an expanding population model for HVS
control region (a) and COI gene (b). The expected and observed mismatch distributions are indicated

by solid and dashed lines, respectively.
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Fig. 6 Bayesian skyline (a) and skyride (b) plots derived from concatenate mitochondrial sequences of
Ctenomys ibicuiensis, respectively. The thin and the thick dotted lines are the lower and the median
estimated tMRCA, projected on the time line, and the blue area overlay show the 95% highest

posterior density (HPD) limits for the effective population size, represented on Y-axis.
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Appendix S1 Number of Ctenomys ibicuiensis specimens (N), per locality, that compound each

cytochrome c oxidase | (COIl) and hyper variable sequence 1 (HVS) haplotype and the respective

concatenate haplotype for both mitochondrial sequences.

Locality (N) COl HVS concatenate

L1 (7) H1 H1 H1
L1 (1) H2 H2
L1 (2) - .

L1 (1) H3 H2 H3
L1 (1) H4 H3 H4
L2 (4) H5 H4 H5
L3 (1), L5 (2), L6 (1) H6 H5 H6
L3 (2) H6 H7
L3 (1) H7 H8
L3 (1) H8 H9
L5 (6) H9 H10
L6 (2) - H5 -

L5 (1) H7 H5 H11
L6 (1) H8 H5 H12

- Samples that did not amplified by PCR for COI.



135

Appendix S2 Median-joining network of mitochondrial hyper variable sequence 1 from control region

(HVS), cytochrome c oxidase | (COI) and cytochrome b (cyt b, modified from Freitas et al. in prep)

genes for Ctenomys ibicuiensis samples. Circle areas are proportional to frequencies, cross hatches

represent mutation steps and black points represent medium vectors.
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DISCUSSAO GERAL

Reconhecida como uma das regifes de maior biodiversidade da Terra, a America do Sul ocupa a
ultima posicao num ranking continental de produtividade em estudos filogeogréaficos (Beheregaray,
2008). O Brasil, com seu imenso territorio e grandiosa biodiversidade, ocupou a 15° posi¢cao neste
estudo (que considerou as publicagdes entre 1987 — 2006), ficando atras de diversos paises do
hemisfério norte, inclusive paises europeus com territérios infimamente menores.

Apesar deste viés de trabalhos filogeograficos, concentrados principalmente no hemisfério norte,
as publicacfes nesta area vem aumentando de forma extraordinaria (Beheregaray, 2008). Entretanto,
se um estudo como este fosse realizado com foco nos biomas brasileiros, certamente outro viés seria
verificado, com um ndmero significativamente maior de publicacGes de ambito filogeografico
relacionadas a biomas florestais como a Amaz6nia e a Mata Atlantica.

Antes mesmo de estudos filogeograficos, conhecimentos basicos sobre os biomas nao florestais
brasileiros sdo defasados. Considerada apenas pela produtividade agropecuéria, ndo houve uma
preocupacéo histérica como area prioritaria para conservacdo do bioma Pampa (Overbeck e cols.,
2007), que somente foi reconhecido como um bioma independente, em nivel nacional, a partir da
classificacdo do IBGE (2004).

Além de resguardar uma das maiores diversidades de gramineas (Boldrini, 2009), a regido dos
pampas também abriga varias espécies de vertebrados embleméticas de ambientes abertos que
ocorrem em toda a Provincia Pampeana, e pelo menos 21 espécies endémicas (Bencke, 2009). A
Unica espécie de mamifero desta lista € Ctenomys lami, cuja distribuic&o é restrita a regido conhecida
como Coxilha das Lombas, proxima a capital do estado do Rio Grande do sul (RS), Porto Alegre.

Os artigos apresentados nesta tese resultam em uma enriquecedora contribuicdo a fauna de
mamiferos endémicos do bioma Pampa. Assim como C. lami, a nova espécie descrita para o oeste
do estado, C. ibicuiensis, é endémica e extremamente restrita. Ja o tuco-tuco de colar, C. torquatus,
passa a ser considerada a espécie endémica de mamifero mais amplamente distribuida nos campos
do sul do Brasil. A auséncia de barreiras biogeogréficas entre Brasil e Uruguai propicia a extensao de
sua distribuicdo aos campos do norte do pais vizinho. Esta espécie seria, portanto, mais
adequadamente tratada como subendémica dos campos sul brasileiros, de acordo com Bencke

(2009).
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A histéria geomorfoldgica do bioma Pampa remete a um longo periodo de estabilidade desde o
final das grandes transgress6es marinhas do Terciario, com o predominio de gramineas recobrindo
0s campos e clima frio e seco durante o periodo glacial (Rambo, 2005; Behling e cals., 2005). De
acordo com os resultados de datacdo molecular apresentados nesta tese, a origem estimada para C.
ibicuiensis e C. torquatus (da metade para o final do Pleistoceno) sugere que ambas teriam se
estabelecido na regido neste cenario de estabilidade geoldgica, o que torna ainda mais intrigante os
padrées demograficos e de distribuigcdo diferenciados entre as duas espécies.

Apesar da proximidade geografica, separadas apenas pelo rio Ibicui, C. torquatus e C. ibicuiensis
ndo compartilham um ancestral comum direto. Ambas pertencem ao grupo filogenético torquatus,
mas a divergéncia entre suas linhagens foi datada h& cerca de 1,6 milhdes de anos, no inicio do
Pleistoceno, sendo que C. torquatus é mais intimamente relacionado as espécies de tuco-tuco
habitantes da planicie costeira do RS, C. minutus e C. lami. Portanto, um processo de diferenciacéo e
especiacao recente entre as espécies do Pampa, como o observado entre C. minutus e C. lami
(Freitas, 2001; Lopes, 2011), ndo foi verificado.

A distribuicio extremamente restrita de C. ibicuiensis era esperada uma associa¢io a eventos de
reducdo demogréfica como consequéncia da degradacdo ambiental que a regido vem sofrendo nas
Ultimas décadas (Roesch e cols., 2009; Suertegaray e cols., 2011). Apesar baixa variabilidade
genética encontrada, tanto para o DNA mitocondrial quanto para microssatélites, C. ibicuiensis ndo
apresentou evidéncias de reducéo populacional nem depressédo endogamica. Um padréo de
estabilidade foi recuperado nas analises demograficas para as populag8es de C. ibicuiensis, desde a
sua origem no final do Pleistoceno.

Diferentemente da estabilidade demogréafica descrita para C. ibicuiensis, C. torquatus apresentou
um padrao demografico de expansao recente. A origem destas linhagens remete a regido central do
estado, denominada Depressao Central, localizada entre o Planalto Sul-Brasileiro e a Serra do
Sudeste. Como néo ocorre em altitudes acima de 200 m, a coloniza¢do provavelmente ocorreu em
direcéo ao oeste do estado, norte no Uruguai e, contornando a Serra do Sudeste, o tuco-tuco de colar
teria se expandido até o litoral sul do estado, na regido do Taim.

