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RESUMO 

 

 

DESCRIÇÃO, TAXONOMIA, FILOGENIA E EVOLUÇÃO CRANIANA DE NOVOS 

PROBAINOGNÁTIOS NÃO-MAMALIAFORMES (CYNODONTIA: EUCYNODONTIA) 

SUL-BRASILEIROS 

 

 

AUTORA: Micheli Stefanello 

ORIENTADOR: Leonardo Kerber 

 

 

Cynodontia compreende um grande clado de sinápsidos que inclui numerosas espécies, tanto 

não-Mammaliaformes quanto Mammaliaformes. Formas não-mamaliaformes estavam entre os 

componentes mais conspícuos da paleofauna continental de tetrápodes terrestres durante o 

Triássico, com ocorrência em toda a Pangeia. Menos inclusivo, o clado Probainognathia reúne 

uma grande variedade de tamanhos e morfologias dentárias, exibindo um registro fóssil 

abundante nas sucessões faunísticas do Triássico Médio e Superior, sobretudo no Brasil e na 

Argentina. O presente trabalho tem por objetivo estudar a anatomia craniana, mandibular e 

dentária de novos espécimes (CAPPA/UFSM 0208, CAPPA/UFSM 0262 e CAPPA/UFSM 

0210) de cinodontes probainognátios não-mamaliaformes do Triássico Superior, coletados na 

região da Quarta Colônia, região central do Rio Grande do Sul. Os espécimes foram 

tomografados e sua anatomia descrita formalmente. Os materiais apresentam estruturas 

morfológicas diagnósticas tanto do clado Probainognathia, quanto do clado menos inclusivo 

Prozostrodontia. CAPPA/UFSM 0262 e CAPPA/UFSM 0208 correspondem a um novo gênero e 

espécie de cinodonte prozostrodonte não-mamaliaforme, Agudotherium gassenae Stefanello et 

al., 2020a, para o Triássico Superior do Sul do Brasil. O novo táxon consiste, em um dentário 

esquerdo (holótipo, CAPPA/UFSM 0262) e direito (parátipo, CAPPA/UFSM 0208), com dentes 

incisivos, caninos e pós-caninos preservados. A nova espécie difere claramente de outros 

cinodontes não-mamaliaformes carnianos e norianos conhecidos, por possuir uma combinação 

única de características morfológicas. Agudotherium gassenae fornece novas evidências sobre a 

diversidade de cinodontes probainognátios não-mamaliaformes, bem como para o conhecimento 

da irradiação adaptativa de Prozostrodontia, ocorrido durante o final do período Triássico. Já 

CAPPA/UFSM 0210 compreende um novo e mais completo espécime de Prozostrodon 

brasiliensis (BARBERENA; BONAPARTE; TEIXEIRA, 1987), representado por um crânio 

com dentários desarticulados. Dada à completude do espécime, o novo material de P. 

brasiliensis fornece informações anatômicas adicionais para a região posterior do crânio, 

ajudando a preencher lacunas no caminho evolutivo das transformações sofridas dentro do clado 

Cynodontia, que levaram o desenvolvimento de características mamalianas conhecidas 

atualmente. Os novos dados anatômicos, por meio da investigação cladística, revelam um novo 

clado endêmico de cinodontes sul-americanos – Prozostrodontidae. Este clado ilustra a primeira 

radiação de prozostrodontes carnianos para o Gondwana ocidental. Por fim, o conjunto de 

espécimes estudado contribui para o conhecimento e compreensão sobre a evolução craniana e 

diversificação de Prozostrodontia não-Mammaliaformes durante o final do período Triássico. 
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Cynodontia comprises a large synapsid clade that includes numerous species, both non-

Mammaliaformes and Mammaliaformes. Non-mammaliaform forms were among the most 

conspicuous components of the continental paleofauna of terrestrial tetrapods during the 

Triassic, occurring throughout Pangea. Less inclusive, the clade Probainognathia has a great 

variety of size and dental morphology, exhibiting an abundant fossil record in the faunal 

successions of the Middle and Late Triassic, especially in Brazil and Argentina. The present 

work aims to study the cranial, mandibular, and dental anatomy of new specimens 

(CAPPA/UFSM 0208, CAPPA/UFSM 0262, and CAPPA/UFSM 0210) of non-mammaliaform 

probainognathian cynodonts from the Upper Triassic, collected in the region of Quarta Colônia, 

central region of Rio Grande do Sul. The specimens were CT scanned, and their anatomy 

formally described. The materials present diagnostic morphological structures of both the 

Probainognathia clade and the less inclusive Prozostrodontia clade. CAPPA/UFSM 0262 and 

CAPPA/UFSM 0208 correspond to a new genus and species of non-mammaliaform 

prozostrodontian cynodont, Agudotherium gassenae Stefanello et al., 2020a. The new taxon 

consists of a left dentary (holotype, CAPPA/UFSM 0262) and a right dentary (paratype, 

CAPPA/UFSM 0208), with preserved incisors, canines, and postcanines. The new species 

clearly differs from other known non-mammaliaform Carnian and Norian cynodonts in having a 

unique combination of morphological features. Agudotherium gassenae provides new evidence 

on the diversity of non-mammaliaform probainognathian cynodonts and the knowledge of the 

adaptive irradiation of Prozostrodontia, which occurred during the late Triassic period. 

CAPPA/UFSM 0210 comprises a new and more complete specimen of Prozostrodon brasiliensis 

(BARBERENA; BONAPARTE; TEIXEIRA, 1987), represented by a complete skull with 

disarticulated dentaries. Given the completeness of the specimen, the new material from P. 

brasiliensis provides additional anatomical information for the posterior region of the skull, 

helping to fill in gaps in the evolutionary path of the transformations undergone within the non-

Mammaliaformes Cynodontia clade, which led to the currently known Mammalian pattern. The 

new anatomical data, through cladistic investigation, reveal a new endemic clade of South 

American cynodonts – Prozostrodontidae. This clade illustrates the first radiation of Carnian 

prozostrodontians to western Gondwana. Finally, the set of specimens studied contributes to the 

knowledge and understanding of the cranial evolution and diversification of non-Mammaliaform 

Prozostrodontia during the late Triassic period. 

 

 

Key words: Triassic period. Cynodonts. Prozostrodontia. Origin of the Mammaliaforms. 
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APRESENTAÇÃO 

 

A presente tese de doutorado está estruturada de acordo com as normas do Manual de 

Dissertações e Teses (MDT) da Universidade Federal de Santa Maria (UFSM) e atende as 

exigências do Programa de Pós-Graduação em Biodiversidade Animal (PPGBA). A tese integra 

os requisitos necessários para a obtenção do título de Doutora em Biodiversidade Animal, sendo 

composta por um breve texto integrador, artigos científicos e considerações finais. A 

metodologia empregada na tese está descrita em cada um dos trabalhos científicos. 

O texto integrador inclui uma contextualização do clado Cynodontia, de um de seus 

grupos menos inclusivos, Probainognathia, com enfoque especial ao clado Prozostrodontia. 

Também, são apresentadas algumas das principais mudanças anatômicas ocorridas na linhagem 

Cynodontia, as quais foram, posteriormente, estabelecidas no clado Mammalia. Sequentemente à 

contextualização introdutória, segue a apresentação dos objetivos da tese. 

O Artigo 1 refere-se à descrição de um novo gênero e espécie de cinodonte 

prozostrodonte para o Triássico Superior do Sul do Brasil. A nova espécie, Agudotherium 

gassenae Stefanello et al., 2020a, consiste em um dentário esquerdo (holótipo, CAPPA/UFSM 

0262) e direito (parátipo, CAPPA/UFSM 0208) com dentes incisivos, caninos e pós-caninos 

preservados. O artigo encontra-se publicado no periódico científico Journal of Vertebrate 

Paleontology (DOI: 10.1080/02724634.2020.1782415) (STEFANELLO et al., 2020a). Enquanto 

que no dataset do Artigo 1, publicado na revista científica MorphoMuseuM (DOI: 

10.18563/journal.m3.120), são apresentados os dados dos modelos tridimensionais e da 

microtomografia computadorizada (Micro-CT) dos dentários e dentes de A. gassenae 

(STEFANELLO et al., 2020b). 

O Artigo 2 apresenta a descrição anatômica de um novo e mais completo espécime de 

Prozostrodon brasiliensis (CAPPA/UFSM 0210), descoberto em estratos do Triássico Superior 

do Sul do Brasil. O novo material, excepcionalmente bem preservado, representado pelo crânio e 

dentários, fornece informações adicionais sobre a radiação inicial de Cynodontia e revela um 

novo clado de cinodontes sul-americanos. O manuscrito é apresentado de acordo com as normas 

de formatação exigidas pelo periódico científico Journal of Mammalian Evolution, no qual o 

mesmo foi submetido. Na seção conclusões é apresentada uma breve recapitulação dos 

resultados em relação aos objetivos propostos para esta tese.  



 

 

 

 

 

 

 

 

 

 

 

 

 

TEXTO INTEGRADOR 
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1 INTRODUÇÃO 

 

1.1 CONTEXTUALIZAÇÃO DO CLADO CYNODONTIA 

 

Os cinodontes (Cynodontia Owen, 1861) compreendem um grande clado de sinápsidos 

que inclui numerosas espécies, tanto não-Mammaliaformes quanto Mammaliaformes, estas 

últimas incluindo Mammalia Linnaeus, 1758 como clado coronal (HOPSON; KITCHING, 2001; 

LIU; OLSEN, 2010) (Figura 1). Formas não-mamaliaformes estavam entre os componentes mais 

conspícuos da paleofauna continental de tetrápodes terrestres durante o Triássico, ocorrendo em 

grande parte das regiões do supercontinente Pangeia (ABDALA; NEVELING; WELMAN, 2006; 

ABDALA et al., 2009; MUSSER et al., 2009; ABDALA; RIBEIRO, 2010; BONAPARTE; 

MIGALE, 2010). O registro mais antigo de Cynodontia data do Permiano Superior e é 

representado por Charassognathus gracilis Botha; Abdala; Smith, 2007 e Abdalodon 

diastematicus Kammerer, 2016, da Bacia de Karoo, África do Sul, sendo que estes representam a 

primeira radiação adaptativa de Cynodontia (BOTHA; ABDALA; SMITH, 2007; KAMMERER, 

2016). 

Durante o Triássico, principalmente Médio e Superior, os cinodontes tornaram-se 

abundantes e taxonomicamente diversos, distribuindo-se e ocupando diferentes nichos nos 

ecossistemas terrestres (ABDALA et al., 2009; ABDALA; RIBEIRO, 2010). A maioria dos 

táxons foi extinta até o final do Triássico, mas os sobreviventes da linhagem Mammaliaformes 

passaram a se diversificar a partir desse momento. Além dos mamaliaformes, duas outras 

famílias, Tritheledontidae e Tritylodontidae, romperam o limite Triássico-Jurássico (KEMP, 

2005), sendo que apenas representantes dessa última sobreviveram até o início do Cretáceo 

(WATABE; TSUBAMOTO; TSOGTBAATAR, 2007; MUSSER et al., 2009). 

Eucynodontia Kemp, 1982 é considerado um clado bastante estável (ROWE, 1988; LIU; 

OLSEN, 2010), o qual inclui todos os cinodontes mais derivados que Thrinaxodon liorhinus 

Seeley, 1894 (KEMP, 1982; HOPSON; BARGHUSEN, 1986; LIU; OLSEN, 2010), ou, em outra 

definição, o clado menos inclusivo incluindo Mammalia e Exaeretodon frenguelli Cabrera, 1943 

(HOPSON; KITCHING, 2001). Eucynodontia é composto por dois grandes clados menos 

inclusivos principais, Cynognathia Hopson; Barghusen, 1986 e Probainognathia Hopson, 1990 

(HOPSON; KITCHING, 2001; BONAPARTE; MARTINELLI; SCHULTZ, 2005; ABDALA, 
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2007; LIU; OLSEN, 2010; RUTA et al., 2013; MARTINELLI; SOARES; SCHWANKE, 2016; 

MARTINELLI et al., 2017a, b; WALLACE; MARTÍNEZ; ROWE, 2019; KERBER et al., 2022) 

(Figura 1). Os cinognátios incluem táxons basais de hábitos carnívoros (como por exemplo, o 

gênero Cynognathus) e táxons derivados, como Traversodontidae, que agrupam uma associação 

altamente diversa de formas com hábitos herbívoros e/ou onívoros, apresentando uma dentição 

transversamente alargada (CROMPTON, 1972; LIU; ABDALA, 2014). Por outro lado, os 

probainognátios reúnem numerosas formas carnívoras, insetívoras, onívoras e herbívoras, com 

uma grande variedade de tamanhos e morfologias dentárias, possuindo desde dentes pós-caninos 

setoriais comprimidos labiolingualmente até dentes pós-caninos quadrilaterais/multicuspidados 

(por exemplo, Tritylodontidae) (Figura 2). Como mencionado anteriormente, em 

Probainognathia, inclui-se o clado Mammaliaformes, e por sua vez, Mammalia (LUO, 1994; 

HOPSON; KITCHING, 2001; BONAPARTE; MARTINELLI; SCHULTZ, 2005; 

MARTINELLI; ROUGIER, 2007; LIU; OLSEN, 2010; OLIVEIRA; SOARES; SCHULTZ, 

2010; BONAPARTE; SOARES; MARTINELLI, 2012). 

 

 

Figura 1 – Cladograma mostrando as relações filogenéticas de Cynodontia e de seus clados menos inclusivos 

 

 
Fonte: (Modificada, KERBER et al., 2022). 

  



20 

Figura 2 – Diversidade de crânios de Probainognátios sul-americanos. 

Trucidocynodon riograndensis (A), Chiniquodon theotonicus (B), Probainognathus jenseni (C), Protheriodon 

estudianti (D), Riograndia guaibensis (E), Chaliminia musteloides (F), Brasilodon quadrangularis (G-H) 

 

 
Fonte: (Modificada, MARTINELLI; SOARES, 2016).  
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O clado Probainognathia vem evidenciando seu monofiletismo em diversas análises 

cladísticas (vide BONAPARTE et al., 2003; BONAPARTE; MARTINELLI; SCHULTZ, 2005; 

ABDALA, 2007; MARTINELLI; ROUGIER, 2007; LIU; OLSEN, 2010; SOARES; 

MARTINELLI; OLIVEIRA, 2014; MARTINELLI; SOARES; SCHWANKE, 2016). 

Originalmente, foi definido como o grupo mais inclusivo incluindo Probainognathus jenseni 

Romer, 1970 e excluindo Exaeretodon (HOPSON; KITCHING, 2001). Os principais caracteres 

sinapomórficos apresentados pelo clado são: ausência de forame parietal; ausência de 

ectopterigoide; borda posterior do palato secundário situada no nível da margem anterior da 

órbita; crista lambdoide separada do arco zigomático por um entalhe em forma de “V”; ausência 

de expansão lateral das costelas; e cavidade glenoide sem ou com pouca participação do pró-

coracoide (sensu HOPSON; KITCHING, 2001). 

Probainognathia exibe um registro fóssil abundante na fauna Gonduânica Triássica. Na 

América do Sul, sobretudo no Brasil e na Argentina, são conhecidas cerca de vinte espécies nas 

assembleias faunísticas do Triássico Médio e Superior (BONAPARTE, 1966, 1969, 1971; 

MARTÍNEZ; FORSTER, 1996; MARTÍNEZ; MAY; FORSTER, 1996; ABDALA; 

BARBERENA; DORNELLES, 2002; BONAPARTE et al., 2003; OLIVEIRA; SOARES; 

SCHULTZ, 2010; SOARES; SCHULTZ; HORN, 2011; MARTÍNEZ; FERNANDEZ; 

ALCOBER, 2013; MARTINELLI; SOARES, 2016; MARTINELLI; SOARES; SCHWANKE, 

2016; MARTINELLI et al., 2017a, b), de modo que, até o momento, as rochas triássicas 

brasileiras apresentam a maior diversidade para o grupo (ABDALA; GAETANO, 2018; 

ABDALA et al., 2020) (Figura 3). 

Até o presente, as rochas triássicas aflorantes no Brasil com presença de fósseis são 

restritas ao Estado do Rio Grande do Sul, onde a incidência de cinodontes probainognátios é 

assinalada em estratos da Supersequência Santa Maria (ZERFASS et al., 2003; LANGER et al., 

2007; HORN et al., 2014), ocorrendo em quase todas as subdivisões da unidade, como por 

exemplo: Chiniquodon theotonicus von Huene, 1936, Protheriodon estudianti Bonaparte; Soares; 

Schultz, 2006, Candelariodon barberenai Oliveira et al., 2011, Bonacynodon schultzi Martinelli; 

Soares; Schwanke, 2016 e Aleodon cromptoni Martinelli et al., 2017a com ocorrência na 

Sequência Pinheiros-Chiniquá (Zona de Associação (ZA) de Dinodontosaurus, 

Ladiniano/Carniano); Santacruzgnathus abdalai Martinelli; Soares; Schwanke, 2016 e alguns 

espécimes referidos a Chiniquodon sp. (ABDALA; RIBEIRO; SCHULTZ, 2001; MELO et al., 
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2022) pertencendo à Sequência Santa Cruz (ZA de Santacruzodon, Carniano); Therioherpeton 

cargnini Bonaparte; Barberena, 1975, Prozostrodon brasiliensis (BARBERENA; BONAPARTE; 

TEIXEIRA, 1987), Charruodon tetracuspidatus Abdala; Ribeiro, 2000, Trucidocynodon 

riograndensis Oliveira; Soares; Schultz, 2010 e Alemoatherium huebneri Martinelli et al., 2017b 

fazendo parte da Sequência Candelária (ZA de Hyperodapedon, Carniano/Noriano); Riograndia 

guaibensis Bonaparte; Ferigolo; Ribeiro, 2001, Brasilodon quadrangularis Bonaparte et al., 

2003, Brasilitherium riograndensis Bonaparte et al., 2003, Irajatherium hernandezi Bonaparte; 

Martinelli; Schultz, 2005, Minicynodon maieri Bonaparte et al., 2010 e Botucaraitherium 

belarminoi Soares; Martinelli; Oliveira, 2014 com ocorrência na seção superior da Sequência 

Candelária (ZA de Riograndia, Noriano) (ZERFASS et al., 2003; HORN et al., 2014; LANGER; 

RAMEZANI; DA ROSA, 2018) (Figura 3). B. riograndensis e M. maieri foram considerados 

estágios ontogenéticos de B. quadrangularis (LIU; OLSEN, 2010; MARTINELLI et al., 2017c). 

Recentemente, um novo gênero e espécie de cinodonte probainognátio foi descrito para o 

Triássico Superior do Sul do Brasil. A nova espécie, Agudotherium gassenae Stefanello et al. 

2020a, foi coletada no Sítio Niemeyer, interior do município de Agudo, Rio Grande do Sul, 

Brasil (PAVANATTO et al., 2018), pertencente à Sequência Candelária, Supersequência Santa 

Maria (ZERFASS et al., 2003; LANGER et al., 2007; HORN et al., 2014). Dada à proximidade 

geográfica e à semelhança litológica, Marsola et al. (2018) correlacionam os sítios ASERMA e 

Concórdia à localidade-tipo de Sacisaurus agudoensis Ferigolo; Langer, 2007 tendo esta uma 

fauna fossilífera que apoia a sua inclusão na ZA de Riograndia (idade noriana) (LANGER; 

RAMEZANI; DA ROSA, 2018; MARSOLA et al., 2018; MIRON et al., 2020. MÜLLER, 2021). 

Adicionalmente, o traversodontídeo Siriusgnathus niemeyerorum Pavanatto et al., 2018 é 

conhecido para essas duas primeiras localidades fossilíferas (MIRON et al., 2020), além da 

localidade tipo, Sítio Niemeyer (PAVANATTO et al., 2018). Sendo, assim, infere-se que este 

seja atribuído à ZA de Riograndia (início do noriano) (MIRON et al., 2020, MÜLLER, 2021) 

(Figura 3). Até o momento, esse sítio fossilífero não apresenta idade absoluta disponível e os 

fósseis guias típicos característicos para a ZA (por exemplo, o cinodonte R. guaibensis, o 

rincocéfalo Clevosaurus brasiliensis Bonaparte; Sues, 2006 e/ou o dicinodonte Jachaleria 

candelariensis Araújo; Gonzaga, 1980) ainda são desconhecidos (STEFANELLO et al., 2020a). 

Dessa forma, não se pode afirmar com precisão se, de fato, A. gassenae pertence à seção superior 

da Sequência Candelária ou a uma ZA ainda não reconhecida.  
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Figura 3 – Distribuição bioestratigráfica de Probainognathia não-Mammaliaformes para o Triássico Sul-brasileiro 

Abreviações: Ind, Induano; Ole, Olenekiano; ZA, Zona de Associação;  

Símbolos: *, Espécies sinonímias; (?), Espécie sem idade conhecida. 

 

 
Fonte: (Modificada, ABDALA et al., 2020). 

 

O crescente aumento da diversidade no registro fóssil de Probainognathia não-

Mammaliaformes é notável e reflete as principais modificações anatômicas (tais como, aumento 

da caixa craniana, especialização da dentição e do padrão de oclusão dentária, palato secundário 

alongado, aquisição de uma articulação crânio-mandibular formada pelo dentário e esquamosal, 

dentre outras) ocorridas no esqueleto desses animais antes da aquisição de um padrão 

morfológico mamaliano.  
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1.1.1 Principais transformações anatômicas ocorridas em Probainognathia 

 

Cinodontes probainognátios triássicos da América do Sul são táxons chave na 

investigação da origem e evolução dos caracteres mamalianos. O crescente número de 

descobertas de prozostrodontes de pequeno porte para o Triássico Superior no Sul do Brasil e 

Argentina (BONAPARTE; BARBERENA, 1975, 2001; BONAPARTE; FERIGOLO; RIBEIRO, 

2001; BONAPARTE et al., 2003; BONAPARTE; MARTINELLI; SCHULTZ, 2005; 

MARTINELLI et al., 2005; SOARES; MARTINELLI; OLIVEIRA, 2014; MARTINELLI; 

SOARES; SCHWANKE, 2016; MARTINELLI et al., 2017a, b; GUIGNARD; MARTINELLI; 

SOARES, 2018; WALLACE; MARTÍNEZ; ROWE, 2019; STEFANELLO et al., 2020a; 

KERBER et al., 2022) melhoraram, consideravelmente, o conhecimento sobre o grupo, formando 

a base para a compreensão da maioria das transformações crânio-mandibulares e dentais que 

ocorreram antes do estabelecimento de características comumente associados a mamíferos (LUO, 

1994, 2007; SIDOR; HOPSON, 1998; HOPSON; KITCHING, 2001; SIDOR, 2003; KIELAN-

JAWOROWSKA; CIFELLI; LUO, 2004; KEMP, 2005; RUTA et al., 2013; BOTHA-BRINK; 

SOARES; MARTINELLI, 2018). 

O registro fóssil de Cynodontia mostra que a aquisição de características mamalianas foi 

gradual e tais caracteres apomórficos foram se acumulando e, posteriormente, culminaram no 

aparecimento de feições típicas de mamíferos (KEMP, 2012; RUTA et al., 2013). 

Transformações anatômicas cruciais, ocorridas, principalmente, em Probainognathia não-

Mammaliaformes, possibilitaram importantes adaptações, as quais estão relacionadas a 

complexas mudanças nas regiões rostral, palatal e basicraniana, na articulação crânio-mandibular 

e na dentição, bem como alterações significativas no esqueleto pós-craniano (SIDOR; HOPSON, 

1998; SIDOR, 2003; KIELAN-JAWOROWSKA; CIFELLI; LUO, 2004; KEMP, 2005). 

Algumas das principais mudanças anatômicas crânio-mandibulares e dentais que surgiram na 

linhagem Cynodontia são brevemente comentadas a seguir. 

As mudanças na cavidade nasal foram significativas tanto em cinodontes não-

Mammaliaformes quanto Mammaliaformes, pois permitiram incrementos na respiração, olfato e 

no metabolismo (HILLENIUS, 1992, 1994; ROWE; MACRINI; LUO, 2011; CROMPTON et al., 

2017). Em formas mais derivadas de probainognátios, a superfície interna da cavidade nasal tem 

um maior desenvolvimento anteroposterior, relacionado, principalmente, à redução da vacuidade 
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orbital que sofre maior ossificação (LUO, 1994; HOPSON; KITCHING, 2001). Nesses 

cinodontes, o surgimento de cristas na superfície interna na maxila tem sido interpretado como 

possível evidência para a presença de estruturas turbinais (HILLENIUS, 1994). Delicadas 

ossificações, descritas para o interior da cavidade nasal do prozostrodonte Brasilodon 

quadrangularis, foram interpretadas como sendo possíveis turbinais ossificados (RUF et al., 

2014; CROMPTON et al., 2017). Em adição, Ruben et al. (2012) sugerem que o 

desenvolvimento dos turbinais respiratórios podem estar relacionados a uma função 

termorreguladora. Recentemente, Araújo et al. (2022) discutiram o surgimento da endotermia em 

mamíferos e sugerem que em alguns prozostrodontes derivados (como por exemplo, B. 

quadrangularis e Pseudotherium argentinus), tritilodontídeos e mamaliaformes já seriam 

considerados endotérmicos, sendo que a possibilidade de endotermia é de 95% para o clado. 

O remodelamento da região palatal, com a formação de um palato ósseo secundário 

alongado, é outra importante mudança estabelecida no grupo (Figura 4). O desenvolvimento 

dessa parede óssea, tanto medial quanto anteroposterior, permitiu a separação das vias aéreas e da 

cavidade bucal, proporcionando melhorias na respiração e olfato, também na função mastigatória 

(MAIER; HEEVER; DURAND, 1996). Em relação à última, o progressivo fechamento do palato 

secundário permitiu maior habilidade para o processamento nutricional do alimento antes da 

deglutição, exploração de novos itens alimentares, bem como propiciou o ato de mamar 

(HOPSON; BARGHUSEN, 1986; MAIER; HEEVER; DURAND, 1996). Em formas mais 

avançadas de probainognátios, como chiniquodontídeos, triteledontídeos, brasilodontídeos e 

mamaliaformes (BONAPARTE et al., 2003; BONAPARTE; MARTINELLI; SCHULTZ, 2005; 

SIDOR; HANCOX, 2006), o palato ósseo secundário é tão alongado quanto o conhecido nos 

mamíferos, atingindo a borda posterior ao nível dos últimos dentes pós-caninos (HOPSON; 

BARGHUSEN, 1986) (Figura 4).  
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Figura 4 – Desenvolvimento do palato ósseo secundário em Synapsida 

Abreviações: ch, coana; ect, ectopterigoide; max, maxila; pal, palatino; pmx, pré-maxila; pt, pterigoide; vo, vômer. 

 

 
Fonte: (Modificada, ROWE; SHEPHERD, 2016) 

 

 

O aumento progressivo do volume da caixa craniana, relacionado ao desenvolvimento do 

encéfalo, é, provavelmente, um dos pontos mais importantes na evolução dos cinodontes 

(HOPSON; BARGHUSEN, 1986; ROWE, 1988), uma vez que tais mudanças têm correlação 

direta ao desenvolvimento de um sistema neuronal mais eficaz e com maior capacidade de 

percepção de estímulos do meio (SOARES; DORNELLES, 2009). Esse aumento da caixa 

craniana pode estar relacionado também com o desenvolvimento do neocórtex, intimamente 

relacionado com o tamanho expressivo do cérebro em mamíferos, quando comparado a outros 

grupos. Essas modificações craniais levaram a maior ossificação no neurocrânio, além de 

alterações cruciais na parede lateral da caixa craniana e na região basicraniana (ROUGIER; 

WIBLE; HOPSON, 1992; LUO, 1994). 

Importantes modificações relacionadas à reconfiguração dos ossos basicranianos 

possibilitaram mudanças na evolução do ouvido (interno, médio e externo), acarretando 

melhorias significativas na audição para esses cinodontes e, posteriormente para os primeiros 

mamíferos (ROUGIER; WIBLE; HOPSON, 1992; LUO, 1994; LUO; CROMPTON; LUCAS, 

1995; ROUGIER; WIBLE, 2006; RODRIGUES; RUF; SCHULTZ, 2013). Um promontório se 

desenvolve para acomodar o canal coclear (LUO, 1994, 2001; LUO; CROMPTON; LUCAS, 

1995). Este é originado pela fusão dos ossos proótico e opistótico, que passam a ser chamados de 
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petrosal. A presença de um único osso torna, possivelmente, o ouvido interno mais rígido e, 

portanto, mais isolado e menos suscetível a interferências (LUO, 2001). 

Em cinodontes probainognátios mais basais (por exemplo, Probainognathus jenseni), a 

região basicraniana apresenta uma asa do basisfenóide desenvolvida lateralmente e uma clara 

sutura entre os ossos proótico e opistótico (LUO, 1994). Nos prozostrodontes Prozostrodon 

brasiliensis e P. argentinus, a asa do basisfenóide torna-se mais curta e o osso petrosal é 

fusionado, mas sem a formação de um promontório, enquanto em Adelobasileus cromptoni e B. 

quadrangularis, a asa do basisfenóide sofre um encurtamento ainda maior e se observa um 

promontório incipiente (LUO, 1994; LUO; CROMPTON; LUCAS, 1995; BONAPARTE; 

MARTINELLI; SCHULTZ, 2005; BONAPARTE; SOARES; MARTINELLI, 2012; 

RODRIGUES; RUF; SCHULTZ, 2013). A condição de Morganucodon oehleri e outros 

mamaliaformes caracteriza-se por uma asa do basisfenóide reduzidas ou ausentes, além da 

formação de um promontório para alojar a cóclea (ROUGIER; WIBLE; HOPSON, 1992; LUO, 

1994) (Figura 5). 

Outra mudança importante na região basicraniana tem relação com a posição dos forames 

jugular e perilinfático (=fenestra rotunda). A condição primitiva, encontrada em Thrinaxodon 

liorhinus, por exemplo, é caracterizada pela confluência total das duas aberturas (ROUGIER; 

WIBLE; HOPSON, 1992; WIBLE; HOPSON, 1993; RODRIGUES; RUF; SCHULTZ, 2013; 

LUO; SCHULTZ; EKDALE, 2016; LUO; MANLEY, 2020). Em alguns prozostrodontes (como 

em P. argentinus, P. brasiliensis e B. quadrangularis), os forames apresentam uma separação 

parcial entre eles, embora ainda posicionados em uma fossa comum (LUO, 1994; RODRIGUES; 

RUF; SCHULTZ, 2013; WALLACE; MARTÍNEZ; ROWE, 2019). Enquanto na condição 

derivada existe uma separação óssea entre os forames jugular e perilinfático, está observada, por 

exemplo, em Pachygenelus monus, Riograndia guaibensis e Mammaliaformes (LUO; WIBLE, 

2005; ROUGIER; WIBLE, 2006; SOARES; SCHULTZ; HORN, 2011) (Figura 5). 
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Figura 5 – Desenvolvimento da região basicraniana em Cynodontia 

Abreviações: Bo, basioccipital; Bs, basisfenóide; bsw, asa do basisfenóide; ce, cavum epiptericum; fv, fenestra 

vestibuli; jf, fenestra jugular; Op, opistótico; Pe, petrosal; plf, forame perilinfático; ppf, forame pterygoparoccipital; 

Pr, proótico; pro, promontório. 

 

 
Fonte: (STEFANELLO et al. em revisão). 

 

 

Na parede lateral da caixa craniana desses cinodontes ocorre outra mudança notória, 

similar à condição derivada encontrada em B. quadrangularis e em mamaliaformes, alguns 

prozostrodontes (como, P. brasiliensis e P. argentinus) e triteledontídeos apresentam saídas 

separadas para os ramos maxilar (V2) e mandibular (V3) do nervo trigêmeo, o quais estão 

localizados na lâmina lateral do proótico/petrosal e do aliesfenoide (BONAPARTE; 

MARTINELLI; SCHULTZ, 2005; RODRIGUES; RUF; SCHULTZ, 2013). Em contrapartida, 

em cinodontes basais é reconhecida uma única saída para o V2+3, posicionada entre o proótico e o 

aliesfenoide (ROUGIER; WIBLE; HOPSON, 1992). 

Em relação à dentição, Cynodontia é um dos primeiros clados de terápsidos a apresentar 

heterodontia, dentes com formas e funções distintas, apresentando incisivos, caninos e pós-

caninos (SOARES, 2015). Contudo, diferentemente dos mamaliaformes, que possuem um alto 

grau de diferenciação dentária, os cinodontes possuem dentes pós-caninos bastante semelhantes 

entre si, e, por esse motivo, não podem ser reconhecidos como verdadeiros pré-molares e molares 
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(KIELAN-JAWOROWSKA; CIFELLI; LUO, 2004; KEMP, 2005; ROWE; MACRINI; LUO, 

2011; MANLEY, 2012; LAUTENSCHLAGER et al., 2016). 