A ocorréncia de C. ibicuiensis na borda da distribui¢do do tuco-tuco de colar provavelmente se
caracteriza como um ponto de encontro entre linhagens que divergiram em outras regides, e que

atualmente habitam as margens opostas do rio Ibicui. Em seu processo de expansao, C. torquatus



138

ndo ultrapassou o limite ao norte do rio Ibicui em toda sua extensao, exceto na localidade de Itaqui,
na foz deste rio.

Em contrapartida, o igualmente volumoso rio Jacui foi colonizado em ambas as margens por
populacdes de C. torquatus e provavelmente foi atravessado em algumas situagdes. Assim como o
rio Ibicui ndo serviu como barreira justamente em sua desembocadura, onde é mais caudaloso, o rio
Jacui ndo se enquadrou perfeitamente no padréo esperado de acordo com a hipdtese de rios atuando
como barreiras, na qual se espera uma diminuicdo mais efetiva do fluxo génico entre margens
opostas a medida que as populacdes se aproximam da foz de um rio (Wallace, 1852; Patton e cols.,
2000). Apesar de ndo caracterizarem-se como causadores primarios da divergéncia no passado, 0s
grandes cursos d’agua que dissecam a distribuigdo de C. torquatus podem estar atuando como
promotores de diferenciacdo na forma como se apresentam atualmente, e participando como
coadjuvantes de um processo de especiacao futura, principalmente nas situacGes periféricas
associadas a fixacdo de variac6es cromossdmicas.

A filogeografia e o0 comportamento demogréfico de C. ibicuiensis e C. torquatus apresentados
neste estudo revelam um panorama de evolucao diferenciada entre duas espécies que vivem na
mesma regido, sob as mesmas condi¢des, com 0 mesmo estilo de vida subterradneo associado a
todas as restricdes que essa condicdo impde. Independente do perfil de estabilidade ou expanséo
exibido por estas espécies, ou da presenca de barreiras apelativas como grandes rios, as analises de
variancia molecular (AMOVA) frequentemente atribuem a maior parte da variagdo genética as
diferencas entre populagfes de tuco-tucos. A organizacdo destes roedores em pequenos demes
isolados, associada a baixa dispersao, territorialidade e filopatria das fémeas (especialmente para o
DNA mitocondrial) deixam um sinal profundo de estruturacdo em nivel de populacdes, e isso €
recorrente em estudos com outras espécies do género Ctenomys (Cutrera e cols., 2005; Mapelli e
cols., 2012a e b; Lopes, 2011).

Essa configuracdo espacial e demogréfica peculiar das populacdes de tuco-tucos, além de resultar
em estruturacao a nivel intraespecifico, pode ter desempenhado um papel de extrema importancia
como propulsor da especiagdo explosiva documentada para o género Ctenomys, (Lacey e cols.,
2000; Reig e cols., 1990). Entretanto, esse sistema € bastante sucetivel a alteracdes climaticas e

perturbacdes geoldgicas passadas, resultando em reflexos demograficos negativos como verificado
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para C. sociabilis (Chan e Hadly, 2011) e C. porteousi (Mapelli e cols., 2012a); especialmente em se
tratando de espécies consideravelmente especialistas em relagcao ao habitat.

Atualmente, as modificag6es no ambiente causadas por agéo antropica, como o desenvolvimento
urbano, tem causado impacto na variabilidade genética e tamanho populacional em C. flamarioni
(Fernandez-Stolz e cols., 2007). A fragmentacdo dos campos no sul do Brasil, causada pela pratica
crescente da silvicultura, producao agricola e pecuaria intensiva, pode acarretar em efeitos ainda
mais agravantes que os eventos naturais historicos, afetando a conectividade entre as populagdes de
tuco-tuco dos Pampas.

Assim como os padrdes filogeograficos de tuco-tucos (Fernandéz-Stolz, 2006; Lopes, 2011),
petunias (Petunia integrifolia — AMC Ramos-Fregonezi, comunicacdo pessoal), anfibios
(Melanophryniscus spp. — JB Silva, comunicag&o pessoal) e lagartos (Liolaemus spp. — CM Silva,
comunicacao pessoal) tém agregado conhecimento sobre a dindmica evolutiva da planicie costeira do
sul do Brasil, bem como os impactos da acdo antropica; os resultados apresentados neste estudo
para C. ibicuiensis e C. torquatus caracterizam-se como uma contribui¢do primordial para o
entendimento dos processos evolutivos do Pampa, como os rios e as condi¢cdes geografias podem
interferir nos padrdes filogeograficos, e como a interferéncia humana pode influenciar na preservacgéo

de espécies com caracteristicas demogréficas tdo peculiares como 0s tuco-tucos.
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CONCLUSOES

e Ctenomys torquatus apresenta um padréo de expanséo populacional recente em sua ampla
distribuicdo, tendo como origem provavel a regido da Depressédo Central do estado do Rio Grande do

Sul;

e As populagdes de C. torquatus com cariétipo 2n = 40 em Itaqui colonizaram a margem ao norte do

rio Ibicui somente neste local, caracterizando um evento de Dispersao através do rio;

e As populag@es de C. torquatus com cari6tipo 2n = 46 em Rio Grande e Taim colonizaram a planicie
costeira no sul do Rio Grande do Sul e, provavelmente, foram posteriormente isoladas pelo
surgimento do Canal Sdo Gongcalo, caracterizando um evento de Diferenciagdo Priméria, quando ha
imposicao de um curso d’agua (vicariancia). Por se tratar de um evento recente, o efeito da

estruturacdo nao foi verificado.

e Exceto pela comparagéo dos pontos na nascente em relagao aos demais ao longo do rio Jacui, ndo
foi verificado um padrdo de aumento da diferenciacdo genética a medida que aumenta a largura do

rio, de acordo com o esperado pela hipétese de rios como barreira;

e Ctenomys ibicuiensis foi descrita como uma nova espécie de tuco-tuco endémica do bioma Pampa
e com distribuicdo geogréfica extremamente restrita aos campos arenosos de Manoel Viana e

Magambara, no oeste do Rio Grande do Sul;

e Ctenomys ibicuiensis e C. torquatus sao préximas geograficamente, separadas pelo rio Ibicui,
pertencem ao mesmo grupo filogenético torquatus, mas ndao compartilham um ancestral comum direto

e recente;

e A espécie nova apresentou baixos indices de diversidade genética, estabilidade demografica e a
maior parte da variacdo corresponte a diferencas entre populacdes, que apesar de proximas

geograficamente mostraram-se altamente diferenciadas;
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e Apesar de nao haver evidéncias de reducao populacional e depressdo endogamica; a raridade e o
baixo nimero de localidades registradas para C. ibicuiensis, associados a intensa modificagdo e
desgaste ambiental na regido, preenchem os requisitos para sua inclusao na lista de espécies

ameacadas da IUCN.
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A new species of tuco-tuco, genus Ctenomys, is described from sandy soils on western slopes of the
state of Rio Grande do Sul in southern Brazil. This species is distinguished from other named members of
this South American endemic genus by several analyses. Diagnostic traits for this new propose species are
the diploid number of 50 chromosomes and the autosomal fundamental number of 68 arms, with the 1st pair
much longer than in other related species. Qualitative and gquantitative (geometric morphometrics) analyses

of the skull morphology and phylogenetics analysis of the mitochondrial cytochrome b gene support this
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status, especially when comparing with phylogenetically related and geographically neighboring species.
Populations of this species have a narrow geographic distribution in a small area (~500 km2) that have been
suffering from anthropogenic pressure from soybean, pine and eucalyptus plantations, as well as

desertification. This scenario suggests that it could be characterized as an endangered species.

Keywords: endangered, endemism, fossorial, geometric morphometrics, Pampa biome.

* Correspondent: p.angelica21l@gmail.com

The Neotropical subterranean rodents of the genus Ctenomys (tuco-tucos) comprise more than 60
described species. They have been considered one of the most chromosomally variable mammals, with
karyotypes ranging from 2n = 10 to 70, and a model for studies of speciation and evolution (Reig et al. 1990;
Freitas 2006; Mirol et al. 2010; Lopes, 2011).

The relatively recent origin of the genus (Verzi et al. 2010) and its high species diversity suggest an
explosive speciation event in tuco-tucos, which may be the reason for the unsolved basal relationships
among species for all phylogenetic analyses performed with mitochondrial DNA (D’Elia et al. 1999; Lessa
and Cook 1998; Mascheretti et al. 2000; Parada et al. 2011; Slamovits et al. 2001) and even with nuclear loci
(Castillo et al. 2005). The most recent phylogenetic analysis, with a wide taxonomic and geographic
coverage, recovered 8 relatively well supported clades that comprise groups of tuco-tuco species, although
some taxa remained without a defined phylogentic position and the relationships among them and the
species groups were weakly supported (Parada et al. 2011).

The torquatus group is composed of geographically neighboring species, which generally show high
karyotypic polymorphism. A complex of the species C. roigi (2n = 48), C. perrensi (2n = 50), C. dorbignyi (2n
= 70), and several forms of uncertain taxonomic status (2n = 42 to 65) were found in Corrientes, Argentina,
where the intricate pattern of genetic and karyotypic organization among these metapopulations was
attributed to the unstable dynamics of the habitat (Mirol et al. 2010). Ctenomys pearsoni (2n = 56 to 70) is
another chromosomally polytypic species of the torquatus group and inhabits the coastal plains of southern
Uruguay by the Rio de la Plata and the Atlantic Ocean, with some populations in Argentina (Garcia et al.
2000). On the southern Brazilian coastal plain, two species show high levels of chromosomal variability. A

total of 45 karyotypes were described for C. minutus (2n = 42 to 50; Freitas 1997; Lopes 2011) and 26



150

distinct karyotypes for C. lami (2n = 54 to 58), which has an extremely restricted geographic range (Freitas
2001). Finally, C. torquatus, the nominate species of the group, inhabits the grasslands of southern Rio
Grande do Sul (RS), Brazil, and northern Uruguay. Despite its wide geographic range, there is a most
common and widespread chromosomal form (2n = 44), and only some restricted karyotypic polymorphisms
in the southern (2n = 46) and western (2n = 40 and 42) parts of its distribution (Fernandes et al. 2009z;
Freitas and Lessa 1984; Gongalves and Freitas 2009).

Between 2007 and 2011, while we were trying to cover the geographic distribution of C. torquatus in
western RS, we found new localities where the specimens seemed to be slightly differentiated. Surveys of
cytogenetic, morphometric, phylogenetic, and geographic information suggested that these specimens,
collected in the Manoel Viana municipality and initially presumed to be C. torquatus, in fact represent a
separate taxon. This report describes this new species of Ctenomys, and compares its populations with

species of the torquatus group and other congeners.

MATERIALS AND METHODS

Samples and cytogenetic analysis — A total of 34 individuals were collected from localities L1, L2, L3, L5
and L6 (Fig. 1, Table 1). In locality L4, burrows were observed in the field, but no individual was collected.
The specimens were caught alive using Oneida Victor No. 0 traps with a rubber cover, anesthetized,
measured, and a small piece of the ear was cut off and stored in absolute ethanol.

Some individuals from each new locality were killed, to obtain karyotypes and specimen vouchers: all 16
specimens from L1 and L2, 6 from L5, and 1 specimen from each of L3 and L6. One hour before the
procedure, colchicine (0.01%) was administered at 1mI/100mg of body weight. Samples of femur marrow
were incubated in hypotonic solution for 20 min and fixed in methanol : acetic acid (3:1). Cytogenetic
analysis was performed following Ford and Hamerton (1956). The tissue samples, skulls and skins were
deposited in the Mammal Collection of the Departamento de Genética, Universidade Federal do Rio Grande
do Sul, Brazil. All work with the animals was done with the permission of Sishio-IBAMA (the official Brazilian
environmental protection agency) and following guidelines approved by the American Society of
Mammalogists (Sikes et al. 2011).

Linear measurements — Morphometric measurements (Langguth and Abella 1970) were taken to the
nearest 0.05 mm with a caliper to describe the holotype skull. Furthermore, corporal measurements and the

weight of holotype specimen were taken.
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Geometric morphometrics approach — The sample consisted of 16 skulls of adult specimens (6 males, 10
females) collected at five localities in Manoel Viana and Magambara municipalities, western RS (Fig. 1,
Table 1). We compared these specimens with skulls from different species of the torquatus group: C. lami (N
= 30), C. minutus (N = 30), C. pearsoni (N = 30), C. perrensi (N =9), C. roigi (N = 7), and C. torquatus (N =
30). All specimens had been previously deposited in collections or museums (Appendix I).

Each skull was photographed in dorsal, ventral and lateral views with a digital camera at 3.1 megapixels
resolution (2048 x 1536). Two-dimensional morphological landmarks were defined for dorsal (29), ventral
(30) and lateral (21) views of the skull respectively (Fernandes et al. 2009b). The coordinates of each
landmark were obtained using tpsDig 1.40 software (Rohlf 2004). Coordinates were superimposed using a
generalized Procrustes analysis (GPA) algorithm (Dryden and Mardia 1998). The size of each skull was
estimated using its centroid size, the square root of the sum of the squares of the distances of each
landmark from the centroid (Bookstein 1991).

Size was compared between species with a one-way analysis of variance (ANOVA) of centroid size
values and for multiple comparisons we used Tukey’s Test. Principal components analysis (PCA) was
carried out using the variance-covariance matrix of generalized least-squares superimposition residuals
(Cordeiro-Estrela et al. 2006 ; Baylac et al. 2003). PCs of the covariance matrix of superimposition residuals
were used as new shape variables, to reduce the dimensionality of the data set as well as to work on
independent variables. The matrixes of PCA scores for each view of the cranium (dorsal, ventral and lateral)
were joined into 1 total matrix. Shape differences between species were tested through multivariate analysis
of variance (MANOVA) and Bonferroni correction for multiple comparisons. To choose the number of PCs to
be included in the Linear Discriminant Analysis (LDA), we computed correct classification percentages with
each combination of PCs (Baylac and Friess 2005). We selected the subset of PCs giving the highest overall
good classification percentage. We used a leave-one-out cross-validation procedure that allows an unbiased
estimate of classification percentages (Baylac and Friess 2005).