Os mecanismos de substituição dentária reconhecidos nos cinodontes são diversos e, 

possivelmente, podem estar relacionados com a dieta alimentar de cada grupo específico 

(MARTINELLI; BONAPARTE, 2011; ABDALA; JASINOSKI; FERNANDEZ, 2013). De 

forma geral, o padrão primitivo de substituição dentária é do tipo polifiodonte, sendo este 

identificado em vários táxons, como, por exemplo, no cinodonte basal T. liorhinus e no 

triteledontídeo derivado P. monus. Na dentição polifiodonte, os dentes podem ser substituídos, 

constantemente, ao longo da vida do animal (CROMPTON; LUO, 1993; ABDALA; 

JASINOSKI; FERNANDEZ, 2013; O’MEARA; DIRKS; MARTINELLI, 2018). Além dos 

cinodontes, a polifiodontia é observada também em répteis e nos demais sinápsidos não-

mamaliaformes. Em contrapartida, os cinodontes gonfodontes apresentam uma substituição 

dentária relativamente diferenciada, que consiste basicamente na perda de dentes anteriores e na 

adição de dentes mais complexos posteriormente (HOPSON, 1971; LIU; SUES, 2010). 

Entretanto, em algumas formas mais avançadas de prozostrodontes e triteledontídeos, é 

reconhecido um menor número de substituições dentárias ao longo da vida do animal, atestado 

pelo acentuado e uniforme grau de desgaste no esmalte dos dentes pós-caninos (KIELAN-

JAWOROWSKA; CIFELLI; LUO, 2004; KEMP, 2005; MARTINELLI; BONAPARTE, 2011; 

ABDALA; JASINOSKI; FERNANDEZ, 2013). Em B. quadrangularis, por exemplo, o 

mecanismo de substituição é alternado, sendo comparável a aquele encontrado no mamaliaforme 

Sinoconodon rigneyi (MARTINELLI; BONAPARTE, 2011; MARTINELLI et al., 2017c). Já a 

condição típica mamaliana, observada em M. oehleri, é representada por uma substituição 

dentária difiodonte (dentição decídua e permanente), um padrão de oclusão preciso, e por um 

crescimento determinado (CROMPTON, 1974; LUCKETT, 1993; KIELAN-JAWOROWSKA; 

CIFELLI; LUO, 2004; LUO et al., 2015; O’MEARA; DIRKS; MARTINELLI, 2018). 

Um dos aspectos cruciais da evolução dentária dos cinodontes é a subdivisão da raiz dos 

dentes pós-caninos. Grande parte dos táxons de cinodontes mais basais apresentam apenas uma 

raiz para os pós-caninos, contrastando com o padrão de raízes bifurcadas presente nos 

mamaliaformes (SULEJ et al., 2018). Entretanto, em alguns cinodontes derivados, tais como, o 

prozostrodonte B. quadrangularis e em triteledontídeos, observa-se uma tendência à bifurcação 

das raízes pós-caninas. Esses dentes são incipientemente divididos e apresentam um sulco 
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longitudinal (lingual e/ou labial) que forma uma constrição, o que caracteriza a condição prévia 

para uma raiz dupla presente nos mamaliaformes (BONAPARTE; BARBERENA, 1975, 2001; 

BONAPARTE; FERIGOLO; RIBEIRO, 2001; BONAPARTE et al., 2003; BONAPARTE; 

MARTINELLI; SCHULTZ, 2005; BONAPARTE; SOARES; MARTINELLI, 2012; SOARES; 

MARTINELLI; OLIVEIRA, 2014). A bifurcação das raízes pós-caninas é uma importante 

novidade evolutiva, uma vez que dentes com raízes duplas são mais resistentes às tensões 

exercidas durante a mordida (SULEJ et al., 2020). 

Por fim, uma última mudança desenvolvida em Cynodontia é comentada, esta refere-se à 

aquisição de uma articulação crânio-mandibular formada por um côndilo globoso do dentário que 

se encaixa na cavidade glenoide do esquamosal (CROMPTON; HYLANDER, 1986) (Figura 6). 

O desenvolvimento dessa articulação permitiu uma maior movimentação dentária, bem como 

proporcionou a liberação dos ossos pós-dentários, viabilizando a incorporação destes no ouvido 

médio, o que acarretou, por fim, melhorias significativas na audição (ALLIN, 1986; ALLIN; 

HOPSON, 1992; LUO, 2011; LUO; MANLEY, 2020). 

Em cinodontes basais, a articulação entre crânio e mandíbula segue o padrão ancestral da 

grande maioria dos tetrápodes. Além do dentário, os ossos pós-dentários são robustos e ocupam 

um espaço considerável na mandíbula. Nessas formas mais basais, como, por exemplo em T. 

liorhinus, a articulação entre crânio e mandíbula se dá através de um dos ossos pós-dentários, o 

articular, e pelo osso quadrado do crânio (CROMPTON, 1972; ALLIN, 1975; ALLIN; 

HOPSON, 1992; HOPSON, KITCHING, 2001; KEMP, 2005) (Figura 6). Tal articulação 

quadrado-articular é comumente observada em saurópsidos e nos demais sinápsidos (LUO, 

2011). 

Alguns cinodontes triássicos, como P. jenseni, adquirem uma segunda articulação 

mandibular acessória, formada pelos ossos surangular, da mandíbula, e esquamosal, do crânio. 

Essa articulação passa a coexistir com a articulação quadrado-articular (CROMPTON, 1972; 

CROMPTON; LUO, 1993; KEMP, 2007). Nos probainognátios mais derivados, os ossos pós-

dentários são extremamente reduzidos, alojando-se em um estreito sulco pós-dentário, enquanto 

no dentário desenvolve-se um processo articular alongado, quase atingindo o esquamosal 

(ALLIN; HOPSON, 1992; LUO, 2011) (Figura 6). 

Em triteledontídeos e em B. quadrangularis (CROMPTON; LUO, 1993; BONAPARTE 

et al., 2003; BONAPARTE; MARTINELLI; SCHULTZ, 2005; SIDOR, HANCOX, 2006; 
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BONAPARTE; SOARES; MARTINELLI, 2012), a articulação quadrado-articular ainda é 

presente, mas, adicionalmente, o dentário passa a fazer contato com o osso esquamosal do crânio 

(LUO, 1994; SOARES; SCHULTZ; HORN, 2011). Por outro lado, na articulação dentário-

esquamosal, reconhecida como o padrão mamaliano, a extremidade posterior do dentário forma 

um côndilo, que se encaixa na cavidade glenoide do osso esquamosal (CROMPTON; 

HYLANDER, 1986; CROMPTON; LUO, 1993; LUO, 1994).  

Essas importantes mudanças relacionadas a articulação dentário-esquamosal 

possibilitaram transformações cruciais para alguns ossos componentes do crânio (quadrado) e da 

mandíbula (articular), conhecidos mais tarde como martelo e bigorna, respectivamente. Estes 

ossos, formam, juntamente com o estribo, os três ossículos do ouvido médio dos mamaliaformes. 

Por fim, esses ossículos possibilitaram mudanças imprescindíveis para o aparelho auditivo, as 

quais foram mantidas desde então pelos mamíferos (KERMACK et al., 1973; ALLIN, 1975; 

ALLIN; HOPSON, 1992; LUO, 2011; LUO; MANLEY, 2020) (Figura 6). 

 

 

Figura 6 – Desenvolvimento da articulação crânio-mandibular em Cynodontia 

Abreviações: D, dentário; D-SQ, articulação dentário-esquamosal; Q-A, articulação quadrado-articular, SQ, 

esquamosal. 

 

 
Fonte: (Modificada, LUO, 2011).  



32 

1.2 OBJETIVOS 

 

1.2.1 Objetivo geral 

• Estudar a anatomia craniana, mandibular e dentária de novos espécimes de cinodontes 

probainognátios não-mamaliaformes do Triássico Superior do Rio Grande do Sul e 

analisar, quando possível, suas afinidades e implicações filogenéticas. 

 

1.2.2 Objetivos específicos 

• Realizar identificação taxonômica e descrever a anatomia mandibular e dentária dos 

espécimes CAPPA/UFSM 0208 e CAPPA/UFSM 0262 (Artigo 1); 

• Realizar identificação taxonômica e descrever a anatomia craniana, mandibular e dentária 

do espécime CAPPA/UFSM 0210, bem como analisar suas implicações filogenéticas e 

evolutivas (Artigo 2). 
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2 ARTIGOS CIENTÍFICOS 

 

2.1 ARTIGO 1 

 

O Artigo 1, intitulado: “A new prozostrodontian cynodont (Eucynodontia, 

Probainognathia) from the Upper Triassic of Southern Brazil”, foi publicado no periódico 

Journal of Vertebrate Paleontology, DOI: 10.1080/02724634.2020.1782415. 
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2.1.1 Dataset do Artigo 1 

 

O Dataset do Artigo 1, intitulado: “3D models related to the publication: A new 

prozostrodontian cynodont (Eucynodontia, Probainognathia) from the Upper Triassic of 

southern Brazil”, foi publicado no periódico MorphoMuseuM, DOI: 10.18563/journal.m3.120. 
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2.2 ARTIGO 2 

 

O Artigo 2, intitulado: “A complete skull of a stem mammal from the Late Triassic of 

Brazil illuminates the early evolution of prozostrodontians”, foi submetido para publicação 

no periódico científico Journal of Mammalian Evolution e está formatado de acordo com as 

normas do mesmo. 
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Abstract 

Triassic cynodonts from South America are key taxa in the investigation of the 

emergence of mammalian characters. One of the most iconic species from the Carnian 

is Prozostrodon brasiliensis, found in Late Triassic strata from southern Brazil. This non-

mammaliaform cynodont represents the earliest-diverging member of Prozostrodontia, a 

clade that encompasses Mammalia and their closest relatives. Previous descriptions of 

the skull of Pr. brasiliensis were based on specimens that did not preserve the posterior 

region, obscuring essential details of the basicranium. Here, we describe a new, 

complete, and exceptionally well-preserved skull of Pr. brasiliensis found in the same 

block as the holotype skeleton of the early predatory dinosaur Gnathovorax cabreirai 

and rhynchosaur specimens. Anatomical data from this specimen provide novel insights 

into the initial radiation of prozostrodontian cynodonts and reveal a new endemic clade 

of South American cynodonts – Prozostrodontidae – on the stem lineage of mammals. 

 

Keywords Cynodontia, Probainognathia, Origin of mammaliaforms, Basicranium, 

Cladistics, Evolution. 
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Introduction 

 

The Carnian (237-227 million years ago) is a stage in the Upper Triassic Series (Cohen 

et al. 2013). This interval of time is known for a climatic event of global proportions, the 

so-called Carnian Pluvial Event (CPE), which occurred approximately 234-232 million 

years ago (Furin et al. 2006; Ruffell et al. 2015). It is characterized by a shift from 

prevailing semiarid conditions to a humid and warm climate, with intense rainfall and 

relatively few arid climate intervals, followed by an intensification of aridity (Bernardi et 

al. 2018; Dal Corso et al. 2020). The Pangean biota was profoundly impacted by this 

event, and the fossil record highlights several faunal turnovers. The origins and/or 

radiations of several taxonomic groups have been associated with this time interval, 

such as those of conifers, insects, crocodiles, lizards, turtles, dinosaurs, and non-

mammaliaform cynodonts (Bernardi et al. 2018; Dal Corso et al. 2020; Benton and Wu 

2022). 

During the Carnian, an important clade of non-mammaliaform cynodonts 

originated: the Prozostrodontia, which includes all the descendants of the most recent 

common ancestor of the Brazilian Prozostrodon brasiliensis and mammals (Liu and 

Olsen 2010; Abdala 2019). The earliest-diverging prozostrodont, Pr. brasiliensis itself, 

was discovered in the late Carnian strata of the Hyperodapedon Assemblage Zone (AZ) 

of the Candelária Sequence, Santa Maria, Brazil, in the 1980s. It was erected based on 

a partial cranium, mandible, and associated postcranial remains (Barberena et al. 1987; 

Bonaparte and Barberena 2001). Other records of this species include a right lower jaw 

from São João do Polêsine (Pacheco et al. 2017), and additional skull remains from the 

type locality (Kerber et al. 2020). During the preparation of the skeleton of the early 
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dinosaur Gnathovorax cabreirai, discovered in 2014 in Late Triassic strata from southern 

Brazil (Pacheco et al. 2019), a complete jaw of Pr. brasiliensis was found (Pacheco et al. 

2017), and subsequently, an exceptional skull, which is described here. Using cladistic 

analysis and new data from this specimen, we recover a new clade representing the 

earliest radiation of Carnian prozostrodonts in western Gondwana. 

 

Material and methods 

 

Provenance 

CAPPA/UFSM 0210 was collected at Marchezan site (29º37′52′′S; 53º27′02′′W), 

municipality of São João do Polêsine, Rio Grande do Sul, Brazil (Hyperodapedon AZ, 

Candelária Sequence, Santa Maria Supersequence) (Fig. 1). The fossiliferous level of 

the Cerro da Alemoa locality, another fossiliferous site of the Hyperodapedon AZ, was 

dated at a maximum depositional age of 233.23 ± 0.73 Ma (Carnian) (Langer et al. 

2018). 

 

Collection 

CAPPA/UFSM 0210 was unearthed from a multitaxon association containing the 

herrerasaurid Gnathovorax cabreirai Pacheco et al. 2019, two Hyperodapedon 

rhynchosaurs, and a right lower jaw of Prozostrodon brasiliensis (Pacheco et at. 2017) 

(Figs. 1–2). The new specimen of Pr. brasiliensis is housed in the paleontological 

collection of the Centro de Apoio à Pesquisa Paleontológica da Quarta Colônia da 

Universidade Federal de Santa Maria.  
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Fig. 1 Location of Marchezan Site, where the new specimen of Prozostrodon brasiliensis 

(CAPPA/UFSM 0210) was found. a. Map of the central region of Rio Grande do Sul, 

Brazil, and the surface distribution of the geologic units in the area; b. Photograph of the 

Marchezan Site, municipality of São João do Polêsine. 
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.  

Fig. 2 Rock block with the skeleton of the dinosaur Gnathovorax cabreirai 

(CAPPA/UFSM 0009) (Pacheco et al. 2019). The rectangle in (a) shows the position of 

the new specimen of Prozostrodon brasiliensis (CAPPA/UFSM 0210) within the block; 

detail of the left lower jaw and upper canine tooth in situ (b); cranium in ventral view, left 

lower jaw, and upper canine tooth in situ (c); The image (d) shows, from left to right, the 



58 

left lower jaw, the upper canine tooth, the cranium of CAPPA/UFSM 0210 in ventral 

view, and the left maxilla of CAPPA/UFSM 0009. 

 

CT Scan and 3D modeling 

The cranium of the specimen CAPPA/UFSM 0210 was scanned using a Nikon XT H 225 

ST at the facilities of the University of Zurich, using 168 kV and 484 μA. This scan 

resulted in 2003 tomographic slices with a voxel size of 44.79 μm. The dentaries were 

scanned separately using a Skyscan™ 1173 at the Laboratório de Sedimentologia e 

Petrologia of Pontifícia Universidade Católica do Rio Grande do Sul (PUCRS), Porto 

Alegre (Brazil), using 85 kV and 65 μA. Each scanning resulted in 1200 tomographic 

slices with a voxel size of 15.16 μm. Avizo (FEI ThermoFisher Scientific) was employed 

to generate 3D models of the specimens 

 

Phylogenetic analysis 

The phylogenetic position of Prozostrodon brasiliensis was investigated employing the 

data matrix of Liu and Olsen (2010) with subsequent additions (Soares et al. 2014; 

Martinelli et al. 2016, 2017a, 2017b; Wallace et al. 2019; Kerber et al. 2022; Benoit et al. 

2022). The new information from CAPPA/UFSM 0210 was combined with previous 

scores based on the holotype of Pr. brasiliensis. The complete list of modifications is 

presented in Online Resource. The final data matrix includes 154 characters and 39 

operational taxonomic units (OTUs). The data matrix was analyzed in TNT v.1.5 

(Goloboff and Catalano 2016). Procynosuchus delaharpeae was used to root the most 

parsimonious trees (MPTs), which were recovered with a heuristic search (random 

addition sequence + tree bisection reconnection) with 1000 replicates of Wagner trees 
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(with random seed = 0) and using tree bisection reconnection and branch swapping 

(holding ten trees save per replication). All characters received the same weight, and no 

characters were treated as ordered (additive). 

 

Institutional abbreviations 

CAPPA/UFSM, Centro de Apoio à Pesquisa Paleontológica da Quarta Colônia da 

Universidade Federal de Santa Maria, São João do Polêsine, Brazil; MVP, Museu 

Vicente Pallotti, Santa Maria, Brazil; PVSJ, Instituto y Museo de Ciencias Naturales, 

San Juan, Argentina; UFRGS-PV-T, Universidade Federal do Rio Grande do Sul, 

Paleontologia de Vertebrados (PV), Coleção Triássico (T), Porto Alegre, Brazil. 

 

Availability of Data and Material 

The dataset generated and analyzed during this study is included in this published 

article and its supplementary information files. 

 

Systematic paleontology 

 

Cynodontia Owen 1861 

Probainognathia Hopson 1990 

Prozostrodontia Liu and Olsen 2010 

 

Prozostrodontidae clade nov. 

 

Type genus Prozostrodon brasiliensis (Barberena et al. 1987). 



60 

Definition Most inclusive clade including Prozostrodon brasiliensis (Barberena et 

al. 1987) and Pseudotherium argentinus Wallace et al. 2019, but not Therioherpeton 

cargnini Bonaparte and Barberena 1975 nor Morganucodon oehleri Rigney 1963. 

Diagnosis Prozostrodontids differ from other probainognathians by a unique 

combination of traits, which in association are not present in other clades: presence of a 

vertical septum of the vomer extending posteriorly to the level of the secondary palate; 

presence of prefrontal (absent in other prozostrodonts); fused prootic and opisthotic to 

form the petrosal (shared with most mammaliamorphs; sensu Rowe 1988); route of the 

venous drainage exiting from the back of the cavum epiptericum via a lateral flange 

vascular canal (shared with mammaliamorphs); maxillary and mandibular branches 

(V2+3) of the trigeminal nerve exit via two foramina between the petrosal and alisphenoid 

(shared with tritylodontids); differentiated paroccipital process (shared with 

mammaliamorphs); and anteriormost one-cusped tooth not present in adults (shared 

with other prozostrodonts). 

 

Prozostrodon brasiliensis (Barberena et al. 1987) (Figs. 3–6) (Table 1) 

 

Holotype UFRGS-PV-0248-T consists of the anterior half of the skull with partial 

upper dentition, the right and left lower jaws with dentition, and several postcranial 

elements (see Bonaparte and Barberena 2001; Botha-Brink et al. 2018; Guignard et al. 

2018). 

Type locality and stratum Faixa Nova locality (Santa Maria, RS), 

Hyperodapedon AZ, Candelária Sequence, Santa Maria Supersequence, late Carnian 

(Langer et al. 2018). 
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Referred specimens CAPPA/UFSM 0123, right lower jaw with partial dentition 

(Pacheco et al. 2017); UFRGS-PV-0543-T, anterior portion of the skull with fragmented 

right lower jaw (Kerber et al. 2020). 

New referred material CAPPA/UFSM 0210 comprises a complete and well-

preserved skull with partial upper dentition, both lower jaws with partial dentition (Figs. 

3–6), and some unprepared postcranial bones. 

Emended diagnosis of Prozostrodon brasiliensis (Barberena et al. 1987) 

Probainognathian cynodont with the following association of features (autapomorphies 

marked with an asterisk): four upper incisors, increasing in size posteriorly; four lower 

incisors, slightly spatulate, decreasing in size posteriorly, with the apical third of the 

crown posteriorly inclined; lower canine with finely serrated distal margin; middle and 

posterior upper postcanine teeth with low crown, without distinctive cingula, with four 

mesiodistally aligned cusps (A–D), with cusps A>C≥B>>D*; posterior-most upper 

postcanine with distolabial accessory cusp; anterior lower postcanine teeth with 

conspicuous cusp a and small cusps b, c, and usually d; posterior lower postcanine 

teeth of ‘triconodont’ type, with cusps a>c>b>d, with continuous lingual cingulum bearing 

up to nine small discrete cusps*; length of the lower tooth row more than half the length 

of the dentary; lack of postorbital bone; lack of postorbital bar; lacrimal with large dorsal 

exposure; pronounced posterodorsal process of the premaxilla between the 

septomaxilla and maxilla; frontal, palatine, and orbitosphenoid contact in the orbital wall; 

secondary bony palate extended posteriorly beyond the last upper postcanine tooth; 

opisthotic and prootic fused, forming a petrosal bone; ribs without expanded processes; 

‘Y’-shaped interclavicle; weakly twisted humerus with a perpendicularly projected 

deltopectoral crest, reaching the midshaft; expanded distal end representing about 58% 
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of the humeral length; presence of an ectepicondylar foramen; iliac blade with a reduced 

postacetabular portion and a well-developed anterodorsally projected preacetabular 

region; bulbous femoral head confluent with the greater trochanter and the shaft; short 

and medially projected lesser trochanter; and oval intertrochanteric fossa without 

marked trochanteric ridge (taken and modified from Bonaparte and Barberena 2001; 

Pacheco et al. 2017; Guignard et al. 2018; Kerber et al. 2020). 

 

Description 

 

Cranium 

Rostral region CAPPA/UFSM 0210 has a long and narrow rostrum (Figs. 3a–b, 

4a) (Table 1). The length of the rostral region is proportionally similar to the size of the 

temporal region of the cranium. The snout shows a marked constriction posterior to the 

upper canine root, which is confluent with the labial margin of the diastema (Figs. 3a–b, 

4a). In the anterior portion of the rostrum, the premaxilla displays a large extranasal 

process, penetrating the maxilla and septomaxilla, but without contacting the nasal 

dorsolaterally (Fig. 4a). As in the prozostrodonts Pseudotherium argentinus, 

Pachygenelus monus, Riograndia guaibensis, and Brasilodon quadrangularis, the 

ascending process of the septomaxilla is long, far beyond the posterior border of the 

external nares (Figs. 3a, 4a). 

The maxilla occupies most of the lateral surface of the rostral region (Figs. 3a, 

4a). It forms a horizontal platform dorsal to the postcanine row in the posterior portion of 

the rostrum. On the lateral surface of the maxilla, there are three rostral alveolar 

foramina (Fig. 4a) (Benoit et al. 2019). The first one, a small opening more anteriorly 
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located, is positioned posterior to the canine alveolus bulge. Two other foramina are 

aligned dorsoventrally. They are placed dorsally to the diastema between the canine 

and the first postcanine (Fig. 4a). This arrangement is similar to that in the holotypes of 

Prozostrodon brasiliensis (UFRGS-PV-0248-T), Therioherpeton cargnini, and Ps. 

argentinus. However, the anteriormost foramen is not observable in UFRGS-PV-0248-T. 

In addition, a larger infraorbital foramen is positioned on the posterior portion of the 

lateral surface of the rostrum. It is located dorsally to the level of the posteriormost 

postcanines (Fig. 4a). The foramina arrangement and the branching pattern are similar 

to the pattern reconstructed for B. quadrangularis and tritylodontids (e.g., Tritylodon 

longaevus) (Benoit et al. 2019). According to the pattern recognized for these taxa, the 

maxillary canal is divided rostrally into the rostral alveolar and the infraorbital canals. 

The rostral alveolar canal is longer than the infraorbital canal, and it displays canals that 

open laterally to the surface of the maxillary bone. The infraorbital canal is comparatively 

short and opens laterally above the posterior postcanine teeth (Benoit et al. 2019). The 

zygomaticofacial foramen could not be identified. 

The nasals comprised most of the dorsal surface of the rostral region of 

CAPPA/UFSM 0210 (Figs. 3a, 4a). A small foramen is present on this bone's dorsal 

surface, near the maxilla’s anterior contact. 
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Fig. 3 Cranium of Prozostrodon brasiliensis (CAPPA/UFSM 0210) from the Late Triassic 

of southern Brazil. Photograph, tridimensional model, and schematic drawing, in dorsal 

(a) and ventral (b) views. Abbreviations: Al alisphenoid; Bo basioccipital; bpp 

basipterygoid process; Bs basisphenoid; bsw basisphenoid wing; C upper canine; ce 

cavum epiptericum; fm foramen magnum; Fr frontal; I upper incisor; Ia upper incisor 

alveolus; if incisive foramen; ipv interpterygoid vacuity; jf jugular foramen; Ju jugal; La 
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lacrimal; lf lateral flange; Mx maxilla; Na nasal; oc occipital condyle; Pa parietal; paf 

palatine flange; pcf paracanine fossa; Pal palatine; Pc upper postcanine; Pe petrosal; plf 

perilymphatic foramen; Pm premaxilla; pp paroccipital process; ppf pterygoparoccipital 

foramen; Prf prefrontal; Pt pterygoid; sc sagittal crest; Smx septomaxilla; Sq squamosal; 

St stapes; VII facial foramen; Vo vomer. 

 

Orbital region In lateral view, the facial process of the lacrimal has a triangular 

shape (Fig. 4a). It is long and anteriorly developed, as in T. cargnini, but more developed 

than in Ps. argentinus. The lacrimal possesses a large anteroventral contact with the 

maxilla (Fig. 4a). The lacrimal foramen is located anteroventrally, near the border of the 

orbit. 

The inner wall of the orbit of CAPPA/UFSM 0210 resembles the condition of Ps. 

argentinus. In these taxa, the orbital process of the lacrimal contributes broadly to forming 

the anteromedial wall of the orbit and meets the orbital process of the palatine, near the 

orbit floor (Fig. 4a). A fissure in the anterior rim of the orbit is pierced the maxillary 

foramen. It is positioned anteriorly to the wall of the orbit, between the lacrimal and 

palatine.  

In lateral view, the prefrontal contributes to the anterodorsal margin of the orbit (Figs. 

3a, 4a). The frontal borders the orbit and participates significantly in the medial wall of the 

orbit (Fig. 4a). As in the specimens UFRGS-PV-0248-T and UFRGS-PV-0543-T, the 

orbital process of the frontal contacts the orbital process of the palatine and the 

orbitosphenoid, similar to that of M. oehleri (Bonaparte and Barberena 2001). The orbital 

vacuity is delimited dorsally by the orbitosphenoid, anteriorly by the frontal, and posteriorly 

by the alisphenoid.  
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Fig. 4 Cranium of Prozostrodon brasiliensis (CAPPA/UFSM 0210) from the Late Triassic 

of southern Brazil. Photograph, tridimensional model, and schematic drawing, in right 

lateral (a) and posterior (b) views. Abbreviations: Al alisphenoid; C upper canine; epp 

extranasal process of the premaxilla; fm foramen magnum; Fr frontal; iof infraorbital 

foramen; Ip interparietal; Ju jugal; La lacrimal; lc lambdoidal crest; Mx maxilla; Na nasal; 

obv orbital vacuity; oc occipital condyle; Pa parietal; Pe petrosal; Pm premaxilla; pp 

paroccipital process; ptf posttemporal foramen; Prf prefrontal; raf rostral alveolar 

foramen; sc sagittal crest; Smx septomaxilla; So supraoccipital; Sq squamosal; Ta 

tabular. 

 

Zygomatic arch Both zygomatic arches of CAPPA/UFSM 0210 are preserved 

(Figs. 3a–b, 4a). As in most prozostrodontians (e.g., P. monus, B. quadrangularis, and T. 

cargnini), the zygomatic arch is slender, dorsoventrally low, and formed mainly by the 

jugal. Differing from the pattern observed in more basal cynodonts, tritylodontids, and 
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Elliotherium kersteni, in which the zygomatic arch deepens posteriorly (Sidor and Hancox 

2006), CAPPA/UFSM 0210 has uniform height throughout its length (Table 1). 

The maxilla's posterior and ventral portion forms the zygomatic arch's root (Fig. 4a). 

As in the holotype (UFRGS-PV-0248-T) and Ps. argentinus, the anteroventral corner of 

the zygomatic arch lies at the same level as the postcanine line. In dorsal extension, the 

zygomatic arch occupies the portion below the middle of the orbit (Fig. 4a). This condition 

is similar to P. monus, T. cargnini, and B. quadrangularis. The lateralmost curvature of the 

arch is located at the level of the middle-posterior region of the cranium (Figs. 3a–b, 4a). 

Therefore, the temporal fossa is widest in the posterior region (Figs. 3a–b, 4a). In addition, 

the posteroventral process of the jugal is low, as in other prozostrodonts (e.g., R. 

guaibensis, P. monus, and B. quadrangularis). There is no evidence of an orbital 

process on the zygoma, and the postorbital process on the frontal is subtly defined. 

 

Skull roof The frontal contributes significantly to the skull roof. The suture 

between the frontal and nasal is anteriorly convex, forming a triangular anterior 

projection at the anteromedial contact (Fig. 3a). This condition is similar to that of other 

specimens of Pr. brasiliensis (UFRGS-PV-0248-T; UFRGS-PV-0543-T). 

The prefrontal also is observable in the dorsal view (Fig. 3a). The presence of the 

prefrontal bone is shared with most early diverging probainognathians (e.g., 

Probainognathus jenseni, Chiniquodon theotonicus, and ecteniniids) and also with the 

prozostrodontid Ps. argentinus. However, the prefrontal is absent in more derived forms, 

such as T. cargnini, tritylodontids, ‘ictidosaurs’, brasilodontids, and mammaliaforms. 

As in other prozostrodonts, both the postorbital bone and the postorbital bar are 

absent in the new specimen of Pr. brasiliensis. Among prozostrodonts, the only taxon 
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retaining a postorbital bone is Ps. argentinus, although it is greatly reduced and does not 

form a postorbital bar (Wallace et al. 2019). 

 

Palate The secondary osseous palate of CAPPA/UFSM 0210 is long and ventrally 

flat (Fig. 3b) (Table 1). Its posterior border extends back to the last postcanine level and 

the anterior orbital margin level. These traits are shared by derived prozostrodonts and early 

mammaliaforms (Kermack et al. 1981; Bonaparte and Barberena 1975; Bonaparte and 

Barberena 2001; Bonaparte et al. 2001, 2003, 2005; Wallace et al. 2019; Kerber et al. 

2022), whereas in early divergent probainognathians the secondary palate is slightly 

(Romer et al. 1970; Abdala and Giannini 2000; Martinelli et al. 2016, 2017c) or considerably 

shorter (Martínez et al. 1996, 2013; Hopson and Kitching 2001; Oliveira et al. 2010; Benoit 

et al. 2022). 

The premaxilla forms the anterior portion of the secondary palate (Fig. 3b). As in Ps. 

argentinus and B. quadrangularis, the medial margin of each premaxilla has a ventrally 

directed process that meets its counterpart at midline but does not fuse to it. The premaxilla 

does not form the posterior border of the incisive foramen, distinctly from P. monus and C. 

theotonicus, for example, in which the premaxilla encircles the incisive foramen. The maxilla 

comprises most of the anterior half of the secondary palate (Fig. 3b). The paracanine fossa 

is located in the anteriormost region of the palate, anteromedially to the upper canine (Fig. 

3b). This pattern is also observed in most cynodonts (Bonaparte et al. 2003, 2005; Martinelli 

et al. 2005; Wallace et al. 2019; Kerber et al. 2022). As in Ps. argentinus, the maxilla is 

excluded from the border of the subtemporal fenestra (Wallace et al. 2019). 

The palatine is anteroposteriorly elongated and forms the posterior half of the 

secondary palate (Table 1). The palatine flanges contact the vomer medially, which forms 
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the anterior portion of the primary palate (Fig. 3b). As in the holotype (UFRGS-PV-0248-T) 

and Ps. argentinus, there is an anteroposteriorly vertical septum on the vomerine surface 

extending posteriorly to the level of the secondary palate (Fig. 3b). The interpterygoid 

vacuities are open but poorly developed. They are anteroposteriorly elongated and 

transversely narrow (Fig. 3b). They are bordered laterally by the transverse processes of 

the pterygoids and posteriorly by the basisphenoid-parasphenoid complex. The 

interpterygoid vacuities are generally considered closed in adult specimens of non-

prozostrodontian eucynodonts (e.g., traversodontids, and basal probainognathians) and 

apparently remained opened in most non-mammaliaform prozostrodonts as part of the 

reorganization of the mesocranium (Martinelli and Rougier 2007). 

 

Temporal region The temporal region of the cranium of CAPPA/UFSM 0210 is 

anteroposteriorly subequal in length compared to the rostral region (Figs. 3a, 4a). The roof 

of the braincase is slightly vaulted and proportionally narrow, as in Ps. argentinus and T. 

cargnini, but less developed than in B. quadrangularis and M. oehleri. 

The parietals form the roof of the endocranial cavity. At the midline, they are fused 

along the sagittal crest (Figs. 3a, 4a). Ventrally, they are in contact with the petrosal's 

anterior lamina and the alisphenoid's well-expanded ascending process. On the lateral side 

of the braincase, two foramina for the maxillary (V2) and mandibular (V3) branches of the 

trigeminal nerve are present between the petrosal and alisphenoid. This feature is shared 

with Ps. argentinus and tritylodontids (e.g., T. longaevus and K. wellesi) but differs from 

P. jenseni (Romer 1970) in which the trigeminal nerve exits via a single foramen. 

Conversely, in B. quadrangularis and early mammaliaforms (Kermack et al. 1981; Lucas 

and Hunt 1990; Crompton and Luo 1993; Bonaparte et al. 2003, 2005; Rodrigues et al. 
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2013), the foramina are exclusively on the anterior lamina of the petrosal. The sagittal crest 

continues posterolaterally to a well-developed lambdoidal crest, which forms the roof of the 

occiput (Fig. 4a–b). There is no evidence of a parietal foramen. 