Cross-validation is used to evaluate the performance of classification by LDA. In the leave-one-out cross-
validation, all the data except those for one individual are used to calculate the discriminant function, and the
individual not used is then classified (Cordeiro-Estrela et al. 2006). The visualization of shape differences
between species (the new species C. sp. x C. torquatus; C. sp. x C. dorbignyi, C. sp. x C. perrensis, and C.
sp. x C. roigi), for the three skull views, was obtained through multivariate regression of discriminant axes of

the shape variables. Mahalanobis distances were used to compute a neighbor-joining tree to visualize the
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morphological relationships among species. For all statistical analyses and to generate graphs, we used the
“R” language and environment for statistical computing version 2.2.1 for Linux (R Development Core Team,
http://www.r-project.org) and the following libraries: MASS (Venables and Ripley 2002), APE version 1.8-2
(Paradis et al. 2004), GenKern 1.1-0 (Lucy and Aykroid 2004). Geometric morphometric procedures were
carried out with the Rmorph package (Baylac 2006), a geometric and multivariate morphometrics library.

Molecular Methods and Phylogenetic Analysis — The tissue samples (preserved in absolute ethanol and
refrigerated at -20°C) were obtained from the 34 specimens. The total DNA was extracted following Medrano
et al. (1990).

The mitochondrial cytochrome b gene was amplified using the primers MVZ05-tuco06 and tuco07-
tucol4a (Smith and Patton 1999; Wlasiuk et al. 2003). PCR amplifications were carried out in a reaction
volume of 20 pl containing 20-80 ng of DNA, 0.2 uM of each primer, 0.2 uyM dNTP, 1x PCR buffer, 1.5 mM
MgCl, and 1.0 unit of Tag DNA polymerase (Invitrogen). The thermocycling profile included an initial
denaturing at 94°C for 5 min, followed by 30-34 cycles of denaturing at 94°C for 30 s, annealing at 45°C for
30 s, extension at 72°C for 45 s, and a final extension at 72°C for 5 min. PCR products were purified using
Exonuclease | and Shrimp Alkaline Phosphatase (GE Healthcare) following the guidelines of the suppliers,
and sent for sequencing at Macrogen Inc. (Korea), using the forward primer.

Sequence electropherograms were visually inspected using Chromas 2.31
(http://mww.technelysium.com.au/chromas_lite.html) and the two partially overlapping fragments obtained
were aligned using Clustal W, implemented in MEGA 5.0 (Tamura et al. 2011). Alignments were checked
and edited by hand.

Measurements of mtDNA diversity, including the mean number of pairwise differences (11 —Nei 1987),
definitions of haplotypes (H), and haplotype diversity (Hd), were calculated in the program DNAsp 5.0
(Librado and Rozas 2009). A median-joining haplotype network was constructed in Network 4.6
(http://mww.fluxux-engineering.com).

The interspecific analyses were performed using the cytochrome b haplotypes found for those samples,
together with 54 different recognized species and sequences from tuco-tucos of undefined taxonomic status,
available in GenBank (Accession numbers provided in Appendix Il). We also included five haplotypes of C.
torquatus from localities around the geographic range of the new species: H1, H2, and H3 from Alegrete
municipality, and IT1-UR1 and IT2 from Itaqui and Uruguaiana municipalities (Fig. 1). The octodontid

Octodon degus was incorporated as outgroup.
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Uncorrected genetic distances (p-distance) were computed for all pairs of sequences using MEGA.
Distance was also computed between species within the torquatus group, but for the new species and for C.
torquatus, the p-distance was computed considering the mean distance for all haplotypes listed in Appendix
.

We performed a maximum parsimony (MP) analysis with PAUP* 4.0b10 (Swofford 1998), based on a
heuristic search using 1000 replicates of random taxon addition, and tree bisection-reconnection (TBR)
branch-swapping, storing a maximum of 10000 trees. Support for nodes was assessed using non-parametric
bootstrapping with 1000 replications.

In addition, a maximum likelihood (ML) analysis was performed under the HKY + | + G model selected by
Modeltest 3.06 (Posada and Crandall 1998) based on the Akaike Information Criterion (AIC). Besides the
molecular evolution model, five substitution categories with an estimated gamma distribution parameter
(1.18), proportion of invariant sites (0.49), and the transition/transversion ratio (8.79) were estimated by
Modeltest. ML searches were carried out with PhyML (Guindon and Gascuel 2003), starting with an NJ tree,
following the nearest-neighbor interchange (NNI) branch-swapping and empirical base frequencies. Clade
support was assessed by bootstrapping (B) with 1000 replicates. The ML analysis was performed at the
online South of France bioinformatics platform (http://www.atgc-montpellier.fr/[phyml/).

Bayesian inference (Bl) was carried out using the Beast 1.6.2 program (Drummond and Rambaut 2007).
We used a Yule tree prior, and the search was performed with the model chosen using Modeltest (HKY+ | +
G) and the SRDO06 substitution model (Shapiro et al. 2006), which allow partitioning data considering the 1st
and 2nd codon positions in a separate partition from the 3rd position. This model incorporates information
from the genetic code, and this has been suggested to optimize the performance for coding sequences. Two
independent Markov chain Monte Carlo runs were performed with 30 million generations, sampling trees
every 1000 generations, using the computational resources of Bioportal from the University of Oslo
(https://www.bioportal.uio.no). The effective sample sizes (ESSs) of parameters sampled from MCMC were
verified to be higher than 200 using the software TRACER 1.5 (http://tree.bio.ed.ac.uk/software/tracer/).
Independent runs were summarized in TreeAnnotator 1.6.2 (Drummond and Rambaut 2007); the first 10% of
trees (3000) were discarded and the remaining trees were used to infer a maximum a posteriori tree that was

visualized in FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).
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RESULTS
DESCRIPTION. — Ctenomys ibicuiensis, new species

Holotype. — Adult female, 2n = 50 and FN = 68. Skin and skull number TR1065, collected by Thales R. O.
Freitas and Fabiano A. Fernandes. Deposited in the Departamento de Genética, Instituto de Biociéncias,
Universidade Federal do Rio Grande do Sul. Total length 234 mm; tail 75 mm; weight 200 g; hind foot (with
claws) 37 mm; and hind foot (without claws) 33 mm. Total length of skull, 42.90 mm; nasal length, 16.25 mm;
nasal width, 6.39 mm; zygomatic breadth, 26.58 mm; bimeatal breadth, 25.20 mm; mastoid breadth, 24.63
mm; rostral breadth, 10.65 mm; pre-orbital foramen length, 9.10 mm; diastema length 10.41 mm; braincase
breadth, 18.14 mm; length of maxillary toothrow, 9.21 mm; palatal length, 79.45 mm; upper incisor breadth
3.30 mm; 4th premolar length, 3.88 mm; auditory bulla width, 7.53 mm; auditory bulla length, 14.02 mm; and
mandibular width, 31.49 mm.

Type locality. — Manoel Viana (Fig. 1B), in central-western Rio Grande do Sul, southern Brazil, at
29°23'37”’S, 55°25'43”W. Habitat: sand dunes and grasslands, disturbed by agricultural activities and
desertification.

Paratypes. — 11 specimens (5 males and 6 females) were deposited in the Departamento de Genética,
Instituto de Biociéncias, Universidade Federal do Rio Grande do Sul, Brazil, from locality L1 (Table 1): TR
1066 to TR 1076.

Etymology. — The name ‘ibicuiensis’ refers to the Ibicui River near the type locality. Moreover, the word
“ibicui” in the Tupi-Guarani language means “sand dunes” (or “terra de areia” in Portuguese), exactly the
habitat where these tuco-tucos live.

Geographic distribution. — Ctenomys ibicuiensis is known only from six sites, most of them in Manoel
Viana and two in Magambaréd municipalities, in western Rio Grande do Sul, southern Brazil, and at an
elevation of around 200 m (Fig. 1).

From the 1st locality sampled (L1), we searched through the Manoel Viana, Sao Francisco de Assis,
Magambara, Itaqui, Sdo Borja, Santo Antonio das MissBes and Santiago municipalities, for new collection
sites of C. ibicuiensis. However, we found only the few localities shown in Fig. 1.

Ctenomys torquatus has been recorded along the entire south bank of the Ibicui River, including Alegrete
municipality just south of Manoel Viana. This species was only found on the north bank near the mouth of
the Ibicui River, in Itaqui municipality, over 100 km west of the known range of C. ibicuiensis. No tuco-tuco

population, of either species, was found between these localities (see stars in Fig. 1).



155

In spite of the predominance of sandy soil, we did not find C. ibicuiensis populations west and northwest
of the L1 to L6 localities, nor did we find mention of its occurrence from folk knowledge of local residents.
The geographic distribution of C. ibicuiensis is bordered on the east by the Serra do Iguariaca, a mountain
range of basaltic geomorphology that is part of the Meridional Plateau in an Atlantic Forest biome. Probably
due to these characteristics there is no record of tuco-tucos in this region.

Karyotype analysis. — These individuals showed a diploid number of 50 chromosomes and an autosomal
fundamental number of 68 arms; they had the 1st submetacentric pair much longer and the 11th acrocentric
pair relatively longer than observed in the other related species. This karyotype has 10 biarmed and 14
acrocentric pairs (Fig. 2). The sexual pair in males is formed by a medium-sized X-metacentric and small Y-
acrocentric chromosomes.

Geometric morphometric analysis. — Skull Size: By ANOVA, we found significant differences in skull
centroid size for dorsal (F = 7.901; d.f. = 6; P < 0.001), ventral (F = 8.638; d.f. = 6; P < 0.001), and lateral (F
=11.88; d.f. = 6; P < 0.001) views of the skull. For pairwise tests, C. ibicuiensis showed significant
differences only from the larger C. torquatus (dorsal view: P = 0.0004; ventral view: P = 0.0001; and lateral
view: P = 0.006; for all views of pairwise tests d.f. = 15); C. torquatus always had a larger skull than C.
ibicuiensis.

Skull Shape: The LDA showed the highest percentages of correct classification for the dorsal and lateral
views of the skull, and in all analyses, C. ibicuiensis was correctly classified more than 87% of the time
(Table 2). For MANOVA results, we found significant differences in skull shape for dorsal (Awixs = 0.0001, F =
5.781; d.f. = 6; P < 0.001), ventral (Awixs = 0.0001, F =5.172; d.f. = 6; P < 0.001), and lateral (Awixs = 0.0002,
F =7.583; d.f. = 6; P <0.001) views of the cranium. All pairwise comparisons of C. ibicuiensis with species
from the torquatus group were significant (Table 3). The graph of the discriminant analysis showed the
variation in skull shape for C. ibicuiensis and other species from the torquatus group (Fig. 4). The plots of
discriminant analysis for three views of the skull showed C. ibicuiensis with intermediate scores on the 1st
axis, among other species (Figs. 4A, 4E, and 4l). For the ventral view of the skull, the 2nd axis showed
positive scores for C. ibicuiensis (Fig. 4E) and the main difference in skull shape was the rostrum length,
which is proportionally shorter in C. ibicuiensis (Figs. 4C and 4G).

The unrooted neighbor-joining tree of Mahalanobis distances for three views of the skull pooled, as in the
discriminant analysis, placed C. ibicuienesis between two subgroups. On one side there is the southern

Brazilian species C. lami and C. minutus, and on the other side the species C. torquatus, C. pearsoni from
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Uruguay, and C. perrensi, and C. roigi from Argentina (Fig. 5). In the phenogram (Fig.5), C. ibicuiensis takes
an intermediary place among Ctenomys Brazilian species (C. lami, C. minutus, and C. torquatus).

Qualitative morphological skull traits: The skull of C. ibicuiensis is shorter than that of C. torquatus, and is
more similar to the juveniles than to the larger skulls and robust zygomatic arches in C. torquatus adults. The
jugal process is smaller in C. ibicuiensis, and in general the cranium is more compact than in C. torquatus.

Phylogenetic analysis. — The 1110 bp of the cytochrome b gene resulted in 14 polymorphic sites that
provided 10 haplotypes for the 34 specimens of C. ibicuiensis examined (Table 1; GenBank accession
number in Appendix II). The nucleotide and haplotype diversities were 0.00413 and 0.88, respectively. The
network (Fig. 6A) represents the topological relationships among the haplotypes regarding their localities of
occurrence. Despite the overall small number of samples, there was high haplotype diversity, mainly for L1,
where a larger number of specimens were collected (see Table 1). All haplotypes were exclusively from one
locality; only haplotype H9 was shared between L5 and L6, which are neighboring sites (Fig. 1).

The intraspecific p-distance among haplotypes of C. ibicuiensis varied from 0.1 to 0.8%. Within the
torquatus group, the range of interspecific divergence was from 0.3% (C. lami and C. minutus) to 4.8% (C.
pearsoni and C. ibicuiensis). Other comparisons are given in Table 4. There were no values of divergence
lower than 3.7% between C. ibicuiensis and other species of the torquatus group (Table 4). Similarly, there
were no values lower than 4.8% comparing C. ibicuiensis and any species of the genus Ctenomys outside of
the torquatus group (data not shown).