The parietal contacts the interparietal (=post-parietal), which contributes to the 

posterior end of the sagittal crest (Figs. 3a, 4a–b). Dorsally, the squamosal forms the 

anteroventral portion of the lambdoidal crest (Fig. 4a–b). 

 

Basicranium The most striking feature of this region is the presence of a fused 

prootic and opisthotic, forming the petrosal (=periotic) but without developing a 

promontorium (Fig. 3b). Conversely, in the derived prozostrodont B. quadrangularis, the 

petrosal develops an incipient promontorium (Bonaparte et al. 2003, 2005, 2012; 

Rodrigues et al. 2013), and in mammaliaforms (Kermack et al. 1981; Lucas and Hunt 

1990; Crompton and Luo 1993), the petrosal bears a well-defined promontorium. 

In the medial portion of the basicranium, the parabasisphenoid complex is formed 

by the fusion of the basisphenoid and parasphenoid (Fig. 3b). The basipterygoid 

process of the basisphenoid extends anteriorly and contacts the pterygoid. The 

basisphenoid wings (=parasphenoid ala) are slightly reduced and bifurcated laterally 

(Fig. 3b). They extend near the anterior end of the pars cochlearis but do not participate 

in the border of fenestra vestibuli. In early mammaliaforms, the wings are reduced or 

absent (in, e.g., M. oehleri and S. rigneyi). In contrast, in B. quadrangularis and A. 

cromptoni, the basisphenoid wing is reduced and covers only a small portion of the pars 

cochlearis. The condition of CAPPA/UFSM 0210 resembles Ps. argentinus in that the 

basisphenoid wings are more expanded than in more derived forms but less developed 

than in P. jenseni (Luo 1994). 
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The anterior area of the cavum epiptericum is bordered by the medial expansion 

of the basipterygoid process of the basisphenoid and posteriorly by the lateral flange of 

the petrosal (Fig. 3b). The pterygoparoccipital foramen opens laterally as a thin notch 

(Fig. 3b). However, in dorsal view, the posterior process of this foramen surpasses the 

anterior one, making it appear closed. The open pterygoparoccipital foramen is a 

derived condition shared with other prozostrodonts (e.g., P. monus, Ps. argentinus, R. 

guaibensis, and B. quadrangularis) (Hopson and Rougier 1993; Bonaparte et al. 2005; 

Soares et al. 2011; Wallace et al. 2019), and mammaliaforms (Kermack et al. 1981; Luo 

1994). In some eucynodonts, this foramen is completely closed laterally (e.g., 

gomphodonts, C. theotonicus, and Lumkuia fuzzi) (e.g., Hopson and Kitching 2001). 

The anteriormost opening of the ventral exposure of the petrosal is here 

interpreted as the facial foramen (nerve VII; Rougier et al. 1992) (Fig. 3b). 

Posteromedially to this foramen, the fenestra vestibuli (=fenestra ovalis or oval window) 

is not rimmed and opens laterally (Fig. 3b). The specimen also preserves an incomplete 

right stapes (Fig. 3b). In the posteromedial portion of the basicranium, the jugular 

foramen and the perilymphatic foramen (=fenestra rotunda or round window) share a 

common ‘figure 8’-shaped fossa, without an ossified division/septum (Fig. 3b). The 

jugular foramen is anteroposteriorly elongated, while the perilymphatic foramen is 

smaller and is placed anterolaterally (Fig. 3b). 

The lateral flange of the petrosal is quite similar to that of Ps. argentinus (Wallace 

et al. 2019), but less developed than in B. quadrangularis (Bonaparte et al. 2003), A. 

cromptoni (Lucas and Luo 1993), and M. oehleri (Kermack et al. 1981). The quadrate 

and the quadratojugal are not preserved. 
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Occipital region The interparietal and tabular, respectively, participate in the dorsal 

and lateral portions of the lambdoidal crest (Fig. 4b). The tabular surrounds the 

posttemporal foramen (Fig. 4b), unlike in B. quadrangularis, in which the foramen is 

located between the tabular and petrosal (Bonaparte et al. 2003). Ventral to this 

foramen, there is a posterior extension of the paroccipital process (Fig. 4b). This same 

pattern of arrangement of bones is observed in L. fuzzi and Ps. argentinus (Hopson and 

Kitching 2001; Wallace et al. 2019). 

The exoccipital contributes to the lateral margin of the foramen magnum, whereas 

the supraoccipital and basioccipital delimitate the entire dorsal and ventral borders of 

this foramen, respectively (Fig. 4b). 

 

Upper dentition Based on the alveoli and the right and left upper dentitions, 

CAPPA/UFSM 0210 presents four incisors (I), one canine (C), and ten postcanines (PC) 

(I4/C1/PC10) (Figs. 3b, 6a). Only the base of the crown of the fourth left incisor (I4) is 

preserved. 

The upper left canine is long, slightly curved, and bears a sulcus on its labial surface, 

without serrations on its mesial and distal edges (Figs. 3b, 4a, 6a). The crown morphology 

of the canines resembles Ps. argentinus, whereas, in B. quadrangularis, it is transversely 

flat with a dorsoventrally smooth sulcus on the anterolateral surface (Bonaparte et al. 2005). 

There is a diastema between the canine and the first upper postcanine (Fig. 6a). 

The morphology of the postcanine crowns is of the “triconodont” type, with cusps 

aligned mesiodistally (Figs. 3b, 6a), resembling the pattern observed in the other 

specimens of Pr. brasiliensis, prozostrodontian cynodonts (e.g., T. cargnini, Ps. 

argentinus, and B. quadrangularis; Bonaparte and Barberena, 2001; Bonaparte et al. 



73 

2005; Martinelli et al. 2017a, 2017b; Wallace et al. 2019), and also in early 

mammaliaforms (Kermack et al. 1981). The upper postcanine series of CAPPA/UFSM 

0210 includes ten functional teeth. The preserved postcanine crowns increase in size 

and complexity posteriorly (Fig. 6a). The overall pattern of cusps disposition observed in 

postcanine crowns consists of three to four cusps disposed in line in the labial margin of 

the crown, without distinctive cingula (Fig. 6a). In contrast, the anterior/middle postcanine 

teeth comprise a large main cusp (A) and mesial and distal cusps, B and C, respectively, 

the posterior postcanines present four main cusps (A–D). In these last postcanines, the 

main cusp (A) is positioned in the mesial half of the crown, followed by three smaller 

mesial and distal cusps (B, C, and D, respectively) (Fig. 6a). The height pattern among 

all cusps is A>C≥B>>D. This same pattern is observed in posterior postcanines of Pr. 

brasiliensis (UFRGS-PV-0248-T). 

Six postcanine teeth are preserved in the right postcanine series, plus four 

alveoli. The first five teeth have the crown preserved, except for the PC4, which 

preserves only half of the crown. The PC1 has two cusps (A-B), whereas the PC2-3 and 

PC5 have three aligned mesiodistally cusps (A-C). The crown of the PC6 is missing, 

having only the alveolus. There is a complete PC7, with an additional cusp (D) labially 

displaced compared to A-C. Distally to this last functional tooth, there are the alveoli to 

of the PC8-10 (Fig. 3b). 

The left postcanine dentition preserves eight postcanine teeth plus two alveoli. 

Only the base of the crown of the PC1 is preserved. The first complete tooth is the PC2. 

The crown of the PC3 is missing. Distally to this alveolus, there are the functional teeth 

PC4-9. PC2 and PC4-6 have three aligned cusps (A-C), while the PC7-9 have four 

cusps mesiodistally aligned (A-D). Finally, the functional tooth PC10 is missing (Fig. 6a).  
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Lower jaw 

The right and left lower jaws of CAPPA/UFSM 0210 have preserved complete 

dentary bones, lacking the postdentary bone complex (Figs. 5a–b, 6b–c). 
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Fig. 5 Left and right lower jaws of Prozostrodon brasiliensis (CAPPA/UFSM 0210) from 

the Late Triassic of southern Brazil. Photograph, tridimensional model, and schematic 

drawing, in lateral (a) and medial (b) views. Abbreviations: ap articular process; i lower 

incisor; ia lower incisor alveolus; c lower canine; cp coronoid process; dlg dental lamina 

groove; mc medial crest; mf mental foramen; msf masseteric fossa; mkg Meckelian 

groove; pc lower postcanine; pdt postdentary trough; sy symphysis. 

 

Dentary The dentary includes its horizontal ramus, the Meckelian groove, the 

coronoid process, the articular process, and the postdentary trough. In lateral view, the 

horizontal ramus is anteroposteriorly long (Fig. 5a–b), similar to that of other specimens 

of Pr. brasiliensis (UFRGS-PV-0248-T; UFRGS-PV-0543-T; CAPPA/UFSM 0123). In B. 

quadrangularis, Santacruzgnathus abdalai, Alemoatherium huebneri, and basal 

mammaliaforms (Bonaparte et al. 2005; Martinelli et al. 2016, 2017a), the ramus is 

slenderer. On the other hand, in some other Late Triassic probainognathians (e.g., 

Irajatherium hernandezi, Candelariodon barberenai, and Agudotherium gassenae; 

Martinelli et al. 2005, 2017b; Oliveira et al. 2011; Stefanello et al. 2020), the horizontal 

ramus of the dentary is more robust than in CAPPA/UFSM 0210. In addition, this ramus 

becomes slightly deeper posteriorly, evidencing the development of a well-defined 

masseteric fossa. The anterior portion of the dentary is anterodorsally projected (Fig. 

5a). Therefore, the alveolar level of the incisors and canine is positioned slightly above 

the postcanine alveolar level (Fig. 5a–b). This feature is shared with other specimens of 

Pr. brasiliensis and also with Botucaraitherium belarminoi, B. quadrangularis, and A. 

gassenae (Bonaparte et al. 2005; Soares et al. 2014; Stefanello et al. 2020). On the 

lateral surface of the dentary, the mental foramen is located at the level of the canine 
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(Fig. 5a). Medially, the alveolar margin bears a thin groove for the dental lamina. The 

groove of the dental lamina begins posteriorly to the canine and extends up to the 

alveolus of the last postcanine tooth (Fig. 5b). 

The mandibular symphysis is unfused, as in other prozostrodonts (e.g., 

Bonaparte and Barberena 2001; Bonaparte et al. 2001, 2005; Martinelli et al. 2005, 

2017a; Martinelli and Rougier 2007; Soares et al. 2014; Stefanello et al. 2020). The 

symphysial region is elongated and projected anterodorsally (Fig. 5b). In medial view, 

the Meckelian groove is parallel and near the ventral border of the horizontal ramus of 

the dentary (Fig. 5b). The location of the groove is similar to that of other specimens of 

Pr. brasiliensis (UFRGS-PV-0248-T; CAPPA/UFSM 0123). In this view, the trough for 

the postdentary bones is located in the dorsoventral half of the posterior portion of the 

dentary. This trough extends anteriorly to the Meckelian groove (Fig. 5b). 

As in the holotype UFRGS-PV-0248-T and mammaliaforms (e.g., M. oehleri; 

Kermack et al. 1981), the articular process is well defined, forming the posteriormost 

point of the dentary (Fig. 5a–b). Although elongate, it shows no evidence of an articular 

condyle. The coronoid is preserved in the right lower jaw, largely fused to the ascending 

ramus of the dentary. The coronoid process is anteroposteriorly wide and dorsoventrally 

tall (Fig. 5b). It develops posteriorly to the last postcanines, similar to other specimens of 

Pr. brasiliensis (UFRGS-PV-0248-T; CAPPA/UFSM 0123). 
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Fig. 6 Cranium and left lower jaw of Prozostrodon brasiliensis (CAPPA/UFSM 0210) 

from the Late Triassic of southern Brazil. Tridimensional model of the cranium (a) 

highlighting the left postcanine series in labial, occlusal, and lingual views (top to bottom 

in box). Tridimensional model of the left lower jaw highlighting in lateral (b) and medial 

(c) views; b. Details of the incisors and canine (anterior box) and postcanines (posterior 

box); c. Details of the postcanines (anterior box) and incisors and canine (posterior box). 

Abbreviations: i lower incisor; ia lower incisor alveolus; c lower canine; C upper canine; 

ci lingual cingulum; pc lower postcanine; Pc upper postcanine. 

 

Lower Dentition Based on the alveoli and preserved right and left lower 

dentitions, the dental count for CAPPA/UFSM 0210 is four incisors (i), one canine (c), 

and ten postcanines (pc) (i4/c1/pc10) (Figs. 5a–b, 6b–c), as in the holotype UFRGS-PV-

0248-T. The right lower jaw preserves only the crown base of the fourth incisor. The 
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micro-CT revealed three incisor alveoli, probably i1, i2, and i3 (Fig. 5b). In addition, near 

to canine, there is a complete crown of an isolated incisor tooth in the rock matrix. The 

crown of this incisor is long, and its tip is slightly curved. 

There are three left lower incisors preserved. The i1 and i2 are complete, similar 

in size and shape. The crown of these first incisors is tall, and its tips are curved 

posteriorly. The i3 preserves only half of the crown. The micro-CT data indicate an 

incisor alveolus near the canine, interpreted as the i4 (Figs. 5a, 6b–c). 

Both the right and left canines are well-preserved. The canine does not present 

serrations on its mesial and distal edges, differing from the holotype, which has tiny 

serrations on the distal portion (UFRGS-PV-0248-T). The crown is distally curved, with 

the mesial edge convex, whereas the distal one is slightly concave. There is a diastema 

between the canine and the alveolus to the first postcanine (Figs. 5a–b, 6b–c). 

The lower postcanine series of CAPPA/UFSM 0210 includes ten functional teeth. 

They present with non-serrated cusps (Figs. 5a–b, 6b–c). The overall pattern of cusp 

disposition observed in postcanines with preserved crowns consists of three to four 

cusps arranged in line along the labial margin of the crown, with a continuous, cuspidate 

lingual cingulum. The cusps are vertically directed (Fig. 6b–c). There is a large main 

cusp (a) on the mesial half of the crown, followed by two or three smaller mesial and 

distal functional cusps (b, c, and d, respectively). Cusp a is larger than cusp c. The cusp 

b is positioned in the mesial portion of the crown, whereas cusp d is positioned more 

distally and is comparatively smaller than the other cusps (Fig. 6b–c). The height pattern 

among all cusps is a>c>b>d. 

Only two postcanine teeth are preserved in the right postcanine series, plus eight 

alveoli, making for ten teeth (Fig. 5b). The preserved teeth are interpreted as pc4 and 
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pc5 due to the probable presence of three alveoli between the canine and the two 

preserved postcanine crowns (pc4 and pc5). Distally to these teeth, there are five 

alveoli, with the last tooth, at the end of the tooth row, unerupted inside the bone. Three-

dimensional reconstructions show the presence of this replacement postcanine, which 

can be interpreted as pc10. The crowns of pc4-5 are damaged to some degree. They 

have three aligned cusps, a main cusp (a) and mesial (b) and distal (c) cusps, 

respectively. The pc4 is displaced from the alveolus, partially exposing the root. In 

addition, the crown of this tooth appears to be slightly inclined distally (Fig. 5b). 

The left postcanine series preserves five postcanine teeth plus five alveoli (Figs. 

5a, 6b–c). The preserved teeth are considered the pc5-8 due to the presence of four 

alveoli between the canine and the first preserved postcanine tooth (pc5). They show a 

continuous, multi-cuspidate lingual cingulum (Fig. 6c). The pc5 has three aligned cusps 

(a-c), whereas the pc6 has an additional cusp (d) labially displaced in comparison to a-c. 

The crowns of pc7-8 are damaged to some degree, preserving only half of the crown. 