Topologies obtained from MP, ML and Bl approaches were congruent, except in relation to nodes with
weak support on the basis of the phylogeny. Therefore, we present only the Bl phylogeny (Fig. 6B). A
monophyletic clade, with strong support, was recovered for all cytochrome b haplotypes of the new species.
Ctenomys ibicuiensis belongs to the torquatus group, which had high support from the Bl and ML analysis,
and showed three major clades (Fig. 6B). One clade included the C. ibicuiensis haplotypes. The other clade
was composed by C. torquatus haplotypes as a monophyletic group, and sister of the branch leading to C.
minutus and C. lami. The third and major clade comprised the tuco-tuco species from Corrientes — Argentina,
and C. pearsoni from Uruguay.

On the whole, phylogenetic analyses recovered the eight species groups of Ctenomys that were
distinguished by Parada et al. (2011), except some cases for MP that showed a basal polytomy for the

genus.
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DiscussioN

There are seven species of tuco-tucos described in Brazil until now. Three of them, Ctenomys rondoni, C.
bicolor and C. nattereri, are still little investigated; only a few records of these species have been reported in
the state of Mato Grosso (Miranda Ribeiro 1914). The other four species of tuco-tuco: C. torquatus, C.
minutus, C. flamarioni and C. lami, occur in southern Brazil, in the states of RS and Santa Catarina (SC)
(Fernandes et al. 2007). The type species of the genus, C. brasiliensis, until recently was presumed to have
been described from Brazil, specifically in the State of Minas Gerais. As it was never collected again in that
state, it has been a matter for investigation (F. A. Fernandes, pers. comm.). The present study adds one
more species to the mammal diversity of RS, on the basis of strong phylogenetic, chromosomal, and
morphological evidences.

Chromosomal evidence — The numbers of chromosomes and arms (fundamental number) are different
between C. ibicuiensis and other Ctenomys species in southern Brazil, but chromosomal morphology is the
most important diagnostic characteristic that differentiates the karyotype of the new species. Peculiarities of
this karyotype are the long submetacentric 1st pair and the relatively longer acrocentric 1st pair in
comparison with others acrocentric pairs. The diploid number of 50 chromosomes is the same as in C.
minutus, in which the diploid number ranges from 2n = 42 to 50 (Freitas 1997). However, C. ibicuiensis and
C. minutus with 2n = 50 are morphologically very different, because this latter species, which occurs on the
RS coastal plain, has 14 biarmed and 10 acrocentric pairs of chromosomes (Freitas 1997).

One of the most widely distributed species of Ctenomys, from central Uruguay to central RS in southern
Brazil, is C. torquatus. Its karyotypes range from 2n = 40 to 46, with a metacentric 1st pair and Robertsonian
rearrangements thought to be responsible for the variation in chromosome numbers (Fernandes et al.
2009a).

Other species in southern Brazil are morphologically and numerically different. Ctenomys lami has a
diploid number ranging from 2n = 54 to 58; and C. flamarioni exhibits 2n = 48 (Freitas 1994). In Uruguay, C.
pearsoni has 2n = 56, 64, 66 and 70 (Kiblisky et al. 1977; Novello and Lessa 1986; Villar et al. 2005) and C.
rionegrensis, 2n = 52 and 56 (Ortells et al. 1990). On the other side of the Uruguay River, in Argentina, the
Corrientes species group (C. dorbignyi, C. perrensis and C. roigi; Ortells and Barrantes 1994) shows a
diploid number ranging from 42 to 70 (Ortells et al. 1990). Although the members of this species group from
Corrientes are closely related to C. torquatus with respect to the karyotype morphology, they are

phylogenetically distant (Giménez et al. 2002; Fernandes et al. 2009a).
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Morphometric comparisons — The geometric morphometrics approach using data from coordinates of
landmarks revealed significant differences in skull shape and size for C. ibicuienis compared with species
from the torquatus group. Both geometric morphometric and qualitative analysis of the skull showed that C.
ibicuiensis is more compact and smaller than that of C. torquatus.

Phylogenetic relationships — The phylogenetic trees (Fig. 6B) and the p-distances (Table 4) clearly
detached the cytochrome b haplotypes of C. ibicuiensis as a monophyletic group.

This species belongs to the torquatus species group, which was composed of three well defined clades:
that of C. ibicuiensis haplotypes; one including all tuco-tuco species of the perrensi complex (Mirol et al.
2010) together with the Uruguayan C. pearsoni; and another containing the southern Brazilian species C.
torquatus, C. minutus and C. lami (Fig. 6B). In spite of the allopatry with C. torquatus, the new species did
not share a direct common ancestor with it. Instead, C. torquatus has a common ancestor with species of the
RS coastal plain, C. lami and C. minutus. These relationships were not well supported in the most recent and
complete phylogenetic analysis for the genus Ctenomys (Parada et al. 2011), but that study did not include
the new species described here. Adding C. ibicuiensis provided good phylogenetic support for the torquatus
group and clarified relationships among taxa.

Phylogenetic relationships among tuco-tuco species always result in a basal polytomy, although some
species groups can be detached. The recent and explosive speciation of the ctenomyids has been cited as
the cause for such unresolved relationships (Parada et al. 2011 and references therein). Future studies
would be more enlightening considering each phylogenetic group individually, especially those such as the
torquatus group with geographically proximate species ranges.

Morphological similarities between karyotypes of the westernmost localities of C. torquatus (2n = 40 and
42) and Ctenomys sp. from Corrientes, Argentina (2n = 42, 44 and 46), encouraged Fernandes et al. (2009a)
to assay the taxonomic relationships of these neighboring populations on opposite sides of the Uruguay
River. The phylogenetic relationships using the cytochrome b gene showed that C. torquatus and species
from Corrientes form two separate but sister clades, and there was no support for a subdivision attributed to
karyotypes. In the present study, anew populations in southern Brazil showed a karyotypic number that
resembled species from Corrientes (2n = 50), but phylogenetic analysis, in addition to karyotype morphology,
provided evidences of ancient divergence between the Brazilian and Argentinean lineages of tuco-tucos

along the Uruguay River.
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Likewise, inferences regarding speciation mode and intraspecific variation were made for C. pearsoni and
C. torquatus using geometric morphometrics and chromosomal polymorphism (Fernandes et al. 2009b),
considering their phylogenetic closeness (Castillo et al. 2005). Nevertheless, current knowledge of the
torquatus group species (Parada et al. 2011) and phylogenetic relationships shown in the present study point
to a closer association of C. pearsoni with the Argentinean C. dorbignyi; whereas C. torquatus is related with
the Brazilian coastal species C. lami and C. minutus (Fig. 6B). These results open new perspectives for the
application of morphometric and karyotypic assays within the torquatus group.

Conservation — Tuco-tucos are at risk of predation by humans because they have been considered
agricultural pests for decades, due their fossorial habits (Massoia 1970; Pearson et al. 1968). In Brazil, lack
of knowledge about these small mammals’ areas of occurrence and life history has contributed to difficulties
in developing preservation initiatives (Fernandes et al. 2007).