The crown of the pc9 is missing, having only the alveolus. Distally to this alveolus, there 

is functional tooth pc10, with four aligned cusps (a-d) (Figs. 5a, 6b–c). 
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Measure mm 

basal skull length 93.93 

parietals length at midline 26.7 

snout length 42.1 

length of secondary palate 41.0 

length of secondary palatal shelf of maxilla 19.6 

length of secondary palatal shelf of palatine 13.7 

orbit height 6.7 

zygomatic arch height 3.6 

zygomatic arch lateromedial thickness 2.1 

skull greatest width at occipital plate 36.4 

skull greatest height at occipital plate 19.5 

greatest length of right lower jaw 65.2 

greatest length of left lower jaw 70.3 

greatest height of right lower jaw 14.3 

greatest height of left lower jaw 15.2 

length of complete right upper tooth row 40.1 

length of complete left upper tooth row 40.3 

length of postcanine right upper tooth row 19.1 

length of postcanine left upper tooth row 18.2 

left upper canine height 8.7 

length of complete right lower tooth row 37.7 

length of complete left lower tooth row 41.1 

length of postcanine right lower tooth row 24.8 

length of postcanine left lower tooth row 24.4 

right lower canine height 9.4 

left lower canine height 8.8 

Table 1. Craniomandibular and dental measurements of Prozostrodon brasiliensis 

(CAPPA/UFSM 0210) (taken according to Oliveira et al. 2010). 
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Phylogenetic analysis 

 

The phylogenetic analysis recovered four most parsimonious trees of 488 steps 

each (consistency index, 0.453; retention index, 0.774) (Figs. 7–8). Lumkuia fuzzi nests 

as the basalmost member of Probainognathia (Figs. 7–8), corroborating some previous 

hypotheses (Hopson and Kitching 2001; Ruta et al. 2013; Martínez et al. 2013; 

Stefanello et al. 2018; Kerber et al. 2022; Benoit et al. 2022). Protheriodon estudianti 

emerges as the sister taxon to Prozostrodontia as recovered by Martinelli et al. (2016). 

The clade Prozostrodontia (Figs. 7–8) is supported by four character state 

transformations in the strict consensus tree: osseous palate extends more than 45% of 

skull length (36: 0→1); unfused dentary symphysis (82: 1→0); upper postcanine roots 

are constricted, with longitudinal groove (106: 0→1); and lower postcanine roots are 

constricted, with longitudinal groove (107: 0→1). 

Prozostrodon brasiliensis and Pseudotherium argentinus are recovered in a sister 

taxon relationship, which is supported by the vomer with a vertical septum extending 

posteriorly to the level of the secondary palate (29: 1→0); prootic and opisthotic fused to 

form the petrosal (49: 0→1); route of the venous drainage exiting from the back of the 

cavum epiptericum via a lateral flange vascular canal (56: 1→2); maxillary and 

mandibular branches (V2+3) of the trigeminal nerve exit via two foramina present between 

the petrosal and alisphenoid (57: 0→1); presence of a vertical component of a lateral 

flange of prootic (59: 0→1); differentiated paroccipital process (62: 0→1); and 

anteriormost one-cusped tooth not present in adults (103: 0→1). The clade containing 

both species is here established as Prozostrodontidae nov. (Figs. 7–8), which is the 

sister group to all the other prozostrodonts. Therioherpeton cargnini is recovered as the 
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earliest member of the group of non-prozostrodontid prozostrodonts, the same position 

as some previous studies (Liu and Olsen 2010; Soares et al. 2014; Martinelli et al. 

2017a, 2017b). 

 

 

Fig. 7 Strict consensus of the phylogenetic analysis of Eucynodontia, showing the 

Bootstrap value and Bremer support (red circles). Silhouette highlighted in red 

represented the Prozostrodontidae clade nov. 
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Discussion and conclusions 

 

Western Gondwana experienced sub-humid conditions in some intervals of the 

Carnian, possibly associated with the Carnian Pluvial Event (CPE) (Bernardi et al. 2018; 

Dal Corso et al. 2020; Holz and Scherer 2000; Mancuso et al. 2021). The higher 

humidity may have given rise to new environments (and ecological niches), possibly 

more diverse floristically, and, consequently faunistically, due to the greater availability 

of resources. An important step in the evolution of probainognathians occurred during 

this moment – the origin and early diversification of prozostrodonts (Liu and Olsen 2010; 

Martinelli et al. 2016, 2017a, 2017b). According to the support measurements of our 

analysis, this group is one of the best-supported probainognathian clades (Fig. 7). 

The specimen reported here is the best-preserved skull of a Carnian 

prozostrodont. It is referred to Prozostrodon brasiliensis based on shared characteristics 

with the holotype (see emended diagnosis). However, the new specimen displays some 

differences with the holotype (UFRGS-PV-0248-T) and referred specimen (UFRGS-PV-

0543-T), as follows: 

i. CAPPA/UFSM 0210 has slightly smaller size than UFRGS-PV-0248-T and 

UFRGS-PV-0543-T, a trait explained by differences between the ontogenetic stages of 

the specimens. 

ii. CAPPA/UFSM 0210 presents an inverted V-shaped fronto-nasal suture, while in 

UFRGS-PV-0248-T and UFRGS-PV-0543-T this suture is transverse. Jasinoski and 

Abdala (2017) demonstrated that although there are some variations, there is a general 

pattern in the ontogeny of Thrinaxodon liorhinus in which younger individuals tend to 

show an inverted V-shaped suture while adults tend to have a transverse suture. 
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iii. CAPPA/UFSM 0210 displays a longer rostrum (muzzle) than UFRGS-PV-0248-T. 

Comprehensive studies of the cynodont skull ontogeny have been shown different 

patterns of the allometric growth of the rostrum compared with the skull length: isometry 

(Abdala and Giannini 2000; Jasinoski and Abdala 2017; Wynd et al. 2021); negative 

allometry (Abdala and Giannini 2002), and positive allometry (Jasinoski et al. 2015). 

Upon the proposal of synonymy of Brasilodon quadrangularis and Brasilitherium 

riograndensis (e.g., Liu and Olsen 2010), it can be observed that smaller specimens of 

this prozostrodont (e.g., UFRGS-PV-594-T, UFRGS-PV-929-T; Bonaparte et al. 2003, 

2005) have relatively longer rostrum than ontogenetically older specimens (e.g., 

UFRGS-PV-628-T, UFRGS-PV-1043-T; Bonaparte et al. 2005, 2012; Botha-Brink et al. 

2018). Further, it was a feature used to differentiate both species (Bonaparte et al. 2003, 

2005). Hence, the variation in specimens of Pr. brasiliensis can be related to ontogeny, 

but other explanations, such as individual variation, cannot be excluded. Considering 

that growth strategies are highly variable amongst the different cynodont groups, only 

further specimens will permit to elucidate this feature properly. 

iv. CAPPA/UFSM 0210 has ten functional upper postcanines, whereas the holotype 

has eight. However, the number and the complexity of sectorial postcanines can be 

variable in cynodonts during the ontogeny (see Crompton 1963; Martinelli et al. 2005; 

Martinelli and Bonaparte 2011; Abdala et al. 2013; Norton et al. 2020). The holotype 

UFRGS-PV-0248-T also presents variation between the left and right series. It has 

seven plus one in eruption in the upper right and six plus one in the left upper side 

(Bonaparte and Barberena 2001); 

v. CAPPA/UFSM 0210 does not have serrations on the mesial nor distal edge of the 

upper/lower canines. The holotype of Pr. brasiliensis had no evidence of serrated 
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margins (e.g., Bonaparte and Barberena 2001) until its recent re-preparation at the 

UFRGS by one of us. It permitted the identification of an irregular serrated distal margin 

only in the left lower canine, near the apex of the crown. We cannot properly assert the 

condition of this feature in the remaining canines of the holotype (e.g., the mesial edge 

of the lower/upper canines or in the mesial/distal margins of the upper canines). 

Consequently, the difference between the specimens from the Marchezan site 

(CAPPA/UFSM 0210; Pacheco et al. 2017) and the holotype may reflex a feature that 

varies across ontogeny or individual variations. Although serrations on canines and/or 

postcanines have been used as diagnostic traits for some probainognathian taxa (e.g., 

Martínez and Forster 1996; Oliveira et al. 2010; Martinelli et al. 2016) other relevant 

features accompany the proposal for a different taxon. 

vi. Some differences in the complexity of the lingual cingulum of the lower 

postcanines of CAPPA/UFSM 0123 and the holotype of Pr. brasiliensis were highlighted 

and explained by the variability of tooth morphologies during postcanine replacement by 

Pacheco et al. (2017). Changes in tooth morphology in the same tooth locus are 

common among cynodonts (e.g., Hopson 1973; Martinelli and Bonaparte 2011; Abdala 

et al. 2013; Northon et al. 2020) and the same examples can be used to explain the 

subtle differences in the crown configuration of CAPPA/UFSM 0210. 

Although little is known about the ontogeny of non-mammaliaform 

probainognathians, some of these differences can be explained by ontogenetic (or 

interspecific) variation based on comparisons with other cynodont ontogenetic 

stages/series (e.g., Rigney 1938; Crompton 1963; Abdala et al. 2013; Jasinoski et al. 

2015; Jasinoski and Abdala 2017). Our suggestion is that CAPPA/UFSM 0210 is not a 

juvenile, but is younger than the other skulls assigned to this taxon (i.e., Bonaparte and 



86 

Barberena 2001; Kerber et al. 2020). The same considerations are valid for 

CAPPA/UFSM 0123, the other specimen from Marchezan site described by Pacheco et 

al. (2017). An alternative hypothesis, which appears to be less parsimonious, is that 

CAPPA/UFSM 0210 would be a distinct species of Pr. brasiliensis. 

The new data support the hypothesis of Liu and Olsen (2010), where Pr. 

brasiliensis nests as an early-diverging prozostrodont; also supported by subsequent 

studies (e.g., Soares et al. 2014; Martinelli et al. 2017a; Wallace et al. 2019; Kerber et 

al. 2022) even when less complete taxa were included (Martinelli et al. 2017b; Lukic-

Walther et al. 2018). Other analyses did not include Pr. brasiliensis (e.g., Ruta et al. 

2013), or the prozostrodontian clade was not recovered (Gaetano et al. 2022). 

The completeness of the new specimen of Pr. brasiliensis improved the 

phylogenetic score sampling of this taxon considerably, revealing a sister relationship 

between Pr. brasiliensis and the coeval Argentinean species Pseudotherium argentinus. 

This latter taxon was first recovered as closely related to the bizarre herbivorous 

Tritylodontidae (Wallace et al. 2019), but later positioned closer to Botucaraitherium 

belarminoi and more derived cynodonts with sectorial postcanine dentitions (Kerber et 

al. 2022). The morphological resemblance between Pr. brasiliensis and Ps. argentinus, 

coupled with our phylogenetic hypothesis, supports the proposition of the 

Prozostrodontidae clade. It represents the earliest radiation of Carnian prozostrodonts in 

Gondwana. This is the sister-group lineage to Therioherpeton cargnini and other more 

derived probainognathians, including tritheledontids, tritylodontids, brasilodontids, and 

mammaliaforms. 
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Fig. 8 Strict consensus of the phylogenetic analysis of Probainognathia and evolutionary 

modifications of the cynodont basicranium (a–g): a. Thrinaxodon liorhinus; b. 

Probainognathus jenseni; c. Pseudotherium argentinus; d. Prozostrodon brasiliensis; e. 

Brasilodon quadrangularis; f. Adelobasileus cromptoni; g. Morganucodon oehleri. 

Clades highlighted in: yellow, Cynognathia; orange, Ecteniniidae; green, 

Prozostrodontidae; purple, Tritylodontidae; blue, Mammaliaformes. Abbreviations: Bo 

basioccipital; Bs basisphenoid; bsw basisphenoid wing; ce cavum epiptericum; CPE 

Carnian Pluvial Event; fv fenestra vestibuli; jf jugular foramen; Op opisthotic; Pe 
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petrosal; plf perilymphatic foramen; ppf pterygoparoccipital foramen; Pr prootic; pro 

promontorium. Sources: a–b, f, redrawn from Luo (1994); c, from Wallace et al. (2019); 

e, from Rodrigues et al. (2013); g, from Luo et al. (1995). Clade names as defined by 

Hopson and Kitching (2001), Liu and Olsen (2010), Martinelli et al. (2016), and Abdala 

(2019) (note that the definition of Mammaliaformes by Abdala 2019 differs from the 

original conception by Rowe 1988). 

 

The specimen provides information on the posterior region (including the 

basicranium) of the cranium of Pr. brasiliensis, which was hitherto unknown. The 

basicranial evolution of non-mammaliaform cynodonts is accompanied by changes in 

the configuration of the bones that form the cochlear housing (e.g., Luo 1994, 2001; Luo 

et al. 1995, 2001) (Fig. 8). In this context, prozostrodontids are particularly interesting, 

filling a gap in the evolutionary pathway of the basicranium. In the plesiomorphic 

condition, exemplified in non-eucynodont cynodonts (e.g., Thrinaxodon liorhinus; Luo 

1994), the basisphenoid wing (=parasphenoid ala) is well-developed and reaches the 

dorsal edge of a well-rimmed fenestra vestibuli (Fig. 8a). In the early probainognathians 

(e.g., Probainognathus jenseni, early Carnian), the basisphenoid wing becomes shorter, 

not reaching the fenestra vestibuli (Luo 1994). However, the prootic and opisthotic are 

still not fused (Fig. 8b). During the late Carnian, Ps. argentinus and Pr. brasiliensis still 

present a similarly developed basisphenoid wing, but they show the emergence of the 

petrosal bone, formed by the fusion of prootic and opisthotic (Fig. 8c–d). Before 

discovering Ps. argentinus (Wallace et al. 2019), this feature was known only in 

tritylodontids, some tritheledontids, Brasilodon quadrangularis, and mammaliaforms 

(Wible 1991; Rodrigues et al. 2013; Wallace et al. 2019). During the early Norian, 
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Adelobasileus cromptoni and B. quadrangularis (Luo 1994; Luo et al. 1995; Bonaparte 

et al. 2005; Rodrigues et al. 2013) display a more shortened basisphenoid wing and the 

basioccipital is medially reduced (Fig. 8e–f). In both taxa, the pars cochlearis is more 

exposed ventrally, and there is a ventrolateral eminence on the petrosal surface – the 

promontorium. In Morganucodon oehleri and other mammaliaforms (Luo 1994), the 

basisphenoid and basioccipital do not overlap the pars cochlearis, and the 

promontorium is fully developed (Fig. 8g). 

The modifications during the formation of the promontorium can be traced in the 

taxa mentioned above, increasing the number of features that once were thought to be 

exclusive to mammaliaforms, such as the presence of the petrosal bone (Fig. 8). The 

presence of this single bone possibly makes the inner ear more rigid and, therefore, 

better isolated and less susceptible to interference (Luo 2001), a crucial modification 

regarding the ear evolution in mammals. Coupled with these modifications, members of 

the prozostrodontian clade achieved other important derived traits such as the 

reduction/absence of the prefrontal and postorbital, lack of postorbital bar and slender 

zygomatic arch, unfused dentary symphysis, less rate of tooth replacement, constricted 

roots with two separated innervation canals, basoendothermy, a well-developed 

preacetabular portion of the iliac blade, reduced postacetabular portion, the medial 

position of the lesser trochanter and distinct greater trochanter in the femur, among 

other features (e.g., Bonaparte and Barberena 2001; Liu and Olsen 2010; Martinelli and 

Soares 2016; Guignard et al. 2018; Araújo et al. 2022). 

The phylogenetic relationships of Pr. brasiliensis and Ps. argentinus, two coeval 

cynodonts from late Carnian beds, reinforce the faunistic similarity shared between 

Brazil and Argentina (Schultz et al. 2020; Novas et al. 2021) during the Late Triassic. 
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This is particularly interesting because Prozostrodontidae is not the only endemic clade 

from South America related to the early radiation of Probainognathia. Ecteniniids 

(medium-sized carnivorous cynodonts) are solely recovered from the Carnian beds of 

South America (Martínez et al. 2013; Stefanello et al. 2018). We suggest that the origin 

and the early radiation of these two endemic groups may have been concomitant with 

the CPE. 
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1. Modifications to the character scoring 

Character 1. Prozostrodon brasiliensis changes from 2 to 1. Comments: The 

premaxillary extranasal process is large but does not contact the nasal, based on 

UFRGS-PV-0248-T and CAPPA/UFSM 0210. 

Character 2. Prozostrodon brasiliensis changes from 1 to 0. Comments: The 

septomaxilla facial process is long, far beyond the posterior border of the external nares, 

based on UFRGS-PV-0248-T and CAPPA/UFSM 0210. 
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Character 15. Prozostrodon brasiliensis changes from 2 to 1. Comments: The palatine 

meets the frontal but two elements without significant contribution to the medial orbit 

wall, based on UFRGS-PV-0248-T and CAPPA/UFSM 0210. 

Character 18. Prozostrodon brasiliensis changes from 1 to 0. Comments: The 

anteroventral corner of the zygomatic arch lies at the same level as the postcanine line, 

based on UFRGS-PV-0248-T and CAPPA/UFSM 0210. 

Character 29. Prozostrodon brasiliensis and Pseudotherium argentinus change from 1 

to 0. Comments: Vomer with vertical septum, based on UFRGS-PV-0248-T and 

CAPPA/UFSM 0210 for Pr. brasiliensis and PVSJ 882 for Ps. argentinus (see Wallace et 

al. 2019, Figs. 3–4 and 10–11). 