The situation of C. ibicuiensis is an issue of the utmost concern because of its small geographic range
and habitat restriction to sandy-soil grasslands. Such habitat specificity, combined with the low population
density and patchy distribution typical of tuco-tucos, allows the assignment of this species within the highest
degree of rarity for mammals (category H) suggested by Yu and Dobson (2000). Besides its narrow
distribution, C. ibicuiensis populations are also endangered by the intensive agricultural and silvicultural
activities, and the expanding areas undergoing desertification in southwest RS (Suertegaray et al. 2001).

Recent studies have highlighted the worry for conservation of the flora in that region, because of its
peculiar floristic composition and the presence of endemic species such as Froelichia tomentosa and Butia
lallemantii. Nevertheless, the south Brazilian grasslands are not adequately protected under current
conservation policies (Freitas et al. 2009; Overbeck et al. 2007; Roesch et al. 2009). The present study adds
on a new mammal species endemic to the southwest grasslands, which intensifies concerns regarding the
conservation status of this region.

The findings reported here suggest that C. ibicuiensis occurs as an endemic species in a harrow region in
western RS, which is one of the most endangered areas in southern Brazil (Fernandes et al. 2007).
Karyotype morphology, with the large 1st submetacentric chromosome, is a diagnostic trait for this species.
The geometric morphometric and phylogenetics analysis support the singularity of this species.

Further studies are needed in order to assess the factors, such as habitat specificity or demography, that

may had influenced the rarity and persistence of C. ibicuiensis through ecological or evolutionary time.
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Furthermore, investigation of its genetic diversity is recommended to determine the current status of its

populations and their potential for continued survival.
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RESuUMO

Uma nova espécie de tuco-tuco, género Ctenomys, é descrita para a regido de solos arenosos no oeste
do estado do Rio Grande do Sul, Brazil. Esta espécie distinguiu-se das demais espécies do género,
endémico da América do Sul, através de diversas abordagens. O namero dipléide 2n = 50 (nimero de
bracos autossémicos ou numero fundamental NF = 68) com o primeiro par consideravelmente maior que
outras espécies relacionadas, sao caracteristicas diagnésticas para a nova espécie. Andlises qualitativas e
guantitativas de morfologia do cranio, utilizando morfometria geométrica, bem como andlises filogenéticas
do gene mitocondrial citocromo b, suportam este status, principalmente em compara¢do com outras
espécies do género relacionadas filogeneticamente e proxima geograficamente. Com area de ocorréncia
restrita a aproximadamente 500 km?, esta espécie encontra-se extremamente ameacada devido & intensa
producéo de soja e silvicultura na regido, além de processos de desertificacdo. Este cenério sugere que a

nova espécie seja categorizada como ameacada.
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FIGURE LEGENDS
Fig. 1.- Locality records of Ctenomys ibicuiensis new species in Manoel Viana and Magambara
municipalities (state of Rio Grande do Sul) in southern Brazil. L1 to L6 correspond to localities listed in Table
1. Squares represent C. torquatus sites and stars are locations with no records of tuco-tuco occurrence.

Dashed lines are municipality borders.

Fig. 2.- Conventional Giemsa staining of Ctenomys ibicuiensis (female) from Manoel Viana, state of Rio
Grande do Sul, Brazil. Presenting 2n = 50 and FNa = 68 with 10 biarmed and 14 acrocentric pairs. Scale bar

= 10p.

Fig. 3.- Dorsal, ventral, and lateral views of the skull, and lateral view of the mandible of Ctenomys
ibicuiensis new species holotype (TR 1065) from Manoel Viana municipality in Rio Grande do Sul in

southern Brazil. Scale bar = 10 mm.

Fig. 4.- Skull shape variation of Ctenomys ibicuiensis for dorsal (A to C), ventral (E to G) and lateral
views (I to K), compared with species from the torquatus group. Plot of discriminant analyses with the 1st 2
axes (A, E and I); frames of shape differences on the 1st axis (B, F and J) and 2nd axis (C, G and K);
indication of landmarks in dorsal, ventral and lateral skull views of C. minutus (D, H and L, respectively).
Frames represent extreme morphologies, the solid lines depict shape on the positive scores of discriminant
axis, and the dotted lines on the negative ones. The percent of variance explained for each axis is given in

parentheses.

Fig. 5.- Phenogram computed from the Mahalanobis distances among Ctenomys ibicuiensis and
species from the torquatus group. The tree is made by the neighbor-joining method with branch lengths

proportional to morphological distances for dorsal, ventral, and lateral views of the skull pooled.

Fig. 6.- Phylogenetic relationships of Ctenomys ibicuiensis. A) Intraspecific topological relationship
between the cytochrome b haplotypes. Areas are proportional to frequencies, depictions refer to sampling
sites (codes in Table 1 and Fig. 1), crosshatches represent mutation steps and black points represent

medium vectors. B) Phylogenetic tree of the cytochrome b gene from ctenomyid species resulting from
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Bayesian analysis in BEAST. The haplotypes of C. ibicuiensis are shown in boldface. Haplotype labels
follow Appendix I. Numbers in nodes indicate support from posterior probability, likelihood bootstrap (%) and
parsimony bootstrap (%), respectively. Hyphens (-) indicate nodes with posterior probability < 0.8 and
bootstrap support < 60%. Vertical bars and letters A to H correspond to species groups and D indicates the

torquatus group.
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APPENDIX

APPENDIX I. — List of Ctenomys skull specimens used in this study, with collection numbers.

Species

Vouchers

C. ibicuiensis

C. roigi

C. perrensi

C. pearsoni

C. torquatus

C. lami

C. minutus

TR-1065, 1066, 1067, 1068, 1070, 1072, 1073, 1074, 1505, 1506, 1507, 1508, 1509,
1510, 1513, 1517

MMP-2410, 2411, 2442, 3417, 3461 ; MVZ-179153, 179154

MMP-2413, 2414, 2437, 2440, 2441, 2447, 3418; MVZ-179151, 179152

MACN-19763, 19843, 19844, 19851, 20211; MLP-30X193-3, 30X193-4; MNHN-1806,
1807, 1835, 1836, 1837, 1838, 1841, 2249, 2300, 2306, 2324, 2795, 2796, 4167, 4168,
4170, 4177, 4179, 4183, 4188, 4189, 4194, 4197

TR-374, 900, 926, 927, 928, 929, 930, 933, 934, 935, 936, 939, 940, 941, 942, 944,
945, 946, 938, 949, 950, 951, 952, 954, 955, 956, 959, 960, 963, 964.

TR-79, 86, 87, 89, 95, 97, 109, 110, 113, 114, 115, 136, 228, 340, 344, 503, 504, 507,
508, 511, 515, 517, 518, 520, 522, 524, 530, 540, 549, 621

TR-49, 123, 124, 126, 127, 128, 130, 229, 230, 231, 234, 281, 288, 289, 290, 291, 293,

294, 299, 300, 302, 304, 305, 307, 308, 309, 311, 554, 567, 632

MACN - Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”, Buenos Aires, Argentina.

MMP - Museo de Ciencias Naturales “Lorenzo Scaglia”, Mar del Plata, Argentina.

MLP - Museo de La Plata, La Plata, Argentina.

MNHN - Museo Nacional de Historia Natural, Montevideo, Uruguay.

MVZ - Museum of Vertebrate Zoology, University of California, Berkeley, USA.

TR - Departamento de Genética, Universidade Federal do Rio Grande do Sul, Brazil.



APPENDIX Il. — List of species and their GenBank accession number for cytochrome b sequences of

Ctenomys and outgroup employed in the phylogenetic analyses.

Group Species GenBank number
Outgroup Octodon degus AF007059
Ctenomys C. sociabilis HM777495

C. leucodon AF007056

C. tuconax AF370693

C. sp. ITA AF007047

C. sp. MINUT AF007052

C. sp. MONTE AF007053

C. maulinus AF370703

frater group C. frater AF007046

C. conoveri AF007055

C. sp. LLATHU AF007048

C. lewisi AF007049

boliviensis group C. boliviensis AF007040
C. goodfellowi AF007051

C. nattereri HM777484

C. sp. ROBO AF007039

C. steinbachi AF007044

tucumanus group C. tucumanus AF370694
C. occultus HM777485

C. latro AF370705

C. argentinus AF370680

magellanicus group C. magellanicus AF370690
C. colburni HM777474

C. haigi AF007063

C. coyhaiquensis AF119112

C. fodax HM777475

C. sericeus HM777496

169
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C. sociabilis* U34853
C.sp. 1 HM777500
C.sp. 2 HM777501
C.sp.3 HM777502
C.sp. 4 HM777503
C.sp.5 HM777504
C.sp. 6 HM777505
C.sp. 7 HM777506
talarum group C. talarum AF370699
C. pundti HM777490
mendocinus group C. mendocinus AF007062
C. rionegrensis AF119114
C. flamarioni AF119107
C. australis AF370697
C. porteousi AF370682
opimus group C. opimus AF007042
C. fulvus AF370688
C. saltarius HM777493
C. scagliai HM777494
torquatus group C. torquatus H1 EF372280
C. torquatus H2 EF372282
C. torquatus H3 EF372283
C. torquatus IT2 JQ389037
C. torquatus IT1 JQ389034
C. lami HM777477
C. minutus HM777481
C. pearsoni AF119108
C. perrensi HM777487
C. roigi M777492
C. sp. Contreras Cue, Tacuaritas JQ389032



C.

C
C
C
C
C
C.
C
C
C
C
C

. dorbignyi Sarandicito**
. dorbignyi Mbarigui**

. ibicuiensis H1

. ibicuiensis H2

. ibicuiensis H3

ibicuiensis H4

. ibicuiensis H5

. ibicuiensis H6

. ibicuiensis H7

. ibicuiensis H8

. ibicuiensis H9

ibicuiensis H10

JQ389030
JQ389031
JQ389020
JQ389021
JQ389022
JQ389023
JQ389024
JQ389025
JQ389026
JQ389027
JQ389028

JQ389029

171

ITA, MINUT, MONTE LLATHU and ROBO are ctenomyids with undefined taxonomic status. *A probable C.

haigi sequence, according to Parada et al. (2011). *Samples of C. dorbignyi from Mbarigui and Sarandicito

were considered separately because they came from different regions of the Corrientes Province, Argentina

(see Mirol et al. 2010).
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TABLE 1. — Sampling locations, geographic coordinates, number of individuals caught N (M —males;

F — females), and the frequency of cytochrome b haplotypes described for each locality of Ctenomys

ibicuiensis.
Geographic Haplotype
Code Locality N (M, F)
coordinates frequency
29°23'34.8"S H1 (8), H2 (2), H3
L1 BR176, Manoel Viana 12 (5, 7)
55°25'45.9"W (1), H4 (1)
29°24’'11.9"S
L2 Piraju, Manoel Viana 4(2,2) H5 (4)
55°34’49"W
29°19'18.5"S
L3  Lageado, Manoel Viana 5@, 4 H6 (1), H7 (4)
55°32'10.8"W
29°13'50.6"S
L4  Barragem do Itu, Manoel Viana - -
55°28'1.8"W
29°9'34.6”S
L5 Passo do Narciso, Macambara 9 (3, 6) H8 (6), HI9 (3)
55°25’15.6"W
Passo do Narciso, Macambara 29°7'34.6"S
L6 4 (0, 4) H9 (1), H10 (3)
55°23'59.6"W

TABLE 2. — Percentage of correct classification from the linear discriminant analysis (LDA) for three

views of the skull unified. Data for Ctenomys ibicuiensis and species of the torquatus group.

C. C. C.
Skull View  C. ibicuiensis C. lami C. pearsoni C. roigi
minutus perrensi torquatus
Dorsal 96.66 96.66 86.66 93.33 55.57 96.66 57.14
Ventral 86.95 86.66 90.00 86.67 66.67 96.66 85.71

Lateral 95.65 80.00 90.00 90.00 88.89 100.00 100.00
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TABLE 3. — Pairwise MANOVA for comparisons of skull shape of Ctenomys ibicuiensis with species

from the torquatus group (results for dorsal, ventral, and lateral skull views pooled).

Comparison Awilks F d.f. P
C. ibicuiensis x C. roigi 0.112 7.429 15 0.0043 *
C. ibicuiensis x C. perresi 0.135 6.859 15 0.0035 *
C. ibicuiensis x C. torquatus 0.187 10.678 15 5.43 x107° **
C. ibicuiensis x C. lami 0.06 38.939 15 4.62 x107°**
C. ibicuiensis x C. minutus 0.105 21.02 15 2.36 X107 *
C. ibicuiensis x C. pearsoni 0.167 12.251 15 8.23 x107 **

After Bonferroni correction: * P < 0.01; ** P < 0.001
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TABLE 4. — Divergence among pairs of species within the torquatus group of genus Ctenomys, as uncorrected p-distance of the cytochrome b gene (shown

as percentage). dorbignyi S and dorbignyi M refer to C. dorbignyi from Sarandicito and Mbarigui, respectively. sp. refers to C. sp. specimens from Contreras

Cue and Tacuaritas. For C. ibicuiensis and C. torquatus, the p-distance was computed considering the mean distance for all haplotypes listed in Appendix II.

torquatus group species

ibicuiensis

3.7

4.2

4.1

4.8

4.1

3.8

3.8

4.3

4.4

torquatus

3.1

3.0

4.2

4.0

3.7

3.7

4.1

4.0

lami

0.3

3.9

3.7

3.7

3.7

3.9

3.8

minutus

4.0

3.8

3.6

3.6

3.8

3.9

pearsoni
1.7
1.9
1.9
3.0

2.4

dorbignyi S
2.0 dorbignyi M
2.0 0.5 sp.
3.1 1.6 1.6
2.3 1.4 14

roigi

2.3

perrensi




Figure 1:
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Figure 3:
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Figure 4:
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Figure 5:
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