Character 46. Prozostrodon brasiliensis and Pseudotherium argentinus change from 2 

to 1. Comments: We codified both taxa as 1, because although the basisphenoid is 

slightly shorter than Probainognathus jenseni, it is not as short as in Adelobasileus 

cromptoni and Brasilodon quadrangularis. 

Character 47. Prozostrodon brasiliensis and Pseudotherium argentinus change from 1 

to 0. Comments: We codified both taxa as 0, because the state 1 was created by Luo et 

al. (2001) to represent the condition found in Adelobasileus cromptoni and Sinoconodon 

rigneyi, which clearly differ from the condition found in Pr. brasiliensis and Ps. 

argentinus. A. cromptoni and S. rigneyi display the pars cochlearis exposed ventrally 

with a marked promontorium, a condition necessary to evidence this state. 

Character 50. Pseudotherium argentinus changes from 1 to 0. Comments: We opted to 

codify this character as 0 for Ps. argentinus and Prozostrodon brasiliensis, since both 

cynodonts have a similar condition. Promontorium, is defined as a ventrolateral 

eminence of the pars cochlearis of the petrosal, enclosing the bony cochlear canal (Luo 
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et al. 1995). In both taxa, the pars cochlearis is still covered anteriorly by the 

basisphenoid wing, and probably medially by the basioccipital (although the limits 

between both regions are not totally clear because of the fusion of both bones). In both 

taxa, there is no eminence as that present in Brasilodon quadrangularis (UFRGS-PV-

1043-T). In the latter taxon, the basisphenoid wing is more reduced compared to Ps. 

argentinus and Pr. brasiliensis; consequently, the pars cochlearis is more exposed 

ventrally. 

Character 52. Prozostrodon brasiliensis changes from 1 to 0. Adelobasileus cromptoni 

changes from 2 to 1. Comments: We opted to codify this character as 0 for Pr. 

brasiliensis, since the prootic floor is open ventrally for trigeminal ganglion, based on 

CAPPA/UFSM 0210. Whereas in A. cromptoni, it is partially open in the area of the 

cavum epiptericum (see Lucas and Luo 1993, Fig. 8). 

Character 66. Pseudotherium argentinus changes from 1 to 0. Comments: The tabular 

is present, based on PVSJ 882 (see Wallace et al. 2019, Figs. 3–4). 

Character 81. Probainognathus jenseni, Pachygenelus monus, Sinoconodon rigneyi, 

and Morganucodon oehleri change from 2 to 1. Comments: This character describes the 

shape of the squamosal articulation surface for the mandible. Originally, Character 81 

was a three-state character statement and state 0 read “absent.” However, Wallace et 

al. (2019) changed the definition of the states for this character. 

Character 94. Prozostrodon brasiliensis changes from 0 to 1. Comments: Four upper 

incisors, based on UFRGS-PV-0248-T and CAPPA/UFSM 0210. 

Character 103. Prozostrodon brasiliensis changes from 1 to 1 and 2. Pseudotherium 

argentinus changes from 0 to ?. Comments: We opted to codify this character as 1 and 

2 for Pr. brasiliensis, since that the anteriormost one-cusped tooth is presents only in 
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juvenile or absent, based on UFRGS-PV-0248-T and CAPPA/UFSM 0210. The 

condition of Ps. argentinus is uncertain. 

Character 106. Prozostrodon brasiliensis and Therioherpeton cargnini change from 0 to 

1. Comments: The upper postcanines have constricted roots, with longitudinal grooves, 

based on UFRGS-PV-0248-T and CAPPA/UFSM 0210 for Pr. brasiliensis, and MVP 

05.22.04 for T. cargnini (see Martinelli et al. 2017a, Fig. 10). 

Character 107. Prozostrodon brasiliensis changes from 0 to 1. Comments: The lower 

postcanines have constricted roots, with longitudinal grooves, based on UFRGS-PV-

0248-T, CAPPA/UFSM 0210, and CAPPA/UFSM 0123 (see Pacheco et al. 2017, Figs. 

2–4). 

Character 147. Pseudotherium argentinus changes from 0 to 1. Comments: The cusps 

of the upper middle and posterior postcanines are mesiodistally asymmetrical and 

vertically oriented, with the main cusp (A) and accessory mesial (B) and distal (C). 

 

2. Character List 

The following morphological character list was used in the present phylogenetic 

analysis. It uses the data matrix proposed by Liu and Olsen (2010) with subsequent 

additions (Soares et al. 2014; Martinelli et al. 2016, 2017b; Wallace et al. 2019; Kerber 

et al. 2022; Benoit et al. 2022), and with the character definition modifications ([37; 63] 

Kerber et al. 2022) and the new characters ([146-148] and [149-154]), as suggested by 

Kerber et al. (2022) and Benoit et al. (2022), respectively. Italicized acronyms indicate 

differences in how the character is written between present study and previous 

author(s). Acronyms refer to authors and their published character numbers: R, Rowe 

(1988); W, Wible (1991); WH, Wible and Hopson (1993); LL, Lucas and Luo (1993); L, 
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Luo (1994); LC, Luo and Crompton (1994); M, Martínez et al. (1996); HK, Hopson and 

Kitching (2001); LCS, Luo et al. (2001); B, Bonaparte et al. (2003); SS, Sidor and Smith 

(2004); MA, Martinelli et al. (2005); BO, Bonaparte et al. (2005); SH, Sidor and Hancox 

(2006); A, Abdala (2007); MR, Martinelli and Rougier (2007); LO, Liu and Olsen (2010); 

SMO, Soares et al. (2014); WMR, Wallace et al. (2019); BE, Benoit et al. (2022). 

 

1. Premaxillary extranasal process: absent or with very little exposure (0); large but not 

contacting nasal (1); contacting nasal (2). [R2, W36, L82, MMF14, A0] 

2. Septomaxilla facial process: long, far beyond the posterior border of the external 

nares (0); short, almost limited in the external nares (1). [SS1, A1, LO2] 

3. Snout in relation to the temporal region (to the posterior border, not the parietal crest): 

longer (0); subequal (1); shorter (2). [A10, LO3] 

4. Paracanine fossa in relation to the upper canine: anteromedial (0), medial or 

posteromedial (1), anterior (2), paracanine fossa absent (3). [A13] 

5. Premaxilla forms posterior border of the incisive foramen: absent (0), present (1). 

[M19, HK1, B21, BO27, MA24, A12, LO5] 

6. Maxillary platform lateral to the teeth series: absent (0); present (1). [M15, HK77, 

BO15, A22, LO6] 

7. Maxilla: excluded from (0), or participates in (1) border of subtemporal fenestra. [R15, 

W14, L62, M16, A20] 

8. Profile of skull roof: nearly flat (0); remarkably concave (the parietal crest is higher 

than the extension of anterior surface) (1); convex (the parietal crest is lower than the 

extension of anterior surface) (2). [SS7, A64, LO8] 
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9. Parietal foramen: present (0); absent (1). [R8, W12, LL34, L64, M31, HK7, B24, 

BO34, MA28, A6] 

10. Interparietal (postparietal) in adult: separate bone in adult (0); fused with other bones 

(1). [R21, W15, LL36, M34] 

11. Lateral expansion of braincase in parietal region: absent (0); well-developed (1). 

[L67, M33, LO11] 

12. Parietal crest posteriorly extending close to or reach the posteriomost position of the 

occipital crest: absent (0); present (1). [LO12] 

13. Prefrontal: present (0); absent (1). [R4, W1, M28, HK3, B22, BO30, MA25, A3] 

14. Postorbital bar and postorbital: present (0); postorbital present but not forming 

postorbital bar (1); both absent (2). [R7, W2, LL33, L55, M29, HK5, B23, B40, BO31, 

BO32, MA 50, A5, LO14] 

15. Palatine: do not meet the frontal (0); meets frontal but two elements without 

significant contribution to medial orbit wall (1); meets frontal and two elements with 

significant contribution to medial orbit wall (2). [R6, R31, W17, W37, L56, L60, M24, 

M30, HK23, B29, BO46, MA38, A62, LO15] 

16. Sphenopalatine foramen: absent (0); present (1). [L57, M26, LO16] 

17. Zygomatic arch dorsoventral height relative to skull length: moderately deep 

(10~18%) (0); very deep (>18%) (1); slender (2) (<10%). [R16, W40, L54, M39, 

HK18, SS5, BO40, MA33, A68, LO17] 

18. The anteroventral corner of the zygomatic arch: lie at the same level as (0); or 

remarkably higher than (1) the postcanine line. [LO18] 
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19. Infraorbital process: absent (0); suborbital angulation between maxilla and jugal (1); 

descending process of the jugal (2). [M18, HK21, HK41, A25, B38, BO29, BO44, 

MA36, MA46, A69, LO19] 

20. Zygomatic arch dorsal extent: below middle of orbit (0); above middle of orbit but still 

level within orbit (1); beyond the upper border of the orbit (2). [HK19, LO20] 

21. Posterior extension of jugal along zygomatic arch: extending back near 

quadratojugal notch of squamosal (0), extending back near squamosal glenoid (1), 

reduced and receding from glenoid (2). [L28, LO21] 

22. The posteroventral process of jugal: low (0); high, forming more than half height of 

zygomatic arch (1). [HK20, BO43, A70, LO22] 

23. The width of temporal fossa: reach greatest near middle (0); same throughout or little 

change (1); strongly increase backward, the posterior width much bigger than the 

anterior width (2). [HK39, BO42, MA44, A73, LO23] 

24. Squamosal groove for external auditory meatus: without or with an incipient 

depression (0); deep (1). [M55, HK22, B28, SS18, BO45, MA37, A72, LO24] 

25. Posterior extension of the squamosal dorsal to the squamosal sulcus in zygomatic 

arch: incipient (0); well developed (1) [A71, LO25] 

26. The notch separating lambdoidal crest from zygomatic arch: shallow (0); deep, “V”-

shape (1). [HK43, SS17, BO55, A74, LO26] 

27. Palatine: excluded from subtemporal border of orbit (0); participates in subtemporal 

border by displacing pterygoid posteriorly (1). [L58] 

28. Vomer exposure in incisive foramen (at anterior ends of maxillae on palate): present 

(0); absent (1). [M21, LO28] 
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29. Vomer: with (0) or without (1) vertical septum extending posterior to level of 

secondary palate. [SH63] 

30. Ectopterygoid: does not contact maxilla (0); contacts maxilla (1); absent (2). [R32, 

HK9, SS15, A19, LO30] 

31. Interpterygoid vacuity in adults between pterygoid flanges: present (0); absent (1). 

[M27, HK10, B25, BO35, MA29, A24] 

32. Secondary palatal plate on maxilla reaches midline: absent (0); present (1). [HK12, 

SS11, A15, LO32] 

33. Secondary palatal plate on palatine reaches midline: absent (0); present (1). [HK13, 

SS12, A15, LO33] 

34. Posterior extent of osseous secondary palate: far from (0), close to or beyond (1) 

rear upper postcanine row. [R30, W16, L68, M23, LCS40, HK14, B26, BO36, MA30, 

A17, LO34] 

35. The posterior end of secondary osseous palate relative to anterior border of orbit: 

anterior (0); about equal level (1); posterior (2). [HK15, B27, BO38] 

36. Osseous palate extension: 45% of skull length or less (0); more than 45% of skull 

length (1). [A16] 

37. Length of palatine relative to maxilla in secondary palate: (0) shorter; (1) about 

equal; (2) longer. [M22, HK40, B37, BO53, MA45, A18, LO37] 

38. Middle of pterygoid: smooth (0); a boss (1); a distinct median crest (2). [LL12, L71, 

A25, LO38] 

39. The nasopharyngeal roof posterior to the transverse process of pterygoid: narrow, 

deep, ventrally forms a keel (0); wide, flat, the narrowest place greater than half the 

width of the transverse process (1). [LO39] 
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40. Quadrate ramus of pterygoid: present (0); absent (1). [R38, W47, LC10, M40, HK30, 

B34, BO52, SS20, MA43, A29] 

41. Quadrate articulation with quadrate ramus of epipterygoid: absent (0); present (1). 

[LC11, M53, A30, LO41] 

42. Frontal-epipterygoid contact: present (0), absent (1). [R39, W48, L61, HK35, SS24, 

A63] 

43. Epipterygoid ascending process at level of trigeminal foramen: greatly expanded (0); 

moderately expanded (1). [HK32, B35, A66] 

44. The anterior part of the basisphenoid: narrow (0); wide, and the width greater than 

half the width of the transverse process (1). [L69, LCS44, LO44] 

45. Parasphenoid ala: at the same level as the basicranium (0); ventrally expanded 

below the basicranium (1). [HK17, BO39, MA32, A28, LO45] 

46. Basisphenoid wing (parasphenoid ala): long, border the fenestra vestibuli (0); slightly 

reduced and excluded from oval window, overlap the entire prootic cochlear housing 

(1); greater reduced and overlapping a part of the pars cochlearis (cochlear housing) 

(2); basisphenoid does not overlap the petrosal pars cochlearis (3). [R40, W49, L74, 

M41, M49, LCS37, A27, LO46] 

47. Overlap of the basioccipital to the pars cochlearis: entire cochlear housing (0); the 

medial side of the promontorium (1); no overlapping (2). [LCS 38] 

48. Internal carotid foramina in basisphenoid: present (0); absent (1). [R42, W50, WH23, 

LL14, L72, M45, HK26, B31, BO48, MA40, A26] 

49. Prootic and opisthotic: separated (0); fused at early ontogenetic stage to form 

petrosal (=periotic) (1). [R51, W5, WH29, L34, BO56, A36] 
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50. Promontorium (Pars cochlearis of petrosal): absent (0); present (1). [R52, W6, LL1, 

L35, LCS9, BO57, A34] 

51. Internal auditory meatus: open (0); walled (1). [R53, W7, WH12, L39, M47, HK36, 

B36, A37] 

52. The trigeminal ganglion (semilular ganglion): open ventrally (0); partial prootic floor 

(1); complete prootic floor (2). [W54, A33] 

53. Lateral trough floor anterior to the tympanic aperture of the prootic canal and/or the 

primary facial foramen: absent (0); present (1). [R49, LL6, L43, M44, LCS 15] 

54. Vascular foramen in the posterior part of the lateral flange (Foramen “X” of (Rougier 

et al., 1992) (p205)): absent (0); present (1). [LL30, L53, M43, LCS29] 

55. Foramen and passage of prootic sinus on lateral trough: absent (0); present (1). 

[R50, W28, LL3, L45, MA49, BO58, A35, LO55] 

56. Route of the venous drainage exiting from the back of the cavum epiptericum: only 

lateral flange vascular groove (0); absent (1); lateral flange vascular canal present 

(foramina on lateral surface) (2). [W53, WH22, HK27, LO56] 

57. Maxillary and mandibular branch (V2+3) of the trigeminal nerve exit: via single 

foramen between prootic and epipterygoid (0); via two foramina between prootic and 

epipterygoid (1); via separate foramina, some enclosed by anterior lamina of prootic 

(petrosal) (2). [L50, M48, HK28, B33 BO51, SS27, MA42, A65, LO57] 

58. Pterygoparoccipital foramen: squamosal does not contribute to enclosure of foramen 

(0); squamosal contributes to enclosure of foramen (1); open (2). [LL23, L51] 

59. Vertical component of lateral flange of prootic (“L-shaped” and forming a vertical wall 

to pterygoparoccipital foramen): absent (0); present (1). [L52, LCS25] 
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60. Anterior part of paroccipital process: the lateral aspect covered by the squamosal 

(0); exposed due to dorsally withdrawn of the squamosal (1). [L47, LCS22] 

61. Hyoid (stapedial) muscle fossa on the paroccipital process: absent (0); present (1). 

[R55, W56, WH35, LL7, L40, M59, LCS32, MA48, BO61, A38, LO61] 

62. Paroccipital process: undifferentiated (0); differentiated (1). [R56, W18, L46, L47, 

M50, LCS21, LCS30, BO66, A43, LO62] 

63. Fenestra rotunda separation from jugular foramen: (0) confluent; (1) partially 

separated by finger-like projection from postero-lateral wall of jugular foramen; (2) 

completely separated. [R60, W29, LL10, L42, M46, HK42, LCS33, B39, BO60, A40] 

64. Articulation of the paroccipital process with the quadrate: absent (0); present (1). 

[R19, W41, M52, HK29, A32, LO64] 

65. Paroccipital process in the base of the posttemporal fossa: absent (0); present (1). 

[HK24, A44, LO65] 

66. Tabular: present (0), absent (1). [R22, LL19, L80, LCS 47, LO66] 

67. The relationship of hypoglossal foramen (condylar foramen) with the jugular 

foramen: confluent or sharing a depression (0); at least one foramen completely 

separated from the jugular foramen (1). [LL11, L75, M51, LCS39, BO65] 

68. Shape of the occipital condyles (in lateral view): bulbous (0); ovoid to cylindrical (1). 

[LL15, L77, LCS51] 

69. Rotation of dorsal plate relative to trochlear axis on quadrate: less than 10 degree 

(0); about 45 degrees (1); around 90 degrees (2); parallel to trochlear axis (3). [L30, 

LC1] 

70. Curvature of the contact facet on the posterior side of the dorsal plate of quadrate: 

flat or convex (0); concave (1). [L29, LC2, M56, LO70] 
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71. Size of the lateral trochlear condyle relative to the medial trochlear condyle on 

quadrate: the lateral condyle larger than the medial condyle (0); the medial condyle 

equal or larger than the lateral condyle (1). [LC3, LO71] 

72. Shape of the trochlear of quadrate: cylindrical (0); trough-shaped (1). [LC4] 

73. Lateral margin of the dorsal plate of quadrate: straight (0); flaring posteriorly (1); 

flaring and rotated posteromedially (2). [LC5] 

74. Medial margin of the dorsal plate of quadrte: straight (0); flaring anteriorly (1); flaring 

and rotated anterolaterally (2). [LC6] 

75. Dorsal margin of dorsal plate of quadrate: retains pointed angle (0); has rounded 

margin (1) [L31, LC7] 

76. Lateral notch and neck of quadrate (separation of the lateral margin of the contact 

facet from the trochlear): the lateral notch is absent or poorly developed (0); lateral 

notch developed, separating the lateral margin of the contact facet from the lateral 

end of the trochlear (1); lateral notch is broader and separation of the lateral margin of 

contact facet for the trochlear is wider, the lateral margin is shifted medially (2); 

development of the neck with raise the contact facet away from the trochlear (3). 

[L32, LC8] 

77. Articulation of the quadrate with the squamosal: via concave recess in the 

squamosal (0); covered dorsally by the squamosal (1); little or no contact with the 

squamosal (2). [WH7, LC12, M54, HK31, A60, LO77] 

78. Articulation of the quadrate with the stapes: via a broad recess on the medial margin 

and the median end of the trochlear (0); the stapedial contact restricted to the medial 

end of the trochlear (1); via a projection from the medial margin of the dorsal plate (2); 
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via a medial vertical ridge in the neck (3); via a projection from the neck of the 

quadrate (4). [R20, W42, L33, LC14] 

79. Craniomandibular articulation; quadrate/articular (0); main quadrate/articular, 

secondary surangular/squamosal (1); incipient dentary/squamosal (2); main 

dentary/squamosal (3). [R66, R67, W9, W60, L23, L24, M60, HK25, LCS 70, B30, 

SS19, BO26, MA39, A58, LO79] 

80. Craniomandibular articulation: lies around the same height (0), much lower (1) or 

remarkably higher (2) than the postcanine line. [L25, A59, LO80] 

81. Shape of squamosal articulation surface for mandible: small and medially or 

anteromedially facing facet (0); wide, ventrally directed glenoid cavity (1). [L26, B19, 

BO37, MA22, A57, LO81] 

82. Dentary symphysis: unfused (0); fused (1). [R68, W10, L19, LCS56, HK44, B17, 

SS34, BO21, MA21, A61] 

83. Lateral ridge of the dentary: absent (0); incipient (1); moderatly developed (2); 

strongly projected (3). [A47] 

84. Angle of the dentary: close to the position of postorbital bar (0); close to the jaw joint 

(1). [A54, LO84] 

85. Position of dentary-surangular dorsal contact relative to postorbital bar and jaw joint: 

around midway (0); closer to jaw joint (1). [H48, A55, LO85] 

86. Mediolateral thickening of the anterior margin of the coronoid process: absent (0); 

present (1). [M66, H50, A51] 

87. Splenial: large and deep, reaches ventral border of the dentary (0); reduced to thin 

splint covering dentary groove (1). [M64] 
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88. Postdentary bones: large, with tall surangular (0); angular, surangular, and 

prearticular reduced in height and lying in dentary groove (1); further reduced to 

single gracile rod in postdentary trough (2). [R74, W59, M65, H49] 

89. Reflected lamina of angular posterior extent relative to distance from angle of 

dentary to jaw joint: greater than 1/2 the distance (0); less than l/2 the distance (1). 

[H51] 

90. Reflected lamina of angular shape: spoon-shaped plate with slight depressions (0); 

hook-like lamina (1); reduced to thin process (2) [M62, H52, SS44, A56] 

91. Mandibular movement during occlusion: orthal movement during power stroke (0); 

posteriorly directed power stroke (1); moderate rotation along the longitudinal axis in 

power stroke (2). [R79, W62, L2, LCS74, B2, BO2, LO91] 

92. Postcanine occlusion: lack consistent contact relationship (0); bilateral, interdigitating 

occlusion between multiple cusps (1); precise unilateral occlusion (2) [R84, R86, 

W33, L1, L14, M8, LCS 73, LCS 81, B1, BO1, MA1, A87, LO92] 

93. Relationships of wear facet to main cusp: wear facet absent (0); simple longitudinal 

facet on crown (1); main cusp bears two distinct facets (2); multiple cusps with each 

cusp bearing one or two transverse and crescentic facets (3). [L17, B16, MA19, 

BO20, LO93] 

94. Upper incisors number: five or more (0); four (1); three or less (2). [R81, W63, L5, 

M1, HK53, B3, SS45, BO3, MA3, A76] 

95. Lower incisor number: four or more (0); three (1); two or less (2). [L5, M2, HK54, B4, 

SS46, BO4, MA4, A77] 

96. Incisor size: all of similar size (0); some incisors large (1). [HK56, B5, B6, BO5, MA5, 

MA6, MA7, A78, LO96, SMO96] 
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97. Incisor cutting margins: smoothly ridged (0); serrated (1); denticulated (2). [HK55, 

A79, LO97] 

98. Distinct upper incisor/canine diastema: present (0); absent (1). [A81, LO98] 

99. Upper canine: large (0); reduced in size (<10% of skull length) (1); absent (2). [L6, 

HK57, A83] 

100. Lower canine: large (0); reduced in size (1); absent (2). [L6, HK58, A84] 

101. Canine serrations: absent (0); present (1). [HK59, A8] 

102. Upper postcanine morphology: sectorial without or with incipient cingulum 

broadening the crown (0); sectorial with a well-developed lingual cingulum (1); bucco-

lingually expanded (2). [L13, M5, M9, HK60, HK62, A7, SS51, SS55, B10, BO8, A89, 

LO102] 

103. Anteriormost one-cusped tooth: present till adult (0); present only in juvenile (1); 

absent (2). [LO103] 

104. Posteriormost gomphodont postcanine(s) in adults: absent (0); absent in juvenile 

but present in adult (1); present from juvenile (2). [HK80] 

105. Posterior postcanines with strongly curved main cusp: absent (0); present (1). [S52, 

A90] 

106. Upper postcanine roots: single (0); constricted root, with longitudinal groove (1); 

divided into two longitudinal aligned roots (2); multiple roots (more than two) (3). [R88, 

W65, W66, L9, M6, LCS77, B8, BO6, MA9, A95, LO106, SMO106] 

107. Lower postcanine roots: single (0); constricted root, with longitudinal groove (1); 

divided (2). [R88, W65, L9, M7, B8, BO6, MA9, A94, LO107, SMO107] 

108. Buccal (external) cingulum on sectorial upper postcanines: absent (0); present (1). 

[R85, HK61, B9, BO7, MA10, A91, LO108] 
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109. Number of upper cusps in transverse row: one (0); two (1); three or more (2). 

[HK63, A92] 

110. Position of upper transverse cusp row on crown: midcrown (almost to posterior 

margin) (0); on anterior half of crown (1); at posterior margin (no posterior cingulum) 

(2). [HK64] 

111. Central cusp of upper transverse row: absent (0), midway between buccal and 

lingual cusps (1); closer to lingual cusp (2). [HK65] 

112. Arrangement of main cups of upper postcanines: in single longitudinal row (0); 

multiple cusps in multiple rows (1). [L13, LCS78] 

113. Interlocking of lower postcanines: absent (0); distal cuspule ‘d’ of anterior molar fits 

into embayment between cusp ‘b’ and cusp ‘e’ of the succeeding molar (1). [L11, B14, 

BO18] 

114. Number of lower cusps in transverse row: two (0), three or more (1). [HK73, LO114] 

115. Lingual cingulum on lower postcanine: present (0); vestigial or absent (1) [L12, 

LCS80, B11, B12, BO9, BO10, SS56, A93, LO115] 

116. Lower posterior basin: absent (0); present (1). [HK75] 

117. Axis of posterior part of maxillary tooth row: directed lateral to subtemporal fossa 

(0); directed toward center of fossa (1); directed toward medial rim of the fossa and 

diverged (2); directed toward medial rim of the fossa and parallel (3). [R80, M12, 

HK78, B13, MA17, MA20, BO14, BO16, BO17, A86, LO117] 

118. Upper tooth series posterior extension: below the orbit and anterior to the 

subtemporal fenestra (0); anterior to the orbit (1); behind the anterior border of the 

subtemporal fenestra (2). [HK79, A75, LO118] 
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119. Postcanine replacement pattern: alternating (0); delayed (1); at most single 

replacement for one position (2); sequential addition of postcanines, no replacement 

(3). [L7, HK81, LCS89, B7, LO119] 

120. Vertebral centra: amphicoelous (0); platycoelous (1). [R108, HK101, B51, BO78, 

MO61] 

121. Axis centrum: cylindrical (0) or depressed (1). [R98] 

122. Dens: absent or vestigial (0) or strongly developed (1) [R99] 

123. Posterior thoracic vertebrate (or middle of the dorsal vertebrate): neural spines 

slightly inclined or nearly vertical (0) or strongly inclined (1). [R102, LO123] 

124. Anapophysis: absent (0); present (1). [LO124] 

125. Expanded costal plates on dorsal ribs: absent (0); present (1). [HK82] 

126. Lumbar costal plates with ridge overlapping preceding rib: absent (0); present (1). 

[HK83] 

127. Acromion process: absent (0); weak to moderate (1); strongly developed and close 

to level of glenoid (2). [R115, HK85] 

128. Scapular constriction below the acromion process: absent (0); present (1). [HK86] 

129. Scapular elongation between the acromion and glenoid: absent (0); present (1). 

[HK87, B41, BO68, MO51, LO129] 

130. Procoracoid in glenoid: present (0); barely present or absent (1). [R116, HK88, 

B42, BO 71, MO52] 

131. Procoracoid contact with scapula: greater than coracoid contact (0); equal to or 

less than coracoid contact (1). [HK89, B43, BO72, MO53] 

132. Humeral ectepicondylar foramen: present (0); absent (1). [R124, HK90, B44, BO73, 

MO54] 
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133. Ulnar olecranon process: unossified or poorly ossified (0); well ossified (1). [R128, 

HK91, B45, MO55, LO133] 

134. Manual digit III phalanx number: four (0); three (1). [HK92] 

135. Manual digit IV phalanx number: four (0); three (1). [HK93] 

136. Dorsal profile of ilium: strongly convex (0); flat to concave (1). [R130, HK96, B48, 

BO75] 

137. Length of anterior process of ilium anterior to acetabulum (relative to diameter of 

acetabulum): less than 1.5 (0); greater than 1.5 (1). [HK94, B46, BO74, MO56] 

138. Lateral surface of iliac blade: concave or nearly flat (0); convex (1); a longitudinal 

ridge divides it into dorsal and ventral moieties (1). [R131, LO138] 

139. Posterior iliac spine: robust and extends beyond acetabulum (0); reduced to small 

nub that lies entirely anterior to acetabulum (1). [R132, R133, LO139] 

140. Cotyloid (acetabular) notch: lies between the ischial and iliac part of the 

acetabulum, mainly on ilium (0); between acetabular facet and pubic process of the 

ischium, on ischium (1). [R134, LO140] 

141. The diameter of the obturator foramen greater than that of the acetabulum: absent 

(0); present (1). [R139, LO141] 

142. Femoral head: rounded and predominately in plane of shaft (0); subspherical and 

inflected dorsally (1). [R141] 

143. Greater trochanter separated from femoral head by distinct notch: absent (0); 

present (1). [R143, HK98, B49, BO76, MO59] 

144. Lesser trochanter position: on ventromedial surface of femoral shaft (0); on medial 

surface of femoral shaft (1). [R144, HK100, B50, BO77, MO60] 
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145. Lesser trochanter location near the level of the femoral head: absent (0); present 

(1). [BO80, MO63] 

146. Posterior portion of secondary palate almost at the level of the tip of the postcanine 

upper teeth, forming a deep groove between the hard palate and the tooth row: (0) 

absent; (1) present. [MR] 

147. Morphology of upper middle and posterior postcanines for taxa with sectorial teeth 

(see Ch. 102): (0) symmetrical postcanines with main cusp A and small mesial and 

distal accessory cusps; (1) mesiodistally asymmetrical postcanines with main cusp A 

and accessory mesial (usually one) and distal ones vertically oriented; (2) 

mesiodistally asymmetrical postcanines with main cusp A and accessory mesial (if 

present) and distal ones strongly curved posteriorly; (3) mesiodistally symmetrical 

postcanines with bulbous main cusp A and accessory ones; (4) leaf-shaped 

postcanines. This character was employed to improve the variability of sectorial teeth 

of character 102 used by several authors. [WMR] 

148. Number of upper postcanine teeth in adults: (0) no greater than 10; (1) greater than 

11. [SH] 

149. Cochlear canal: absent or shallow (forms a short triangular extension of the 

vestibule at best) (0), excavates a deep recess that can be easily separated from the 

rest of the vestibule (1). [BE] 

150. Maxillary canal external nasal ramus: present (0), reduced or absent (1). [BE] 

151. Maxillary canal internal nasal and superior labial rami: present (0), reduced or 

absent (1). [BE] 

152. Lacrimal duct and zygomaticofacial canal: fused (0), separated (1). [BE] 

153. Maxillary antrum and maxillary canal: fused (0), separated (1). [BE] 
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154. Anteroposteriorly elongated maxillary antrum: absent (0), present (1). [BE] 
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3 CONCLUSÕES 

 

Nesta presente tese de doutorado, a morfologia, taxonomia e filogenia de três novos 

espécimes de cinodontes não-mamaliaformes do Triássico Superior do Rio Grande do Sul é 

analisada. Os dois primeiros espécimes estudados, CAPPA/UFSM 0262 e CAPPA/UFSM 0208, 

correspondem a um novo gênero e espécie de cinodonte prozostrodonte não-mamaliaforme, 

Agudotherium gassenae Stefanello et al., 2020a. O novo táxon consiste em um dentário esquerdo 

com canino e dentes pós-caninos bem preservados (holótipo, CAPPA/UFSM 0262) e um 

dentário direito com incisivos, canino e dentes pós-caninos pouco informativos (parátipo, 

CAPPA/UFSM 0208). Agudotherium gassenae difere claramente de outros cinodontes não-

mamaliaformes carnianos e norianos conhecidos por possuir uma combinação única de 

características, tais como: um dentário robusto, com o corpo do dentário dorsoventralmente 

profundo e com margem ventral retilínea; um sulco Meckeliano longo e dorsoventralmente alto, 

disposto retilineamente na metade dorsoventral do dentário; ausência de serrilhas nas bordas 

mesial e distal do canino; e dentes pós-caninos setoriais não serrilhados, com cúspides inclinadas 

posteriormente, apresentando cíngulo lingual restrito aos cantos mesiolingual e distolingual das 

coroas. A nova espécie fornece evidências adicionais para a diversidade de cinodontes 

probainognátios não-mamaliaformes, bem como para o conhecimento da irradiação adaptativa de 

Prozostrodontia, ocorrida durante o Triássico Superior que levou ao surgimento de vários 

grupos, incluindo os Mammaliaformes. 

O terceiro material analisado, CAPPA/UFSM 0210, compreende um novo e mais 

completo espécime de Prozostrodon brasiliensis (BARBERENA; BONAPARTE; TEIXEIRA, 

1987), representado por um crânio completo excepcionalmente bem preservado, com dentários 

desarticulados. Dada à completude do espécime, o novo material de P. brasiliensis, fornece 

informações anatômicas adicionais para a região posterior do crânio, ajudando a compreender as 

principais transformações evolutivas sofridas nessa região. Os novos dados anatômicos, por meio 

de análises filogenéticas, revelam um novo clado endêmico de cinodontes sul-americano. 

Prozostrodontidae, formado pela relação de táxon-irmão entre P. brasiliensis e Pseudotherium 

argentinus Wallace; Martínez; Rowe, 2019, ilustra a primeira radiação de prozostrodontes 

carnianos para o Gondwana ocidental e reforça a similaridade faunística compartilhada entre os 

dois países vizinhos, Brasil e Argentina.  
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